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Abstract

Global change, specifically land cover change and climate change, are recognised as the
leading drivers of biodiversity loss worldwide. Habitat loss has resulted in a loss of
biodiversity and led to significant declines in species populations. Climate change is altering
species distributions, ecosystem composition and phenology. Conservation planning is

required to offset these dynamic threats to species persistence into the future.

Plants form the basis of trophic structure and functioning and may not be able to track
changing environmental conditions as well as mobile species. They thus represent an
essential starting point for understanding climate change and habitat loss impacts. The
patterns and processes which generate and maintain floristic diversity must be explored
before global change impacts on these communities can be assessed and planned for at a

landscape scale.

This thesis investigates the environmental variables structuring indigenous plant community
composition, pattern and turnover in grassland and savanna systems in KwaZulu-Natal. The
threats posed by land cover change and climate change are explored and a coarse-grained
landscape connectivity map developed to impart maximum resilience in order to maintain

floristic diversity in the era of anthropogenically induced global change.

The environmental variables correlated to floristic pattern and turnover were temperature, soil
fertility and precipitation variables. The orientation of the temperature gradient conflicts with
the soil fertility gradient, hence species with particular soil requirements will be hampered in

their efforts to track the temperature gradient. The gradients were non-linear with turnover

highest on dystrophic soils in warm and drier summer regions.

The major drivers of land cover change were cropped agriculture, timber plantations
(agroforestry), rural and urban development, dams and mines. The drivers of change differed
according to land tenure type. The average rate of habitat loss in the province over an 18 year
period was 1.2% per annum, levels which are considered unsustainable. A target level of 50%

of natural habitat remaining is recommended.

Environmental domains were identified using the environmental correlates of plant
community composition. These were used to investigate climate change impacts using a
collection of downscaled climate models. Conditions suiting savanna species are set to

increase at the expense of conditions suiting grassland species raising significant challenges



for the conservation of grasslands. Indices of habitat intactness and climatic stability were
used to develop a vulnerability framework to guide conservation actions to mitigate global

change impacts on floristic diversity.

Building on the insights gained from the study, a connectivity map linking protected areas
was developed, that if implemented, will maximise the opportunity to maintain floristic
diversity into the future. The spatial location of the corridors was prioritised based on broad
scale climatic refugia, high turnover areas and important plant areas for endemic and
threatened species. The corridors were aligned along the major climatic gradients driving
floristic pattern. The corridors represent the most natural and cost-effective way for species to

adapt to climate change and persist in the landscape.

This thesis provides new insights into two global threats facing plant communities in
KwaZulu-Natal and provides a suite of products that inform dynamic conservation planning
and directs appropriate conservation action. The results may be used to inform policy and

legislation.
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CHAPTER 1

1. General Introduction: Conservation in the face of global

change



1.1 Study Rationale and Introduction

Here be dragons! This phrase was originally used on the Lenox Globe, the second or third
oldest known terrestrial globe ca. 1510, but the term is colloquially associated with medieval
map makers who supposedly used the term to indicate dangerous or unexplored territories at
the edges of their known world (Blake, 1999). Indeed, the Ebstorf map from the thirteenth
century has the dragon (Draco species) in the extreme south-eastern part of Africa and
Giovanni Leardo’s map (1452) shows “Dixerto dexabitado p. chaldo e p. serpent” in
southernmost Africa (M. Hoogvliet in Blake 1999), suggesting the southern and south-eastern
parts of Africa may be a stronghold for dragons. Long dismissed as creatures of legend and
fantasy, recent research is, however, indicating that anthropogenic impacts on the world may
unintentionally be paving the way for the resurgence of dragons (Hamilton, May and Waters,
2015).

KwaZulu-Natal (KZN) is an east coast province of South Africa and may thus be at particular
risk of a resurgence of dragons given the anthropogenic impacts on the landscape and natural
habitat, and the historical mapped locations of dragons. Certainly the rapid, cumulative
anthropogenic impacts are moving us towards unchartered and dangerous territory for the
regions biodiversity, deserving the map label of ‘Here be dragons’ because the future
landscape is likely to be very different from the current known landscape. It is thus essential
that the major anthropogenic threats to the regions biodiversity be researched so that their

impact may be planned for and mitigated as far as possible.

The primary drivers of global terrestrial biodiversity loss are land-use change and climate
change (Sala et al., 2000). Habitat loss, and the resulting fragmentation of natural habitat, is
currently recognised as the major driver of biodiversity loss (Fahrig, 2003; Millennium
Ecosystem Assessment, 2005; Joppa et al., 2016) but climate change is likely to exacerbate
this loss, especially in future (Reyers, 2001; Meadows, 2006; Sala and Jackson, 2006;
Dawson et al., 2011; Mantyka-Pringle et al., 2012). Global change refers to the accumulative
and interactive effects of changes in atmospheric composition, climate, land use and
biological diversity (Walker and Steffen, 1997; Chapin et al., 2000) but also includes threats
such as fragmentation, alien invasive species, nitrogen deposition and overexploitation of
natural resources (Sala et al., 2000; May, 2010). Other agents of environmental change
include pollution, ocean rise, extreme climatic events, carbon fertilisation, pests and diseases
(O’Connor, 2010).



These threats have caused, and will continue to cause, an acceleration in species extinction
rates and is a direct product of increasing human population numbers as well as an increasing
impact per person or consumption patterns (Toth and Szigeti, 2016). The global human
population is only expected to stabilise at approximately nine billion people by around 2050,
hence these anthropogenic threats are expected to exert further pressure on remaining
biodiversity (May, 2010). The consequences of biodiversity loss are altered ecosystem
processes and resilience of ecosystems to environmental change, with significant

consequences for the ecosystem services on which humans depend (Chapin 111 et al., 2000).

A central tenet of ecology and biogeography is to understand the factors driving community
composition patterns and variation across spatial scales (Arellano et al., 2016) and along
environmental gradients (Pausas and Austin, 2001; Kraft et al., 2011). Given global change
impacts on species loss, there is an increased need to understand the factors that drive
biodiversity patterns in order to predict how these patterns may be altered in future (Thomas
et al., 2004; Fitzpatrick et al., 2011), to assess threats to species persistence (Yates et al.,
2010) and to plan to mitigate these threats. Countries that are signatories to the Convention
on Biological Diversity (CBD), such as South Africa, are required to plan for conserving
biodiversity into the future. The central principles of conservation planning are representivity
and persistence (Margules and Pressey, 2000). However, maintaining species persistence in a

dynamic world of rapid land use and climate change is challenging (Pressey et al., 2007).

KwaZulu-Natal is a species rich province owing to the complex mix between
geomorphological history, varied climate and species lineages that are prone to
diversification (Cowling and Hilton-Taylor, 1997). There are strong ecological gradients over
limited distances with pronounced variations in topography, altitude, geology, soils,
temperature and precipitation which further contribute to high levels of biodiversity.
However, the region has high human population growth rates (Statistics SA, 2012), is
experiencing high rates of habitat loss (Jewitt, 2012) and is predicted to experience climate

change impacts (IPCC, 2014), that threaten the regions rich biodiversity.

It is thus imperative that the patterns and drivers of biodiversity, specifically floristic
communities, in the province be understood, and the primary drivers of biodiversity loss viz.
land use change and climate change impacts, are assessed and quantified, and plans
developed to mitigate these threats. Given the environmental heterogeneity and diverse

vegetation, KZN provides a useful case study at the scale at which conservation planning is



undertaken and implemented by a regional conservation authority. The research focuses on
plant community composition because plants form the basis of trophic structure and
functioning. Plant communities are effective predictors of arthropod assemblage composition,
which is significant because arthropods make-up approximately two-thirds of the world’s
diversity (Schaffers et al., 2008). Plants are sedentary and may be limited in their ability to
track changing environmental conditions compared to mobile species such as vertebrates, and

thus represent an essential starting point for investigating climate change impacts in KZN.

There are no other studies that have investigated the land use and climate change threats to
floristic composition in this region and at this scale. This research gap needs to be filled for

the following reasons:

1) The environmental gradients correlated with floristic composition and related to the
ecological and evolutionary processes which generate and maintain diversity, are not

known in this region;

il) The rapid rate of habitat loss (Jewitt, 2012) places an urgency on identifying and
conserving appropriate areas to ensure continued representivity and persistence of

floristic diversity;

iii) Climate change impacts require conservation plans that will allow most species to
naturally adapt and track changing environmental conditions (Pearson and Dawson,
2005);

iv) There are constitutional (Constitution of the Republic of South Africa, section 24),
legal (e.g. National Environmental Management Act, Act No. 107, 1998) and
international mandates (e.g. Convention on Biological Diversity) requiring planning

and conservation of the landscape and species; and

v) Adequate target amounts of natural habitats are required to support floristic
communities into the future. In addition, rural communities rely directly on natural
resources for fuel, construction materials, food and medicine (Makhado et al., 2009)
and human well-being is dependent on the services provided by ecosystems (Chapin
I11 et al., 2000; Rands et al., 2010). Hence sufficient amounts of well-connected

natural areas are required to sustain these demands.



This thesis aims to address these issues in a manner intended to provide spatial products that

can inform conservation planning initiatives in KZN.

1.2 Background literature

1.2.1 A landscape approach to dynamic conservation planning

Some of the main delivery mechanisms of conservation projects are now based on landscape-
scale conservation initiatives (Ellis et al., 2011; Shreeve and Dennis, 2011). This entails the
coordinated conservation and management across a range of habitats, for many species across
large natural and semi-natural areas. Often conservation attention is focussed on rare species
but there is growing evidence that widespread species are declining rapidly (Shreeve and
Dennis, 2011). Common species most at risk are those specialised on widespread
environmental conditions, as they are vulnerable to a wide range of drivers of environmental
change (Lindenmayer et al., 2011). It is the common species however that perform key
functional and ecological roles in the landscape (Lindenmayer et al., 2011) and thus their

conservation is essential.

The broader landscape (the matrix) consists of a mix of anthropogenically altered landscapes,
semi-natural and natural landscapes (Mackey et al., 2010). Protected Areas (PAs) are patches
of natural habitat embedded in the landscape matrix. The landscape matrix is important to
biodiversity conservation as much biodiversity resides outside of PAs (Goodman, 2006).
Species may need to live or move through the matrix (Brady et al., 2009) and transformed
landscapes may severely impact the ability of many species to survive (Heller and Zavaleta,
2009). Negative human impacts may cross protected area boundaries and influence native
species and ecological processes (Hansen and DeFries, 2007), hence matrix management is
essential (Brady et al., 2009). Further land cover and land use change will lead to isolated
PAs. Climate change is predicted to alter species distributions, hence existing PA
effectiveness in species conservation may be reduced in future (Beier and Brost, 2010). Thus
PAs cannot be managed in isolation and a landscape approach to conservation is required
(Sanderson et al., 2002; Rands et al., 2010) which specifically includes the retention and
protection of large natural landscapes (Worboys et al., 2015) and a well-connected landscape
(Beier and Brost, 2010).



Conserving biodiversity over large extents requires planning (Schwenk and Donovan, 2011)
and is challenging considering the vast array of species, ecosystems and anthropogenic
threats that must be considered (Poiani et al., 2000). A structured and systematic approach to
conservation planning is useful to deal with this complexity and has been widely applied
globally (Margules and Pressey, 2000; Cowling and Pressey, 2003). The essence of a
systematic conservation plan is representivity (represent the full variety of biodiversity) and
persistence (the long term survival of biodiversity) (Margules and Pressey, 2000). In order to
operationalise these goals, they need to be translated into quantitative targets. Targets allow
for the measurement of the conservation value of different areas and the achievement towards
these goals (Margules and Pressey, 2000). Conservation goals aimed at maintaining
representative and viable samples of ecosystems and species will be challenged by dynamic
change brought about by climate change and other anthropogenically caused changes in
species abundance and distribution (Hannah et al., 2002; Pressey et al., 2007). Climate
change induced changes in species distributions may produce new community assemblages,
which poses problems for strategies based on conserving representative and target amounts of
communities or vegetation types. Biodiversity conservation must therefore focus on
conserving dynamic, multiscale patterns and processes that sustain species and their
supporting processes and natural systems (Poiani et al., 2000). Conservation plans need to
offset threats to species persistence in order to maintain species and genetic diversity
(Thuiller et al., 2008). Ways need to be found to reduce the drivers of biodiversity loss such
as habitat transformation and to predict the consequences of environmental change
(Sutherland, 2006). In this way priority areas for future conservation may be determined
(Gaston, 2006).

1.2.2 KZN study area

Southern Africa has the richest flora in the world amongst areas of comparable size, with
high levels of species endemism (80%) (Goldblatt, 1978). KwaZulu-Natal is a province on
the east coast of South Africa (Figure 1) and encompasses an area of 94 697km?. The
province has more than 6000 vascular plant species within 1258 genera, of which 16% are
endemic and 11% rare and threatened (Scott-Shaw, 1999). The province contains part of the
Maputaland-Pondoland-Albany biodiversity hotspot as well as centres of plant endemism

such as Pondoland, Maputaland, Midlands and Drakensberg Alpine centres of endemism



(Mucina and Rutherford, 2006). Cowling and Hilton-Taylor (1997) suggest that the high
levels of diversity arise from the geomorphological history of the subcontinent, the varied
climate and species lineages that are prone to diversification. Historical climate fluctuations
and persistence of refugia allowed species to persist and speciate. Steep ecological gradients
exist due to prominent heterogeneity in climatic variables such as temperature and
precipitation, altitude, geology, soils and topography, which further contribute towards the

high levels of biodiversity.

100 Kilometers

Figure 1  The location of KwaZulu-Natal (KZN), South Africa. Protected Areas are shown
in dark grey in KZN and include two World Heritage Sites, provincial protected

areas and Stewardship sites proclaimed as at October 2015.



The landscape ranges from the peaks of the Drakensberg escarpment at over 3000m in the
west to the subtropical coastal landscape along the Indian Ocean in the east. The latitudinal
gradient subtends 4° of latitude facilitating a mix of temperate species from the south and
tropical species from the north. The geology consists primarily of base-poor granites and
sandstones, and base-rich basalt, dolerite, mudstones, shales, rhyolite and tillite. The geology
is orientated in an approximately north-south direction and is therefore confounded with the
east-west orientation of the altitudinal gradient. The Maputaland region in the north-east of
the province consists of geologically young sands (Partridge, 1997). The major biomes are
represented by savanna, grassland, Indian Ocean Coastal Belt and forest systems (Mucina and
Rutherford, 2006). The forest biome covers a small percentage of the province, as do

wetlands, hence these azonal vegetation types are excluded from the analysis.

Latitude and altitude represent the two major temperature gradients in the province. Coastal
mean annual temperatures (MAT) range from 20.3°C in the south (31°S) to 22.9°C in the
north east (27°S); along the Drakensberg escarpment MAT decreases to 7.9°C (Schulze,
2006). The average minimum winter temperature (July) is lowest in the Drakensberg (-6.4°C)
and southern escarpment, warming along the coast and Maputaland (13.5°C). The average
maximum summer temperatures (February) are highest in north eastern KZN and the Thukela
basin (32.6°C), whereas the Drakensberg escarpment has cooler average summer
temperatures (18.1°C).

A complex precipitation gradient exists in the province, created by topography, orographic
precipitation, mistbelts and oceanic influences. Mean annual precipitation (MAP) is highest
along the Drakensberg and the coast (up to 1923mm.yr™) (Schulze, 2006). Drier regions
include the Thukela river basin, north Zululand and western Maputaland (450-500mm.yr™).
KZN receives mainly summer rainfall, although up to 50mm may fall during winter months
associated with cold fronts moving across the country from the south. Snow may fall on the
high lying areas in the west of the province. The Drakensberg, midlands and northern coastal

regions may receive an average of 282mm of rain in February.

Biodiversity in the province faces large threats mostly in the form of human population
growth and associated land transformations (Reyers, 2001). KZN has the second largest share
of the national population (10.9 million people in 2015) after Gauteng (Statistics SA, 2015)
and an average fertility rate of 2.81 (the average number of children born to a woman in her

lifetime) (Statistics SA, 2011). Internal migration streams reveal that KZN experiences



positive net migration (Statistics SA, 2011). This increasing population is leading to rapid
urban expansion and increasing pressure on the natural resources and ecosystem services.
Many rural communities live on communally owned land and are reliant on natural resources
for food, fibre, fuel, and medicine (Shackleton et al., 2001). As a result there are likely to be
increased levels of conflict between conservation and other land uses (Meadows, 2006; Di
Minin et al., 2013). KZN receives a mean annual precipitation of 837 mm, making it one of
the wettest province in the country (Schulze, 2006). Consequently, agriculture (consisting
primarily of commercial and subsistence crops, sugar cane, timber plantations and orchards)
is a major feature of the landscape. The average rate of habitat transformation within the
province between 1994 and 2008 was 1.35% per annum or approximately 128 000ha.annum™
(Jewitt, 2012).

The province has a range of PAs including two World Heritage Sites (iSimangaliso Wetland
Park World Heritage Site and Maloti Drakensberg Park World Heritage Site), provincial
protected areas managed by Ezemvelo KZN Wildlife and Stewardship sites proclaimed under
the National Environmental Management: Protected Areas Act 57 of 2003. By October 2015
protected areas conserved 9% of the terrestrial landscape, excluding marine protected areas.

This biodiverse province, with strong ecological gradients makes a good case study to
develop conservation planning tools to mitigate the major global threats to its floristic

diversity.

1.2.3 The environmental correlates of floristic pattern

Understanding the environmental factors controlling floristic composition and pattern is
critical for enabling conservation planning to ensure representivity and persistence (Margules
and Pressey, 2000) into the future. Indeed a prerequisite for predicting how communities will
change in the wake of global change requires an understanding of the processes that govern
the pattern and assembly of communities (Guisan and Rahbek, 2011; Arellano et al., 2015). A
broad array of biotic, disturbance (e.g. fire and herbivory), historical factors and processes
combine to structure floristic communities (Cowling et al., 1997). Understanding these
complex interactions, the ensuing spatial patterns and the associated environmental gradients,
has long been a central research area of plant community ecology (Pausas and Austin, 2001).

This understanding is also essential in order to be able to effect appropriate management, to



track community responses over time or to restore the diversity and integrity of a community

that has been degraded by anthropogenic influences (Hirst and Jackson, 2007).

A gradient analysis describes the distribution of species or communities in response to
environmental gradients (Whittaker, 1973). Savanna and grassland ecosystems are largely
nondiscrete in their boundaries and are defined by general, widespread elevational and
climatic gradients (Poiani et al., 2000). At regional scales the distribution of vegetation is
largely determined by climate (Lavorel, 1999), at landscape scales by land use and soil type,
and at the site scale by soil type and biotic interactions (Pearson and Dawson, 2003). Land
management practices such as fire and herbivory regimes may strongly influence vegetation
communities (Cowling et al., 1997) but since these variables are important in both grassland
and savanna systems, these factors are effectively held constant allowing for examination of
regional and landscape drivers (Bredenkamp et al., 2002). Fire is so frequent in these systems
that organisms are well adapted to it, and it can be considered an ‘included’ disturbance
(Fairbanks, 2000).

Climate change may cause species to shift their ranges (Carvalo et al., 2011), so an analysis
of distribution patterns of species along environmental gradients is critical for understanding
species responses to climate change (Toledo et al., 2012; Gwitira et al., 2013). Plant species
distributions in southern Africa are influenced by climate, in particular temperature and
precipitation (Mucina and Rutherford, 2006). A distinct east-west gradient exists in the
grassland biome from the mesic east to the arid west, along with a temperature gradient
(O’Connor and Bredenkamp, 1997). Scholes (1997) reported that savanna vegetation patterns
were determined by rainfall gradients. Fairbanks (2000) classified South African woodlands
using mean monthly temperature, total plant-available water balance of soil, elevation,

landscape topographic position and soil fertility.

Pressey (2007) suggests that climatic gradients be identified and incorporated into systematic
conservation plans in order to promote range adjustments by species. Local and
macroclimatic gradients act as surrogates for evolutionary and ecological processes and are
easier to incorporate into conservation plans (Cowling et al., 2003; Rouget et al., 2003, 2006).
Few studies have quantified the environmental correlates of plant composition with the aim
of facilitating conservation planning. Available studies on vegetation-environment relations
in the province have been limited to local landscapes and protected areas, the largest regional

study being the Perkins (1997) analysis covering 14 400km?. Responses of most species to
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climate operate well beyond this spatial scale, hence the necessity of the current study. In
addition to protecting species, habitats and landscapes, conservation efforts should focus on
representing geographic and environmental gradients so that evolutionary and ecological

processes may persist in the long term (Fairbanks and Benn, 2000).

The steep environmental gradients over short distances within KZN provide an ideal
ecological setting for this study. There are marked altitudinal and latitudinal gradients which
affect temperature and precipitation ranges. The variation in geology affects the derived soil
types. Whilst patterns in floristic composition are unlikely to have a single primary cause
(Gaston, 2000), compositional variation is likely to be strongly coupled to climatic variation

and soil properties (Virtanen et al., 2006) at this scale.

In this study an analytical framework is presented to identify the major environmental
gradients correlated with floristic composition in the region. The gradients correlated to
floristic composition are identified at the provincial scale, an appropriate scale for

conservation planning in the province.

1.2.4 Mapping landscape beta diversity

Beta diversity (B) was defined as “the extent of change of community composition, or degree
of community differentiation, in relation to a complex gradient of environment, or a pattern
of environments” (Whittaker, 1960) or more simply “between-habitat diversity” (Whittaker,
1972). The efforts to understand and describe beta diversity patterns has resulted in a
multitude of beta diversity definitions, leading to multiple concepts, mathematical
expressions and analysis methods (Koleff et al., 2003; Legendre et al., 2005; Anderson et al.,
2011; Szava-Kovats and Partel, 2014). Beta diversity indices link site (alpha) diversity and
regional (gamma) diversity. It may refer to variation within a given extent or turnover along

an environmental, temporal or spatial gradient (Anderson et al., 2011).

Beta diversity indices may be used to distinguish species nestedness (species loss) from
turnover (species replacement) (Baselga, 2010) and to infer the processes that structure
ecological communities (Kraft et al., 2011). Beta diversity indices serve as collective
properties of biodiversity and may be used as high-order surrogates in place of modelling

individual species distributions, especially where biological data is lacking (Austin, 1999;
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Margules and Pressey, 2000; Ferrier, 2002). This facilitates the use of sparse or spatially
biased datasets (Ferrier, 2002).

Traditional methods of gradient analysis assume that compositional turnover occurs at a
constant rate along a gradient, but in reality this is not often observed (Ferrier et al., 2007). If
turnover rates do vary along ecological gradients, then identifying areas of high species
turnover will increase the spatial efficiency of including matrix species in the conservation
planning process and maximise overall species representivity and persistence (Ferrier, 2002).
This complements conservation plans based only on threatened or endemic species or
vegetation types. Understanding beta diversity variation along a gradient provides insights
into potential climate change responses of communities (Fitzpatrick et al., 2013), as areas of

high turnover are vulnerable to climatic variability (McKnight et al., 2007).

In this study the rate of species turnover along and between geographic and environmental
gradients is assessed and landscape beta diversity spatially mapped in order to inform

conservation planning in the region.

1.2.5 The threat of land cover change

The major driver of biodiversity loss is habitat destruction, and the resulting fragmentation of
natural habitat (Fahrig, 2003; Millennium Ecosystem Assessment, 2005; Joppa et al., 2016).
The impacts of habitat loss are numerous and can be drivers of irreversible ecological shifts,
altering vegetation structure, species composition, and their disturbance regimes,
precipitating ecological cascades (Pardini et al., 2010). Habitat loss leads to reductions in
species response diversity and functional redundancy which reduces ecosystem resilience
(Laliberté et al., 2010). Differing land uses directly and differentially affect biodiversity
integrity (O’Connor, 2005; O’Connor and Kuyler, 2009). Functional diversity, especially of
animal communities, may be reduced by land use intensification, which can negatively
impact ecosystem services through the loss of diversity and species traits (Flynn et al., 2009).
Land use and land cover change have the ability to influence climate and weather conditions
from local to global scales (Pielke et al., 2002), potentially exacerbating climate change.
Other impacts include potential soil erosion, loss of ecosystem services, the disruption of
socio-cultural practices and the promotion of natural disasters such as flooding (Foody, 2002;
Kindu et al., 2013).

12



The best documented macroecological pattern is the positive relationship between the
numbers of species occurring in an area relative to the size of an area (Gaston, 2006). The
species-area relationship (SAR) is well studied in ecology and states generally that as
sampling area increases, the number of species recorded increases (Triantis et al., 2012) or
describes how the number of species relates to area (Thomas et al., 2004). Grassland and
savanna systems are large continuous systems. Habitat loss and fragmentation are creating
islands of habitat patches in a sea of anthropogenically transformed landscape. The biota of
these systems are most likely ill-adapted at surviving in small patches of habitat. The loss of
habitat areas will lead to a decline in the number of species able to persist in that habitat patch
and the further habitat patches are from each other the less likely they are to support long-

term viable populations of species.

Research has shown that the amount of natural habitat remaining in the landscape is
important for persistence of species. With less than 30%-50% of the landscape remaining
natural, the probability of the landscape supporting viable species populations declines
rapidly and is termed a persistence threshold. Below these levels, habitat arrangement
becomes a critical factor in explaining population size and persistence (Flather and Bevers,
2002; Fahrig, 2003). Thus both habitat amount and the geometry of habitat are important in

ensuring population persistence once a landscape passes through the persistence threshold.

Habitat loss may lead to a significant decline in the number of species but the extinction of
species may involve a time lag (Sang et al., 2010). Thus the number of species in recently
altered habitats may reflect past habitat availability and the species that may eventually go
extinct represent an extinction debt. The extinction of species tends to be disproportionately
weighted towards large-bodied species in many higher taxa, and species in the upper trophic
levels are likely to be eliminated before those species in the lower trophic levels (Dobson et
al., 2006). The resulting fragmentation limits species migrations and gene flow (Heller and
Zavaleta, 2009). For migratory species, landscape modification outside of the province may
impact their survival (Sheehan and Sanderson, 2012), despite adequate habitat within the

province.

Habitat loss and fragmentation effects on plant species are scale-dependent and taxon-
specific (Yu et al., 2012). Species composition patterns are related to the complexity of the
habitat shape and the perimeter to area ratio. Fragmentation effects on species composition

and diversity depends on both the pattern of fragmentation of the landscape and the degree of
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habitat loss. (Yu et al., 2012). However, it is important to note habitat area in itself is no
guarantee of population viability as land-management practices may degrade the habitat and
exacerbate declines (With et al., 2008).

Taxon-specific responses to the functional consequences of habitat loss are expected
(Rosenlew and Roslin, 2008). European studies on habitat loss impacts on plant community
changes found that plant species with traits such as animal dispersal mechanisms, annual life
cycles or a strong competitive ability for light enabled species to cope with habitat loss
(Marini et al., 2012). Saar et al. (2012) found that plant traits that made local populations
more prone to extinction in calcareous grasslands included species that lacked clonal growth,
had shorter life spans, produced fewer seeds per shoot, were self-pollinated, adapted to lower
soil nitrogen and had higher light requirements. Anthropogenic impacts lead to the decline of
rare species, increasing levels of alien species and an increase in the abundance of generalist

species (Socolar et al., 2016).

Societal responses to economic opportunities, mediated by institutional factors, are the main
drivers of land-cover change (Lambin et al., 2001). KZN is experiencing a rapid rate of
habitat loss (Jewitt, 2012) and large scale land cover change is evident in other parts of South
Africa (Coetzer et al., 2010) raising questions generally about sustainable resource extraction,
ecosystem functioning and biodiversity conservation. Understanding the patterns, processes
and impacts of land-use and land-cover change is essential in order to guide biodiversity
conservation, especially in light of other global threats such as climate change (Heller and
Zavaleta, 2009). In order to do this, up-to-date and accurate information on land cover and

land use is critical for conservation planning (Fairbanks et al., 2000).

Given the complex nature of KZN, and differing land tenure systems in place, it is essential
to understand the drivers, patterns and processes of land cover change to facilitate
biodiversity conservation. Using quantitative analytical techniques that address known
inadequacies of conventional transition matrices (Pontius et al., 2004; Aldwaik and Pontius,
2012) and that specifically assist in identifying the underlying processes of landscape change,
this study characterises the systematic land-cover changes occurring in KZN. This is
achieved using three provincial land-cover maps of the province (2005, 2008 and 2011) that
are directly comparable. The extent and rates of habitat loss are determined using a series of

national (1994, 2000) and the provincial land-cover maps.
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1.2.6 The threat of climate change

Carbon dioxide levels have increased to the highest levels yet in the last 800 000 years and
pre-industrial levels have increased by 40% (IPCC, 2013). It is expected that global
atmospheric carbon dioxide levels will range between 421-936 ppm by the end of this century
dependent on future emission scenarios (IPCC, 2013). These increases in CO, stem primarily
from net land use change emissions and fossil fuel emissions, and it is considered most likely
that the observed global warming is due to anthropogenic influences (IPCC, 2013). Climate
change scenarios, or the Representative Concentration Pathways (RCPs), predict global
surface temperature is likely to exceed 1.5°C for all RCP scenarios by 2100 and warming
will continue beyond 2100. Hot extremes are expected to increase whilst cold extremes will
diminish (IPCC, 2013). Precipitation predictions are less certain but it is likely that the El
Nifio Southern Oscillation will intensify precipitation variability in the region.

The fourth assessment report predicted significant warming (1-3°C) in the region with
changes in precipitation being variable. Along the east coast of South Africa, precipitation is
not predicted to decrease significantly and may even increase, although the intensity of
rainfall events and intervals between rainfall events are likely to increase (IPCC, 2007).
Nationally, range shifts are predicted to take place in an easterly direction, hence species will
move into one of the most transformed and populous landscapes in South Africa (van
Jaarsveld and Chown, 2001).

Climate change is likely to alter both temperature and precipitation. Median temperature is
expected to increase by 3-4°C across the southern African sub-region (Christensen et al.,
2007). It is predicted that heavy precipitation events will increase in frequency along with
heat waves and hot extremes. Tropical cyclones will become more intense but are expected to
occur less frequently in South Africa. Future precipitation effects are less well known as
drying is expected in the southwest winter rainfall regions but model predictions are less clear
in KZN due to strong orographic forcing in the region. The relative importance of
temperature and precipitation need to be understood in order to undertake conservation
planning to mitigate the effects of climate change. The effects of changes in extreme climatic
conditions will differ from changes in mean climatic conditions. Plant water relations will be
influenced by the extremes of precipitation and temperature events whereas plant phenology

will be affected by changing mean conditions (Reyer et al., 2013).
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Numerous Global Circulation Models are used to predict future climatic trends. These are
downscaled in order to assist planning at a regional scale. One such dataset is based on the
dynamic downscaled models of southern Africa researched by Engelbrecht et al. (2009).
They predict that the subtropical high-pressure belt will intensify in the south of the
subcontinent resulting in a displacement of the frontal rain systems to the south. They predict
lower rainfall over the south-eastern subcontinent due to mid- and upper-level highs being
more prominent over the central and eastern parts of southern Africa, especially in spring and
autumn. The Indian Ocean High is predicted to intensify over the south-western Indian Ocean
in mid-summer which results in more frequent cloud bands associated with the South Indian
Convergence Zone (SICZ) over the south eastern subcontinent, resulting in generally wetter
conditions in this region. Despite the predicted increases in summer rainfall, eastern SA is
predicted to become drier. This contrasts with general perceptions that SA will become wetter
in the east and drier in the west. However, rainfall models are notoriously variable (Jury,
2012).

Land-use change, resulting from increased human populations and corresponding conversion
of natural habitat to agriculture, silviculture and living space, overshadows climate change as
a driver of biodiversity loss (Wessels et al., 2003; Noss et al., 2011; Verburg et al., 2011).
However, climate change is anticipated to become one of the greatest drivers of biodiversity
loss in the future (Heller and Zavaleta, 2009). Climate change is likely to produce shifts in the
distributions and abundances of species (Thomas et al., 2004) and hence the composition of
habitats (Berry et al., 2002). Paleoecological evidence shows that species migrated to track
their environmental niches (Collingham and Huntley, 2000). Thus there is a need to
incorporate gradients into landscape planning so that species may track their environmental
niche (Manning et al., 2009). Physical geography, habitat fragmentation and land use
patterns, will restrict the potential of species to migrate and track changing climates and will
thus increase their susceptibility to climate change. Landscape characteristics (e.g. landscape
heterogeneity, the distribution, size and isolation of patches) and species traits (e.g. dispersal
ability, population growth rates) will influence the rate at which species are able to disperse
through the landscape (Collingham and Huntley, 2000). Habitats outside of protected areas
are often inhospitable to the survival of many species (Heller and Zavaleta, 2009) because of
human infrastructure and its associated stressors such as unsustainable resource use, hunting,

invasive species, vehicles and environmental pollution. With high rates of human population
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growth and associated development, anthropogenic transformation of the landscape will

continue.

Impacts on vegetation composition and structure are continuous and do not have an
identifiable or predictable end point. Ecosystems will not shift as intact entities as species
response is individual based on their competitive abilities and recovery from disturbance
(Walker and Steffen, 1997). Range shifts, as a result of species tracking suitable climates,
will lead to changes in species composition and relative abundance (Manning et al., 2009).
These species interactions may alter feedbacks which can create cascading effects in an
ecosystem. Thus novel assemblages of species, which have not existed in the past, will arise
due to extinctions of species, changes in abundance values and invasions by new species.
However, predicting the consequences of novel conditions is particularly difficult
(Sutherland, 2006). Ecosystems will become substantially reorganized containing early
successional, generalist or weedy species. Slow processes, such as soil nutrient dynamics,
species composition changes and long-lived plants, regulate ecological responses, hence
climate change impacts may take decades or centuries to emerge (Luo et al., 2011). Novel
assemblages of species challenge the preservationist view still widely held in conservation
(Manning et al., 2009).

Climate change is already having multiple effects on species and ecosystems including, but
not limited to, species distribution shifts along elevational gradients, phenological changes,
decoupling of plant-pollinator relationships, effects on demographic rates, population size
reductions, range restricted species extinctions, direct loss of habitat from sea-level rise, and
the spread of invasive species and diseases (Mawdsley et al., 2009). Climate change is
expected to bring about a disruption of ecological matches such as spatial and temporal
synchrony of occurrence, morphological and physiological interdependencies (Schweiger et
al., 2010). Areas at high latitudes, high elevations and protected areas with abrupt land-use

boundaries will be particularly vulnerable to climate change effects (Sala et al., 2000).

Major impacts on biodiversity in southern Africa are expected to be the invasion of
grasslands by savanna tree species and an increase in bush encroachment. Up to 80% of
animal species and 44% of plant species would experience alteration to their geographic
ranges (van Jaarsveld and Chown, 2001). Studies on animal impacts in South Africa were
varied, although most range shifts were predicted to follow the east-west precipitation

gradient, and move towards the east (Erasmus et al., 2002). Climate change is likely to shift
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the environmental niche of species outside of existing protected areas (Shaw et al., 2012),
highlighting the importance of enabling species to migrate through the landscape to more
suitable climes. These range shifts however, are likely to increase conflicts between

conservation and other land uses (Erasmus et al., 2002).

The speed at which species will be able to track changing climes is varied and will
undoubtedly be confounded by anthropogenically altered landscapes. Schwartz (1992)
demonstrated that migration rates of trees (based on Holocene tree migration rates of an
average of 10-45km per century up to a maximum of 200km per century) in response to
climatic warming, could decline by an order of magnitude where habitat availability is less
than 50%. Hence tree species may fail to track suitable environmental niches. Migration lag
is problematic with plants because it could threaten carbon storage and biodiversity (Corlett
and Westcott, 2013). Based on maximum dispersal distances of between 50-1500m and time
to plant maturity of between 1-30 years, it is estimated that plant movement will range
between 1.7-1500m.year™ in unfragmented landscapes and without considering species
interactions. However these velocities are probably most suited to species with good
colonizing ability and well-dispersed generalists e.g. pioneer and ruderal species (Corlett and
Westcott, 2013).

Plant species range expansions will be affected by species interactions. There are two main
patterns of range expansion viz. ‘jump dispersal’ and “‘diffusion dispersal’ (Wilkinson, 2011).
‘Jump dispersal’ is where species colonise new areas over long distances, often with
inhospitable habitat in between. This may be facilitated by animal species, for example the
spread of Trillium seeds by deer over large geographies (Vellend et al., 2003) or via rare
events by air or water currents. ‘Diffusion dispersal’ refers to the gradual spread of species in
suitable habitat. Species may fail to establish in new areas because of competition from

existing species.

Refugia are habitats that some species can retreat to, persist in and potentially expand from,
in changing climates (Keppel et al., 2011). By protecting climate refugia and ensuring
linkages in the landscape, especially along the major environmental gradients identified in the
province, natural processes and features that mitigate the effects of climate change are
supported (Hansen et al., 2009). Species may be able to persist in isolated populations in
climatic refuges until conditions improve, hence research to identify potential refugial areas

under changing climates, is needed. Conserving projected refugia does not guarantee the
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viability of the ecosystem and therefore should not be the only criteria used for identifying
important conservation areas (Groves et al., 2012). Areas of high topographic diversity create

a range of microclimates in close proximity that may serve as refugia.

For conservation plans to be fully effective, planners must fully integrate the effects of
climate change into their plans (Hansen et al., 2009). Climate change mitigation has been
difficult to achieve worldwide (Yates et al., 2010), therefore sound predictions of future
climate change impacts on biodiversity are required to guide conservation planning.
Protecting the wide array of biodiversity in this province requires a coarse filter approach,
especially since little is known of the specific biology of many of the species making their
conservation especially difficult. A generic tool is needed to guide decision making for the
majority of this diversity (Saxon et al., 2005). Approaches to incorporate climate change into
conservation plans include protecting climate refugia, conserving the geophysical stage,
enhancing landscape connectivity, and sustaining ecosystem functioning and processes
(Groves et al., 2012). Common climate change adaptation recommendations are to increase
the protected area network and link protected areas to increase connectivity in the landscape
(Hannah et al., 2007; Heller and Zavaleta, 2009; Lawler 2009; Mawdsley et al., 2009;
Ackerly et al., 2010; Beier and Brost, 2010).

In this study, an approach for understanding climate change impacts on floristic communities
is presented. The identified environmental correlates of the floristic communities are used to
define current environmental domains. An ensemble of future modelled climates are used to
track future environmental domains to identify climatically stable areas (potential macro-
refugia) and areas of greatest change (potential novel communities). A vulnerability
framework based on habitat intactness, climatic stability and potential rate of climate change

is developed in order to guide appropriate conservation actions.

1.2.7 Planning for the maintenance of floristic diversity in the face of land cover and

climate change

Global terrestrial biodiversity loss is driven primarily by land-use change and climate change
(Sala et al., 2000). Habitat loss and the resulting fragmentation of landscapes leads to
reductions in response diversity and functional diversity, which reduces ecosystem resilience
(Laliberté et al., 2010). In order for species to track the climates to which they are adapted,
they will need to disperse through transformed and fragmented landscapes (Pearson and
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Dawson, 2005), or adapt in-situ. However, transformed landscapes are often inhospitable to
species survival (Heller and Zavaleta, 2009) and the new land-use may present a barrier to the
movement of the species (Pearson and Dawson, 2005). The ability of species and
communities to adapt to a new climatic regime will depend on factors which can influence or
constrain their movement. At a community level, each constraint e.g. land use, can act as a
filter which reduces the number of species which can pass through to a potentially new
habitat made available by climate change (Millennium Ecosystem Assessment, 2005).
Existing protected areas may fail to protect species in future because of altered species
distributions (Monzén et al., 2011). Thus it is essential to retain and protect unfragmented,
large natural landscapes for maintaining biodiversity into the future (Worboys et al., 2015)
and to manage landscapes to assist species to track changing conditions (Pearson and
Dawson, 2005).

The most widely cited climate change adaptations are to increase connectivity in the
landscape and increase the number of protected areas (Hannah et al., 2007; Heller and
Zavaleta, 2009; Lawler 2009; Mawdsley et al., 2009; Ackerly et al., 2010; Beier and Brost,
2010). Similarly, corridors mitigate the effects of land use change (Worboys et al., 2015). It is
further suggested that the matrix be *softened’ to make it more permeable to species trying to
cross the matrix to a suitable habitat patch (Mawdsley et al., 2009; Rands et al., 2010; Gillson
et al., 2013). These are in-situ solutions and as such are probably the least expensive
conservation options and also the best to facilitate the natural processes that support

biodiversity.

The best prospect for communities and species to naturally adapt to climate change is to
ensure linkages exist in the landscape so that species can shift their distributions. Good
connectivity can improve the ecological integrity of protected areas, thus enhancing
ecosystem resilience (Groves et al., 2012). Linkages keep populations and ecosystems
connected, facilitate access for species with different life cycle habitat requirements, facilitate
species with large home ranges and helps to maintain ecological processes. According to
island biogeography theory and metapopulation theory, species able to use linkages such as
corridors or stepping stones have a greater capacity to persist in fragmented habitats (Bennet
2003). Species richness can be increased with increasing connectivity between patches
(Résch et al., 2013).
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Corridors may assist the movement of species through inhospitable environments. Dispersal
movements benefit small populations by supplementation of individuals or for recolonization
of locally extinct patches. They also assist in the maintenance of ecological processes such as
seed dispersal, pollination, predation, and promote genetic viability. Corridors help to restore

the natural flow and interchange of plants and animals across the landscape (Bennet, 2003).

There has been a degree of criticism levelled against the efficacy of corridors due to a lack of
scientific evidence showing the benefits of corridors (Simberloff, 1992), the possibility that
negative effects may outweigh the positive effects and that they may not be a cost effective
option. However, this controversy has waned and the importance of landscape connectivity is
now widely accepted (Crooks and Sanjayan, 2006; Worboys et al., 2015). Further, the
precautionary principle applies as evidence has shown that the isolation of populations and
communities through habitat loss has a detrimental effect. It is recognised however that
connectivity may not be beneficial in all circumstances (Worboys et al., 2015), or may have
negative effects. For example, corridors tend to be linear features and thus are prone to edge
effects. Community composition is altered along road edges, with effects extending up to 25-
30m, often containing more exotic than native species (Gieselman et al., 2013). This may be

mitigated by maximising the width of the corridor.

Habitat amount and quality are vital components for population viability. Large areas and
high-quality habitats provide source populations and locations for colonization (Hodgson et
al., 2011). Habitat patches are embedded in an anthropogenically modified landscape or
matrix. The matrix influences species abundance and population sizes in fragmented habitat
patches, and can be even more important in population viability than corridors (Watling et al.,
2011). A matrix that is less harmful to organisms will better support their dispersal or

movement.

Along with connectivity and viability, climatically under-represented areas need to be
included in conservation planning priorities. However, the ability to include these areas
decreases as habitat loss and degradation increases. In order to preserve flexibility in
conservation planning, strategic planning is required. Once original habitat amount is
diminished, climatic biases are likely to exist and they will be more difficult to mitigate
(Pyke, 2004). Climate change will act in concert with other stressors such as habitat
transformation and invasive species. Ecosystems and species that are already stressed by

these factors will be less resilient to climate change (Hansen et al., 2009).

21



The spatial prioritisation of the location of corridors in the landscape is essential if maximum
ecological resilience (sensu Holling 1973) is to be achieved. Ecological resilience is
enhanced by high levels of biodiversity which would include high levels of functional and
response diversity, heterogeneous landscapes, the maintenance of natural disturbance regimes
such as fires and maintaining the capacity for processes such as dispersal, colonization,
migration and spatial subsidization (Cumming, 2011). Incorporating important plant
conservation areas identified via a systematic conservation planning approach (Margules and
Pressey, 2000) would ensure that threatened or endemic plant species and vegetation types

may be included in the corridors.

Environmental gradients define the distribution of species (Lawler, 2009). Maintaining
linkages between areas of the dominant environmental drivers, such as temperature and
precipitation, will allow species to move along these gradients as the climate changes, and
maximise climatic suitability into the future (Pearson and Dawson, 2005). Nufiez et al. (2013)
suggested using a coarse filter approach to identify linkages for movement between areas of
low human impact and spatial gradients. Corridors based on gradients and land-use patterns

will be robust to the uncertainty in direction and magnitude of climate change.

Incorporating areas of high turnover maximises the representation of diversity in
conservation plans (Ferrier, 2002; Pressey, 2004), specifically of common species. These
areas may further enhance the resilience of plant communities under global change
(Fitzpatrick et al., 2013), as high turnover areas are where species ranges are vulnerable to
climate change (McKnight et al., 2007). Incorporating environmental gradients and areas of
high beta diversity help to preserve the ecological and evolutionary processes that create and

maintain diversity.

Where macro-refugial areas for plant communities are known, these areas should be
incorporated into the corridors in order to maximise species persistence into the future and
minimise climate change impacts. Areas where an ensemble of climate change models
concur, reduces the uncertainty of climate change predictions and may be used to enhance

conservation adaptations strategies (Jones-Farrand et al., 2011).

Protected areas should be functionally connected to allow for the movement of species and
genes (Noss et al., 2011). New protected areas should be placed in areas anticipated to be
important for biodiversity in the future and to cater for species of high conservation value

(Heller and Zavaleta, 2009), while still maintaining the current configurations of diversity
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which secures the source populations. The spatial distance between existing and new
protected areas should be minimized to facilitate species migration. The full range of
bioclimatic variability needs to be captured across the landscape. Areas of high endemism,

high genetic diversity, ecotones and refugia should be protected.

Based on these principles, this study develops a spatially explicit connectivity map to serve as
a decision support tool at coarse scales, to impart landscape resilience to land-cover and
climate change. Protected areas are linked using the lowest cost distance to maximise plant
dispersal opportunities. A biological underpinning of floristic composition that supports
ecological and evolutionary processes by using climatic gradients correlated to floristic
composition and areas of high beta diversity, broad-scale climate refugia and important plant
conservation areas, in order to maximise the persistence potential of floristic diversity in the
face of global change. The corridors attempt to retain large natural and semi-natural
landscapes so that species may respond naturally to climate change and limit further habitat

loss.

1.3 Research aims, objectives and outline of the thesis

The primary aim of the study is to develop an understanding of the most important drivers
determining indigenous plant community composition, pattern, and turnover in grassland and
savanna systems in KZN. The threats posed by climate change and land-cover change to
these communities are investigated and a guide to impart maximum resilience to floristic
diversity developed. The research aims to facilitate conservation planning for floristic

diversity.

Five broad objectives result from this:

1.3.1 Objective 1: To analyse the relations between phytosociological data and environmental
variables with the aim of identifying the dominant environmental correlates and gradients of

floristic composition, in order to facilitate future conservation planning.

The specific questions addressed are:
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1. Across KZN, what are the dominant environmental gradients most associated with
plant species composition, recognizing the province has steep gradients over short

distances?

2. Which environmental variables delimit floristic community pattern?

1.3.2 Objective 2: To assess how the rate of species turnover varies along and between

environmental and geographic gradients and to map beta diversity in the province.
The specific question and output addressed are:

1. How does the rate of species turnover vary along and between environmental and

geographic gradients?

2. Develop a map of beta diversity of plant communities in KZN to guide

conservation planning.

1.3.3 Objective 3: To understand the amounts, rates, drivers, patterns and processes of land

cover change in KZN for biodiversity conservation.
The specific questions addressed are:

1. What are the drivers, patterns and processes of land-cover change in KZN and

across different land tenure systems between 2005, 2008 and 20117

2. What is the extent and rate of natural habitat loss between 1994 and 2011?

1.3.4 Objective 4: To understand climate change impacts on vegetation communities using
the major environmental correlates of floristic composition to map current and future
environmental domains using an ensemble of regional climate models, with the aim of
identifying regions expected to experience the greatest (potential novel communities) and

least (potential macrorefugia) degree of climate change by 2050.
The specific questions addressed are:

1. What and where are the major environmental domains in KZN, determined using

the three primary climatic and edaphic correlates of floristic composition in KZN?
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2. How will the environmental domains change in KZN by 2050, determined using an

ensemble of climatic models based on the A2 emission scenario?

3. Which areas of the province are expected to experience the least and greatest

magnitude of change?

4. Which environmental domains are the most vulnerable in terms of climate change,

habitat loss and mean magnitude of change?

1.3.5 Objective 5: To prioritise the spatial location of a coarse-grained, spatially explicit
connectivity map to serve as a decision support tool to impart landscape resilience for
floristic diversity to land-cover and climate change. The aim is to use a biological
underpinning of floristic composition that supports ecological and evolutionary processes by
using climatic gradients correlated to floristic composition, areas of high beta diversity,
broad-scale climate refugia and important plant conservation areas, in order to maximise the

persistence of floristic diversity in the face of global change.
The specific output is:

1. A corridor map that maximises the retention of large natural and semi-natural

landscapes to allow species to respond to climate change and limit further habitat loss.

1.4 Structure of the thesis

The thesis is comprised of five content chapters (Chapters 2-6) with an introductory and
concluding chapter (Chapters 1 and 7 respectively). Chapter 1 describes the rationale for the
study, a literature review and the thesis aims and objectives. A detailed overview is provided
of the study area. The content chapters have been written in the format of scientific journal

articles.
The content chapters and their publication details are as follows:

e Chapter 2 is published in Austral Ecology (Jewitt et al., 2015a). This chapter

investigates the gradients correlated to floristic composition in KZN.
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e Chapter 3 is published in Biodiversity Conservation (Jewitt et al., 2016). This chapter
investigates the levels of beta diversity in KZN.

e Chapter 4 is published in the South African Journal of Science (Jewitt et al., 2015b).
This chapter explores land cover change in KZN.

e Chapter 5 is published in Applied Geography (Jewitt et al., 2015c). This chapter
explores climate change impacts for floristic communities in KZN.

e Chapter 6 explores conservation planning solutions to mitigate land cover and climate
change impacts to maintain floristic diversity into the future.

The order of the chapter presentation in this thesis does not match the time-line of journal
acceptance. Due to the requirements of publishing scientific articles, there is an unavoidable
degree of repetition, especially with respect to the study site description, motivations for the

study and literature review.

1.4.1 Author contributions

The published chapters 2-6 have multiple co-authors. The following list includes a

description of the contributions of each author:

e D Jewitt: Primary author, conducted all data collation and analysis, responsible for
paper concepts and the write-up

e PS Goodman: PhD Co-supervisor, provided guidance with regard to theoretical
approach for the thesis and commented on various drafts of all papers / chapters

e TG O’Connor: PhD Co-supervisor, provided guidance with regard to theoretical
approach for the thesis and commented on various drafts of all papers / chapters

e BFN Erasmus: PhD Co-supervisor, provided guidance with regard to theoretical
approach for the thesis and commented on various drafts of papers / chapters

e ETF Witkowski: PhD Co-supervisor, provided guidance with regard to theoretical

approach for the thesis and commented on various drafts of all papers / chapters
e WW Hargrove: Assisted with running the k-means clustering algorithm and
commented on the paper in chapter 5 (climate change)

e DM Maddalena: Assisted with running the k-means clustering algorithm and

commented on the paper in chapter 5 (climate change)
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1.4.2 Nota bene

The provincial boundary used for this research in some instances included the currently
disputed Matatiele region in the southwest which is currently administered by the Eastern
Cape Province, but which was previously administered by KZN. This region is included for
planning purposes only, but does lead to a situation where the province size reported or

mapped varies amongst the published papers.
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Chapter 2

Appendix 1 Appendix S1: Procrustean analysis to determine ordination differences

between plot sizes

Using a subset of the data which had nested vegetation sampling based on modified
Whittaker plots (Stohlgren et al. 1995), Procrustean Analysis was used to determine if there
were significant differences between resulting ordinations of differing plot sizes (Peres-Neto
and Jackson 2001; Otypkova and Chytry 2006). The PROTEST program (Jackson 1995;

www.z0o.utoronto.ca/jackson/prol.html) was used for this analysis. Two datasets were used,

one with plot sizes ranging from 1m?, 10m? and 100m? (O’Connor 2005) and a second with
plot sizes of 1m? 100m? and 1000m? (R. Uys et al. unpubl.), where n = 16 and n = 129
respectively, run for 999 permutations.

Ordinations on the dataset were conducted using Nonmetric Multidimensional
Scaling, (NMS) described in more detail in the main article. Results indicated that the
ordination results across the different plot sizes were more similar than expected by chance
(P < 0.001) (Table 1), indicating that irrespective of plot size, similar ordination results were
obtained. The greatest deviations in the ordination patterns were between the extremes of the
plot sizes e.g. 1m? — 1000m?, but were still statistically significant. Otypkova and Chytry
(2006) reported similar findings. The analysis in the accompanying paper uses a minimum
plot size of 19m?, significantly larger than the minimum of 1m? plot size of the Procrustean

Analysis, which would serve to reduce potential differences in ordination patterns.

Additionally, NMS ordinations for the full dataset of the main paper were tested on
three subsets of similarly sized plots (19m? — 25m?, 100m? — 400m? and greater than 400m?),
all of which yielded similar ordination and correlation results. Differences which arose
between the analyses were due to the differing spatial distribution of the plots in the province,
which affected the gradient lengths. Based on the results of the Procrustean Analysis which
indicated that similar ordination results are obtained irrespective of the plot sizes and the
NMS ordination tests on subsets of the data based on plot size ranges which yielded similar
results, the data of varying plot sizes were combined into one dataset for analysis and
reporting in the main paper. By combining the datasets, the best geographic coverage of

points across the province was achieved and thus the greatest gradients were 