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Abstract

Mountains are complex environments owing to their varying topography and geographic range,
and as a result are havens for a variety of eco-systems and biodiversity. Mountain systems
around the globe are potentially transforming due to increasing pressure from human-driven
climate change. The possible effects of these pressures and overall consequences of the changes
are difficult to predict due to the complexity of mountain habitats. Previous studies have
recorded increasing temperatures in mountain systems as one of the consequences of climatic
change. As a consequence of this warming trend, plant species that typically grow in lower
altitudes may migrate to higher altitudes as those habitats become suitable. There are many
different effects this may have on the local eco-system, such as the possibility of the migrating
species outcompeting the local species or even hybridization occurring, resulting in a new
species. Regardless, the movement of species from low to high elevations will have a direct
effect on plant community dynamics in the area. South Africa is experiencing warming
temperatures and has experienced a reported increase in mean annual temperature by 0.96 °C

over the last five decades.

This research aims to understand the implications of inter-annual temperature and precipitation
trends in the alpine, upper and lower montane thermal zones in the Drakensberg on two endemic
plant genera, Rhodohypoxis (Hypoxidaceae) and Glumicalyx (Scrophulariaceae). A thermal zone
refers to a temperature gradient at a specific altitude in a mountain system. Temperature and
precipitation data from 1994 to 2014 were collected from four weather stations: Sani Pass (2874
m), Shaleburn (1614 m) and Giants Castle (1759 m) in South Africa, and Mokhotlong (2209 m)
in Lesotho. These sites represent three thermal zones; Sani Pass is in the alpine zone,
Mokhotlong is in the upper montane zone, and Shaleburn and Giants Castle are in the lower
montane zone. The objectives of this research are to analyse and compare the temperature and
precipitation trends, inter-annual variability, and annual number of frost days at each data
collection site from 1994 to 2014, as well as infer the potential impact these changes may have
on the local endemic plant genera. Results show a more pronounced increase in temperature in
the lower thermal zones and a larger decrease in precipitation in higher thermal zones. The lower
montane zone experienced the highest increase in temperature of up to 0.6 °C over two decades.

The alpine zone showed the largest decrease in precipitation of on average 27.5 mm of rainfall



per annum over 20 years, while the lower montane zone displayed the largest inter-annual
variability in both temperature and precipitation variables. The upper montane zone had a larger
decrease in frost days over the 20 year period relative to the lower montane zone. Interestingly
this work showed an increased warming pattern in the lower thermal zones relative to upper
zones, which contrasts with work in other mountain ecosystems. This warming may create larger
intermediate regions which could encourage the movement of endemic flora into neighbouring
thermal zones. Movement between thermal zones may increase hybridization within plant genera
which could change the structure of the plant communities and possibly result in altered floral
populations.

Keywords: Climatic change, Drakensberg, endemic flora, thermal zones, temperature and

precipitation trends, inter-annual variability
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Glossary of terms and list of abbreviations
CFR — Cape Floristic Region
CoV - Coefficient of Variance
DAC — Drakensberg Alpine Centre
GC — Giants Castle
MANOVA — Multivariate Analysis of Variance
MK — Mokhotlong
PCA — Principle Component Analysis
SD — Standard Deviation
SH — Shaleburn
SP — Sani Pass

Afroalpine — the highest delineation in African mountains that includes a specialised group of
plants that differ from the vegetation of lower altitudes. This group of plants survive from 3500
m above sea level and above.

Afromontane - delineation based on shared plant species’ distribution and high elevation areas
with great floral endemism.

Allopatric — (of plants or animals, regarding related species or populations) occurring in isolated
or non-overlapping geographical locations.

Alpine — delineation in high mountains regarding climatic and biogeographic factors.
Altitude — a point related to sea level or ground level, or height of an object.

Altitudinal zones — delineation of high mountains with regards to height about sea level as these
delineations will have different vegetative and climatic conditions.

Angiosperms — large group of plants that have flowers and fruit, as well as an enclosed seed.
Anthropogenic — originating from or in human activity.
Aspect — (relative to physical geology) is the compass direction that a slope faces.

Austroalpine — the highest delineation of temperate African mountains according to the specific
floral species and climatic conditions.



Autecology — the study of an individual organism or species and its interactions with the biotic
and abiotic factors of its environment.

Biodiversity — the variability of living organisms (flora and fauna) in the world or in a specific
habitat.

Biome — a naturally occurring community of plants and animals occurring across a large area in a
particular region.

Drakensberg — an Afrikaans name given to the eastern part of the great escarpment in southern
Africa.

Eco-system — a community of living organisms interacting amongst themselves and the non-
living elements in a particular area.

Elevation — the height above a given level, specifically sea level.
Endemic/endemism — native to an area or confined to a certain place/region.

Escarpment — a steep slope or long cliff at the edge of a plateau or separating two areas of land
with different heights.

Extinct — a species or group of organisms having no existing/living members.
Fauna — the animal life of a particular region or place.
Flora — the plant life of a particular region or place.

Fynbos — a small belt on the southern tip of Africa of distinctive hardleaf shrubland or heathland
vegetation.

Genre — singlular: genus. A taxonomic category ranking that is below family and above species.

Geomorphic — natural structures on the surface of the earth with regard to the form of the
landscape.

Geophyte — a perennial plant with a concealed underground storage organ such as a rhizome or
bulb.

Germinate — to start to develop or grow after a period of dormancy.
Habitat — the natural or preferred environment of an organism or population.
Hemicryptophyte — a perennial plant that carries its buds at the soil surface.

Hemisphere — half of the earth, usually divided into northern and southern halves or eastern and
western halves.



Heterogeneous — diverse in content or character
Homogeneous — alike or similar in content or character

Hybridization — the process of a plant or animal reproducing with an individual of another
species or genetic variety.

Insolation — the solar radiation that reaches the earth’s surface.

Interannual variability — the change in climatic conditions between years or from one year to the
next.

Intercellular — occurring or located between cells.
Interspecific — occurring or existing between different species.
Intracellular — occurring or located within a cell or cells.
Intraspecific — occurring or existing within a species.

Introgression — the exchange of genetic material from one species to another by the process of
hybridization between the species, and repeated backcrossing.

Lower Alpine — one of the seven life zones in mountains defined by climate, the climatic
characteristics of this zone are a mean growing season temperature below 6.4 °C and a growing
season of less than 94 days.

Lower Montane — one of the seven life zones in mountains defined by climate, the climatic
characteristics of this zone are a mean growing season temperature between 10 and 15 °C and a
growing season of less than 94 days.

Metabolic threshold temperature — minimum temperature at which an organism or plant is able to
function and metabolise successfully.

Metabolism — chemical processes in living organisms in order to maintain life.
Microbe — is a microorganism, predominantly a bacterium causing fermentation.

Microclimate — the climate of a small or restricted area, usually differing from the surrounding
climate.

Morphological — relating to the form of living things and relationships between their structures.
Nival — a region characteristic of continuous snow.

Phenological — study of cyclic and seasonal phenomena, in relation to climate and living
organisms.



Physiological — regarding the way a living organism or their body parts function.
Phytogeographical — branch of botany relating to the geographical distribution of plants.
Prezygotic — relating to before fertilization.

Radiation — the emission of energy as electromagnetic waves or rays.

Snowline — a particular altitude above which snow remains on the ground year round.
Snowmelt — water that results from the melting of fallen snow.

Speciation — a course of evolution regarding the formation of new and distinct species.

Sub-sahelian — the area below the Sahel, the semi-arid region on the southern end of the Sahara
desert that stretches across six countries from Senegal to Chad.

Symbiotic (relationship) — unique interactions between species that can be benefical or harmful,
they are essential to the survival of many organisms and eco-systems.

Topography — the arrangement or distribution of physical features (both natural and artificial) in
an area.

Upper Montane - one of the seven life zones in mountains defined by climate, the climatic
characteristics of this zone are a mean growing season temperature between 6.4 and 10 °C and a
growing season of less than 94 days.

Vapour — a substance suspended or difused in the air, usually liquid.

Vicariance — the geographical separation of a population, usually by a physical barrier.
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Chapter 1
General Introduction and Literature Review

Literature Review

Mountains are some of the most delicate and complex environments on Earth, as they
comprise a wide spectrum of diverse topography and environmental conditions that provide
opportunities for the diversification of life (Spehn et al., 2010). They are a haven for
biodiversity, endangered species, and ecosystems (Beniston, 2003). Mountains influence
regional climates in the surrounding areas and are sources of water, minerals, agriculture, areas
of recreation, among other environmental services. Mountain systems around the globe, from the
Himalayas to the Andes, are experiencing some form of environmental deterioration due to
increasing human populations and the associated increase in pressure on natural resources and
ecosystem services (Beniston, 2003). Climatic change is an effect natural environments are
experiencing due to human influences; these changes are now reaching beyond the boundaries of
natural variability (Karl & Trenberth, 2003). The effect climatic change may have on mountain
systems is still unclear due to the complexity of mountain environments and the diversity of
specialized fauna and flora that inhabit them (Theurillat and Guisan, 2001).

Previous research has shown that an increase in temperature at high altitudes results in
the creation of suitable habitat for several lower altitude plant species, thus enabling these lower
altitude plants to migrate to higher altitudes (Beniston, 2003; Gehrig-Fasel, 2007; Gomez et al.,
2015). Many examples of the movement of plant species due to climate change have been
documented. The three following examples illustrate the effects of climate change on mountain
environments from different parts of the world. First, in the Swiss Alps the growth of trees has
occurred at higher elevations and there has been a significant increase in tree cover in areas
between 1650 m and 2450 m above sea level (a.s.l.) within the sub-alpine and alpine altitudinal
zones (Gehrig-Fasel, 2007). The expansion of tree species into the alpine zone could be due to
the increase of temperature in the area (Gehrig-Fasel, 2007). The movement of plant species
suggests that the zone is expanding upslope and sub-alpine species are moving into alpine areas.
In general the alpine vegetation zone is climatically determined, and the shift of tree species
further up the mountain is a strong indication of changing temperature (Gehrig-Fasel, 2007).

In a second example, the snow line in the Andes mountain range in Venezuela has moved

600 m upslope over the last 118 years. In 1885, the snow line was recorded at 4100 m a.s.l.,
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whereas in 2003 the snow line was reported at 4700 m a.s.l. (Beniston and Fox, 2003). The third
example is in the Australian Alps, where warming temperatures have been recorded over the last
forty years in all three altitudinal zones, with the largest increase in the alpine zone. Altitudinal
zones describe the environmental conditions or ecosystems that occur at different altitudinal
gradients in mountainous areas (Korner et al., 2011). The snowline, currently documented at
1460 m a.s.l., is predicted to rise in elevation to between 1490 m and 1625 m in the year 2020
(Hennessy et al., 2008). The movement of the snowline upwards suggests warming temperatures,
which may lead to a shift of vegetation into higher altitudes as the climate and soil become
suitable for plant growth. These examples illustrate how warming temperatures are directly
related to the movement of plant species into higher altitudes and have important parallels to the
mountain regions of southern Africa. These examples suggest that if temperatures and
precipitation trends change in southern African mountains, there may be an upward shift of

species within the altitudinal zones.

Climatic Change in South Africa

Climatic trends in southern Africa have changed over the last few decades, particularly
with regard to temperature and precipitation. Studies of temperature patterns from 1851 revealed
a long-term warming trend over the entire southern hemisphere (Jones et al., 1986). The monthly
mean surface air temperature in the southern hemisphere was recorded from the year 1851 to
1984 and a warming trend of 0.5 °C over that period was observed. A similar trend is seen across
the African continent. Historical and instrumental temperature data from the late 19" to early 21
centuries showed slowly increasing temperatures (Nicholson et al., 2013), but the rate of
temperature increase accelerated from the end of the 20™ century to the early 21% century. These
mean annual temperatures were 1-2 °C higher in the last few decades than in previous years.
South Africa has reported an increase in mean annual temperatures of 1.5 times the global
average of 0.65 °C over the last five decades from 1960 to 2010, putting South Africa’s increase
at 0.96 °C for that period (DEA, 2013). The frequency of extreme low temperatures annually has
decreased over the same period of time, but with a significant increase in the frequency of high
temperature extremes, thus depicting an increasing temperature over time (DEA, 2013). The
south-western Cape of South Africa, for example, has recorded temperature increases of +0.45

°C per decade in the early spring months of the year (August/September) from 1973 to 2009
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(Grab and Craparo, 2011). These records confirm that temperatures in South Africa are rising
and that the rate of increase has accelerated in recent years.

Rainfall patterns in South Africa have also changed over the last few decades.
Precipitation trends in South Africa over the last 200 years have shown a decrease over time
(Neukom et al., 2014). An example of this decreased precipitation trend can be seen in
Grootfontein in the eastern Karoo. Monthly rainfall analysed from 123 years of data showed
higher rainfall in the late 1800’s than in the 20" century, with predicted decreases continuing
over the next 20 years (Du Toit and O’Connor, 2014). The Department of Environmental Affairs
(DEA) reported that there was a decrease in rainfall in the autumn months (late February to
April) across the country from 1960-2010, however there was no significant annual rainfall trend
over that time. The DEA also reported a significant decrease in the number of rain days over the
same period (DEA, 2013); this implies an increased intensity of rainfall events with increased
dry spell duration.

Rainfall in mountain systems, such as the Drakensberg, can be more variable than in low
altitude areas due to topographical and altitudinal influences (Kérner and Ohsawa, 2005). This
variability may cause difficulty when analysing precipitation trends in mountain systems. In
previous studies, precipitation has been noted to vary greatly from year to year (Killick, 1978).
For example, the mean annual rainfall at Sani Pass, in the Drakensberg, was recorded at 1441.6
mm for the rainfall period 1938/39, in comparison to 439.3 mm for 1944/45. Another site in the
Maluti mountains on the Lesotho side of the Drakensberg recorded 1663 mm for the rainfall
period 1956/57 and 701 mm for 1965/66 (Killick, 1978). These records show a substantial
variation of £1000 mm of rainfall between years, which makes it difficult to identify an
increasing or decreasing trend. More recent data from Sani Pass and Sentinel Peak (in the
southern and northern Drakensberg respectively) recorded the mean annual rainfall from 2001 to
2005 to be 767.8 mm and 753.2 mm respectively (Nel and Sumner, 2008). Even though these
estimates are lower than in previous years, additional long-term data are needed for the decrease
in rainfall to be considered a trend, as this may be due to a temporary dry spell (Nel and Sumner,
2008). Consequently, the differences in the mean annual precipitation at various sites in the
Drakensberg make it difficult to identify rainfall trends. However, the differences do provide
evidence for possible change in rainfall over the years as estimates from the late 1970’s for the

Drakensberg were between 1000—-2000 mm of rainfall per annum, which is higher than current
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records (Nel and Sumner, 2005). Data from previous studies therefore aid in the understanding
and interpretation of current climate data and trends, as climatic changes have important
consequences for the vegetation and biodiversity of mountain systems (Messerli and Winiger,
1992).

Factors that influence plant growth in mountain environments

High-altitude mountains with extreme temperatures and variable microclimates can be a
harsh environment to survive in, yet mountain flora have adapted to these conditions with a
variety of specialized traits to tolerate the harsh environment (Korner, 2003; Larcher, 2010).
Several factors, both natural and anthropogenic, create these harsh conditions that affect plant
growth in mountain environments. Natural factors include high altitudes, low soil depth, variable
precipitation and low temperatures. Some examples of anthropogenic factors are pollution, land-
use, increasing populations, as well as increasing atmospheric CO; (Thuiller, 2007). Given that
this research focuses on temperature and precipitation changes within the Drakensberg and the
implications on plant species, it is important to understand how specific natural factors affect

plant growth (i.e., altitude, temperature, water availability and precipitation, and aspect).

Altitude

Altitude often influences other environmental factors. Kérner (2007) described two
categories of environmental change that occur at different altitudes: 1) physical changes with
altitude and, 2) changes that are not altitude specific. Physical changes include temperature (see
below), cloud cover and atmospheric pressure. Cloud cover may affect how much sunlight or
short wave radiation plants are exposed to (Gale, 2004). Shortwave radiation increases with
altitude; as a result there is more radiation available for leaves to absorb in plants that grow at
higher altitudes, leading to increased photosynthetic rates (Gale 2004). An increase in
photosynthesis can lead to an increase in the growth rate of the plant. However, these
consequences should be considered in conjunction with other factors such as moisture and
temperature. Atmospheric pressure affects the cells and organelles in the leaves of a plant, and
therefore may affect the rates of photosynthesis and respiration in a plant, thus affecting the
growth rate (Takeishi et al., 2013). In addition, these reactions should be considered in

conjunction with other factors such as temperature, CO, and O, levels.
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A second category of changes that are not altitude specific include moisture, hours of
sunshine, season length, wind, and geology (Kdrner, 2007). Moisture refers to precipitation and
water available to plants and will be discussed below. Hours of sunshine and season length will
affect the period of time in which plants have to grow, and will influence the germination (the
sprouting of a seedling from a seed) capacity of plants (Vera, 1997). Therefore, reproductive
efficiency of plants at high altitudes will be affected. Plants occurring at higher altitudes
germinate at faster rates than those at lower altitudes, due to the plant adapting to short growing
seasons (Vera, 1997). Altitude affects many different facets of plant growth and survival; these
facets should be taken into account when studying plant dynamics and communities.

Temperature

Temperature influences which plant species survive in mountain systems as each species
has a minimum temperature at which it is able to function and metabolise (e.g., metabolic
threshold temperature). When frost occurs and the temperature falls to below the metabolic
threshold temperature, there is an increased probability of intracellular ice formation, causing
mortality due to the rupturing of cell membranes of the plant (Woodward and Williams, 1987).
Frost occurs when the temperature falls below the freezing temperature of water, which is
usually 0 °C (Inouye, 2000). When temperatures decrease, frost is formed from water vapour, it
usually coats the plants and ground with a layer of crystals, also known as ‘hoarfrost’. The size
of the frost crystals is dependent on other climatic factors such as temperature and moisture in
the air. Under certain conditions, a more damaging form of frost can occur without visible signs
of the formation of crystals. This can cause intracellular ice formation and the mortality of the

plant, a condition known as ‘black frost’ (Inouye, 2000).

As altitude increases, the temperature decreases and thus low temperatures have a direct
influence on the growth processes of a plant (Kérner and Larcher, 1988). Therefore, plants
growing at high altitudes with cooler temperatures will be smaller in size than plants at lower
altitudes with warmer temperatures. Low temperatures also affect plant survival by way of the
length of the growing season, as this has ideal temperatures for plant growth. Plants need to
make the most of a growing season and minimise damage in the non-growing season. Mountains
in temperate areas, like South Africa, have a seasonal climate with a clear growing season and

non-growing season duration (Pauli, 2003). To adapt to the non-growing season conditions
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plants may enter a dormant state or adopt morphological, physiological or phenological qualities
that aid in their protection (Korner and Larcher, 1988; Inouye, 2000).

Increased temperature may also have an effect on the local flora as these changes affect
the soil in which the plants survive. Changes in soil temperature alter the composition of the
microbial communities in the soil (Zogg et al., 1995). Soil microorganisms are important for
plant survival as they play a role in the nutrient cycling and fertility of the soil. Microbes also
regulate plant productivity as well as plant community dynamics and diversity, as some plants
depend on the symbiotic relationship with microbes to survive (Van Der Heijden et al., 2007).
This suggests that if a change in temperature alters the microbial structure of the soil it may
result in a change of the plant community dynamics, as microbes may determine plant abundance
(Van Der Heijden et al., 2007). Plants that are adapted to the warmer temperatures will therefore
have a higher chance of survival in the areas with warming soils. Therefore, temperature is a
limiting factor for plant growth in mountain habitats and the knowledge of temperature trends in
various altitudinal zones are vital to understand mountain flora and their temperature thresholds
(Larcher, 2010).

Water

Another variable that influences plant survival is water; specifically the amount of water
available dictates which plant species survive. With South Africa being an arid country, most
plants will suffer water deficits rather than surpluses, it can be assumed that water is a large
driver of plant survival and diversity. Water availability may have an effect on the functioning of
an ecosystem with regard to nutrient cycling and population dynamics (Schwinning et al., 2004).
If water is not available this will affect growth of the plant and in severe cases cause mortality of
the plant. The presence of water in the soil and water availability are two different factors, as soil
may have water present but that water may be unavailable to the plants due to low temperatures,
causing it to be present only in the form of ice and snow. Consequently, plants may suffer from
water stress (Kdrner, 2003). Snow has both positive and negative effects on mountain plants. A
positive effect is that a layer of snow may insulate the soil and prevent freezing when ambient air
temperatures are below 0 °C; an obvious negative effect is the shortening of the growing season
(Kdrner, 2003). Snowmelt also has both positive and negative effects as it may stimulate the

growth of plants in a dormant phase, or it may cause water-logging of soils. Therefore, the
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presence of snow in mountain environments could also be a limiting factor on plant growth and

distribution.

Another important effect precipitation may have is the ability to break the dormancy of a
plant (Opler et al., 1976; Walck et al., 2011). The increase in soil moisture with precipitation or
snowmelt may trigger plant growth or flowering (Opler et al., 1976; Stinson, 2005). This is true
of Rhodohypoxis Nel., which grows soon after the first rains (Nordal, 1998), developing from an
underground corm-like tuber. Precipitation may also have an effect on the ecosystem processes
such as the cycling and storage of carbon (Harper et al., 2005). The carbon dioxide (CO,) in the
soil is an important part of an eco-system and is greatly influenced by climate. In a study done in
the tall grass prairies of Kansas USA over four years (1998-2001), the soil showed a decrease in
CO, when the growing season rainfall decreased and the frequency of extreme rainfall events
increased. The frequency of extreme rainfall events may increase if the number of rain days
decrease. The decrease of CO, in the soil resulted in a decrease in plant productivity, which was
also affected by the decrease in the amount of rainfall and the alteration of rainfall timing
(Harper et al., 2005).

Another factor that influences water availability is soil depth as it is associated with water
retention capacity and precipitation (Khan et al., 2012). If soil depth is not sufficient there will
be less retention of water and a greater runoff, thus less water available to the plant. An equally
important factor is the soil type as this will influence soil permeability. Given the importance of
water to plant growth in mountain systems, an understanding of how different precipitation and
water availability trends affects plant growth is important for gauging how mountain ecosystems

will respond to changing climate patterns.

Aspect

Aspect refers to the orientation of the slope. This affects how much sunlight is available
to the plant (Khan et al., 2012). Sunlight is essential for most plants’ survival as it enables them
to photosynthesize (Mishra, 2004). The sunlight received on a slope has an influence on
temperature and water movements in the area. A slope with a higher insolation (the solar energy
that reaches the earth’s surface) will be warmer and have a higher evaporation rate than a slope
with lower insolation (Holland and Steyn, 1975). For that reason, a slope with higher insolation

(i.e., north facing slope in the southern hemisphere) may have a higher plant growth rate as
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compared to a slope with a lower sunlight income (i.e., south facing slope in the southern
hemisphere; Hasler, 1982). Temperature, as well as water movement and availability, influence
the growth, composition and structure of vegetation, and should be taken into account when

studying plant communities in high mountains.

The Drakensberg Alpine Centre (DAC)

The Drakensberg Alpine Centre (DAC) is a mountain region previously recognised as
being above 1800 m a.s.l. (Carbutt and Edwards , 2004), but has more recently been defined as to
be above 2800 m a.s.l., (Carbutt and Edwards, 2015). The DAC expands over a large area of the
eastern interior of southern Africa (Carbutt and Edwards, 2004). The Drakensberg is part of the
Great Escarpment, which occurs along the eastern margin of the southern African plateau
(Carbutt and Edwards, 2004). The Great Escarpment extends for almost 5000 km with many
geomorphic variations due to the geology and climate of the area (Bussmann, 2006; Grab, 2010).
The DAC (as previously circumscribed) comprises a high altitude range of hills, escarpments and
plateaus covering approximately 40,000 km? and including the highest part of the Great
Escarpment. The DAC is home to 2 520 native angiosperm species, 595 of which are near-
endemic and 334 are endemic, and it is recognised as a world heritage site for both its biological
and cultural qualities (Carbutt and Edwards, 2006; Nel, 2007). Many of the endemic
angiosperms are rare and have very specific habitats, which likely played an important role in

plant speciation and biodiversity of the area (Carbutt and Edwards, 2006).

The DAC forms part of the ‘Afromontane archipelago’ as recognised by White (1978,
1981), that comprises a number of mountains scattered across the African continent with similar
floristic attributes and high levels of endemism (Grimshaw, 2001). The Afromontane archipelago
includes seven mountain systems stretching across the continent from Sierra Leone in West
Africa through Sudan in North Africa, Tanzania in East Africa and ending in South Africa. The
Drakensberg is the southernmost mountain system in the archipelago, as the archipelago includes
the DAC and the Cape forests in the Cape Floristic Region (CFR; Carbutt and Edwards, 2015).
The comparison between a network of mountains and an ‘archipelago’, or group of islands
surrounded by sea, is one that describes how mountains have similar characteristics and are
separated by vast expanses. The vast expanses are not comprised of water but rather

geographical terrain including different vegetation biomes, such as savanna and grassland, which

22



are barriers for the movement of high mountain plant species (Carbutt and Edwards, 2015). The
term ‘archipelago’ describes how the mountainous areas are separated by other vegetation, but

share similar floral species.

The recognition of the ‘Afromontane’ floristic region in African mountains put forth by
White (1978) has been challenged by Carbutt and Edwards (2015). The delineation was based on
shared plant species’ distribution and areas with great floral endemism at high elevations.
However, this delineation was problematic as it included two different spatial scales, namely,
phytogeographical and ecological scales. A ‘phytogeographical’ scale describes centres of plant
endemism and diversity while an ‘ecological’ scales describes the vegetation structure and
landscape, thus the phytogeographical scale is on a relatively smaller scale than the ecological.
These two different scales make it difficult to accurately describe a variety of landscapes
(Carbutt and Edwards, 2015). Carbutt and Edwards (2015) suggest that only the montane zones
should be recognised in the Afromontane region, excluding the higher and lower zones, as the
alpine plant species differ from the montane species. The authors redefine the ‘Afromontane’
region in southern Africa as an area that occurs between £1300 m and £2800 m a.s.l.
Additionally, Carbutt and Edwards (2015) argue for clarification on the term *Drakensberg
Alpine Centre’ as it does not solely include the alpine zone, but starts from a seemingly random
elevation of £1800 m a.s.l. first coined by Killick (1963, 1978). Carbutt and Edwards (2015)
proposed that the DAC should exclude the upper and lower montane zones and only include the
lower alpine zone from £2800 m to 3482 m a.s.l. Their redefined DAC still supports a large
number of endemic species, however this is currently being reassessed considering the exclusion

of the montane belts.

Different altitudinal zones in high-altitude mountains are characterised by specialised
habitats, due to the extreme environmental and climatic conditions. The delineation of altitudinal
zones has changed over the years. Previously, White (1978) described the highest altitudinal
zone as ‘Afroalpine’; this delineation included a specialised group of plants, different from the
vegetation of lower altitudes. This group of plants (surviving from 3500 m a.s.l. and above) are
well adapted to temperate climate and are characterised by a high degree of endemism due to
their unique habitat (Hedberg, 1970; White, 1978). The use of the term ‘Afroalpine’ in the

context of South African mountains has since been considered incorrect, as ‘Afroalpine’
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encompasses both tropical and temperate mountain systems (Carbutt and Edwards, 2015). The
alpine areas of South African mountains are more accurately described as the ‘Austroalpine
region’ as they have different daily and seasonal temperature than tropical mountains (Carbutt
and Edwards, 2015). In the Drakensberg, Killick (1963) defined the centre of floristic endemism
from 1800 m a.s.l. to the Drakensberg’s highest point (3482 m a.s.l.; Carbutt and Edwards,
2015), and then delimited the alpine belt in the Drakensberg as occurring above about 2800 m
a.s.l. The vegetation from 1800 m to 2800 m was defined by Killick (1978) as ‘sub-alpine’ and
that below 1800 m as ‘montane’, and was characterised by their particular climax plant
communities, i.e. the final stage of plant succession (the sequential change in the dominant plant
species in an area over time; Huston and Smith, 1987). In the DAC, the sub-alpine altitudinal
zone is characterised by the presence of Passerina-Philippa-Widdringtonia shrubs and the alpine
altitudinal zone by the presence of Erica-Helichrysum heath (Killick, 1963, 1978; Carbutt and
Edwards, 2004).

New delineations of the altitudinal zones and floristic regions have been determined,
challenging the previous classifications. Kérner et al. (2011) proposed a new model of seven life
zones in mountains, the zones are defined by climate, excluding elevation. The most defined
biome boundary in mountains is the high elevation climatic treeline or ‘thermal treeline’, which
separates the alpine areas with no trees from the montane belts. This thermal treeline is the main
reference for the seven thermal belts of life (nival, upper alpine, lower alpine, upper montane,
lower montane, remaining area with frost and remaining area without frost; Korner et al., 2011).
The transition between the life zones is co-defined by mean temperature and duration of the
growing season. The new model of thermal belts changes the previously accepted alpine
altitudinal zone in the Drakensberg to lower alpine (<6.4 °C mean growing season temperature,
growing season < 94 days), which will be here referred to as ‘alpine’ as there is no upper alpine
zone in the Drakensberg. The sub-alpine zone is now referred to as the “‘upper montane’ zone
(>6.4 <10 °C mean growing season temp., growing season (GS) > 94 days), and montane as the
‘lower montane’ zone (>10 <15 °C mean growing season temp., GS > 94 days). The new thermal
belts of life are a simple, temperature defined zonation of mountains which enable comparison of

mountain life on a global scale (Kérner et al., 2011; Figure.1).
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Thermal Zones Altitudinal Zones

Lower Alpine (<6.4 °C mean growing Alpine (2800 m to

season temperature, growing season < 3500mas.l)

94 days)
Upper Montane (>6.4 <10 °C mean Sub-alpine (1800 m to
growing season temperature, growing 2800 ma.s.l.)

season > 94 days)

Lower Montane (>10 <15 °C
mean growing season
temperature, growing season
> 94 days)

Montane (1800 m
a.s.l. and below)

Figure 1. Diagram comparing thermal zones and altitudinal zones.

The Drakensberg region, along with the CFR, is part of a corridor of mountain habitats
that is central to the speciation (the formation of new species) of lower montane flora within sub-
Sahelian Africa (Carbutt and Edwards, 2015). The CFR is in the south-west of southern Africa
(Snijman et al., 2013), the vegetation in this winter rainfall area is commonly known as ‘fynbos’
(sclerophyllous vegetation). These species are referred to as the ‘Cape element’ as they are
concentrated in the south-western tip of South Africa (Carbutt and Edwards, 2001; Snijman et
al., 2013). There is evidence of Cape species in the DAC, these elements in the DAC migrated
from the south of Africa (Carbutt and Edwards, 2001) by long distance dispersal (White, 1981).
There are three hypotheses how Cape species may have moved through Africa: 1) the species
originated in tropical areas and migrated southward towards the Cape, 2) the species have a Cape
origin and have migrated northward, or lastly 3) vicariance, the geographical separation of a

species usually by a physical barrier such as a river or mountain (Galley et al., 2007). Galley et
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al. (2007) found there were 18 migrations of Cape species from the Cape into the Drakensberg
and 12 migrations of Cape species from the Drakensberg northward beyond the Limpopo. Strong
evidence for both ancient and current connections between the Drakensberg and the CFR was
revealed in a study done on the interconnectivity of the Drakensberg and the CFR, focusing on
three possible pathways (north-west, Matjiesfontein, and south-east). The south eastern pathway
(Which involves the Zuurberg, Groot Wintershoekberge, Grootrivierberge, Baviaanskloofberge,
and the Tsitsikammaberge) appears to be the most likely route, as compared to a north-western
route or one via Matjiesfontein (Clark et al., 2011). Clark et al., 2011 suggest that the climate
may be more of an influence on florist connectivity than the continuity of physical features.
These findings show movement of plant species between mountainous areas and suggest that a
change or disruption in the climate and biodiversity in the Drakensberg may have an effect on
the future biodiversity in the Cape and/or in mountain regions to the north of it.

Hybridisation as a result of climate change

As warming temperatures lead to an upward migration of plant species, lower altitude
species may come into contact with related species that occur in higher altitude zones. This could
create competition for resources as high mountain plant species are restricted to a particular
altitudinal zone and are spatially and climatically limited (Gomez et al., 2015). Species
movement may also disrupt prezygotic reproductive isolation mechanisms as allopatric species
that have never been in contact may come into closer proximity and potentially result in the
hybridisation and introgression of species (Rhymer and Simberloff, 1996; Honnay et al., 2005).
Reproductive isolation is when a species is unable to breed successfully with a related species
due to a variety of geographical, physiological, genetic and/or behavioural barriers (Boughman,
2001). A hybrid is an organism resulting from the inter-breeding or cross-fertilization between
two genetically different species or varieties (Rhymer and Simberloff, 1996; Rieseberg, 1997).
Introgression is the movement of genetic material from one species to another by the breeding of
an interspecific hybrid (a hybrid between different species in the same genus) with one of its
parent species. (Rhymer and Simberloff, 1996).

Previous studies (e.g., Hughes, 2000; Walther et al, 2005; Gomez et al., 2015) have
observed trends that the migration to higher elevations and new contact of species may result in

three possible outcomes. First, both higher and lower altitude plants cohabit and survive at higher
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altitudes with the limited resources (Walther et al, 2005). Second, the contact between closely
related endemic mountain species and lower altitude species may lead to interspecific
hybridisation (Gomez et al., 2015). Lastly, lower altitudinal plants could migrate to higher
altitudes and outcompete the endemic species in that area (Hughes, 2000).

Hybridisation is often associated with extinction of species and loss of genetic diversity,
however, there can be both positive and negative consequences of hybridisation with regard to
biodiversity (Rieseberg, 1997). Some of the positive outcomes include the formation of new
species, the formation and transfer of genetic adaptation, an increase in intraspecific (between
individuals of a single species) genetic diversity, an increase in interspecific diversity (between
individuals of different species) and the strengthening of reproductive barriers (Rieseberg, 1997;
Whitham et al., 1999; Chunco, 2014). One such example of an increase in interspecific diversity
is that of the genus Eucalyptus in Australia. The Eucalyptus hybrid supports a larger diversity of
fungal and insect species, thus enhancing biodiversity (Whitham et al., 1999). Whitham et al.
(1999) mentions that the Eucalyptus hybrid attracts an equal or greater abundance of symbiotic

biodiversity than the parent species.

Negative consequences of hybridisation include the extinction of parent species,
introgression and the loss of intraspecific genetic diversity, weakening of reproductive barriers,
the loss of genetic adaptation, and lowering of genetic fitness. An example of introgression and
loss of intraspecific genetic diversity is that of the mallard duck (Anas platyrhynchos) in
Australia and New Zealand. Mallard ducks were introduced into natural areas which resulted in
their interbreeding and ensuing introgression with the endemic duck species with smaller
distribution ranges. This has resulted in the decline of the endemic species’ populations such as
the New Zealand grey duck (A. superciliosa subspecies superciliosa), as well as a physical
change as the local ducks look more mallard-like in appearance. Such genetic disturbances can
also occur in plant species, an example is that of the many endangered sunflower species of the
genus Helianthus. In California, USA, many endangered Helianthus species (such as H.
petiolaris) hybridise with the widely distributed weed H. annuus. The wide distribution of these
weeds has been mainly due to human activities and the resulting hybridisation and introgression
has led to a decrease in the endangered species populations (Rhymer and Simberloff, 1996;

Poverene et al., 2009; Chunco, 2014). These examples outline hypotheses to predict outcomes
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for the endemic plant genera in the Drakensberg range in a changing climate. However,
hybridisation is a case-specific process that needs to be studied in detail to understand the
ecological implications.

Plants have developed many ways in which to survive harsh and changing conditions. For
instance, migration is one method and another is the plant life form itself. Plant life forms can
play an important role in their ability to adapt to changing climatic conditions. Two life forms
that through which plants have adapted to harsh conditions are hemicryptophytes and geophytes.
Hemicryptophytes are herbaceous perennials with dormant buds at or near the soil line
(Raunkier, 1907; Smith, 2013). The aboveground herbaceous part of the plant dies back during
unfavourable weather conditions or during the cold season. Many hemicryptophytes are well
equipped to survive harsh conditions such as arid deserts as well as high mountain habitats
(Gutterman, 2002). Geophytes are herbaceous plants that survive part of their annual life cycle as
dormant bulbs or corms well below (relative to other surface dwelling flora) ground (Raunkieer,
1907). The life cycle of a geophyte includes periods of dormancy ranging from weeks to months,
as this plant is adapted to a seasonal climate with a distinct growing and non-growing season
(Dafni et al., 1981). The bulb or corm, which allows the plant to lie dormant in unfavourable
conditions, is a storage organ that contains food and nutrient reserves that enables rapid growth
when the growing season begins (Dafni et al 1981).

This research explored the pressures that a changing climate could have on high altitude
plant species’ distributions. As such, my study focused on two Drakensberg near endemic and
endemic plant genera, Rhodohypoxis and 2) Glumicalyx Hiern (Hilliard & Burtt 1987; Hilliard &
Burtt 1977) in the families Hypoxidaceae and Scrophulariaceae, respectively. Rhodohypoxis
species are geophytes while Glumicalyx species are hemicrytophytes. These genera were chosen
because of documented cases of hybridization within each genus at the species and/or varietal
level. This is an important factor as species within each genus have the potential to hybridize
which may affect the biodiversity of the area. Additionally, the species in each genus (and
varieties of Rhodohypoxis) occur in the three thermal zones in the Drakensberg (Hilliard & Burtt,
1987). The study focused on the KwaZulu-Natal portion of the Drakensberg region and the
potential implications climatic changes have on two endemic plant genera. Consequently, the
aim was to assess recent climatic trends between the alpine, upper and lower montane thermal

zones in the Drakensberg from 1994 to 2014 and predict the potential effects on hybridization
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possibly occurring between the plant species due to shifting or merging of thermal zones in the

region.

This aim was achieved by analysing temperature and precipitation data over a 20 year
period (1994-2014) from four weather stations in the Drakensberg range that encompass each
thermal zone. The analyses included temperature and precipitation trend lines, inter-annual
variations, as well as the number of frost days within the thermal zones. Results from these
analyses provided information as to whether the thermal zones have changed over the 20 year
period and to what extent. The resulting trends in temperature and precipitation in the region
have implications for the survival of plant species as well as the structure of the plant
communities in these areas. To address this issue this study focused on how the temperature and
precipitation changes may potentially affect two endemic plant genera in the Drakensberg that
have records of hybridization between co-occurring species and/or varieties, namely

Rhodohypoxis and Glumicalyx.
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Chapter 2
Research and Analysis

Introduction

Mountain environments are a haven for biodiversity, endangered species and ecosystems
(Beniston, 2003). Climatic change is one of the effects that natural environments experience due
to human influences (Beniston, 2003; Karl & Trenberth, 2003). Previous research has shown that
an increase in temperature at high altitudes results in the formation of suitable habitats for
several lower altitude plant species, thus enabling these lower altitude plants to migrate to higher
altitudes (Beniston, 2003; Gehrig-Fasel, 2007; Gomez et al., 2015). Such migration of mountain
plant species has been documented in the Swiss Alps, the Andes mountain range in Venezuela,
the Australian Alps and the Asian Himilayas (Xu et al., 2009). These documented cases illustrate
how warming temperatures are directly related to the movement of plant species into higher
altitudes, and are important parallels to the mountain regions of southern Africa. This suggests
that if temperatures and precipitation trends change in southern African mountains, there may be

an upward shift of species within the altitudinal zones.

South Africa has several mountainous areas, one of which is the Drakensberg range.
Within this mountain range is the Drakensberg Alpine Centre (DAC). The DAC is a mountain
region previously recognised to be above 1800 m a.s.l. (Carbutt and Edwards, 2004), but has
more recently been restricted to above 2800 m a.s.l., (Carbutt and Edwards, 2015). The DAC
comprises a high altitude range of hills, escarpments and plateaus covering approximately 40,000
km2, including the highest part of the Great Escarpment, is home to 2 520 native angiosperm
species, 595 of which are near-endemic and 334 are endemic and is recognised as a world
heritage site (Carbutt and Edwards, 2006; Nel, 2007). Many of these endemic angiosperms are
rare and have very specific habitats which play an important role in plant speciation and
biodiversity of the area (Carbutt and Edwards, 2006). Killick (1963) defined the centre of
floristic endemism in the DAC from 1800 m a.s.l. to the Drakensberg’s highest point, 3482 m
a.s.l. (Carbutt and Edwards, 2014), and then delimited the alpine belt in the Drakensberg as
occurring above about 2800 m a.s.l. The vegetation from 1800 m to 2800 m was defined as ‘sub-

alpine’ and vegetation below 1800 m as ‘montane’ (Killick, 1978). Vegetation was characterised
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by climax plant communities, i.e. the final stage of plant succession (the sequential change in the
dominant plant species in an area over time; Huston and Smith, 1987).

In more recent years the delineation of the altitudinal zones and the classification of the
floristic regions have been challenged. Kérner et al. (2011) employed a new model of seven
thermal life zones in mountains; the zones are defined by climate, excluding elevation (although
climate and elevation are tightly correlated). This model changed the previously known montane
altitudinal zone to the lower montane thermal zone (>10 <15°C mean growing season
temperature, growing season (GS) > 94 days), the sub-alpine altitudinal zone to the upper
montane thermal zone (>6.4 <10°C mean growing season temp., GS > 94 days). The alpine
altitudinal zone changed to the lower alpine thermal zone (< 6.4°C mean growing season
temperature, growing season < 94 days). The new thermal life zones are simple and defined by
climate rather than elevation, this enables comparison of mountain life on a global scale (Korner
etal., 2011).

The DAC forms part of the formally known ‘Afromontane archipelago’ (White, 1978,
1981), that comprises a number of mountains scattered across the African continent with similar
floristic attributes and high levels of endemism (Grimshaw, 2001). The recognition of the
‘Afromontane’ floristic region in African mountains has been challenged as its delineation was
based on shared plant species distribution and areas with great floral endemism at high elevations
(Carbutt and Edwards, 2015). Species distributions and floral endemism function on two
different scales and make it difficult to accurately describe such a variety of landscapes (Carbutt
and Edwards, 2015). Carbutt and Edwards (2015) suggest the ‘Afromontane’ region in southern
Africa between £1300 m and £2800 m a.s.l. Carbutt and Edwards (2015) also proposed that the
DAC should exclude the upper and lower montane zones and only include the lower alpine zone
from £2800 m to 3482 m a.s.l. The alpine areas of South Africa are more accurately defined as
‘Austroalpine’ as the term ‘afroalpine’ encompasses both tropical and temperate mountain

systems (Carbutt and Edwards, 2015).

The mountainous regions in South Africa experience various temperature and
precipitation regimes, which have an effect on which plant species are able to survive in those

regions. The growing (wet) season in the summer rainfall areas of the southern Africa begins
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around October and ceases around March (Shongwe et al., 2009). The length of the growing
season may decrease with altitude and thus the non-growing season length may increase. For this
research, the growing season was defined as six months of the year from October to March, and
non-growing season from April to September, to enable a comparison between the alpine, lower
and upper montane thermal zones. The number of frost days in the year (January to December)
was measured as frost does occur in the Drakensberg and may have a detrimental effect on plant
survival (Woodward and Williams, 1987; Boelhouwers, 1991; Hanvey & Marker, 1992).

Over the last few decades, climatic trends in South Africa have shown an overall increase
in temperature and decrease in precipitation with such changes accelerating in recent years (Grab
& Craparo, 2011; DEA, 2013; Nicholson et al., 2013; Neukom et al., 2014). Changing climatic
conditions in South African mountain environments are likely to affect the distribution of plant
species in the thermal zones. The effect this will have on the Drakensberg ecosystems is unclear
due to the complexity of these systems (among other reasons; Theurillat and Guisan, 2001;
Pauchard et al., 2009). Previously recorded climatic changes in mountain systems have shown a
variety of results with both positive and negative consequences for biodiversity. The adaptive
ability of endemic plant species is key to their long-term survival in a changing climate, as
species with low responsive rates to environmental conditions may be particularly vulnerable to
changing climatic conditions (Totlan & Alatalo, 2002). Plants may adapt to changing climatic
conditions through hybridization and this is true for some Drakensberg species such as
Jamesbrittenia breviflora and J. pristisepala which frequently hybridize where they co-occur
(Verboom et al., 2016). Hybridization may have a positive or negative effect on the floral species
composition of the area and therefore may affect the biodiversity (Hilliard & Burtt 1977, 1987;
Johnson & Hobbhahn, 2010).

This study focuses on two plant genera Rhodohypoxis Nel. and Glumicalyx Hiern as they
occur in the three thermal zones and have been known to hybridise between species and/or
varieties. Rhodohypoxis (Hypoxidaceae) occurs in the Drakensberg of South Africa and the
Lesotho Plateau (Hilliard and Burtt, 1987). This genus consists of herbaceous perennial
geophytes with red, pink, or white flowers. It is a small genus of six recognised species, viz.
Rhodohypoxis baurii (Baker) Nel, R. milloides (Baker) Hilliard & B.L.Burtt, R. thodiana (Nel)
Hilliard & B.L.Burtt, R. incompta Hilliard & B.L.Burtt, R. rubella (Baker) Nel and R. deflexa
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Hilliard & B.L.Burtt. Rhodohypoxis baurii is the most widespread and comprises three varieties.
Two of the species occur in the lower montane and upper montane zones: Rhodohypoxis
milloides and two varieties of R. baurii, viz. Rhodohypoxis baurii (Baker) Nel var. platypetala
(Baker) Nel and R. baurii (Baker) Nel var. baurii. The other four species (Rhodohypoxis
incompta, R. rubella, R. thodiana and R. deflexa) as well as R. baurii var. confecta Hilliard &
B.L.Burtt occur in the alpine zone. It has been suggested that each of these species and varieties
has adapted to a specialised microhabitat (Hilliard and Burtt, 1987). Rhodohypoxis milloides
grows on hill sides in spring flushes or near moving water, however cannot handle continuous
flooding. Rhodohypoxis baurii var. baurii is found predominantly on moist, shaded cliff faces; R.
baurii var. platypetala is often found in dry areas with shallow stony soils, while R. baurii var.
confecta grows on damp grass slopes or on the summit plateau in short damp turf (Hilliard and
Burtt, 1978). Rhodohypoxis incompta thrives on the outskirts of grass or sedge tussocks on the
boarder of the rock sheets or silt patches. Rhodohypoxis thodiana has been observed in turf on
gentle slopes near wet areas, and R. rubella grows in shallow seasonal pools in fine sandy or
damp silt soils. Rhodohypoxis deflexa is found growing in marshy damp areas usually besides
moving streams (Hilliard and Burtt, 1978). The second case study genus, Glumicalyx
(Scrophulariaceae) has six species that occur in the DAC and Afromontane areas of the
Drakensberg, three predominantly in the alpine zone and three in the upper montane zone
(Hilliard and Burt, 1977; Carbutt and Edwards, 2004). Glumicalyx species are characterised by a
broad terminal inflorescence of trumpet-shaped flowers. The flowers have different colour
variations including red, orange and yellow (Carbutt and Edwards, 2004). Two species,
Glumicalyx gloseloides (Diels) Hilliard & B.L.Burtt (1900 — 2600 m), G. montanus Hiern (2042
— 3050 m), occur predominately in the upper montane zone, although the latter has been recorded
in the alpine zone. Glumicalyx gloseloides is found growing among the boulders of mountain
streams as well as other open gravel areas, and G. montanus grows in rocky areas on thinly
grassed slopes (Hilliard and Burtt, 1987). Three species, Glumicalyx nutans (Rolfe) Hilliard &
B.L.Burtt (2440 — 3220 m), G. flanaganii (Hiern) Hilliard & B.L.Burtt (2440 — 3215 m), and G.
lesuticus Hilliard & B.L.Burtt (2590 — 3110 m; Pooley, 2003) occur predominately in the alpine
zone, with slight overlap into the higher upper montane altitudes. Glumicalyx nutans prefers to
grow in short turf, in bare gravel, around rock sheets or in silt patches (Hillard and Burtt, 1977).

Glumicalyx flanaganii grows in damp rocky areas, often in the gullies of streams or along the
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foot of a cliffs, G. lesuticus however is found in gravel patches in grassland or thinly grassed
slopes. The sixth species, Glumicalyx apiculatus (E.Mey.) Hilliard & B.L.Burtt is found between
2133 mand 3350 m, i.e., in the upper montane and alpine zones, and grows in silt or bare gravel
patches or in patches of turf around rock sheets. Little is known about the biology of this species
and it is either under-collected or the rarest in the genus (Hilliard and Burtt, 1977; 1987).

Hybridization among plant species in the Drakensberg has been suggested as an
adaptation to changing climatic conditions (Hilliard & Burtt 1977, 1987; Johnson & Hobbhahn,
2010). There is a record of hybridization between Glumicalyx nutans and G. goseloides at ca.
2200 m a.s.l. within the upper montane thermal zone in the northern Drakensberg near the
Sentinel where they co-occur (Hilliard & Burtt 1977). However, there have not been as many
documented cases of hybridization in Glumicalyx as in Rhodohypoxis, with one documented
hybrid between Glumicalyx species and six recorded hybrids between Rhodohypoxis species or
varieties. As few hybrids of Glumicalyx species have been recorded, if the species started to
hybridize more frequently than previously recorded, this could be used as an indicator of change.
Rhodohypoxis species have been observed to hybridise within their thermal zones, but not
between the thermal zones (Hilliard & Burtt 1978; E. Uys, pers. comm.). The hybrid offspring
often occur in intermediate habitats, but do not merge with the two parent populations (E. Uys,
pers. comm.). However, if the thermal zones were to become less distinct in terms of climatic
variables, or if the alpine zone becomes more inhabitable for upper montane species, it is not
known whether alpine and upper montane species would hybridise. The presence of hybrids in
both genera suggests that if the alpine and upper montane zones merge as a result of future
regional temperature trends, the continued existence of the Rhodohypoxis and Glumicalyx
species could be jeopardised if they are not reproductively isolated. These two genera are
therefore potential indicators of change in floral diversity and plant community dynamics in the

Drakensberg.

Aims and Objectives

This study aims to compare inter-annual (within the last 20 years, 1994-2014) temperature and
precipitation trends between alpine, upper and lower montane thermal zones in the southern
Drakensberg to better predict future implications for endemic plant genera with regard to climate

change.
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The aim was met by the following objectives:

e To compare annual temperature trends over 20 years in the alpine, upper and lower
montane thermal zones in the Drakensberg and compare temperature-related variables
that are important for plant existence (e.g., average monthly temperatures, growing
season temperatures).

e To compare the inter-annual variability of temperatures over 20 years in the alpine, upper
and lower montane thermal zones in the Drakensberg.

e To compare annual precipitation trends over 20 years in the alpine, upper and lower
montane thermal zones in the Drakensberg and compare precipitation-related variables
that are important for plant existence (e.g. annual rainfall, growing season rainfall, date of
first rainfall).

e To compare the inter-annual variability of precipitation over 20 years in the alpine, upper
and lower montane thermal zones in the Drakensberg.

e To compare the annual number of frost days over 20 years in the alpine, upper and lower
montane thermal zones in the Drakensberg.

e To identify potential implications of the migration and survival of endemic plant species
in the alpine, upper and lower montane thermal zones using Rhodohypoxis and

Glumicalyx as case studies

Methods

Study Area and Data Sources

The focus of this study is the central to southern Drakensberg in South Africa and
Lesotho, between latitudes 28°30°S — 31°20°S and longitudes 27°00"E — 29°40°E. Weather data
were collected from four weather stations in this region (Figure 2 and 3): Shaleburn and Giants
Castle in South Africa, and Sani Pass and Mokhotlong in Lesotho. Shaleburn (1614 m) and
Giants Castle (1759 m) are within the lower montane thermal zone, while Mokhotlong (2209 m)
is in the upper montane thermal zone, and Sani Pass (2874 m), in the eastern most area of

Lesotho, falls within the alpine thermal zone.

41



The weather records collected consisted of precipitation and temperature data over a 20
year period from 1994 to 2014. This 20 year period was the only length of time for which all four
sites had complete data, although some sites had data for longer than the 20 years. The Shaleburn
site had temperature data available from 1981 to 2014, and precipitation data from 1993 to 2014.
The Giants Castle site had temperature data from 1994 to 2014 and precipitation data from 1993
to 2014. The Mokhotlong site had recorded temperature data from 1959 to 2014 and
precipitation data from 1984 to 1993. The Sani Pass temperature data was recorded from 1992 to
2014, however the data were incomplete in 15 of the years over this period , and the
precipitation data were recorded from 1994-2014.

The temperature and precipitation data for Shaleburn and Giants Castle data were retrieved from
the South African Weather Services from daily automated measurements and are captured using
data loggers. The Mokhotlong temperature and precipitation data were retrieved from the
Lesotho Meteorological Services, also from automated measurements and are captured using
data loggers. The Sani Pass temperature data were collected through two different methods: one
by hand, recording the temperature each day, and the second method recorded temperature via
automated capture. The hand recorded temperature data from this site is from the Lesotho
Meteorological Services (LMS), and the automated data is from a weather station set up by Prof.
Stefan Grab (School of Geography, Archaeology & Environmental Studies, University of the
Witwatersrand, Johannesburg). The available data spanned 20 years (1994-2014). Both the LMS
data and data from Prof. Grab of the temperature data sets received were consolidated into one
dataset. If there were overlapping years (where both sources had a temperature for the same year)
an average of the two temperatures was calculated and used in the consolidated data set for the
Sani Pass data. The LMS temperature data (for the Sani Pass site) spanned the years 19922014
with 15 years of data that were incomplete, and the automated data spanned the years 2010—
2014, with four years of data that were incomplete. There was no particular pattern identified
among the gaps in the data. There were only four years (1995, 1998, 2001 [manual recordings],
2013 [automated recordings]) with complete data (a minimum and maximum temperature
reading for each month of the year). Thus these datasets were not sufficient for the temperature
analysis because there were many incomplete years. The precipitation data from the Mokhotlong
site was also not sufficient as there were many incomplete years and could not be used in the

analyses, however the temperature data were comprehensive over 19 of the 20 years and were
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included in this study. All data were checked for errors by identifying outliers and missing data.
Outliers were identitified by gauging minimum and maximum values and checking whether
suspected outliers fell within the expected range. Missing data were identified by performing
counts on each data set, confirming there was a value for each year. It is understood that there
were no instrument changes over the period of time studied, however the Sani Pass data set was

collected by hand and could contain human error.

Mokhotlong Giants Castle
> 2209 m g 1759 m

Kilometers

Figure 2. Map showing location of Mokhotlong, Giants Castle, Sani Pass and Shaleburn weather

stations showing elevation every 100 m, the pink line represents a 500 m interval.
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Figure 3. A large scale regional map of South Africa showing the research area (represented by
black box).

Precipitation and Temperature Variables

The precipitation variables chosen for this study included annual rainfall, growing season
rainfall, non-growing season rainfall, and number of rain days per annum. Annual rainfall
provides information on how much precipitation the plants are surviving on in each thermal zone
over a 12 month period from January to December. Growing and non-growing season provide
information on how much rain is falling in the wet and dry seasons respectively and therefore
how much rain is needed for the plants to survive these seasons. The number of rain days in a
year provide information on the frequency of rainfall events, and paired with annual rainfall
provide information on intensity of rainfall events. The precipitation variables were calculated as
follows. The annual rainfall equals the sum of rainfall on each day of all 12 months, the same
method was used for the growing season (October to March) and non-growing season (April to

September). All variables were calculated over a 20 year period (1994-2014) for three sites: Sani
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Pass (alpine), Shaleburn (lower montane), and Giants Castle (lower montane). Mokhotlong had
complete data from 1984 to 1992, but not further, and therefore was excluded for lack of data in

the correct time frame.

The temperature variables chosen for this research were mean annual, minimum annual
and maximum annual temperatures; mean growing season, minimum growing season, and
maximum growing season temperatures; and mean non-growing season, minimum non-growing
season and maximum non-growing season temperatures. The mean, minimum and maximum
annual temperatures provide information on the average temperatures as well as the hottest and
coldest temperatures in which the plants survive across a 12 month period from January to
December in each thermal zone. The mean, minimum and maximum growing season
temperatures highlight average temperature and the hottest and coldest temperatures in which the
plants would survive and grow. The mean, minimum and maximum temperatures give an
indication of the range of temperatures for plant growth in each thermal zone. The mean,
minimum and maximum non-growing season temperatures provide information on the average
temperature and extreme hot and cold temperatures in which the plants survive in the non-
growing season (autumn-winter). This gives an indication of the dry season conditions which the
plants survive. The precipitation and temperature variables and the graphs associated with those
variables are listed in the table below. Mean annual temperature was calculated as an average of
the temperatures (both maximum and minimum over 12 months). The annual minimum and
maximum temperatures were calculated in the same way using the average temperatures from
January to December. Minimum temperature is defined as the lowest temperature of the day (24

hours), the maximum is therefore the highest temperature of the day.

The same process was applied for the growing season variables, however the averages
were calculated over a six month period from October to March. The same process was again
used for the non-growing variables and the averages were calculated over a 6 month period from
April to September. The annual variables were calculated for each year spanning 20 years at
three sites: Mokhotlong (upper montane), Shaleburn (lower montane), and Giants Castle (lower
montane), Sani Pass being excluded for lack of complete data. Inter-annual variability was
estimated using Levene’s test, standard deviation, and coefficient of variance. Each test had a

different objective, Levene’s test was used to determine if one data set had more variability than
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the other, standard deviation would determine the variability in the temperature data sets, and
coefficient of variance would determine the variability in the precipitation data sets over the
period of 20 years.

Data Analyses
Trend Analyses:

In order to identify temperature and precipitation clustering in the lower alpine, upper and
lower montane zones, linear regression analyses, multivariate analysis of variance, and principal
component analyses were conducted. Linear regressions modelled the relationship between the
temperature/precipitation variables and time revealing the trend of the data over the 20 year
period. Using the mean values calculated from the temperature and precipitation variables above,
regressions were used to determine increasing or decreasing trends within the three thermal
zones (lower alpine, upper montane and lower montane) over time. The rates of change in the
zones were compared using regression slopes, the slope showed how much change had taken
place over the 20 years. This enabled the rate of increase or decrease of each variable to be

identified over time in each zone.

Principal component analyses (PCA) were conducted using STATISTICA (StatSoft, Inc.,
2013) to highlight the components which account for the most variance in multiple data sets over
time. The goal was to see which varibles accounted for the most variance within the three sites.
The PCA also showed whether the alpine, upper and lower montane shared multiple variables

between the weather data collection sites (Sani Pass, Mokhotlong, Shaleburn and Giants Castle).

The temperature PCA included data from three sites (Mokhotlong, Shaleburn and Giants Castle)

with nine variables (mean annual, minimum annual and maximum annual temperatures; mean
growing season, minimum growing season, and maximum growing season temperatures; and
mean non-growing season, minimum non-growing season and maximum non-growing season
temperatures), and the precipitation PCA was produced using data from three sites (Sani Pass,
Shaleburn and Giants Castle) with four variables (annual rainfall, growing season rainfall, non-

growing season rainfall, and number of rain days per annum).
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Multivariate analysis of variance (MANOVA) were conducted using STATISTICA to test if there
were significant differences between the means of the alpine, upper and lower montane
temperature and precipitation variables. The MANOVA showed which means amongst the
variables had a higher variation over the time period. A Bonferroni correction was used as a post
hoc test to reduce the chances of a false positive result that may occur when multiple pair wise
tests are performed. The Bonferroni Correction required an adjusted alpha level; the alpha level
was divided by the number of comparisons being made, in this case there were three sites and
therefore three comparisons (P = 0.05/3).

The precipitation data were found to violate the assumption of homogeneity of variances
for the one-way MANOVA and the linear regression. Previous studies have shown that linear
regressions and MANOV A’s are robust with respect to the violation of the homogeneity of
variance if sample sizes are equal (Box, 1953; Rutherford, 2001), and my sample sizes across
stations for precipitation are equal (i.e. there are four variables with 21 samples of rainfall in
each).

Inter-annual Variability Analysis

The second aim of the study was to understand the inter-annual variability of temperature
and precipitation ranges at different altitudes. To do so, a Levene’s test and comparisons of the
coefficient of variation and standard deviations for the precipitation data and temperature data
were conducted. The Levene’s test was used to test if the different samples have equal variances
(or homogeneity of variance), which is indicative of whether one data set has more variability
than another over a 20 year time period. To understand how much the temperature variables for
Mokhotlong, Shaleburn and Giants Castle sites deviated from the mean, a standard deviation

(SD) was calculated for each variable.

In addition, a coefficient of variation (CoV) was then calculated to understand the
variability of the precipitation variables for Sani Pass, Shaleburn and Giants Castle sites. The
coefficient of variation was calculated by dividing the standard deviation by the mean of each
precipitation variable. This number was then multiplied by 100, which resulted in the coefficient
of variation expressed as a percentage. This was done for each site (Sani Pass, Shaleburn, and
Giants Castle) for all precipitation variables. The temperature and precipitation variables were

tested to find out whetherthe higher thermal zones (upper montane and alpine) have a higher
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variation from the mean, as previous studies (Beniston, 2003; Gehrig-Fasel, 2007; Gomez et al.,
2015) have found more variable climate and temperature and precipitation changes at higher
altitudes.

Variables Analysis: Frost Indices

The third aim of the study was to describe how variables important for plant species, such
as frost indices, vary within and between the thermal zones over a 20 year period. To do so, the
recorded frost days from three sites (Mokhotlong, Shaleburn, and Giants Castle) were counted
from the raw data and categorised. For the purpose of this study, a frost day was defined as any
day in which the temperature fell to 0 °C or below, even though ground level frost may occur
when air temperatures are above 0 °C. For the purpose of this study the frost days were
categorised, to better understand the severity of the temperature changes, into three groups: 0 to
-2 °C, -2t0 -5°C, -5 °C and below. These categories describe below freezing temperatures from
‘mild’ (0 to -2 °C) to ‘moderate’ (-2 to -5 °C) to ‘extreme’ (-5 °C and below). These categories
show not only the frost days over time, but the extent of the frost (mild, moderate or extreme).

Results
Linear regressions of precipitation and temperature data

Linear regressions of annual rainfall across Sani Pass (SP), Giants Castle (GC), and
Shaleburn (SH) showed a generally negative relationship of rainfall over the 20 year period
(Figure 4; Table 1). SP (2874 m) in the alpine zone showed a negative relationship of annual
rainfall over time from 1994 to 2014 (m = -32.568). The average annual rainfall at SP was 903.4
mm. The rainfall at SP decreased by 32.6 mm per annum which is a 3.8% decrease of the total
rainfall that had fallen over 20 years from 1994 to 2014 (Table 1). This is an unusually large
decrease which might indicate problems in the data. The GC (1759 m; lower montane zone) data
also showed a decrease in rainfall from 1994 to 2014 (m = -16.622). The average rainfall was
733.5 mm per annum, with an annual average decrease of 16.6 mm, therefore an overall 20 year
decrease of approximately 2% (Table 2). At SH (1614 m; lower montane), the data showed a
negative relationship, but a relatively smaller decrease than the other two sites (m = -6.0584).

The average rainfall at this site was recorded at 1112.8 mm per annum from 1994 to 2014. This
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site showed an annual decrease on average of 6 mm, which was a decrease of 0.5% over the 20
year period, such a low value is not substantially different from a flat slope (Table 1).
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Figure 4. The annual rainfall for Sani Pass (alpine; grey triangles), Shaleburn (lower montane;
blue diamonds) and Giants Castle (lower montane; orange squares) data collection sites from
1994 to 2014.

Linear regressions of the growing season rainfall showed a negative relationship at all
three sites (SP: m = -27.474; GC: m = -14.352; SH: m = -5.6801; Table 1). SP data showed the
largest decrease relative to the other two sites with a 3.7 % decrease, compared to the 2.4% and
0.6% of GC and SH, respectively. The average growing season rainfall recorded at SP was 750.5
mm per annum. This site showed a decrease on average of 27.5 mm of rainfall per annum which
is approximately 3.7% of the total rainfall (Figure 5, Table 1). The GC site showed the second
largest decrease in growing season rainfall. The average growing season rainfall was recorded as
609.4 mm per annum with an annual decrease on average of 14.4 mm (approximately 2.4%
decrease; Figure 5, Table 1). SH showed the smallest relative decrease of the three sites. The

average growing season rainfall per annum from 1994 to 2014 was 950.7 mm with an annual
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decrease on average of 5.6 mm, which is approximately 0.6% of the total rainfall over the 20
year period (Figure 5, Table 1).
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Figure 5. The growing season rainfall for Sani Pass (alpine; grey triangles), Giants Castle (lower

montane; orange squares) and Shaleburn (lower montane; blue diamonds) data collection sites
from 1994 to 2014.

The non-growing season rainfall showed a negative trend, although a much smaller
decrease relative to other variables. SH and GC data showed a minimal decrease, whereas SP
showed a greater decrease (SH: m =-0.3783; GC: m = -0.6777; SP: m = -2.0826). SP data
showed a decrease on average of 2.1 mm per annum which is approximately 1.5% of the total
non-growing season rainfall. GC showed an annual decrease, on average, of 0.7 mm per annum
which is approximately 0.6% of the total. SH showed a minimal decrease, on average, of 0.4 mm

of rainfall per annum, which is approximately 0.2% of the total. (Figure A1, Table 1).
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The regression of the number of rain days in the growing season showed a negative
relationship for the SP data (m = -1.3538), and a positive relationship for the SH and GC data
(SH: m =0.4519; GC: m = 0.1869). SP showed a decrease, on average, of 1.35 rain days per
annum which is approximately 1.9% of the 1400 rain days recorded. The average number of rain
days recorded for GC was 82.6 days per annum. GC showed an increase, on average, of 0.18 rain
days per annum, approximately 0.2% of the total rain days. SH showed an increase, on average,
of 0.45 days per annum which is approximately 0.4% of the total rain days recorded (Figure A2,
Table 1). The rain days did not show a significant change over time.

An overall comparison of tends showed that SP data had the largest negative relationship
when compared to SH and GC. GC data showed a negative relationship across all rainfall
variables except for the number of rain days which showed a slight increase. The SH data have
been relatively stable with minimal changes (Table 1). Nonetheless, it should be taken into
consideration that the Sani Pass data might be of poorer quality than the other two sites as the

readings are taken manually and could include human-induced errors.
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Table 1. The total rainfall recorded over 20 years, the actual change (mm and days) and the percentage change (in bold) in the rainfall variables from

the Shaleburn (lower montane), Giants Castle (lower montane) and Sani Pass (alpine) data collection sites from 1994 to 2014

Sani Pass (2874 m)

Giants Castle (1759 m)

Shaleburn (1614 m)

Mean
annual

Regression
Slope

Annual
change

Change
over
20
years

%

change

over
20
years

Mean
annual

Regression
Slope

Annual
Change

Change
over
20
years

%
change
over
20
years

Mean
annual

Regression
Slope

Annual
change

Change
over
20
years

%
change
over
20
years

Annual
rainfal
(mm)

903.4

-32.568X

-32.568

-650

733.5

-16.622X

-16.622

-332.4

-2.3

1112.8

-6.058X

-6.058

-120

Growing
season
rainfal
(mm)

750.5

-27.474X

-27.474

-548

609.4

-14.352X

-14.352

-287

-2.4

950.8

-5.6X

-5.6

-112

Non-
growing
season
rainfal
(mm)

136.7

-2.08X

-2.08

-1.5

109.6

-0.67X

-0.67

-13.4

162

-0.37X

-0.37

-7.4

No. of
rain
days
p/a
(days)

70

-1.35X

-1.35

-27

-1.9

82.6

+0.18X

+0.18

+3.7

+0.2

107.3

+0.45X

+0.45

+9

+0.4
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Temperature variable regressions were done for Mokhotlong (MK; upper montane),
Shaleburn (lower montane) and Giants Castle (lower montane) over 20 years for all temperature
variables separately. The mean annual temperature showed an increase at all the sites (SH: m =
0.0388; GC: m =0.0261; MK: m = 0.0286, Figure: 6). SH showed the highest relative increase
of 0.6 °C, GC an increase of 0.5 °C, and MK an increase of 0.4 °C over the 20 years. SH also
showed unusual oscilation from 2007 onwards where the interannual variability becomes more

constrained than at other sites.

16.0 -

2 -
150 | R?=0.1653

14.0 - R?=0.4147

13.0 - ° ° ¢
’/.to/t”.” R*=0.0809
12.0 - ®

11.0 -

Temperature °C

10.0 -

8.0

T T
1990 1995 2000 2005 2010 2015
Years

Figure 6. The mean annual temperature for Mokhotlong (upper montane; red circles), Shaleburn
(lower montane; blue diamonds) and Giants Castle (lower montane; orange squares) data
collection sites from 1994 to 2014.

The regression of the minimum annual temperature showed no association between
temperature and time at the SH site and a relatively small change at the GC site of 0.1 °C. This
suggests that there has been little to no change in minimum annual temperature over 20 years
within the lower montane sites (SH: m = -0.0014; GC: m = 0.0031). In contrast, MK data
showed a positive relationship with an increase of 0.3 °C (m = 0.0196, Figure A3). The annual
maximum temperature trend showed a positive relationship at all sites (MK: m = 0.045; SH: m =
0.0748; GC: m = 0.04). SH data showed the highest relative increase of 1.4 °C, while GC and
MK data both showed an increase of 0.8 °C over the full period of analysis (Figure A4).
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A regression of the mean growing season temperature (October to March) showed that all
three sites had a positive relationship between temperature over time with an increase of 0.6 °C
at SH, 0.5 °C at both GC and MK over the 20 year period (MK: m = 0.0271; SH: m = 0.0326;
GC: m=0.028; Figure 7). Once again SH has shown unusual oscilation from 2007 onwards with
more contrained interannual variability than other sites.
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Figure 7. The mean growing season temperature for Mokhotlong (upper montane; red circles),
Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange squares)
data collection sites from 1994 to 2014.

The minimum growing season temperature regression showed an increased trend at two
sites: MK and GC. MK had the highest relative increase of 0.4 °C and GC showed an increase of
0.2 °C (MK: m=0.0199; GC: m = 0.0086). SH showed no change over the 20 year period (SH:
m = 0.0038), see figure A5. The maximum growing season temperature regression showed all
three sites (MK, SH, and GC) to have a positive trend. SH data showed an increase of 1.2 °C GC
data an increase of 0.8 °C and MK an increase of 0.7 °C (MK: m =0.0367; SH: m = 0.0636; GC:
m = 0.0396; Figure 8).
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Figure 8. The maximum growing season temperature for Mokhotlong (upper montane; red
circles), Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange
squares) data collection sites from 1994 to 2014.

The regressions of the mean non-growing season temperature (April to September)
showed a positive trend for all sites (MK, SH and GC). SH data showed an increase of 0.6 °C,
GC and MK an increase of 0.4 °C (MK: m = 0.0198; SH: m =0.034; GC: m = 0.0191; Figure
A6). The minimum non-growing season temperature trend showed an increase in temperature at
the MK site by 0.2 °C, a decrease in temperature of 0.2 °C at the GC and SH sites (MK: m =
0.0095; SH: m =-0.0102; GC: m = -0.0124; Figure A7). A regression of the maximum non-
growing season temperature showed a positive relationship at all the sites, the two lower
montane sites (SH and GC) showed a larger increase relative to the upper montane site (MK).
SH data showed an increase of 1.1 °C, GC showed an increase of 0.7 °C and MK showed an
increase of 0.4 °C (SH: m = 0.0507; GC: m = 0.035; MK: m = 0.0183; Figure A8).

There was a general positive linear trend for the temperature variables at MK, SH and
GC. However, the minimum temperature variables (annual temperature, growing season
temperature and non-growing season temperature) showed smaller relative increases than the

mean and maximum temperatures and even a decrease (minimum non-growing season
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temperature) at GC and SH. SH (lower montane) showed the highest relative increase in
temperature in comparison to the other two sites in the mean and maximum temperature
variables (Table 2).

Table 2. The change in the temperature (°C) variables from Shaleburn (lower montane), Giants
Castle (lower montane) and Mokhotlong (upper montane) from 1994 to 2014, as well as the
calculated temperature change per decade; the most prevalent increase in each variable is in bold.
Ann = annual; Min = minimum; Max = maximum; T =temperature; GST = growing season
temp; NonGST = non-growing season temperature

Mokhotlong (°C) Giants Castle (°C) Shaleburn (°C)
1 decade | 2 decades | 1 decade 2 decades | 1 decade 2 decades

Mean Ann T 0.2 0.4 0.3 0.5 0.3 0.6
Min Ann T 0.2 0.3 0.1 0.1 0 0
Max Ann T 0.4 0.8 0.4 0.8 0.7 1.4
Mean GST 0.3 0.5 0.3 0.5 0.3 0.6
Min GST 0.2 0.4 0.1 0.2 0 0
Max GST 0.4 0.7 0.4 0.8 0.6 1.2
Mean NonGST 0.2 0.4 0.2 0.4 0.3 0.6
Min NonGST 0.1 0.2 -0.1 -0.2 -0.1 -0.2
Max NonGST 0.2 0.4 0.4 0.7 0.6 1.1

Statistical Analyses of Trends:

A PCA of precipitation variables (annual rainfall, growing season rainfall, non-growing
season rainfall and number of rain days in a growing season) from three sites (SP, SH and GC)
indicated that the first three components explained 49.5%, 26.5%, and 12.2% of the variance
respectively, with eigenvalues above one. Combined, the first three components explain 88.2%
of the variance. The fourth and fifth components had eigenvalues below one and combined
explained 11.8% of the variance (Figure A9). All four variables (annual rainfall, growing season
rainfall, non-growing season rainfall, and number of rain days in a growing season) loaded in the

first component suggesting high variability at all three sites.

The PCA on the temperature variables (annual mean, annual min., annual max., growing
season mean, growing min., growing season max., Non-growing season mean., non-growing
season min., and non-growing season max.) from three sites (MK, SH and GC) over 20 years
(1994-2014) showed that the first three components explained 51.6%, 36.2%, and 6.9% of the
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variance respectively. Therefore the first three components explained 94.7% of the variance. The
fourth and fifth factors had eigenvalues below one and explained 4.4% of the variance (Figure
A10). Annual mean, annual minimum, growing season minimum, non-growing season mean and
non-growing season minimum variables loaded on the first component. The annual maximum,
growing season mean, growing season maximum and non-growing season maximum variables
loaded on the second component. Site groupings by similarities were observed — Shaleburn
showed a high values for the second component suggesting a high variation in these variables. In
contrast, Giants Castle showed high values for the first component suggesting a high variation in
these variables. Mokhotlong showed low values for both first and second components suggesting

low variability in this thermal zone.

A MANOVA of all the precipitation variables of three sites (Sani Pass, Shaleburn and
Giants Castle) over 20 years showed that precipitation variables across three sites were
statistically significant (Wilks lambda = 0.32028, F(s116) = 14.829, P < 0.05: Figure 9). The
Bonferroni Correction (adjusted a. = 0.0166 per test) showed that three variables (annual rainfall,
growing season rainfall and number of rain days in a growing season) showed a significant result
or significant difference between the means, and one variable (non-growing season rainfall)

showed a non-significant result or no significant difference between means (Table 3).

MANOVA results for comparisons between temperature variables from Mokhotlong,
Shaleburn and Giants Castle showed that the annual maximum, growing season maximum and
non-growing season maximum temperatures have similar mean values (Figure 9). The annual
mean, non-growing season mean and the growing season minimum temperature variables
showed similar means. The annual minimum and non-growing season minimum temperature
variables also showed similar means. The growing season mean temperatures seemed to not be
similar to any other variable. Overall, the results of the MANOVA across three sites showed a
statistically sidgnificant difference between temperature variables (Wilks lambda = 0.00129,
F(27,193.4) = 62.665, P < 0.05: Figure 9).

A Bonferroni correction (adjusted o = 0.0166 per test) showed that six variables (annual
mean, annual minimum, growing season minimum, growing season maximum, non-growing
season mean, and non-growing season maximum temperatures) showed a significant result or a

significant difference between the means (Table 4). Three variables (annual maximum, growing
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season mean and non-growing season minimum temperatures) showed a non-significant result
(Table 4).
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Figure 9. Variable mean vectors from the MANOVA of the precipitation variables (annual
rainfall (blue), growing season rainfall (red), non-growing season rainfall (green), number of rain
days in a growing season (purple)) for Sani Pass (SP, lower alpine), Shaleburn (lower montane)
and Giants Castle (GC, lower montane) data from 1994 — 2014. Vertical bars denote 0.75
confidence intervals.
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Table 3. The results for the Bonferroni correction post-hoc test for the precipitation variables
(annual rainfall, growing season rainfall, non-growing season rainfall, and number of rain days)
for Sani Pass (alpine), Shaleburn (lower montane) and Giants Castle (lower montane) with the
significant results in bold.

Precipitation Mean square Degrees of P value
) freedom
Variable
Annual 61890 60 0.005
Growing season 51329 60 0.009
Non-growing 2821.9 60 1.00
season
Number of rain 189.60 60 0.00
days

30

25

Temperature (°C)

Sh GC Mk

Year

Figure 10. Variable mean vectors from the MANOVA of the temperature variables (growing
season maximum (grey), annual maximum (green), non-growing season maximum (purple),
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growing season mean (pink), annual mean (blue), non-growing season mean (maroon), growing
season minimum (black), annual minimum (red), non-growing season minimum (light green))
for Mokhotlong (upper montane), Shaleburn (lower montane) and Giants Castle (lower montane)
data from 1994 — 2014. Vertical bars denote 0.75 confidence intervals.

Table 4. The results for the Bonferroni Correction post-hoc test for the temperature variables for
Mokhotlong (upper montane), Shaleburn (lower montane) and Giants Castle (lower montane)
with significant results in bold.

Temperature Mean square Degrees of P value
. freedom
Variable
Annual mean 0.280 59 0.01
Annual minimum 0.199 59 0.001
Annual maximum 0.552 59 0.06
Growing season 0.29399 59 0.09
mean
Growing season 0.323 59 0.002
minimum
Growing season 0.568 59 0.006
maximum
Non-growing season 0.364 59 0.001
mean
Non-growing season 0.35445 59 1.00
minimum
Non-growing season 0.779 59 0.001
maximum

Inter-annual Variability:
Results from Levene’s test showed that annual rainfall, growing season rainfall and
number of rain days indicated a variance that was heterogeneous across Sani Pass, Shaleburn and

Giants Castle from 1994 to 2014. One variable, non-growing season rainfall indicated variances

60



that were homogeneous among sites (Table 5). Results from Levene’s test on the temperature

variables from three sites (Mokhotlong, Shaleburn and Giants Castle) showed that annual mean,

annual minimum, annual maximum, growing season mean, growing season minimum, growing

season maximum, non-growing season mean, non-growing season minimum, and non-growing

season maximum temperature variables indicated that variances were homogeneous among sites

(Table 6).

Table 5. The results for the Levene’s test for the precipitation variables for Sani Pass (alpine),
Shaleburn (lower montane) and Giants Castle (lower montane) with the significant results in

bold.
Precipitation Variable w F P value
Annual 113345.8 5.9 0.01
Growing season 127102.9 7.9 0.01
Non-growing season 289.8 0.3 0.73
Number of rain days 237.2 3.9 0.03

61



Table 6. The results for the Levene’s test for the temperature variables for Mokhotlong (upper
montane), Shaleburn (lower montane) and Giants Castle (lower montane).

Temperature W F P value
Variable
Annual mean 0.09 1.1 0.33
Annual minimum 0.05 0.6 0.54
Annual maximum 0.25 1.6 0.21
Growing season mean 0.05 0.4 0.67
Growing season 0.07 0.7 0.51
minimum
Growing season 0.27 1.3 0.27
maximum
Non-growing season 0.35 2.9 0.06
mean
Non-growing season 0.41 2.9 0.06
minimum
Non-growing season 0.33 1.5 0.23
maximum

In addition to the Levene’s test, standard deviations were used to compare variances
across sites for all variables. The standard deviations plotted for the temperature variables
showed that Mokhotlong (upper montane) had a greater deviation (SD = 0.6 °C) (all values are
positive) than the mean annual temperature of Shaleburn and Giants Castle (SD = 0.37 °C; SD =
0.4 °C; Table 7; Figure A1l). Giants Castle (lower montane) had a greater deviation (SD = 0.5
°C) than the minimum annual temperature of Mokhotlong and Shaleburn (SD =0.36 °C; SD =
0.4 °C; Figure A11). Shaleburn (lower montane; SD = 0.59 °C) and Mokhotlong (upper
montane, SD = 0.58 °C) had the highest deviation from the maximum annual temperature in

comparison to Giants Castle with a standard deviation of (SD = 0.46 °C; Figure Al1l).
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Giants Castle had a greater deviation (SD = 0.47 °C) from the mean growing season
temperature than Mokhotlong (SD = 0.3 °C) and Shaleburn (SD = 0.4 °C; Figure Al14). All of
the sites (Mokhotlong, Giants Castle and Shaleburn) showed the same standard deviation from
the minimum growing season temperature of 0.5 °C (Figure Al11). Shaleburn had a greater
deviation (SD = 0.6 °C) from the maximum growing season temperature than Giants Castle (SD
= 0.5 °C) and Mokhotlong (SD = 0.4 °C; Figure A11). Giants Castle had a greater deviation (SD
= 0.7 °C) from the mean non-growing season temperature, minimum non-growing season
temperature and the maximum non-growing season temperature than Mokhotlong and Shaleburn
(Figure A11). Mokhotlong and Shaleburn (SD = 0.4 °C and SD = 0.3 °C, respectively) showed
similar diviations for the mean non-growing season temperature. Shaleburn and Mokhotlong
showed the same deviation for the minimum non-growing season temperature (SD = 0.4 °C) and

for the maximum non-growing season temperature (SD = 0.6 °C; Figure Al1).

The coefficient of variation plotted for Shaleburn (lower montane), Giants Castle (lower
montane) and Sani Pass (alpine) precipitation variables from 1994 to 2014 showed that the
Giants Castle and Sani Pass data have shown the most variability, and the Shaleburn data had the
lowest variability in each variable group. Giants Castle data had the highest variation (31%) in
mean annual rainfall and for mean growing season rainfall (33%; Figure Al1l; Table 8). The
coefficient of variation suggests that the Giants Castle area is likely to deviate from the annual
rainfall mean by 31% and deviate from the growing season rainfall mean by 33%. Sani Pass data
showed similar deviations in annual rainfall mean and the growing season rainfall mean of 28%
for both variables. Shaleburn had the lowest deviations in mean annual rainfall and mean
growing season rainfall (15% and 14%, respectively). Giants Castle had the greatest variation in
the non-growing season rainfall mean with a coefficient of variance at 48% (Figure Al11).
However, Shaleburn and Sani Pass had a relatively lower coefficient of variation of 36% and
30%, respectively. Giants Castle and Sani Pass had the highest variation in mean number of rain

days in a growing season, with the coefficient of variation being 16% in both sites (Figure A11).
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Table 7. Standard deviations (°C) of the temperature variables from Shaleburn (lower montane),

Giants Castle (lower montane) and Mokhotlong (upper montane) collection sites between 1994 —

2014, all the values are positive and highest values overall in bold.

Standard Deviation (°C)

Temperature variables Shaleburn Giants Castle Mokhotlong

Mean Annual 0.4 0.4 0.6
Min. Annual 0.4 0.5 0.4
Max. Annual 0.6 0.5 0.6
Mean Growing season 0.4 0.5 0.3
Min. Growing season 0.5 0.5 0.5
Max. Growing season 0.6 0.5 0.4
Mean Non-growing season 0.3 0.7 0.4
Min. Non-growing season 0.4 0.7 0.4
Max. Non-growing season 0.6 0.7 0.6

Table 8. Coefficient of variation (%) of the precipitation variables from Shaleburn (lower
montane), Giants Castle (lower montane) and Sani Pass (alpine) collection sites from 1994 —
2014, the highest percentage in each variable in bold.

Coefficient of variation (%)
Shaleburn Giants Castle Sani Pass

Annual precipitation. 15 31 28
Growing season

precipitation. 14 33 28
Non-growing season

precipitation 36 48 30
No. of rain days 9 16 16

Frost Trends

The number of frost days were recorded from three sites, Mokhotlong (upper montane),

Shaleburn (lower montane) and Giants Castle (lower montane). The Mokhotlong (MK) and

Shaleburn (SH) sites showed a similar mean number of frost days over the time period (Figure
11). At both of these sites the fewest frost days in a year were 66 for MK in 2009 and 67 days for
SH in 2007, and the greatest number of frost days in a year was 109 (MK in 1996) and 108 units
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(SH in 2001). Both sites oscillated over the period of time and showed a general decrease in the
number of frost days from 1994 to 2014 (Figure 10). The Mokhotlong and the Shaleburn data
showed a decrease of approximately 11.5 (0.7 %) and 9.1 (0.5 %) days, respectively, over the 20
year period. Giants Castle (GC) data showed a lower number of frost days per year as the
temperature is generally higher than at MK or SH. The number of frost days at GC increased by
1.4 days (0.7 %) from 1994 to 2014 (Figure 11). The lowest number of frost days in one year
was four (in the years 1999 and 2005) and the highest was 20 days (in 1994).
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Figure 11. Number of frost days recorded at the Mokhotlong (upper montane; 2209 m; black),
and Giants Castle (lower montane; 1759 m; light grey) and Shaleburn (lower montane; 1614m;
grey) sites from 1994 — 2014.

Number of frost days were separated into three categories of severity to test if the
severity has increased or decreased. Three categories were used: 0 to -2 °C (Low), -2 to -5 °C

(Medium), and -5 °C and below (High). Over the 20 year period the Mokhotlong (upper
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montane) data showed an overall decrease of 1.2 frost days (0.2%) in the low category (0 to -2
°C; Figure A12), while Shaleburn (lower montane) data showed a decrease of 7.7 frost days
(1.6%) in the same category (Figure A13). In contrast, Giants Castle (lower montane) showed an
increase of 2.7 days (1.7%) in the low category over the same period with 157 frost days
recorded in total (Figure A14). The Mokhotlong data recorded 780 frost days in total, and
Shaleburn recorded 491 frost days over the 20 year period. In the medium category, -2 to -5 °C,
the Mokhotlong and Giants Castle data showed a decrease of 1.2 frost days (0.2%) and 1.3 frost
days (2.7%), respectively (Figure A15 and Al7). This showed a relatively larger decrease at the
Giants Castle site as there were only 48 recorded frost days in this category over the 20 year
period. Mokhotlong had a recorded 680 frost days in this category. Shaleburn showed no change
over the 20 year period and 630 frost days were recorded in this category (Figure Al6).
Mokhotlong (upper montane) had the highest number of frost days in the medium category (-2 to
-5 °C) at 51 days in the year 2000 (Figure A15), Shaleburn (lower montane) had the second
highest with 42 days in the same year (Figure A16). Giants Castle (lower montane) had the
lowest number of frost days in the medium category with the highest being nine days in the year
1994 (Figure Al7). In the high category (-5 °C and below) Mokhotlong (upper montane) data
recorded a decrease of 5.5 frost days or 1.7% (Figure A18). Shaleburn (lower montane) data in
this category also showed a decrease of 2.4 frost days or 0.4% over the 20 years. (Figure A19).
Both the Mokhotlong and Shaleburn sites had the highest number of frost days in the high
category in the year 1994: Mokhotlong with 42 days and Shaleburn 43 days, however Shaleburn
had more frost days in this category (626 frost days) than the Mokhotlong site (322 frost days).
The Giants Castle site experienced only one day in the last 20 years where the temperature fell
to -5 °C or below in the year 2003 (Figure A20).

Discussion

The trends shown by the data indicate that lower altitudes warmed at a faster rate than the
higher altitudes and that higher altitudes had a larger decrease in precipitation than the lower
altitudes from 1994-2014. The inter-annual variability results showed that temperature and
precipitation were more variable at lower altitudes than higher altitudes, and frost days showed

an overall decrease over time with the exception of Giants Castle which remained constant.
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Ecological response to climatic changes depends on the local microclimate as well as the
complex patterns of interannual variability and can make comparing sites with different
topographies a challenge (Bennie et al., 2013). Giants Castle and Shaleburn sites, although in the
same thermal zone (montane), had slightly different temperature and precipitation trends.
Different temperature and precipitation trends in the same zone may be due to topographical
differences (such as an inversion layer of a valley in the case of Giants Castle which may show
warmer temperatures than Shaleburn which is situationed on a valley bottom) and should be
taken into account when interpreting these trends. The results of this study suggest that plants at
lower altitudes in the Drakensberg region will have to adapt to warming temperatures and higher
inter-annual variability, while plants at higher altitudes will have to adapt to a decrease in rainfall
and frost days.

The upper and lower montane thermal zones showed a greater warming rate than the
alpine zone. A similar study of mean annual temperature in the Australian Alps over a 39 year
period from 19622001 (Hennessy et al., 2008) showed positive trends in all three thermal zones
which reveals a different trend to the Drakensberg sites. The alpine zone in the Australian Alps
(13802000 m a.s.l.) showed the greatest increase in temperature of 0.2°C/decade; however, the
upper montane zone showed the smallest increase in mean annual temperature, this was the
opposite to what was found in the Drakensberg alpine site (the upper montane was not included
due to missing data). Additionally, in the Swiss, Austrian, and Bavarian Alps from 1951-1980,
there was an average increase in annual mean temperature of approximately 1 °C over a 29 year
period, and up to 2 °C at specific data collection sites (Beniston et al., 1997). The sites were in
different altitudinal zones ranging from montane to alpine, but the collective results did not
specify which altitudinal zones had the highest increase over that period of time. The increase of
between 1 and 2 °C in these Alps were relatively higher than the results from the Shaleburn,
Giants Castle and Mokhotlong data in this study, which show a general increase of between 0.6
°C and 0.9 °C over the 20 year period. Results presented in this work contradict previous studies
in mountain areas where increased warming was more pronounced at higher altitudes (Kérner et

al., 2011; Mountain Research Initiative Elevation Dependant Warming Working Group, 2015).

Precipitation in the alpine thermal zone showed a decreasing trend over time. Sani Pass

data showed a strong negative trend over the four variables considered (mean annual rainfall,
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growing season rainfall, non-growing season rainfall and number of rain days) and showed the
largest decrease of all the data in annual rainfall with an overall decrease of 3.6%, and a 3.7%
decrease in growing season rainfall. A previous study of rainfall in the Drakensberg recorded
that the amount and intensity of rainfall at higher altitudes, in both growing and non-growing
seasons, is less than that at lower altitudes (Nel et al., 2010). This trend was not found to be
corroborated by this report as the Sani Pass (alpine) data began with higher amounts of rainfall
(i.e. above that of the lower montane zone) and ended with similar rainfall figures, but not less
than that of the lower altitudes. (However, it should be noted that the data quality issues should
also be considered here as Sani Pass data could include some human error). Precipitation in other
alpine areas has been projected to decrease in the coming years due to climatic changes, such as
in the Australian Alps where precipitation is projected to decrease —24% by 2050, relative to the
1990 average rainfall (Hennessy et al., 2003). This is somewhat greater than what was found in
the Drakensberg lower alpine zone, where a 3.6% decrease over 20 years extrapolated would
result in an 11% decrease by the year 2050 assuming a constant rate of change. This figure is an
estimate as there is no guarantee the rate of change will remain constant. There are many
dynamic factors that can affect precipitation in mountain systems such as: air ascent and static
instability of clouds, microphysical processes (converting condensation to precipitation in high
altitudes), as well as associated feedback mechanisms such as latent heating (Molg et al., 2009).
These factors should be studied in conjunction with the precipitation trends to better understand
the cause of the change, as well as the implications the changes could have on local fauna and
flora. The trend of decreasing rainfall in the higher altitudes (or alpine thermal zone) might affect
plant persistence and community dynamics as rainfall is crucial for survival (Knapp et al., 2002).
Previous precipitation studies have shown an increase in rainfall and rain days in the growing
season in the southern Drakensberg over a 50 year period from 1960 to 2010 (Mackellar et al.,
2014), opposite to what was found in the alpine zone (as well as the upper and lower montane
zones) in this study. Engelbrecht et al., (2012) projected an increase in extreme rainfall events
over South Africa in years to come. Mackellar et al. (2014) and Englebrecht et al. (2012) have
shown previous increases or projected increases in rainfall in the area which is opposite to what
was found in this study. This opposite result suggests that there may be other factors that have

influenced the data of this study, such as topography, aspect or data quality issues.
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The recorded frost days showed an overall decreasing trend in this study. A study in the
central Tibetan Plateau between 1961 and 2003, at an elevation of 2000 m a.s.l., showed a
decrease of 4.1 frost days per decade which would equate to 8.2 frost days over 20 years. (Liu et
al., 2006). The overall decrease at the Mokhotlong site in the upper montane zone was 11.5 days
over the twenty years. The trend presented in this work is slightly greater than what was recorded
for the Tibetan Plateau and spanned a shorter time period (i.e. 20 years and not 43), this should
be considered when comparing results. However, it is similar to the decrease at the Shaleburn
(lower montane) site, which exhibited an overall decrease of 9.1 days over 20 years. Only one
data collection site (Giants Castle) showed a slight increase in frost days in the medium frost
category (portraying a medium threat to plants).

Inter-annual variability in temperature and precipitation regimes could also result in a
change of vegetation structure in mountain systems (Walker et al. 1994). A higher inter-annual
variability in the lower thermal zones (upper and lower montane) than in the higher zone (alpine)
was seen in this study. The high inter-annual variability suggests that the upper and lower
montane zones might become tougher environments for flora to inhabit, as high inter-annual
variability can act as an environmental filter allowing only the most tolerant species to survive
(Brochmann et al., 2013). There is a need for variability estimates in other mountain systems as
changes in temperature and the supply of resources such as water and nutrients have a large
effect on the functioning of ecosystems (Burkle and Irwin, 2009). Changes in the inter-annual
variability may be a potential indicator of changes in future plant composition, and therefore
important to consider in biodiversity conservation planning as the change in composition may

have a broader effect on the area and eco-system services provided.

Plants may respond to climatic changes through adaptation, migration or extinction
(Aitken et al. 2008). Some plants have adapted to harsh conditions with specialised life forms,
such as geophytes and hemicryptophytes. Geophytes and hemicryotophytes have specialized root
systems that protect the storage organ of the plant by storing it below ground, more so for the
geophyte (Dafni et al., 1981). These adaptations have allowed plant species to survive the extreme
conditions of high mountains (Gutterman, 2002). Plant species that are unable to adapt might
migrate to areas with more suitable conditions (Bellard et al., 2014). Warming temperatures in

mountain systems create suitable habitat for lower altitudinal species to survive, thus creating a
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movement of plant species from low to high altitudes (Beniston, 2003; Gehrig-Fasel, 2007).
Increased warming will likely affect the plant species in the Drakensberg. One way that plants
may adapt to a warmer environment is to reproduce (develop flowers and seeds) at a faster rate
and develop more flowers than in previous years (Ellebjerg et al., 2008). This adaptation may
enhance the survival of a species and encourage migration to and growth in areas of higher
altitude (Parolo and Rossi, 2008).

Plants migrating to new altitudinal or thermal zones may lead to hybridization with other
closely related species (Gomez et al., 2015). Hybridization could cause loss of biodiversity if the
hybrid population outcompetes the parent population(s) (Hoffmann and Sgro, 2011). According
to Parolo and Rossi (2008), the opposite effect occurred in the Rhaetian Alps in Northern Italy
where migration of species increased species richness at higher altitudes, a survey from 2003 —
2005 compared with the records from the 1950’s showed an increase from 153 to 166 species in
the alpine zone. This suggests plant biodiversity may benefit from the migration of species into
higher altitudinal zones. Therefore the movement of lower altitude species into higher altitude
habitats will have an effect on plant community dynamics, and potentially an even greater effect
on the biodiversity of an area (Jump and Pefiuelas, 2005; Frank et al. 2013; Abbot and Brennan,
2014). Hybridization usually occurs on the boundaries of the parent species’ range and as plants
are migrating to higher altitudes there is greater potential for contact between related species, and
therefore a greater potential for hybridization (Vallejo-Marin and Hiscock, 2016). An example of
this would be the hybrid between Circaea alpina and C. lutetiana (Circaea x intermedia) in
northern Britain. The parent species are well adapted to cold climates but have since been
displaced by the hybrid, since the ice retreated, which is better adapted to warmer climates
(Vallejo-Marin and Hiscock, 2016). Another example of hybridization due to environmental
changes is between Ipomopsis aggregata (a lower montane species) and I. tenuituba (an upper
montane species) in western North America (Grant and Wilken, 1988; Abbot and Brennan,
2014). Through environmental change the ecological isolation between these species broke down
and hybridization occurred. The hybrid species was very successful as hybrid swarms were
reported in northern Arizona, Colorado and Utah (Grant and Wilken, 1988; Abbot and Brennan,

2014). The plant populations in the lower and upper montane thermal zones may experience
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similar trends of migration and hybridization due to climatic and environmental change in the

Drakenberg.

Hybridization between closely related species within a genus in these two thermal zones
in the Drakensberg is a strong possibility as Rhodohypoxis and Glumicalyx, which occur in the
lower montane, upper montane and alpine zones have a history of hybridization between species
of the same genus (Hilliard and Burtt, 1977, 1978). Three species of Glumicalyx that occur in the
upper montane zone (G. goseloides, G. montanus, and G. apiculatus) occur close to the edge of
the alpine zone, which implies that they may come into contact with the other species occurring
on the edges on the alpine zone (viz. G. nutans, G. flanaganii, and G. lesuticus Hilliard and
Burtt, 1977). The outcome of warming temperatures would therefore potentially result in more
contact between the montane and the alpine Glumicalyx species as there are temperature overlaps
between the two thermal zones and species may be able to move and survive in other zones.
Previously recorded hybridization between Glumicalyx nutans and G. goseloides near the base of
the Sentinel in the northern KwaZulu-Natal Drakensberg (Hilliard and Burtt, 1977) shows that
hybridization is a distinct possibility if these two species were to come into contact with each
other more frequently. These hybrid plants were found in freshly disturbed ground next to a new
road where their putative parent plants were also found. These two species do not normally grow
in the same place, although they have an overlapping range as Glumicalyx goseloides grows
between 1600 and 2800 m a.s.l. (upper and lower montane zone) and G. nutans is widespread
and grows between 1800 and 3000 m a.s.l. (all three thermal zones) they have different habitats
which separate the two species. There are no records of hybrids between these two species at any
other localities (Hillard and Burtt, 1977), but if climatic conditions were to change, there is the
possibility that hybridization would occur more widely. It is not known whether the hybrid
between Glumicalyx goseloides and G. nutans is fertile or if the offspring are viable, which

would be necessary for the hybrid to reproduce and establish itself.

It is not certain which other Glumicalyx species would be able to cross pollinate and
hybridize even if they did come into contact, as there may be reproductive isolating mechanisms.
Reproductive isolation is when a species is unable to breed successfully with a related species
due to a variety of geographical, physiological, genetic and/or behavioural barriers (Boughman,

2001). Pollinators are one example of these mechanisms as species in the same genus may have
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different pollinators. Comparing the length, width and colour of the corolla tube is one way to
speciulate that plants have the same or similar pollinators. Glumicalyx apiclatus has a corolla
length of 3-4 mm with a width of 1.5 mm, similar to that of G. montanus with a corolla length of
4-6 mm and width of 1.5 mm (Hilliard and Burtt, 1977). These two species occur at similar
altitudes and have similar colours inside (orange to yellow) and outside (pale or creamy) of the
corolla; it is therefore likely these two species could share similar pollinators and therefore
hybridize. Glumicalyx flanaganii and G. nutans have a similar corolla length (13-17.5 mm and
12-16 mm respectively), but different widths (2 mm and 1 mm respectively). They have similar
colours outside and inside the corolla, G. flanaganii being orange inside and creamy outside and
G. nutans being a dull violet outside and an orange red inside (Hilliard and Burtt, 1977). These
species have overlapping altitudes, but different habitats and seem likely to share similar
pollinators. Perhaps if these two species migrate closer to each other they will hybridize.

Glumicalyx goseloides and G. nutans do not share similar habitat and altitude, as G.
goseloides occurs at lower altitudes in boulder beds of streams and G. nutans at higher elevation
on rock sheets (Hilliard and Burtt, 1977). Glumicalyx goseloides has a much longer corolla tube
(20-29 mm) with a width of 1.25 mm than G. nutans. Glumicalyx goseloides has a similar corolla
colour to G. nutans being orange red on the inside and creamy violet on the outside (Hilliard and
Burtt, 1977). These two species occur in different habitats and have different corolla lengths, it
seems unlikely they will hybridize, although these two species did hybrize at Witsieshoek (near
the Senitel) where their co-occurrence was purly by chance (road construction). This highlights
that in the future hybridization of these two plants may increase in contact zones as the
morphological differences between the species have not prevented hybridization. Glumicalyx
lesuticus has a unique corolla length of 7-11.5 mm long (and 1.5 mm broad) as no other
Glumicalyx species has a similar length (Hilliard and Burtt, 1977). This suggests that this species
has its own unique pollinators and may not hybridize even when in contact with associated

species.

Rhodohypoxis species naturally occur in the three thermal zones in the Drakensberg.
Rhodohypoxis incompta, R. rubella, R. baurii var. confecta and R. deflexa are all found in the
alpine zone. Rhodohypoxis rubella and R. baurii var. confecta are known to hybridize with R.

thodiana which is found in both lower thermal zones. Rhodohypoxis baurii var. confecta is also
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known to hybridize with R. milloides (occurring in the upper montane zone) and R. deflexa (in
the alpine zone; Hilliard & Burtt 1978). These taxa are known to hybridize with each other in
intermediate zones (a zone between the two preferred habitats of the parent populations), some
of these species also may occur in the upper montane zone and are likely to overlap with upper
montane species (Hilliard & Burtt 1978). Four species occur in the upper montane zone,
Rhodohypoxis thodiana, R. milloides, R. baurii var. platypetala, and R. baurii var. baurii, the
latter three species occur in both upper and lower montane zones. Rhodohypoxis thodiana has,
however, only been recorded in two localities at Giants Castle and Langalibalele at
approximately 2000 m a.s.l. There are records of hybridization between Rhodohypoxis species
and hybrid populations do exist, which implies that there are few genetic barriers between the
species (Hilliard and Burtt, 1978). Hybrid plants of Rhodohypoxis baurii var. platypetala and R.
baurii var. baurii (both occuring in the upper montane zone) have been found in intermediate
habitats, as Rhodohypoxis baurii var. platypetala prefers drier habitats and Rhodohypoxis baurii
var. baurii prefers the wetter habitats. The areas bordering these two microhabitats create an
opportunity for hybrid plants to survive, however they have not been seen to introgress with the
parent populations (Hilliard and Burtt, 1978). Hybrid plants have also been recorded in the alpine
zone between 2800 and 300 m a.s.l. between R. rubella in the alpine zone and R. thodiana in the
upper montane zone. Rhodohypoxis thodiana commonly grows in cropped turf on gentle slopes
whereas R. rubella grows in the damper bare areas (Hilliard and Burtt, 1978). Hybrids were
found where these two species came into contact between their preferred habitats (Hilliard and
Burtt, 1978). There was also a report of a cross between the alpine taxon R. baurii var. confecta
and the upper montane species R. thodiana between 2600 m and 2800 m a.s.l. (Hilliard and
Burtt, 1978). These hybrids have all been found in habitats that are intermediate to their parent
populations, since 1973 and still exist (E. Uys, pers. comm.). If climatic changes lead to
increased proximity of taxa perhaps this will result in more hybrid species forming among the

Rhodohypoxis species and varieties.

Rhodohypoxis has been shown to hybridize within the genus and have the potential to
create different varieties and it is therefore important to further understand if these hybrid species
are sterile or fertile. If the hybrid plants are fertile they could outcompete their parent species and
lower the biodiversity of an area. Some species of Rhodohypoxis have different ploidy levels

(Uys and Cron, unpublished data). Ploidy is the number of sets of chromosomes found in a cell,
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and if ploidy levels differ between two plant species, the resulting hybrid is likely to be sterile
(due to different numbers of chromosome sets). Therefore, even though Rhodohypoxis species
readily hybridize, the resulting hybrids may be sterile and pose little threat to the existing
biodiversity of the area.

While the high mountain plants adapt to climatic changes it is important to discuss the
zones in which they survive, and which delineation of these zones most clearly defines their
habitat. Previous delineation of mountain zones used an altitudinal scale (altitudinal zones;
White, 1978), while the more recent delineation of a thermal zone is based on a temporal scale
(thermal life zones; Carbutt and Edwards, 2015) that excludes elevation. The altitudinal zones
assist in describing a plant community and its location on a mountain. The thermal life zones
describe a plant community by the temperature range in which the community lives and how
many days in the growing season (Korner et al., 2011). Altitudinal zones may be a fair
description of a particular mountain region but cannot be used on a larger scale as plant
communities do not all begin at similar altitudes. Thermal life zones, however, can be used to
describe all mountain regions, as they are not based on elevation alone. However, this study has
shown that there can be different temperature and precipitation trends within the same thermal
zone possibly influenced by topography and position on a slope, e.g. as in the different trends
seen at the Giants Castle and Shaleburn sites. This research shows a general increase in
temperature occurring in the lower and upper montane zones, which means that these zones have
overlapping temperatures and may be merging. It is imperative to mention that when comparing
the lower montane sites (Giants Castle and Shaleburn) to the upper montane site (Mokhotlong)
the topography of the sites should be taken into consideration. Giants Castle is in an inversion
layer in a valley, Shaleburn is in a valley bottom and Mokhotlong on a north facing slope, and
this may affect the temperatures of these areas. The growing season temperatures in three of the
years studied (1999, 2000 and 2001) showed the same average temperature for Mokhotlong and
Giants Castle (16.9 °C, 16.1 °C and 16.3 °C) respectively. The minimum growing season
temperatures, once again, in three of the years studied (2001, 2010 and 2013) showed that
Mokhotlong had the same average temperature as Shalburn (9.5 °C, 10.1 °C and 9.3 °C)
respectively. Interestingly, the minimum non-growing season temperatures for Mokhotlong and
Shaleburn were similar on every year studied. These similarities are not in every variable for

every year but do suggest that temperatures of the upper and lower montane zones may become
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more alike. This suggests the upper and lower montane zones may be merging as temperatures
are beginning to overlap. Therefore the thermal life zone delineation may be more accurate as
they adjust with temporal changes.

There have been some limitations to this research that must be considered when
interpreting the data. One of the limitations of this study was the incomplete dataset, where there
were only three data sets that recorded precipitation (Sani Pass, Shaleburn and Giants Castle) and
three data sets that recorded temperature (Mokhotlong, Shaleburn and Giants Castle). Further
data collection is needed to improve estimates of Sani Pass temperature data and the Mokhotlong
precipitation data. The Giants Castle data showed much warmer temperatures than any other site,
which might be due to the Giants Castle weather station being in an inversion layer on a valley
slope as well as on the warm north-facing side of a valley, therefore increasing the air
temperature at the site (Werger and VVan Bruggen, 2012). North facing slopes do not receive the
same moist south-easterly wind from the Indian Ocean as the east facing slopes. The south-
easterly wind that blows from the warm Indian Ocean towards the Drakensberg results in rainfall
on the eastern slopes, rarely reaching the interior of the mountains as they act as a climatic
barrier (Werger and Van Bruggen, 2012). Perhaps a different site in the lower montane zone
should be studied that is not situated in an inversion layer as it would be easier to compare to
other sites. Wind strength is another aspect to be considered when interpreting the data. The
wind strength is much stronger on the escarpment edge (i.e. where the Sani Pass site is situated)
and therefore likely to reduce the precipitation captured. These different systems could affect the
amount of rainfall recorded at the collection sites and should be considered when comparing
rainfall between the thermal zones, as the two other rainfall sites in the lower montane zone
might receive more moisture and less wind. The final limitation identified in this study was
length and quality of data, the data studied spanned a 20 year period which is not long enough to
identify clear trends. An extended data set is needed to better understand the long term trends in
the thermal zones. The quality of the data from Sani Pass, Shaleburn and Giants Castle was a
concern and data collection methods perhaps can be improved for more accurate studies in

future.

Conclusions and Recommendations
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The climatic changes in this research generally showed an increased rate of warming at
lower elevations and a larger decrease in rainfall at higher elevations, overall a warmer and drier
environment in which the flora of the Drakensberg will need to survive (especially endemic flora
as they do not occur elsewhere), with increased opportunities for movement of species between
thermal zones. The large variation in data from the two lower montane sites, however, may
suggest that Korner’s thermal zones be critically assessed for practical use in southern African

mountains, and specifically the Drakensberg.

Also, further studies on the autecology, genetic barriers and ploidy levels of Glumicalyx
and Rhodohypoxis are needed to give new insights into plant distribution and to see if further
hybridization can occur. More surveys of known parent and hybrid populations are needed as
these genera may become indicators of merging zones in the future. Further studies on the
response of plants to the changing climate in the Drakensberg are needed. Previous studies, in a
more tropical climate, have shown that plants may respond to warming in different ways, not
only with upslope movement, but also horizontal and downslope movement (Platts et al. 2013).
Edaphic differences (referring to the structure and composition of the soil), as well as the
escarpment itself, being a physical barrier in some areas, may also hinder the expected upslope
movement of plants. These factors need to be extensively studied in order to further understand
how Drakensberg flora may respond to changing climate, this demonstrations the complexity of
eco-systems and that the response of plant species to climatic changes may be varied according
to local conditions. Future research on plants in the southern hemisphere should consider using
an Austral year (1 June — 30 July) instead of a normal calendar year from January to December,
as this will show the entire plant growing season and perhaps lend to a more accurate data

analysis.

The study and predictions of high mountain climatic change are imperative to our
understanding of these systems and the survival of endemic biodiversity which depend on them.
Comprehensive temperature and precipitation data for this research were collected for three out
of four sites, and further analysis of the Sani Pass temperature and the Mokhotlong rainfall data
is needed for improved comparisons between sites. The data used in this research assessed 20

years of climatic changes, further analysis of long term data is needed to better understand the
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long term temperature and precipitation trends in the Drakensberg and the implications for

endemic flora.
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Figure Al. The non-growing season rainfall for Sani Pass (alpine; grey triangles), Giants Castle
(lower montane; orange squares) and Shaleburn (lower montane; blue diamonds) data collection
sites from 1994 to 2014.
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Figure A2. The number of rain days per annum for Sani Pass (alpine; grey triangles), Giants
Castle (lower montane; orange squares) and Shaleburn (lower montane; blue diamonds) data
collection sites from 1994 to 2014.
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Figure A3. The minimum annual temperature for Mokhotlong (upper montane; red circles),
Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange squares)
data collection sites from 1994 to 2014.
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Figure A4. The maximum annual temperature for Mokhotlong (upper montane; red circles),
Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange squares)
data collection sites from 1994 to 2014.
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Figure A5. The minimum growing season temperature for Mokhotlong (upper montane; red
circles), Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange
squares) data collection sites from 1994 to 2014.
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Figure A6. The mean non-growing season temperature for Mokhotlong (upper montane; red
circles), Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange
squares) data collection sites from 1994 to 2014.
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Figure A7. The minimum non-growing season temperature for Mokhotlong (upper montane; red
circles), Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange
squares) data collection sites from 1994 to 2014.
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Figure A8. The maximum non-growing season temperature for Mokhotlong (upper montane; red
circles), Shaleburn (lower montane; blue diamonds) and Giants Castle (lower montane; orange
squares) data collection sites from 1994 to 2014.
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Figure A9. Scree plot showing the percentage of the variance for each component of the PCA on
the precipitation variables for Sani Pass (alpine), Shaleburn (lower montane) and Giants Castle
(lower montane) data collection sites from 1994 to 2014.
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Figure A10. Scree plot showing the percentage of the variance for each component of the PCA
on the temperature variables for Mokhotlong (upper montane), Shaleburn (lower montane) and
Giants Castle (lower montane) data collection sites from 1994 to 2014.
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Standard Deviation (°C)
Temperature variables Shaleburn | Giants Castle | Mokhotlong
Mean annual 0.4 0.4 0.6
Min. annual 0.4 0.5 0.4
Max. annual 0.6 0.5 0.6
Mean growing season 0.4 0.5 0.3
Min. growing season 0.5 0.5 0.5
Max. growing season 0.6 0.5 0.4
Mean non-growing season 0.3 0.7 0.4
Min. non-growing season. 0.4 0.7 0.4
Max. non-growing season 0.6 0.7 0.6
Coefficient of variation (%)

Precipitation variables Shaleburn | Giants Castle | Sani Pass
Annual 15 31 28
Growing season 14 33 28
Non-growing season 36 48 30
No. of rain days 9 16 16

Figure A1l. Standard deviation of temperature variables from Shaleburn (lower montane),

Giants Castle (lower montane), and Mokhotlong (upper montane), as well as Coefficient of
variation precipitation variables from Shaleburn, Giants Castle and Sani Pass (alpine) data

collection sites from 1994 to 2014.
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Figure A12. Mokhotlong (upper montane) number of frost days in the first category (0 °C to -2
°C) from 1994 to 2014.
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Figure A13. Shaleburn (lower montane) number of frost days in the first category (0 °C to -2 °C)
from 1994 to 2014.

Giants Castle frost days between 0 and -2°C
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Figure Al4. Giants Castle (lower montane) number of frost days in the first category (0 °C to -2
°C) from 1994 to 2014.
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Mokhotlong frost days between -2°C and -5°C
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Figure A15. Mokhotlong (upper montane) number of frost days in the second category (-2 °C to
-5 °C) from 1994 to 2014.
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Figure A16. Shaleburn (lower montane) number of frost days in the second category (-2 °C to -5
°C) from 1994 to 2014.
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20 Giants Castle frost days between -2°C and -5°C
60 -
50 -
w 40 -
&
0 30 | y =-0.0662x + 3.0143
R?=0.0318
20 -
10 -
0 hm
S D O SN 0 OO O o &N O & 1 W N 0 O O «+ N <
QO OO O OO O OO O O O O O O O O O O «wW « «o o «
a O O 0o O OO O O O O O O O O O O O o o o o
— i — — — i (o] (V] (V] o (o] (V] (V] o (o] (o] (a\] (o] (aV] (@] (@\]
Year

Figure A17. Giants Castle (lower montane) number of frost days in the second category (-2 °C to
-5 °C) from 1994 to 2014.

Mokhotlong frost days from -5°C and below
70 -
60 -
>0 1 y =-0.2767x + 19.005
040 | R?=0.026
S 39 -
20 -
45— . 1 Ry
10 -
o8 H H N N N ENEESNESNSNSSNSENSENESNSEEENES
GGG AR AN R R ey
Year

Figure A18. Mokhotlong (upper montane) number of frost days in the third category (-5 “C and
below) from 1994 to 2014.
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o Shaleburn frost days from -5°C and below
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Figure A19. Shaleburn (lower montane) number of frost days in the third category (-5 °C and
below) from 1994 to 2014.
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Figure A20. Giants Castle (lower montane) number of frost days in the third category (-5 °C and
below) from 1994 to 2014.
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Figure A21. Precipitation data for Giants Castle (lower montane; 1759 m), Shaleburn (lower montane; 1614 m) and Sani pass (alpine; 2874 m) from

1994 to 2014 (mm).

Shaleburn Giants Castle Sani Pass
Non- No. Of rain Non- No. Of rain Non- No. Of rain
Growing |growing |daysina Growing |growing [daysina Growing growing |daysina
Annual |[season [season  [growing Annual |season [season growing Annual |season season  |growing
Year Rainfall |rainfall |rainfall |season Rainfall |rainfall |rainfall season Rainfall |rainfall rainfall  |season
1994 1020.7 1(900.8 119.9 82 538.4 455 83.4 66 1261.6 |1119.5 142.1 78
1995 1195 1051.5 |143.5 92 857.4 793.2 64.2 62 1288.4 |1114.3 174.1 78
1996 1159.8 [967.4 192.4 106 1022.3 9171 105.2 95 1243.6 |1046.5 197.1 80
1997 1095.2 [931.6 163.6 94 739.4 566.8 172.6 68 1091.3 |930.5 160.8 78
1998 1003.5 (889.2 114.3 102 795.4 683.2 112.2 81 898.4  [826.1 72.3 84
1999 959.5 |877.7 |81.8 102 1123 1063.6 |59.4 94 1234.8 |1119.3 115.5 95
2000 1270.5 |1052.1 |218.4 104 969.6 803 166.6 94 1169.7 |1026.0 143.7 79
2001 1156.5 |967.7 188.8 107 888.4 693.2 195.2 79 1254 1035.5 218.5 83
2002 864.6 |675.6 189 99 567.2 422.4 144.8 89 786.9 588.5 198.4 65
2003 1003.7 |836.1 167.6 96 534.6 421 113.6 85 663.6 520 143.6 65
2004 1345.4 |1187.6 |(157.8 112 720 656.8 63.2 93 1051.5 [929.8 121.7 83
2005 8413 |766.1 |75.2 97 667.4 618.6 48.8 100 928.9 [827.7 101.2 81
2006 1355.4 |1125.6 |229.8 123 932.4 809.8 122.6 107 1210.5 |1032.3 178.2 87
2007 809.6 |686.8 122.8 100 397.3 328.5 68.8 76 818.8 669.1 149.7 70
2008 1057.7 |897.6 160.1 114 595 526.6 68.4 69 1060.3 |909.2 151.1 63
2009 1097 873.6 2234 112 358.2 650.6 69.4 84 928 818.7 109.3 62
2010 995.2 |902.4 92.8 107 430.8 419.6 11.2 63 477.5 452.8 152.4 77
2011 1194.2 |947.8 |246.4 99 582.4 475 107.4 90 722.5 544.3 178.2 51
2012 1049.2 |845.2 204 107 664 458 206 77 517 620 154.9 58
2013 888.2 |794 94.2 95 481 362.2 118.8 70 6304  [525 105.4 60
2014 893 838.8 |54.2 95 805.8 715 90.8 94 850.0 648.4 62.2 56
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Figure A22. Temperature data for Shaleburn (lower montane; 1614 m) from 1994 to 2014 (°C).

Shaleburn
Growing Non-Growing [Non-Growing
Annual Annual Annual Growing Growing Season |Season Non-Growing [Season Season
Year Mean Minimum Maximum Season Mean |Minimum Maximum Season Mean [Minimum Maximum
1994 13.0 4.6 214 16.9 9.1 23.8 11.0 1.3 20.6
1995 13.4 5.3 215 171 10.4 24.0 11.2 1.7 20.7
1996 13.4 6.0 20.9 17.3 11.0 23.8 10.9 2.3 20.5
1997 13.3 5.6 20.9 16.5 9.7 23.1 11.0 2.7 19.8
1998 14.0 5.8 21.9 17.4 10.8 23.8 11.6 2.2 21.0
1999 14.1 5.6 221 17.5 10.7 24.1 114 1.9 21.3
2000 13.4 5.5 213 16.7 10.1 23.8 11.2 2.2 20.2
2001 13.4 5.0 21.7 16.6 9.7 23.2 11.2 1.7 20.6
2002 14.0 5.7 22.3 17.2 9.8 24.3 11.6 2.7 20.5
2003 14.2 6.1 22.3 17.5 11.0 24.5 114 2.4 20.4
2004 13.6 5.9 21.6 17.7 11.0 24.0 11.3 2.2 20.0
2005 141 6.1 224 17.3 10.6 24.1 12.0 2.9 21.0
2006 13.5 5.4 22.0 17.6 10.7 24.5 111 1.7 20.6
2007 13.9 4.9 22.7 17.2 10.0 24.8 11.4 1.2 21.4
2008 14.3 5.9 22.8 17.5 10.3 24.9 11.8 1.9 21.0
2009 13.8 5.3 22.1 17.4 10.4 24.0 11.5 1.7 20.8
2010 14.2 5.4 22.8 17.7 10.3 25.0 12.0 1.8 21.8
2011 13.8 5.4 22.2 17.4 10.0 24.5 11.3 2.1 21.0
2012 141 5.5 22.5 17.6 10.4 25.0 11.5 2.0 20.8
2013 14.0 5.0 22.8 17.6 9.5 25.1 12.1 1.8 22.0
2014 14.2 5.6 22.5 17.4 10.6 24.2 11.6 1.9 21.4
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Figure A23. Temperature data for Giants Castle (lower montane; 1759 m) from 1994 to 2014 (°C).

Giants Castle

Growing Growing Non-Growing |Non-Growing
Annual Annual Annual Growing Season Season Non-Growing [Season Season
Year Mean Minimum Maximum Season Mean|Minimum Maximum Season Mean  |[Minimum Maximum
1994 14.1 7.6 20.2 16.4 10.7 22.1 12.41 6.0 19.0
1995 13.9 7.7 19.4 16.7 11 21.7 12.00 5.3 18.1
1996 14.3 8.8 19.7 16.9 11.98 21.88 12.37 6.6 18.4
1997 14.5 9.0 20.1 17.2 11.88 22.42 12.68 6.9 18.5
1998 15.2 9.5 20.8 17.0 11.74 22.28 14.10 7.8 20.2
1999 15.1 9.2 20.6 16.9 11.54 22.28 13.88 7.5 20.0
2000 14.2 8.6 19.8 16.1 11.22 22.11 12.87 6.8 18.8
2001 14.6 8.7 20.6 16.4 11.3 22.1 13.12 6.8 19.2
2002 14.8 8.9 20.8 17.0 11.26 22.8 13.47 7.2 19.6
2003 15.0 9.4 20.2 16.7 12.02 22.45 14.06 7.6 20.1
2004 14.7 8.9 20.5 16.1 10.8 21.4 13.69 7.5 19.5
2005 14.6 8.6 204 16.0 10.7 21.48 13.52 7.1 19.9
2006 14.1 8.4 19.8 17.0 12.16 22.2 12.00 5.7 17.9
2007 15.2 9.1 21.0 16.8 11.6 22.2 13.91 7.3 20.3
2008 14.9 9.1 204 17.8 12.44 22.8 13.16 6.8 19.3
2009 14.6 8.6 20.2 17.2 12 223 12.61 6.2 19.0
2010 15.1 9.3 20.7 17.3 11.94 22.5 14.00 7.4 20.1
2011 14.5 8.4 20.3 17.1 114 22.8 12.21 5.4 18.8
2012 15.1 8.4 20.8 17.4 11.58 23.1 12.80 6.2 19.2
2013 14.5 8.2 20.9 17.0 10.94 23 12.90 6.2 19.8
2014 15.0 8.5 21.0 16.9 111 22.5 13.74 6.8 19.7
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Figure A24. Temperature data for Mokhotlong (upper montane; 2209 m) from 1994 to 2014 (°C).

Mokhotlong
Growing Growing
Annual Annual Annual Growing Season |Season Season Non-Growing [Non-Growing Non-Growing
Year Mean Minimum Maximum Mean Minimum Maximum Season Mean [Season Minimum |Season Maximum
1994 12.1 4.4 20.1 16.2 8.9 233 9.2 1.0 17.9
1995 11.6 5.0 20.0 16.1 9.3 22.9 10.0 1.9 18.0
1996 11.5 4.4 19.0 15.9 9.5 22.4 9.0 1.5 16.8
1997 11.3 5.2 19.3 16.3 9.3 233 9.4 23 16.7
1998 12.9 5.4 20.3 16.4 9.9 22.9 104 2.2 18.5
1999 11.8 5.3 20.4 16.9 9.9 23.9 10.0 2.0 17.9
2000 12.4 5.1 19.7 16.2 9.4 22.9 9.7 2.0 17.5
2001 11.6 5.2 19.9 16.3 9.5 23.1 9.9 2.1 17.6
2002 12.8 5.4 20.1 16.4 9.3 234 10.1 2.6 17.6
2003 11.9 5.4 20.3 16.7 10.1 23.6 9.9 2.0 17.8
2004 12.9 5.3 20.5 16.9 10.1 23.7 10.0 1.9 18.0
2005 12.3 5.6 20.9 16.8 10.0 23.6 10.5 2.5 18.4
2006 12.2 4.6 19.8 16.4 8.9 23.8 9.3 1.6 17.0
2007 11.7 4.7 20.8 16.3 8.7 24.1 10.1 1.8 18.5
2008 13.2 5.3 211 16.4 10.3 234 9.7 1.7 17.9
2009 12.2 5.3 21.2 17.0 9.9 24.0 10.2 2.0 18.5
2010 13.3 5.7 20.9 16.6 10.1 23.2 10.6 2.6 18.8
2011 11.4 5.1 19.6 16.5 9.5 23.2 9.4 1.9 17.0
2012 12.5 5.2 19.9 16.8 9.9 234 9.5 1.8 17.3
2013 11.8 5.1 20.5 16.5 9.3 23.7 10.0 2.2 17.9
2014 12.2 5.1 20.2 16.6 9.6 23.5 10.0 2.0 17.8
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