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Abstract

Global climate change is a major challenge for the future with serious potential impacts on
biodiversity. Biodiversity in mountains is particularly vulnerable as many montane spe-
cies are adapted to narrow microhabitats, making them less able to adjust to a climatic
change. It is considered important to investigate range changes in the South African Great
Escarpment because of the high levels of biodiversity in these mountains, as well as their
importance for water provision in South Africa. The current and future ranges of 46 mon-
tane plant species in South Africa and Lesotho were therefore modelled using biomod in
R, using presence points and predictor variables which included rainfall and temperature
worldclim layers. The performance of distribution models produced was evaluated using
the Area Under the receiver operating Curve (AUC), True Skill Statistic (TSS), Sensitivity
and Specificity. We calculated beta diversity and species richness changes between current
and future climates for the group of 46 species, as well as shifts of the predicted presence
region boundaries and centroids. We also analysed shifts in minimum, median and maxi-
mum elevations. Results show a contraction in species’ ranges towards higher elevation as
has been documented from other mountain regions around the world. These results are a
cause for concern as a warming climate is decreasing the potential regions of occurrence of
montane species in South Africa and Lesotho’s mountainous regions of high biodiversity.
This region is under a diverse range of conservation and land use management practises,
and our results suggest a coordinated response to climate change is needed.
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Introduction

Global climate change is the pre-eminent challenge to humankind for the immediate future.
The change that has already occurred in the global climate has led to distributional and
phenological changes in many well-studied terrestrial and aquatic systems (Parmesan and
Yohe 2003; Parmesan 2006). A latitudinal shift of 16.9 kilometres per decade towards
higher latitudes has been reported in a meta-analysis by Chen et al. (2011). A recent review
of predicted responses of biodiversity to climate change by Bellard et al. (2012) shows
the majority of models indicate alarming biodiversity responses, the worst of which would
lead to extinction rates which qualify as a sixth mass extinction. Biodiversity declines
in many areas of the world are being attributed to environmental changes including cli-
mate change, alien invasion and resource consumption (Butchart et al. 2010). In their fifth
assessment report, the [IPCC (2014) state that unmitigated climate change is very likely to
lead to increased risk of extinction for many organisms.

Biodiversity in mountainous regions is often uniquely sensitive to the impact of cli-
mate change, as many montane species are narrowly adapted to small microhabitats, mak-
ing them less able to adjust to changes in climate (Beniston 2003). As elevation increases,
numerous abiotic components in mountainous areas change. These abiotic changes are
described by Barry (2008): Temperature changes, on average, as a 0.6 °C temperature
decrease per 100 metres; air pressure decreases with increasing elevation; solar radiation
increases with increasing elevation and precipitation shows more variable trends across
elevations, with an increase in rainfall with elevation in high latitude mountain ranges, but
a more complex relationship in low latitude mountain ranges. Area, cloud cover and soil
quality are further abiotic factors which can vary across elevation. Owing to this abiotic
variation, mountains contain very distinct vegetation belts with sharp ecotones, as well
as gradients of decreasing species richness as elevation increases (Beniston 2003; Hadley
et al. 2013; McCain and Grytnes 2010). Montane regions are home to comparatively more
endemic species than other ecosystems as these species remain isolated in small, montane
climatic niches high above the broad lowland climate belts (White 1983; Beniston 2003).
Mountainous regions have also acted as important refugia during periods of differing cli-
mates in the past (e.g. Schonswetter et al. 2005; Wang et al. 2013; Négele and Hausdorf
2015).

There is mounting evidence that high elevation areas have a higher rate of warming
(Pepin et al. 2015). This is attributed to the snow-albedo feedback, clouds and aerosols
in the atmosphere. As snow retreats, the land surface albedo decreases as a darker sur-
face replaces a white surface, and temperature increases. Clouds, which form higher in
the atmosphere as temperatures rise, release latent heat above them, raising temperature at
higher elevations. Aerosols from air pollution are concentrated at relatively low elevations
and cause a surface dimming effect which decreases radiation to lower mountain slopes
(Pepin et al. 2015). At higher elevations this dimming does not occur, leading to higher
rates of warming. Owing to the high number of endemic species in mountains, the small,
isolated climatic niches of these endemic species and the physical properties of montane
regions, mountains magnify climatic changes and contain biodiversity which is highly vul-
nerable to a rapidly changing climate.

Upslope movement is a widely predicted theoretical response for a species to remain in
its climatic niche as the climate warms (MacArthur 1972; Peters and Darling 1985). The
coolest climatic zone at the top of a mountain is also the smallest zone, Therefore, as spe-
cies move upslope their possible areas of occurrence decline in size, putting the persistence
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of the species at risk (Peters and Darling 1985). Numerous studies, both repeat surveys and
distribution modelling analyses support upslope migration (See Appendix 1 in supplemen-
tary material).

In contrast, downslope range shifts have been noted by Platts et al. (2013) and Lenoir
et al. (2010). A correlative climate modelling analysis in the Eastern Arc Mountains in
east Africa showed that many plants were predicted to move downslope based on water
availability and temperature seasonality (Platts et al. 2013). In two-thirds of the plants
modelled, there was a downslope response in one of the mountain regions. The downslope
response was particularly important in plants with a distribution limited by water avail-
ability and large seasonal temperature fluctuations. Possible downslope responses of plants
under future climate are also noted by Lenoir et al. (2010). This was attributed to a realized
niche which is considerably smaller than a fundamental niche and therefore distribution is
limited by competition and not climate. In all studies on plant elevation shifts analysed by
Lenoir et al. (2010), which included 824 species, 25% of species were predicted to move
lower, with 65% predicted to move higher, while 10% were not predicted to change their
positions.

Species distribution modelling has an important role to play in assessing current and
future distributions of plant species. Correlative species distribution models exploit spe-
cies-environment relationships in order to make distribution predictions. They correlate
species occurrence records with chosen predictor variables to create a spatial ‘envelope’
of occurrence (Pearson and Dawson 2003). Climate has a strong controlling influence on
where plants can grow, with global ecosystems generally corresponding well with a pre-
cipitation/heat balance in an environment (Woodward 1987). In the current study, climatic
predictor variables were used to model the species bioclimatic envelopes. The key assump-
tion made here is that plants in South Africa’s mountainous regions are ultimately limited
by temperature and rainfall. Pearson and Dawson (2003) consider this assumption to be is
easier to make when modelling plant distribution at a coarse scale over a large area than at
a fine scale over a small area. Climate change is predicted to cause temperatures to rise by
as much as 6 °C by the end of the century at the current trajectory, as well as a general dry-
ing across South Africa (Haensler et al. 2011). The impacts of these climatic changes on
vegetation are important to explore.

The study of future vegetation distribution in the mountains of South Africa and Leso-
tho is highly relevant because of the importance of this region in terms of ecosystem ser-
vices (most notably water supply) and its endemic biodiversity (Taylor et al. 2016). The
Drakensberg mountain range in particular, and the Great Escarpment in general, is a criti-
cal supplier of water for South Africa (Nel 2009). There are a number of centres of plant
endemism associated with the Great Escarpment, such as in the Winterberg-Amatole,
Sneeuberg, the north-eastern Drakensberg and the main Drakensberg, as well as several
officially recognised Important Bird Areas (Cowling and Hilton-Taylor 1997; Matthews
et al. 1993; Carbutt and Edwards 2004; Clark et al. 2009, 2014; Marnewick et al. 2015).

The aim of this study is to predict changes in species richness patterns, species assem-
blage changes, average elevation and geographic range of a selection of montane plant spe-
cies occurring in the Great Escarpment of South Africa and Lesotho. Using this selection
of species, we also compare these changes among different plant growth forms.

The species selected are not expected to shift much geographically as they are already
situated over the highest elevation areas of the region. They are also not predicted to move
much across the latitudinal gradient, because they occur in montane areas which have
steep elevation-based climatic gradients allowing them to track climatic changes more eas-
ily by changing elevation. Based on the largely supported upslope movement response of
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montane plants to climate change found in a range of previous studies, (Appendix 1 in
Supplementary Material) and the types of predictor variables being used, the geographi-
cal ranges of species selected here are predicted to contract towards a small area, centred
on the Maloti-Drakensberg region under future climate scenarios. The change in diversity
for the plant assemblage between current climate and future climate is expected to show a
high level of diversity change at low elevation, with the high elevation Maloti-Drakensberg
region expected to show a low level of diversity change.

Methods
Study area

The study area covers the mountain ranges making up the Great Escarpment of South
Africa and Lesotho (Fig. 1). A Great Escarpment, defined as a mountainous region which
runs parallel to a coast separating a coastal plain from a central plateau (Ollier 1985; Par-
tridge and Maud 1987; Birkenhauer 1991). These mountains are the dominant feature in
South Africa’s landscape and vary in elevation from about 2000 to over 3000 m in the high
Drakensberg (McCarthy and Rubidge 2005).

The climate over the Great Escarpment is highly varied, ranging from humid in the east
and north-east to arid in the west (Clark et al. 2011a). The rainfall regime is summer rain-
fall in the Soutpansberg, Wolkberg and Drakensberg, through to the eastern Nuweveldberg
(largely convectional and orographic rainfall), with all year rainfall in the rest of the Nuw-
eveldberg and winter rainfall in the Roggeveldberg (largely frontal and orographic rainfall).

The plant life of the Great Escarpment comprises many species endemic to narrow sec-
tions of the total mountain range. The north-eastern Drakensberg (in north-eastern South
Africa) has a high number of plant families with species and whole genera endemic to this
north-eastern region (Matthews et al. 1993). The southern escarpment region incorporates
the Nuweveldberg, Roggeveldberg, Sneeuberg, Winterberg-Amatola and Stormberg (see
Fig. 1). The Sneeuberg was identified as a centre of endemism, with 46 endemic and near-
endemic species (Clark et al. 2009). The major biomes in the Sneeuberg include Grassland,
Forest, Albany thicket and Nama-Karoo. In the Nuweveldberge, only 0.5% of species are
endemic (Clark et al. 2011b), and the vegetation contains elements of Succulent Karoo
and Grassland biomes (Clark et al. 2011b). The Roggeveldberge comprise vegetation with
Fynbos, Succulent Karoo and Nama-Karoo elements (Clark et al. 2011c). The Winterberg-
Amatola range contains 1877 species, with an endemism percentage of 1.9%, and incor-
porates the Grassland, Albany Thicket, Savanna, Forest, Nama-Karoo and Eastern tem-
perate freshwater wetland biomes (Clark et al. 2014). The Drakensberg Alpine Centre is
40,000 km? and supports over 2800 native taxa (Carbutt and Edwards 2004). Angiosperms
constitute 89% of surveyed plant species and 16% of these are endemic.

Species and data selection

We selected a group of species which is representative of mountainous vegetation of the
study area. Occurrence records were selected from the PRECIS database, a southern Afri-
can plant database containing more than 900,000 records covering the area south of the
Kunene and Limpopo rivers (SANBI 2009). Distribution records for species in this data-
base are available at 15 min spatial resolution (i.e. quarter degree grid cells). Plant species
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Fig. 1 South African map on a digital elevation model (DEM) with mountain ranges in the research area
indicated as black rectangles. All mountain ranges are part of the Great Escarpment, which separates the
coastal plain from the central plateau. The Sneeuberg, southern Drakensberg and north-eastern Drakensberg
are proposed centres of plant endemism

were selected to ensure representation of the following growth forms: suffrutex, geophyte,
fern, herb, graminoid, shrublet, succulent and tree. An approximately equal number of spe-
cies were selected per growth form, and covers the range of montane plant growth forms.
This enables us to obtain an unbiased account of the response of montane vegetation to
climate change and to test if there are any differing responses among growth forms. A total
of 46 plant species which meet these criteria and that had adequate data available (more
than 20 occurrence records) were selected from the database. A second independent data-
set to be used for independent evaluation for 20 of the selected species was also included.
A minimum of five occurrence records per species was deemed necessary for an independ-
ent dataset to be useful. The independent occurrence records were provided by V. R. Clark
and are situated in the southern escarpment between 20.2 and 26.8°E and 30.9 and 32.8°S
from the Stormberg west to the Roggeveldberg (Fig. 1). They are therefore situated away
from the Drakensberg (the focal region for training occurrences) making them a good inde-
pendent evaluation dataset (Table 1).

Occurrence points from each species were removed if they were in the ocean, had (0,0)
co-ordinates, were an obvious outlier far from the mountainous region of South Africa or
were duplicates in a quarter degree grid cell. This was done in R version 3.1.3 (R core team
2015) using the biogeo package in R (Robertson et al. 2016).
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Predictor variables

The climate change predictions were produced using dynamically downscaled projections
for southern Africa from the globally modelled Global Climate Models (GCMs) (Engel-
brecht et al. 2011). These projections use known southern African meteorological phenom-
ena and incorporate this into a forecast to get a more precise prediction.

The 19 bioclimatic predictor variables were produced with rainfall and temperature
data using the dismo package in R (Hijmans et al. 2015). The data for current climate are
an average obtained from records collected between 1971 and 2005. The future distribu-
tion changes were modelled to mid-century (an average climate of 2040-2080), based on
the A2 climate change scenario which is a relatively high greenhouse gas emission sce-
nario from the IPCC’s 4th assessment report (AR4) (Department of Environmental Affairs
2013).

Modelling algorithms

Biomod is an R package which can be used to create model ensembles using multiple mod-
elling algorithms (Thuiller et al. 2014). The ensemble method made use of five algorithms
which were shown by Elith et al. (2006) to perform well in a comparative study, these
include: maximum entropy (MaxEnt), generalised additive models (GAM), boosted regres-
sion trees (BRT or GBM in biomod2), multiple additive regression splines (MARS) and
generalised linear models (GLM).

Pseudo-absence creation

Biomod?2 (Thuiller et al. 2014) ensemble runs require absences, but pseudo-absences are
used if real absences are not available. Pseudo-absences are inferred absences when no
real absences are available. Pseudo-absence selection that is neither too far nor too close
to the presence points and that is environmentally stratified is recommended by Chefaoui
and Lobo (2008) and Barbet-Massin et al. (2012). Koppen-Geiger climate zones (Koppen
1936) were used to define regions from which pseudo-absence records were drawn, fol-
lowing the approach used by Webber et al. (2011). The environmental space was produced
by overlaying all occurrence records with the climate zones and selecting the zones which
overlap with the occurrences. Pseudo-absences for the Biomod model runs were created in
R version 3.1.3 by selecting all 15 min grid cells in the delimited background that did not
represent presences for each species.

Seven initial climatic predictor variables were selected and included: The maximum
temperature of the warmest month (Bio 5); the minimum temperature of the coldest month
(Bio 6); annual precipitation (Bio 12); precipitation of the wettest quarter (Bio 16); pre-
cipitation of the driest quarter (Bio 17); precipitation of the warmest quarter (Bio 18) and
precipitation of the coldest quarter (Bio 19). Values were extracted from the seven predic-
tor variables for each of the 46 species. Pearson correlations were calculated for all pairs
of variables for all species (Hodd et al. 2014; Thlow et al. 2014). Bio 18 and Bio 19 were
removed for all species in Biomod because they were highly correlated with many of the
other predictors.
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Ensemble models

R version 3.1.3 was used to run Biomod2 to create ensemble models for each species
using the five different modelling algorithms specified above. Each algorithm was cross-
validated five times for the ensembles. 100 pseudo-absences were randomly selected
from within the background mask produced. Clamping masks were included for both
current and future model runs as is recommended by Elith et al. (2010) to stop the algo-
rithms from projecting environmental suitability to environmental values on which the
model was not trained.

Models were run to both current (1971-2005) and future climate (2040-2080). Pres-
ences and pseudo-absences were trained to masked current climate predictor variables.
Distribution models were projected to unmasked raster layers for both current and future
climate for each of the six Regional Climate Models (RCMs). A total of 25 models were
considered for the ensemble for each RCM and, of those 25, only models with an AUC
greater than 0.8 were selected. Final ensemble models were produced by taking a mean
of the six models produced for each of the six RCMs. The final outputs included current
and future probability of occurrence predictions and current and future presence/absence
predictions for each species. The threshold for the presence/absence maps was set at 2nd
percentile presence. Future presence/absence maps were produced for full dispersal and
no dispersal scenarios. Full dispersal is the assumption that between current and future
climate projections of species distributions, a modelled species is able to disperse to all
climatically suitable regions predicted under future climate. No dispersal is the assumption
that no dispersal will occur in future.

Model evaluation

Cross-validation and independent dataset approaches were used for model evaluation. A
fivefold cross-validation was performed on models for all species produced using Biomod.
For a subset of 20 of the species for which independent presence records were available,
a model evaluation using these independent records was performed. For both evaluation
approaches the Area Under the receiver operating Curve (AUC), True Skill Statistic (TSS),
Sensitivity and Specificity were calculated on models calibrated with variables represent-
ing the current climate (R version 3.1.3).

A total of 150 AUC, TSS, Sensitivity and Specificity scores were considered for each
species from the final Biomod ensembles. These were the scores across all component
models which resulted in the final ensemble. Any model runs with AUC scores lower than
0.8 were discarded and a mean final AUC, TSS, Sensitivity and Specificity score was then
determined for each species.

For each species for the independent evaluations for Biomod models, AUC scores were
calculated on the ensemble models using the PresenceAbsence package (v. 1.1.9) in R
(Freeman 2012). The pseudo-absences were randomly selected to fall within the mask and
equal the maximum number of presences for the independent occurrence datasets which
was 21.

Independent TSS, Sensitivity and Specificity scores were calculated on the final binary
ensemble model for current climate for the Biomod results. Pseudo-absences were selected
in the same manner as for the calculation of AUC scores. For each of the 20 species
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evaluated, the independent occurrence records and pseudo-absences were overlaid on each
species’ distribution model. TSS, Sensitivity and Specificity were then calculated based on
true and false positives and negatives for each species.

Species richness and composition

Species richness for current climate and future climates were attained using the binary
ensemble models for each species. These were added together to get the number of spe-
cies predicted per grid cell in both current and future climate (for full and no dispersal
scenarios).

To investigate the change in species composition between current and future time peri-
ods, beta diversity metrics were calculated using the betapart package (Baselga et al. 2013)
in R version 3.1.3. Beta diversity was determined from current climate to future climate
using the final ensemble binary maps for current climate and a full and no dispersal future,
as were used for the species richness analysis. The beta diversity outputs included three
metrics: total beta diversity (f,.,), species turnover (Bg,,) and the nestedness index (f,,.).
The total compositional variation between the species assemblages is represented by f,,
which includes both species turnover and nestedness patterns (Bishop et al. 2015). Species
turnover is described by f;,, and indicates how a species assemblage has changed with
outside species replacing formerly established species in an area (Bishop et al. 2015). The
nestedness index is the difference between B, and B, and is described by the metric B,.
This refers to assemblage nestedness in its compositional change from current climate to
future climate (Bishop et al. 2015). In a climate change context, highly nested areas are
regions of highest species loss.

In order to quantify elevational range shift, we calculated the minimum, median, maxi-
mum and total elevational range for each species using values extracted from a digital ele-
vation model for all presence cells in species range projections based on current and future
(full and no dispersal) models. We calculated range size for each species by counting the
number of grid cells predicted to be suitable in species range projections.

To quantify geographic range shifts we compared the position of the centroid of the
range of each species between current and future projections. The centroid for each range
map was calculated using the gCentroid function in the rgeos package (Bivand et al. 2016).
We also compared the y coordinates of the northern and southern boundaries, and the x
coordinates of the eastern and western boundaries of the presence regions between current
and future.

To examine total species change under climate change, the declines in the 46 study spe-
cies range sizes were plotted against the geographic shift distances of the centroids of their
presence regions. The decline in range size was determined by calculating the proportion
by which the number of gridcells decreased from current climate to future climate.

Results
Species richness
For current climate, a region of high species richness was evident over the high eleva-

tion regions of Lesotho (Fig. 2a, b). Other areas of high richness in current climate were
noticeable to the west of Port Elizabeth and to the north-east of Cape Town. Under future
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Fig.2 a is a map showing the locations of the occurrence points used. The other maps show predicted
species richness patterns for the 46 modelled species for b current climate (1971-2005), ¢ future climate
(2040-2080) with full dispersal and d future climate with no dispersal. For the species richness maps, black
shaded regions denote high richness, with lighter grey to white denoting lower richness

climate, the region of high richness contracted towards Lesotho (Fig. 2c, d), while sur-
rounding low elevation regions had lower species richness than for current climate. The
other regions of relatively high richness just west of Port Elizabeth and east of Cape Town
also showed similar trends of species richness contraction towards high elevation in the
future. There was a marginally greater contraction towards high elevation regions under the
no dispersal assumption (Fig. 2d).

Beta diversity

The biggest differences in species composition between current and future (beta diversity
score) occurred in the low elevation regions of south-western, central and north-eastern
South Africa surrounding the high elevation area for both full and no dispersal (Fig. 3a,
d). Under the no dispersal assumption, compositional differences were marginally smaller
(lower beta diversity scores) in some low elevation regions (Fig. 3d). Species turnover,
which explains how much a species assemblage has changed, with new foreign species
replacing local species, was highest in the south-western, central and north-eastern regions
of the country (Fig. 3b). When assuming no dispersal, species turnover does not take place,
leading to lower total species compositional difference under the no dispersal assumption.
Nestedness scores were high in the low elevation regions surrounding the Drakensberg
highlands, meaning there was high species loss from those regions from current to future
climate (Fig. 3c, e). Under no dispersal (Fig. 3e), nestedness values were higher than under
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a

Fig.3 a Total beta diversity, b turnover and ¢ nestedness results for the full dispersal assumption, and d
total beta diversity and e nestedness results for the no dispersal assumption for all 46 modelled species.
Dark denotes a higher value and all indices are measured between 0 and 1

full dispersal (Fig. 3c) in the low elevation regions. Nestedness appeared to be more impor-
tant than turnover in explaining total compositional differences between current and future
climates, which can be attributed to range contraction of species towards higher elevation.

Model evaluation

The independently evaluated models had significantly lower sensitivity scores in compari-
son to the models that were evaluated using cross-validation (W =92, p<0.001; Fig. 4a).
The independently evaluated models did not have significantly different specificity scores
compared to the models with cross-validated evaluation (t=1.9149, df=19.3, p=0.07;
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Fig.4 Results of model evaluation for models that were evaluated using independent evaluation (I) and
cross validation (CV) for a sensitivity, b specificity, ¢ TSS and d AUC. The independent model evaluation
was done for 20 species and the cross validated evaluation was done for all 46 species

Fig. 4b). TSS scores of independently evaluated models were significantly lower than those
for the cross-validated models (W =839, p<0.001; Fig. 4c). Lastly, the independently
evaluated models had significantly lower AUC scores in comparison to models evaluated
using cross-validation (t=5.39, df=19.74, p<0.001; Fig. 4d). Models performed well in
terms of the evaluation on dependent data. Model performance was poorer when evaluated
on independent data, but with median scores of 0.5 for TSS and 0.85 for AUC, model per-
formance was still moderate to good (Buckland et al. 2014; Vorsino et al. 2014; Hodd et al.
2014).

Changes in species ranges

There was a significant shift of species towards higher elevation with relative frequency of
elevations up to 1200 m decreasing in the future and the relative frequency of elevations
above 1500 m increasing in future climate under the full dispersal scenario (D=0.113,
p<0.001). Elevation minima were significantly higher (Kruskal-Wallis=8.127, p=0.02),
midpoints significantly higher (Fig. 5a; Kruskal-Wallis=23.314, p<0.001) and range
sizes significantly smaller (Fig. 5b; Kruskal-Wallis=7.675, p=0.02) between current
climate and future climates. Elevation maxima were not significantly different between
current and future climate (Kruskal-Wallis=0.132, p=0.94). There was a significantly
smaller predicted geographical extent under future climate in comparison to current cli-
mate (Kruskal-Wallis=27.683, p<0.001; Fig. 5c), with climate with no dispersal and
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Fig.5 The change in a median elevations, b elevation ranges, ¢ geographical range sizes measured as the
number of gridcells predicted as present, d the latitudes of the centroids of the regions predicted as pre-
sent, e the longitudes of the centroids of the regions predicted as present and f the latitudes of the southern
boundaries of the regions predicted as present. C current, F future, FN future no dispersal

future climate with full dispersal scenarios having similar trends for geographical extent
(Fig. 5¢).

There was no significant difference in the latitudes (Kruskal-Wallis=0.137, p=0.93;
Fig. 5d) or longitudes (Kruskal-Wallis=1.351, p=0.51; Fig. 5e) of the centroids of the cur-
rent and future ranges. The southern boundaries of the species ranges were significantly fur-
ther north (Kruskal-Wallis=42.24, p<0.001; Fig. 5f) and the northern boundaries were sig-
nificantly further south (Kruskal-Wallis=41.124, p=0.002) under the future climate scenario
in comparison to current climate. The eastern boundaries of the species ranges were signifi-
cantly further west (Kruskal-Wallis=37.39, p<0.001) and the western boundaries signifi-
cantly further east (Kruskal-Wallis=42.615, p=0.001) under future climate.

Range changes by growth form

There was no significant difference in range declines (F=1.346, p=0.252) or range shifts
(Kruskal-Wallis=5.89, p=0.66) among different growth forms between current and future
climates. (Figure 6) species in the top right of the figure are likely to experience the most
change as a result of a changing climate and are candidate species for monitoring. Of the 46
species, 28 were predicted to experience a range size decline of greater than 40% (0.4) and 15
of greater than 60% (0.6), with seven of the species predicted to have a range shift of greater
than 100 km.
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Ber pur—Berkheya purpurea; Bro spe—Bromus speciosus; Bud lor—Buddleja loricata; Che qua—Chei-
lanthes quadripinnata; Cli ram—Cliffortia ramosissima; Cra dep—Crassula dependens; Cra nat—Cras-
sula natalensis; Die rob—Dierama robustum; Eri alg—Erica algida; Eri fri—Erica frigida; Eup pul—
Euphorbia pulvinata; Eur ann—Euryops annae; Fes cap—Festuca caprina; Fes cos—Festuca costata; Ger
wak—Geranium wakkerstroomianum; Gla sau—Gladiolus saundersii; Hap ner—Haplocarpha nervosa;
Hel sut—Helichrysum sutherlandii; Hel Her—Helichrysum herbaceum; Hyp mul—Hypoxis multiceps;
Ind bur—Indigofera burchellii; Kni cau—Kniphofia caulescens; Leu ser—Leucosidea sericea; Lob pre—
Lobelia preslii; Lot ser—Lotononis sericophylla; Mer mac—Merxmuellera macowanii; Moh nud—~Mohria
nudiuscula; Mor spa—Moraea spathulata; Pel zon—Pelargonium zonale; Pol gym—Polygala gymnoclada;
Pol mon—~Polystichum monticola; Pol thi—Polygala rhinostigma; Pro sub—Protea subvestita; Sch lan—
Schoenoxiphium lanceum; Sen asp—Senecio asperulus; Sen bar—Senecio barbatus; Sen rho—Senecio
rhomboideus; Tet dre—Tetrachne dregei; Zal gla—Zaluzianskya glareosa; Zal ova—Zaluzianskya ovata;
Zal Spa—Zaluzianskya spathacea
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Discussion
Assessment of model performance

Overall, model performance is good when occurrence points are evaluated to current cli-
mate projections using the TSS and AUC performance metrics with both independent and
training occurrences (Buckland et al. 2014; Vorsino et al. 2014; Hodd et al. 2014). TSS,
sensitivity and AUC model performance indicators are all significantly lower for the evalu-
ation with independent data in comparison to the evaluation with the cross validation pro-
cedure. This is to be expected as independent evaluation uses an independent dataset, not
the occurrence record dataset used to train the models, so an independent dataset is likely
to show poorer model performance as the models have not been trained to this dataset.

Change in elevation and geographical ranges

Analyses make it clear that species ranges are predicted to contract in the future to higher
elevations rather than shifting horizontally across the landscape. On average, the minimum
and median elevations across the species group are projected to increase significantly under
future climate. On average, the elevation ranges across which the species occur are also
expected to decrease significantly under future climate. In contrast, the maximum eleva-
tions of projected species ranges are not projected to change significantly in future. This is
because 42 of the 46 modelled species are already at the highest elevation in the study area.
The average latitude of the northern boundaries of the 46 study species is projected to shift
significantly south and the southern boundary significantly north, with the average longi-
tude of the eastern boundary projected to shift significantly west and the western boundary
significantly east. This is consistent with a range contraction across the selection of species
and this is shown in the significantly smaller projected species ranges under future climate
in comparison to current climate (Fig. 5¢). The average latitudes and longitudes at the cen-
troids of the projected areas of occurrence, however, do not shift significantly between cur-
rent and future, highlighting a range contraction rather than a range shift.

There is very little difference between the projections under full dispersal and no dis-
persal which corresponds with a range contraction. A projected range shift across the land-
scape is likely to lead to new areas being colonised by a species which would create a large
difference in full dispersal and no dispersal projections. When using correlative species
distribution models, unpredictability in the rate at which dispersal occurs is problematic
as it leads to a lag in the movement of a species to its newly projected niche of occurrence
(Guisan and Thuiller 2005). This causes a climatic debt as species do not immediately
occupy areas that become suitable as the climate changes (Devictor et al. 2012). In the cur-
rent study where range contraction is prominent, there is little influence of a dispersal lag,
allowing for greater confidence in our projections.

The graphical outputs for species richness and beta diversity show this range contrac-
tion from current climate to future climates. There is a large region of high richness over
Lesotho and directly north, east and south-west of Lesotho, as well as small regions of
relatively high richness in the south-west of South Africa under current climate and these
regions decline in size under future climate. Beta diversity predictions show large com-
positional differences at the low elevation regions surrounding the Maloti-Drakensberg
highlands centred over Lesotho and KwaZulu-Natal. Nestedness scores show high levels
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of species loss in low elevation areas surrounding Lesotho. The plant assemblages in these
regions will be represented by a subset of the species occurring in the core region. Nested-
ness scores seem to be the main component accounting for the compositional difference
between current and future climates. High species turnover is predicted in parts of South
Africa’s south-west, the centre of the country and in the north-east of South Africa. Turno-
ver did not occur in the high elevation, main Drakensberg region because this is the high
elevation refugium for these species i.e. a location supporting the relictual populations for
previously more widespread species (Keppel et al. 2012). Turnover, being a replacement of
some species with other species, only occurred in low elevation regions.

Our results correspond with previous modelling and survey studies on mountain biota
(Appendix 1 of Supplementary Material), which show a general trend of montane species
moving to higher elevations and experiencing range contractions.

Caveats

These results show an area of potential occurrence for each species and only consider
changes in the abiotic environment. Geological and edaphic factors are not taken into
account. This was partly because of the difficulty in obtaining geology and soil predic-
tor layers, but was also because the available occurrence records were only available to a
15 min resolution, and because the study was examining large-scale vegetation trends. The
geology of the region is varied, with basaltic and sandstone geologies, but the effects of
these on plant diversity are not known.

The effect of biotic interactions, species dispersal and evolution in affecting where spe-
cies move during climatic change are noted by Pearson and Dawson (2003). Biotic inter-
actions may enable a species survive in a smaller region than its climatic niche, or move
downslope rather than upslope (Lenoir et al. 2010). These models assume only migration
to areas that become suitable in future and do not assume adaptive evolution allowing a
species to remain in its current niche. Full dispersal and no dispersal assumptions have
been made in our study, with the no dispersal assumption predicting greater contraction
of the modelled species towards high elevation regions under future climate than the full
dispersal assumption. Most of the species being modelled are known or suspected to be
wind dispersed, with a few, such as the legumes Lotononis sericophylla and Indigofera
burchellii, having exploding pods which drop their seeds in the vicinity of the parent plant.
Wind dispersal is potentially long range dispersal (Nathan 2006), and the majority of the
modelled species use this method, leading to possible future distribution patterns which
resemble the full dispersal assumption which assumes no lag between climate change and
species distribution. Our projections suggest species range contraction, so the dispersal
syndrome of the species being studied is less important than if a species shift were being
projected.

Implications

Biodiversity loss is one of the major potential impacts of changing montane land cover
(Beniston 2003). A smaller potential extent of occurrence, as the montane species ranges
of South Africa and Lesotho contract to a higher elevation, has serious biodiversity impli-
cations because these mountainous regions are home to high plant diversity and several
centres of endemism. Our projections suggest a smaller potential area which is suitable for
this plant diversity to inhabit. One of the reasons for high levels of endemism in different
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South African mountain ranges is because mountainous regions have acted as refugia in
past climate changes (Medail and Diadema 2009). Mountainous regions, owing to their
topographical heterogeneity, allow the persistence of species in small, suitable microhabi-
tats when climates change (Medail and Diadema 2009). These species ranges expand and
contract, as climate becomes more or less favourable, and speciation can occur (e.g. Bent-
ley et al. 2014). The ITUCN (2012) note a projected decline in range size as a key determi-
nant for deciding on a species listing, making a projected range contraction of key impor-
tance when deciding on the vulnerability of species to extinction. The modelled responses
of plants used in this study show a declining potential distribution as climate changes and
therefore suggest potentially increased vulnerability. This is a cause for concern for these
southern African regions which are high in biodiversity and endemism.

The region highlighted by our analyses as being the predicted area of montane refuge is
centred in the Drakensberg Alpine Centre (DAC) of plant endemism. This area comprises
the highlands of Lesotho (Maloti Mountains) and the KwaZulu-Natal and Eastern Cape
Drakensberg of South Africa. The DAC hosts approximately 2800 species of flowering
plants, 16% of which are endemic (Carbutt and Edwards 2006), and spans two countries,
each of which have vastly different land use and ownership practices.

The montane areas of Lesotho comprise communal rangelands, and a transhumance
system of rotational grazing is applied (Quinlan and Morris 1994). Concerns about land
degradation in the Lesotho highlands were raised over 80 years ago (Staples and Hudson
1938), and this decline has been documented in a number of reports and other literature
(e.g. McVean 1977; Turpie and Forsythe 2014).

The threats to these high elevation ecosystems are varied, including land degradation as
noted above, wind farms (Rushworth and Kriiger 2014), mining (Kleinhans 2016), increas-
ingly easy access due to the tarring of roads (Kalwij et al. 2008; Carbutt 2012) and an
extensive and ongoing series of dam building projects to ensure a constant supply of water
to neighbouring South Africa (Waites 2000). Water provision is the most important ecosys-
tem service provided by these mountains (Taylor et al. 2016), but activities associated with
these large infrastructure projects is also enabling the expansion of alien invasive species
(Kalwij et al. 2008; Carbutt 2012).

Within Lesotho there are only a few areas set aside for formal conservation. Tséhlan-
yane National Park, 5600 hectares in extent, was established by the Lesotho Highlands
Water Commission and is relatively inaccessible but also geared towards ecotourism. Lim-
ited floristic diversity and other studies for the area have been published (Wybenga 2006;
LetSela et al. 2003). The much smaller Bokong Nature Reserve (20 kmz) is one of the high-
est reserves in Africa, and has not been the site of much, if any, scientific study, and is next
to a tarred road to the Katse Dam, and hence accessible to tourists.

The largest conservation area is the Sehlabathebe National Park, which was established
in 1970 and is located on the border with South Africa. This reserve is 69.5 km? in extent,
and has been the focus of some biodiversity studies (e.g. Kopij 2002; Lynch 1990; Guillar-
mod 1977). This park forms part of the southern-most section of the Maluti Drakensberg
Transfrontier Park (MDTP), and is also included in Peace parks Foundation world heritage
list in 2013 (http://www.peaceparks.co.za/news.php?pid=1264&mid=1322&1id=1004).

The MDTP was formalised in 2001 (Shroyer and Blignaut 2003), and is the largest
montane biodiversity conservation area that falls within the area identified here as the
potential climate refuge for the species modelled here. As noted above, the MDTP includes
a number of reserves in both Lesotho and South Africa, the latter country contributing the
uKhahlamba Drakensberg Park (UDP), which is also a World Heritage Site and a Ramsar
Site and the Golden Gate Highlands National Park, managed by the South African National
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Parks agency (SANParks). There are also a number of parks and reserves under the man-
agement of Ezemvelo KZN Wildlife, a provincial conservation body in the province of
KwaZulu-Natal.

While biodiversity monitoring plans for the MDTP have been proposed, (Hughes et al.
2007), the reality and complexities of the MDTP as a conservation area are various and
varied (e.g. Crowson 2011). However, the opportunities for research are considerable,
and the region must be considered in its entirety as a Social Ecological System (Grab and
Niisser 2001; Sandwith 2003). From a South African perspective, mountains and their
management are well legislated by various acts and other legislation, but there is no formal
unifying mountain management policy (Shroyer and Blignaut 2003).

Our results suggest that this mountain area, which is already a centre of plant ende-
mism, will become a critical area for the conservation of montane plant (and by association
animal) diversity in years to come under ongoing climate change. It is thus imperative that
the governments of both South Africa and Lesotho engage in an urgent and meaningful
manner alongside conservation bodies to ensure that these fragile ecosystems are protected
and that the ecosystem services they provide (most importantly water) be protected and
monitored.
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