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EXECUTIVE SUMMARY

This study of the likely impacts of climate change on South African fauna is an
exploratory assessment of the responses of animal species to a climate change
scenario  brought about by the doubling of atmospheric CO2 concentrations. This
scenario is predicted to lead to an increase of average temperatures by approximately
2oC. We employed a modified climate envelope model (Jeffree & Jeffree 1994) to
explore the consequences of climate changes for the geographic distribution ranges of
179 South African animal species. The species used in this study were selected, by a
panel of taxonomic experts (see Appendix 1), using criteria such as the accuracy of
their distribution ranges, different types of geographic ranges, sound taxonomy and
reasonable numbers of records to broadly represent the range of distribution types
encountered in South African animal species.

Known species distribution ranges were modeled to generate interpolated
distribution ranges. The ability of the model to accurately predict accurate distribution
ranges of species was assessed using bird data for which we have the most
comprehensive distribution data. The results were largely encouraging but some areas
of the country appeared more problematic than others (e.g. the east coast region),
possibly due to topographical, habitat and vegetation complexity which confounds
climate-driven interpolations. The following main conclusions were reached during
this study:

• The levels of climate change induced impacts on the fauna of South Africa
range from minimal (6 species showed no change in range size) to severe (4
species were predicted to go extinct).

• Of the 179 species examined, 17% expanded their ranges, while 80%
displayed range contractions varying from 0 - 98%. Only 3% of the species
failed to show any response.

• Species rich areas contracted from existing patterns and were concentrated
around the eastern highlands following climate change. This pattern could be
attributed to extensive range shifts and contractions and led to a decline of
maximum richness.

• The majority of range shifts were in an easterly direction (41% of taxa)
reflecting the east-west aridity gradient across the country and the increased
pattern of aridity in the western zones predicted by climate change models.
Species losses are likely to be highest in the west.

• Substantially smaller westward shifts were also documented in some taxa.
These may reflect altitudinal gradient responses and/or model artefacts.

• Geographic range contractions were documented for 72% of all species
whereas 25% displayed range expansion (no response 3%).

• Species range change (composite measure reflecting range decline and
displacement) identified selected species from each taxonomic group that
could potentially act as climate change indicator taxa (see McGeoch 1998).

• Red-data and vulnerable species responded in a similar fashion to the other
species investigated, but were more likely to display range shifts. Moreover, a
larger proportion of red-data and vulnerable species (58%) were susceptible to
range change (decline and displacement) compared to all other species
investigated (43%).

• A Kruger National Park case study revealed that 66% of all species found in
the KNP and included in this study were lost (< 50 % probability of
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occurrence). This included 97% of the bird species and 52% of the Red-data
and vulnerable species. This case study emphasises the extensive range shifts
that are likely to take place as a consequence of climate change, and
underlines the importance of extending conservation mandates to areas outside
existing protected areas (matrix).

• An assessment of existing land transformation patterns indicated significant
spatial congruence between areas presently more than 50% transformed and
areas likely to harbour large numbers of species after climate change (richness
hotspots). This indicates that land-use conflicts between conservation
advocates and land transformation enterprises are likely to escalate under
conditions of climate change.

• Interactions between land transformation and predicted range shifts suggest
that predicted range contractions may well be underestimates. Given the
strong negative relationship between range size and the likelihood of
extinction, this phenomenon is of considerable conservation concern.

• Although vector species, agricultural pests, and biological control agents were
not specifically investigated in this study, it seems likely that climate change
will have a profound influence on them. Such changes will have significant
implications for agriculture and human and veterinary health.

• Mitigation of the impacts of climate change is ultimately a function of political
will to confront difficult issues such as land-use planning. Nonetheless, from a
conservation and research perspective several actions can be taken. These
centre around the need for a substantial improvement in the quality of
information on animal diversity in South Africa, the need for continual
updating of this information, its integration into land-use planning, and the
need for a substantial improvement of local knowledge of the causal links
between climate and animal distributions.
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INTRODUCTION

The most complex human-induced global change confronting science is that which is
likely to affect the Earth’s climate. In order to deal with the uncertainties associated
with climate change, the IPCC (1992, 1995, 1997) regularly evaluates available
evidence to formulate a consensus opinion on likely outcomes. The present view is
that a global mean temperature increase of approximately 2°C is a realistic
expectation over the next 50 years  (McNeely et al. 1995; Shackleton 1996).
Moreover, as large-scale extinctions, and movements of species were precipitated by
major climate changes in the past (Gates 1993; Coope 1995; Roy et al. 1996), an
ability to predict the biodiversity consequences of an immanent climate change event
is becoming increasingly important (McNeely et al. 1995).

The biodiversity consequences of climate change are also not expected to be
unidirectional, with some species expected to benefit from and others to suffer under
conditions of climate change (Fajer et al. 1989; Freedman 1989; Cammell & Knight
1992; Davis et al. 1998a, b). Thus, although there is poor scientific consensus
regarding the biodiversity implications of climate change, there is little doubt that the
combined effects of climate change, coupled with human population growth patterns
and increasing per capita consumption patterns will result in major changes to
biodiversity (Gates 1993).

As far as biological communities and individual species are concerned, it
appears that community compositions could change, with species distributions
changing rather than communities shifting, resulting in new spatial configurations and
community compositions (Coope 1995; Jablonski & Sepkoski 1996). Furthermore,
because of species connectivity in food webs, changes in community compositions
could precipitate secondary species extinctions and invasions resulting in novel
species interactions and more radically reorganised communities (Karieva et al. 1993;
McNeely et al. 1995; Bergstrom & Chown 1999). Indeed, because such second order,
or indirect, effects are difficult to predict, it has been mooted that amongst the best
advice ecologists can provide managers is that the latter should be on the look out for
“ecological surprises”.
 Our understanding of the threats of climate change to South African biota is
no more specific (see South African Journal of Science IGBP Special Issue Vol. 86,
1990). Early qualitative assessments focused on a biome approach and suggested that
the species rich biomes in the south-west of the country are likely to suffer substantial
biodiversity losses, with predicted increased successes of generalist and weedy plant
species (McDonald & Midgley 1996).

This real threat of climate change led South Africa to ratify the Framework
Convention on Climate Change (FCCC) in August 1997 (DEAT 1998). As part of its
obligations to the FCCC, South Africa has to fulfill certain reporting obligations and
produce its own climate change adaptation and mitigation plans and strategies. This
report aims to make a preliminary assessment of the responses of a component of our
national biodiversity estate (animal taxa) to the threat of climate change, to assess the
implications of this response with regard to our existing conservation areas, and to
determine the threat posed by extant land-use practices to mitigation options.

RESEARCH METHODS
Rationale
The analytical approach employed during this study is generally referred to as the
“Climate Envelope” approach (Sutherst & Maywald 1985; Busby 1991; Sutherst et al.
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1995; Markham & Malcolm 1996). Essentially, it capitilises on the fact that the
geographic distributions of species are frequently correlated with climate, climate
thresholds or other factors that themselves are geographically correlated with climate
variables (e.g. habitat types, ecosystems, biomes) (see Chown & Gaston 1999 for an
extensive treatment). This approach models the relationship between baseline climate
variables and geographical distributions of species and then uses the resultant model
to predict the future distributions of species under conditions of climate change (see
Jeffree & Jeffree 1994, 1996; Robinson et al. 1997a, b). This approach does have
some limitations. These are generally a consequence of:
 i.   species distributions that are not well correlated with climate variables;

ii.  non-linear responses to changes in climate;
iii. exclusion of species physiological responses to climate by way of 
     adaptation (for additional discussion see Chase 1996; Davis et al. 1998a, b;
     Chown & Gaston 1999).

In addition, the modeling approach does not provide any information on the rates at
which species can move or alter their geographic ranges. Nonetheless, the climate
envelope approach can be used to explore the extent to which species ranges might
shift in response to changes in the surrounding environment. Such individualistic,
species-based responses to changing environments are thought to have been the
prevalent form of response during past climate change episodes (e.g. Coope 1995) and
such a modeling process is thus not inappropriate. In addition, it forms a useful broad
brush estimate of the likely effects of change in the absence of more specific
information on a wide suite of species. Such estimates form the most ready source of
information on the effects of climate change on a wide variety of taxa, in the face of a
lack of specific life-history information on many species. Therefore the modeling
approach provides a best estimate for the rapid conservation action that is required,
and which cannot afford to be deferred while additional, more specific data are
collected (see Van Jaarsveld et al. 1998; Chown & Gaston 1999 for discussion). It is
for these reasons that we adopted the climate envelope approach in the present study.

Species distribution data
Distribution data for birds, mammals, reptiles (snakes, lizards and tortoises),

butterflies, Scarabaeinae beetles, antlions (Neuroptera), buprestid beetles and termites
were collated. The last four invertebrate taxa were grouped together under “other
invertebrates” as they represent the poorest sampled component of the groups
(Scholtz & Chown 1995). The species distribution data for the following taxa were
assembled from a range of collections indicated below:

Birds: Bird Atlas Project, Avian Demography Unit, University of Cape Town.
Mammals: Natural History Museum (NFI), Durban Natural Science Museum, 

University of Pretoria – Conservation Planning Unit 
        Reptiles: Natural History Museum (NFI), Port Elizabeth Museum

Butterflies: Natural History Museum (NFI)
Antlions (Neuroptera): National Collection of Insects, ARC Plant Protection 

Research Institute.
Jewel beetles (Buprestidae): Natural History Museum (NFI)
Dung beetles (Scarabaeidae): Natural History Museum (NFI), CSIRO Dung 

Beetle Research project collection
Termites (Isoptera): University of Pretoria – Conservation Planning Unit 
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Considerable time and effort was spent cleaning data and generalizing it to 15’ x 15’
grid cell resolution (25 x 25 km’s), the finest common resolution between taxa, to
generate presence-absence distribution maps. The philosophy behind this approach is
that the suite of species selected would act as broad scale environmental indicators
(Noss 1990; McGeoch 1998) that reflect the expected biodiversity responses to
climate change. In other words, they represent a ‘shopping basket’ of taxa (Hammond
1994), that are likely to reflect the range of responses to subcontinental climate
change.  While the assumption that a range of taxa are likely to adequately represent
all taxa has not been adequately tested (but see Gaston 1996), it remains a best
estimate alternative to the screening of every animal species in South Africa. A task
which remains impossible given current human resources, a lack of knowledge
concerning the full distributional ranges of most South African taxa, and the large
number of animal species in this country that remain undescribed (e.g. Scholtz &
Chown 1995).

Species screening
Because it is not possible to analyse all species during this type of assessment, a
workshop, to which a variety of experts on the chosen taxa were invited, was held to
screen taxonomic groups and identify species particularly suited for the present study.
Expert inputs were used to scan the database distributions of species (see Appendix
II) and select a suite of species that

i. reflect accurate but not necessarily comprehensive distribution
patterns;

ii. represent different types of geographic ranges (winter and summer
rainfall species, grassland and arid-zone species etc.);

iii. were taxonomically well known, and
iv. were known from a reasonable number of records.

This screening process was used to increase the likelihood of constructing plausible
species distribution models. Experts that participated in the workshop are listed in
Appendix 1. The species selected are indicated in Appendix 2 (34 bird species, 19
mammal species, 50 reptile species, 19 butterflies and 57 other invertebrates).

Modeling
The model used for this study employs a three-step process:

i. determine the parameters describing the relationship between known
distributions and recent climate data (1960 - 1989);

ii. using these parameters, determine the predicted baseline geographic
distribution of the species (important for poorly sampled species);

iii. using future climate data after climate change determine the future 
species distribution ranges.

Historic climate data and climate data predicted from General Circulation Model:
The Computing Center for Water Research (CCWR) provided the historic climate
data (30 year means). These data comprise interpolated climate surfaces at a minute
by minute resolution that were re-sampled to quarter degree grid cells to conform to
the resolution of the species distribution data. Climate variables for which these
surfaces are available are minimum temperature, maximum temperature,
precipitation, A-pan potential evapotranspiration and solar radiation. These variables
are available as monthly and annual means. The distribution prediction model
employed here used minimum and maximum temperature and precipitation
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seasonality, which is expressed as the difference between February and August
rainfall. These months were selected because a factor analysis of the 12 monthly
rainfall means showed that February rainfall contributed most to Factor 1, explaining
56% of the variance in the rainfall data, and August rainfall contributed most to
Factor 2, that explained 37% of the variance in the data. Previous experience with
analyses of these data indicated that temporal variability is a dominant feature.
Annual means tend to disguise seasonal effects of climate change and therefore we
felt obliged to include values for these two months. Data from a digital elevation
model were also included and re-sampled to quarter degree grid cells. This re-
sampling procedure gave us a measure of topographical variance within a grid cell.
Areas with a high variance, i.e. along the escarpment, need to be treated with care
when it comes to predicting distributions (see Fig. 1) as each cell contains significant
variance (also see Discussion).

Precipitation and the two temperature variables selected for producing the
interpolated distributions were also obtained for a predicted climate change scenario.
These climate data were derived from climate surfaces as produced from GCM
(General Circulation Model) predictions. A range of GCMs, developed by various
metereological offices, exist. Moreover, the predicted responses to climate change
seem remarkably consistent across these models, with greater surface warming of the
land than the sea in winter, an enhanced global mean hydrological cycle and increased
precipitation at higher latitudes in winter (IPCC 1995). It is also predicted that warmer
temperatures will lead to a more vigorous hydrological cycle but due to the complex
nature of atmospheric conditions giving rise to precipitation, there is more confidence
in temperature predictions than in hydrological predictions. Confidence is also higher
at broader scales (global and hemispheric) than at regional scales. Apart from the
modeling caveats involved in producing predictions at local scales, resource demands,
unsustainable management practices and pollution at local scales further exacerbate
the quality of climate change predictions on already-stressed ecosystems.

The model used to predict climate changes scenarios for South Africa was
developed by the United Kingdom Metereological Office’s Hadley Centre for Climate
Prediction and Research.  It is a robust and generally accepted model.  There are two
options when implementing this model; with and without the potential mitigating
effects of sulphate aerosols. Climate change values for this study was derived by
implementing the Hadley Centre Unified Model with no sulphates
(http://www.meto.govt.uk/sec5/NWP/NWP_sys.html) and represent a worst case
scenario for South Africa (Hewitson 1998). This GCM predicts a temperature rise of
2.5ºC - 3ºC for South Africa by the time that atmospheric CO2 levels have doubled
from their pre- industrial levels.  Erring on the side of caution, this means that
significant climate change can be expected by the year 2050 (Hewitson 1998), and
quite possibly earlier.

Interpolated species geographic distribution modeling (ID): The distribution
modeling process employed follows the rationale developed by Jeffree & Jeffree
(1994). A scatterplot of the chosen climate variables for all grid cells is defined as the
climate space.  We refer to the grid cells where a particular species was recorded as
the known records (abbreviation – KR). The values of the selected climate variables
for all KR are used to construct an elliptical confidence region that is superimposed
on a scatterplot of the climate variables (for an example see Fig. 2).  All points falling
within this elliptical confidence space are then mapped back into geographical space
to form an interpolated distribution where we expect to find the relevant species.  We
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Fig. 1: Topographic variability map of South Africa indicating grid cells that display a
large standard deviation (SD) in altitude. Altitude SD’s for 15’ x 15’  
(625km2) grid cells were calculated from the altitude figures of all 1km2 cells 
nested within the encompassing grid cell.
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Fig. 2: Scatterplot of the minimum and maximum temperature values for 1858 15’ x 
15’ grid cells covering South Africa. Superimposed on this scatterplot is an 
elliptical confidence region whose size and shape were derived from historic 
temperature values in grid cells where an antlion species (Palpares caffer) was
recorded. Red dots represent known records for the antlion species inside the 
confidence region, blue dots represent known record that fall outside the 
confidence region, green dots represent the distribution predicted for this 
species by the climate data (interpolated distribution – ID), and black dots 
represent the grid cells where this species does not occur or was not predicted 
to occur.
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refer to this interpolated geographic distribution based on historic climate data as the
ID (interpolated distribution, historic climate).

Climate affected geographic distributions (CAD): For determining the distributions
after climate change, the size, shape and position of the elliptical confidence space is
kept constant, but is superimposed on a scatterplot of climate variables predicted by
the GCM (for example see Fig. 3). Points falling within the elliptical confidence pace
are then mapped back to geographical space to depict a climate affected distribution
(CAD) based on climate change values predicted by the GCM. This approach
represents a biological analogue to the bivariate analysis technique developed by
Sokal & Rohlf (1981).

However, the use of only two explanatory variables (see Sokal & Rohlf 1981;
Jeffree and Jeffree 1994) was not adequate for our purposes because exploratory
analyses revealed that distribution patterns in South Africa could not be explained
satisfactorily by minimum and maximum temperature alone. A third variable,
precipitation seasonality was therefore included in the present study and the model
adapted to incorporate n-variables. Not only was the multivariate nature of the model
a significant improvement to the original model, but it also allowed us to produce a
probability of occurrence surface for the species instead of a simple presence-absence
distribution model. The improved multidimensional model proceeds as follows:

On an n-dimensional scatterplot (for n climate variables), we plot the values of
selected climate variables for each grid cell with KR and subtract mean climate values
to generate transformed values for each grid cell. This normalises values around the
origin of the multidimensional scatterplot. We calculate an n x n covariance matrix
and then use this matrix as an input to calculate eigen values and eigen vectors for the
matrix. The climate variable values of all grid cells are then transformed into this
eigen vector space. The transformed climate variables are then divided by the eigen
values and the distances of these points from the above origin follows a chi square
distribution. This allows us to read off the probability of occurrence of a species in
any grid cell using chi square tables of probability at the appropriate degrees of
freedom (number of known records (KR)-1). The technique is relatively
straightforward and does not require massive computing power compared to more
modern machine learning models. The outcome of this analysis is a probability
surface of occurrence for each species across the country.

Acceptable probability of occurrence: Because the modified Jeffree and Jeffree
(1994) model provides probability surfaces, the selection of an appropriate probability
level to employ across the study was investigated. This had to be done because the
analyses of all possible probability levels would be prohibitive for a multi-species
study. We therefore tested the ability of the model to correctly identify known
distribution records of species. Only the bird data set was of sufficient quality to
assess the models ability to match interpolated distributions (ID) with known records
(KR). Here we defined 10 categorical probability of occurrence classes (1-10),
recorded the predicted probability classes for areas containing known bird distribution
records, and generated a frequency distribution of probability classes across all
investigated species. This cumulative frequency distribution for all birds was also
used to define a suitable probability of occurrence level for use in this study by
evaluating the proportion of true positives for various probability classes.

In addition, the species specific frequency probability distributions together
with maps of KR and ID were then used to eliminate species whose distributions



11

Fig. 3: Scatterplot of the GCM predicted minimum and maximum temperature values 
for 1858 15’ x 15’ grid cells covering South Africa. Superimposed on this 
scatterplot is an elliptical confidence region whose size and shape were 
derived from historic temperature values in grid cells where an antlion species 
(Palpares caffer) was recorded. Red dots represent known records for the 
antlion species inside the confidence region, blue dots represent known record 
that fall outside the confidence region, green dots represent the distribution 
predicted for this species by the climate data (climate affected distribution – 
CAD), and black dots represent the grid cells where this species does not 
occur or was not predicted to occur.
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seemed extremely unlikely from the analyses. Similar refinements on other taxa were
not possible due to data bias, data paucity and a lack of biological information to
verify ID’s.

Model validation: The comprehensive bird data set approaches true presence-absence
data (Van Jaarsveld et al. 1998) and was therefore also used to validate the output
from the model. The validity of the model was assessed using the following variables
expressed as percentages:

i. True positives =  model true positive records/known records X 100
 ii. True negatives = model true negatives/known absences X 100

iii. False positives = model false positives/known absences X 100
iv. False negatives = model false negatives/known records X  100

Collectively these variables provide an assessment of the ability of the model to
correctly predict the true occurrence or the absence of a species in a region, as well as
the frequency at which the model incorrectly predicts the presence or absence of a
species.

Species distribution changes
The predicted impact of climate change on species distribution patterns was assessed
by comparing the interpolated distribution patterns (ID) with the climate affected
distribution patterns (CAD) and using a number of variables:

i. Species richness pattern – number of species predicted per grid cell
(birds - known records);

ii. Species range shift – proportion of climate affected distribution (CAD)
inside the interpolated distribution (ID). For birds where we have good
distribution data the known records (KR distributions) were employed
rather than the IDs.

iii. Species range contraction – climate affected distribution (CAD) as a
proportion of the interpolated distribution (ID, birds - KRs) , and

iv. Species range change – the sum of interpolated distribution grid cells
lost and additional grid cells added under climate change, expressed as
a percentage of the original interpolated distribution (ID, birds - KRs).
This additional measure provides an integrated assessment of range
alterations through the combined effects of range decline and shift
expected under a climate change scenario.

These analyses were conducted for each group (birds, mammals, reptiles, butterflies,
other invertebrates) separately, collectively across all species, and for Red-data
(mammals, birds, butterflies) and vulnerable species (identified as such by taxon
experts: reptiles, buprestid beetles, scarab beetles, termites, neuroptera) from the
above groups.

Impact on conservation area network
As most of the conservation areas in the country are smaller than the grid cells used in
this study we chose to examine the potential impacts of climate change on existing
conservation areas by using the principal conservation area in the country, the Kruger
National Park) as a case study. The number of bird species from our present study
present in the Kruger National Park was tallied using known distributions (KR) and
climate affected distributions (CAD) to determine potential species loss or gains from
the Kruger National Park.
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Land-use impacts
The areas of the country identified to be at high risk of being affected by changes in
climate from the preceding analyses were overlaid with areas from the existing
national Land-Cover map (CSIR/ARC) considered to be more than 50% transformed
(Wessels et al. 2000). This allowed the identification of overlapping areas among
regions were biodiversity resources are at risk of being subjected to climate affected
change and areas at high risk of land transformation under present land use
conditions.         

RESULTS

Acceptable probability of occurrence
The acceptable probability of occurrence evaluation conducted on the bird species
revealed that approximately 60% of KR coincide with grid cells where the model
predicts a 50% probability of occurrence (Fig 4). This 50% probability of occurrence
figure was therefore considered to represent an acceptable probability of occurrence
and was applied in a blanket fashion to all taxa in the present study. Consequently,
species were regarded as present in our study when the model predicted a probability
of occurrence higher than 50% and absent if below 50%. This general rule accounts
for large areas of 100% species loss on some of the maps, as a 100% species loss in
effect means that there will be a 100% loss in species occurring at less than a 50%
probability of occurrence (for example see the East coast of South Africa – Fig. 5).
This decision to use the 50% probability of occurrence cut off level was also
supported by the frequency distribution of the probabilities for true negatives which
indicated that 61% of all true negatives fell in the 10 - 20% probability classes
(Figures 6). In the final analysis this subjective rule is a trade-off between including
as many true positives as possible while avoiding inflating the number of false
negatives (see Table 1).

Model validation
Taking cognisance of the subsequent application of the 50% probability of occurrence
rule, the bird data set was also used to make an additional assessment of the validity
of the modified Jeffree’s and Jeffree’s (1994) model. These assessments of the
frequency at which the model correctly predicts true occurrences or absences of a
species, as well as the frequency at which the model incorrectly predicts the presence
or absence of species are provided in Table 1. Mean values of 60% for true positives
and 88% for true negatives suggest a reasonable performance by the model. This
assessment is underscored by the narrow ranges recorded for these variables.
Although the mean figures for false positives and false negatives may inspire
confidence in the above conclusion, the extremely large ranges recorded for false
positives (1 – 44%) suggest that the model is extremely good at predicting the true
ranges of some species but less so for other bird species. For those species where the
model performs poorly the 50% probability of occurrence area extends markedly
beyond the recorded range of the species. See Fig. 7 for examples of good and poor
fits by the model. The large mean figure obtained for false negative values (38%) can
be explained by our application of the 50 % probability of occurrence rule, where
many species would have been recorded at lower probabilities than the employed 50%
probability occurrence level.
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Fig. 4: Frequency distribution of probability of occurrence values recorded for grid
cells with known bird distributions across all analysed bird species. The
cumulative percentage of records in each probability class is represented by
the pink line.
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Fig. 5:  Example of a bird species (Whitefaced duck) with low predicted distribution

along the east coast despite its obvious presence in known records.
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Fig. 6: Cumulative frequency distribution of probability of occurrence values 
recorded for areas with no known distributions across all analysed bird 
species.
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Fig. 7  Examples of good (a. – Blackheaded Canary, 69% overlap) and poor (b. – 
Blackchested Prinia, 49% overlap) congruence between the interpolated 
distribution at 50% probability of occurrence and the known records.
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Table 1. Percentage prediction reliability at the 50% probability of occurrence level,
for the modified Jeffree’s & Jeffree’s (1994) model used in this study. These
estimates are for the bird data only because true distributions of the other taxa are too
poorly known.

True positives True negatives False positives False negatives
Mean  ± S.D. 60.3 ± 5.2 87.8  ± 10.3 12.2  ±  10.3 39.7 ±  5.2
Minimum 49.1 56.0 1.4 30.7
Maximum 69.3 98.6 44.0 50.9

Species distribution changes
The following three categories of distribution maps (KR, ID and CAD) were
generated for all species (n = 179) in the course of this study:

i. known distribution records (KR);
ii. interpolated distributions (ID)
iii. climate affected distributions (CAD)

These were not analysed individually but are available as reference material from the
investigators upon request (537 maps). These maps can potentially be useful to
taxonomists working on these groups, other interested parties that wish to explore the
responses predicted for individual species.

Species richness patterns: The collective species richness pattern for all taxa
investigated using the interpolated distributions (ID) differ markedly from the
richness pattern using climate affected data (CAD) -  (see Fig. 8).  In short, the model
predicts that the most animal speciose areas in the country will become increasingly
concentrated in the proximity of the eastern escarpment regions with significant losses
in species richness in the western arid regions of the country (see Fig. 8b). These
results indicate that significant range shifts will occur in the country for the majority
of species that will result in lowered species richness in the arid Western regions and
lowered total species richness in richness “hotspots” (from 49 – 38% of all taxa
included in the analyses – Fig. 8). This suggests that a doubling of atmospheric CO2

levels will have significant impacts on the ranges of most species investigated. This
general shrinkage of speciose areas and concentration around the eastern escarpment
was a consistent outcome of the model across all taxonomic groups investigated (see
Fig’s 9-13) and may reflect a movement of species up altitudinal gradients towards
the eastern and south-eastern highlands. The total number of species gained in the
eastern regions of the country is shown in Fig. 8c. Moreover, the model only
predicted the loss of 4 species (2.2%) from the country (see Table 2).

Table 2. Species included in the present study that the model predicted would likely
go locally extinct in South Africa following climate change (< 50% probability of
occurrence throughout the country).

Species

Stolotermes – termite genus
Epirinus gratus  - canthonine dung beetle
Chrysospalax trevelyani – golden mole
Cordylus macrophallus – armoured lizard
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Species range shifts: The distribution of predicted species range shifts (proportion of
climate affected distribution outside the interpolated distribution) is negatively
skewed (Fig. 14a), with some 25% of all species showing more than a 90% range
shift. This general pattern of species showing limited overlap between their existing
distributions and the predicted climate affected distributions is most marked in the
reptiles (Fig. 14e) and a number of invertebrates (antlions, scarab beetles, termites and
buprestid beetles – Fig. 14f). In contrast, a substantial proportion of species from
groups such as birds, mammals and butterflies show more than a 50% overlap
between their present and predicted geographic ranges (Fig 14 b.c.d). This finding is
in remarkably close agreement with actual changes documented elsewhere (Parmesan
et al. 1999; Pounds et al. 1999) However, it is also evident that some species from all
the taxonomic groups will experience significant range shifts, with more than 80% of
their present ranges likely to become hostile.

Species range contraction/expansion patterns: The frequency distribution for the
degree of predicted range contraction (climate affected distribution as a proportion of
the interpolated distribution) predicted across all species is again positively skewed
(Fig. 15a). This trend can largely be attributed to a number of species expanding their
ranges (> 100 %) under conditions of climate change (see Fig. 15). When those
species that expand their ranges are excluded from consideration, the frequency
distribution for all species with declining ranges is nearly normal, with a mean in the
vicinity of 44% (Fig. 15a). This pattern is largely determined by the distribution
function profile of the large number of reptile species (Fig. 15d) and is not uniform
across the various taxonomic groups. For example, predicted range contractions are in
the order of 40% of the ID in butterflies, and this is generally true of most of the
invertebrate taxa. On the other hand, this figure can be both much higher (98%) and
lower (0%) depending on the taxon under investigation. Overall, however, substantial
range contractions are likely to occur (< 100%; Fig. 15).

Species range changes: Species range change assessments (sum of additional grid
cells added and present distributions lost, expressed as a % of ID) suggest that the
majority of species’ assessed in this study will need to overcome both a decline in
potential distribution range and substantial range displacement (Figs 16 - 20). Those
species where this change (sum of loss and shift) due to loss or displacement exceeds
50% of their extant distribution range (ID) are depicted in the above figures. These
species can be considered particularly vulnerable to climate affected change. Due to
their susceptibility to both range decline and displacement we view these species to be
potential candidates as climate change indicator species (see McGeoch 1998), acting
as potential early warning or indicator species from their respective taxonomic groups
for climate change. These climate change indicator species are likely to respond
through rapid range shifts, range collapse accompanied by local population declines.

Red-data and vulnerable species: Red-data and vulnerable species richness patterns
following climate change (Fig. 21) show a similar response to that recorded
previously for all species (Fig. 8b). Again, there is a strong tendency for species
richness to decline in the arid western regions of the country. The distribution
function for Red-data (birds and mammals) and vulnerable species (reptiles,
butterflies, “other invertebrates’) range shifts (Fig. 22) also follows the negatively
skewed distribution pattern observed for all species (Fig. 14a). However the
proportion of these species that shift their ranges by more than 90% approaches 40%
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vs the 25% recorded for all species, and few Red-data or vulnerable species displayed
no range shift (Fig. 22). Similarly, the range contraction distribution function
observed for Red-data and vulnerable species (Fig. 23) follows the pattern observed
for all species (Fig. 15a) with a significant proportion of these species showing range
expansions (Table 3).

Table 3. Red-data and vulnerable species included in the present study that the model
predicted would expand their ranges under conditions of climate change (> 50%
probability of occurrence).
     
Species

1.    Heliobolus lugubris (lizard)
2.    Bitis gabonica (gaboon adder)
3.    Gymnopleurus humanus (dung beetle)
4.    Kinixys natalensis (tortoise)
5.    Phalops ardea (dung beetle)
6.    Dispholidus typus (boomslang)
7.    Chamaeleo dilepis (chameleon)
8.    Python sebae (python)
9.    Amblyodipsas concolor (snake)
10. Dira swanepoeli (butterfly)
11.  Neosisyphus infuscatus (dung beetle)
12.  Neosisyphus mirabilis (dung beetle)

Red-data and vulnerable species range change patterns indicate that a number
of these species are likely to be particularly vulnerable to range changes through
range contraction, shift or a combination of both (Fig. 24).

Impact on conservation areas
The scale of the present study precludes a detailed assessment of the impact of climate
change on the complete South African conservation area network. Consequently we
have chosen to explore the potential impact of climate change on conservation efforts
by taking a more detailed look at our flagship nature conservation area, the Kruger
National Park. Some 80 species from the species selected for this study were present
in the Kruger National Park using the interpolated data (ID). After climate change
only 27 species (34%) were still present in the KNP (< 50 % probability of
occurrence) with 1 additional species having shifted into the park (total 28). Of the 34
bird species included in the present study and which have been recorded in the Kruger
National Park (KR), all but one (3%) are predicted to go locally extinct in the park
under conditions of climate change (< 50% probability of occurrence).

Of the 21 Red-data or vulnerable species present in the KNP prior to climate
change only 10 (48%) remained in the park with one additional red-data species
entering the park after climate change (total 11 species). These dramatic results
emphasise the transitory nature of many conservation areas as biodiversity sanctuaries
under conditions of climate change and underscores the principle that true
conservation should be practiced throughout the entire matrix and should not be the
exclusive domain of “protected areas”.
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Land-use impacts
Effective matrix conservation requires that landscapes as a whole should be subjected
to effective conservation measures. Figure 25 indicates areas in South Africa where
existing land-use practices have transformed natural land-cover by more than 50%.
These areas are concentrated in the southern coastal belt (South-Western Cape),
across the Northern Provinces (Free State, Gauteng, Mpumalanga, North-West and
Northern Province) as well as parallel to the eastern shores (KwaZulu-Natal and
Eastern Cape). The areas where most overlap between transformed areas and regions
likely to form species richness ‘hotspots’ under conditions of climate change are in
the northern Free State, Gauteng, Mpumalanga and Northern Province. This spatial
convergence between CAD species richness ‘hotspots’and areas presently subjected
to cultivation and land transformation points to an increased potential for land-use
conflict (Wessels et al. 2000) between agents of land transformation and conservation
advocates.

Discussion
Model performance
Because data quality for most of the taxa used in this study varies considerably, and is
often relatively poor (e.g. Lombard 1995; Freitag & Van Jaarsveld 1995; Freitag &
Mansell 1997; Hull et al. 1998; Koch et al. in press), the performance of the climate
model in predicting known species occurrences was assessed using the bird atlas data
only. Although even these data are confounded to some extent by observer effort
(Rodrigues et al. in preparation), coverage of the entire southern African region, and
South Africa in particular, is far superior for the bird data than for datasets including
other taxa (see for example, Harrison et al. 1997 vs. Hull et al. 1998).

A comparison of known records (KR) and interpolated distributions (ID) for
the bird species selected for this analysis revealed a range of performances for the
model. The poorest fits, often as a consequence of false absences, were generally
found for species with distributions centered around the east coast, and some of these
species were subsequently excluded from analysis. In contrast, the model predicted
known presence/absence data reasonably well for bird species with ranges centered on
the central and western parts of the country.

Poor performance of the model with regard to species occurring in the eastern
lowland areas of South Africa coast is not entirely unexpected for several reasons.
First, previous studies have indicated that bird species richness and individual
distributions are often more closely tied to variation in vegetation type and structure
than to variation in climate (for review see Allan et al. 1997). Many of these studies
were conducted in the eastern, more species rich parts of the country (e.g. Osborne &
Tigar 1992), and consequently their findings go some way towards explaining poor
model performance in the region. It should be noted, however, that this explanation
may not be broadly applicable to other taxa whose distributional ranges are likely to
be more tightly linked to climate. Second, high topographic and vegetational
complexity in the eastern parts of South Africa (Low & Rebelo 1996; Schulze et al.
1997) mean that data from each quarter degree grid cell used as input to this model
represent a mean that encompasses a range of climates and vegetation types. Hence, a
model using mean values for grid cells at this resolution is likely to be compromised
by heterogeneity within grid cells. In addition, bird taxa in this area are often local or
regional migrants over the altitudinal gradient (Oatley & Arnott 1998), and the model
used presence/absence data summed over a full year. In conjunction these factors are
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likely to contribute significantly to poor model performance in the eastern coastal
regions. This confounding influence of topographic and vegetational complexity
undoubtedly also interacts with a third, and possibly the most significant factor
influencing model performance. That is, the eastern coastal areas of South Africa are
biogeographically complex. This has been recognised by virtually all biogeographers
investigating the region, and is certainly true of a great variety of taxa (e.g. Poynton
1961; White 1983; Lawes 1990; Poynton & Boycott 1996; Allan et al. 1997; Davis
1997; Eeley et al. 1999). Essentially this biogeographic complexity means that along
the eastern coastal areas of southern Africa both tropical and temperate faunal
elements show zones of contact over a relatively small absolute distance. In addition,
a variety of taxa, including birds, show high levels of endemism in this region (ICPB
1992; Thirgood & Heath 1994; Van Wyk 1996). This biogeographic complexity and
pronounced endemism undoubtedly also contribute to the inability of the model to
predict correctly species presences and absences in the region.

Notwithstanding these problems, we are of the opinion that the model used
here represents a best estimate for a provisional study of the likely impacts of climate
change on the South African higher invertebrate and vertebrate terrestrial fauna. We
hold this view for a variety of reasons. First, despite what appear to be poor model
performances on the east coast, the mean values for false presences and absences at a
countrywide level were generally low, while those for true presence and absence data
were not unreasonable (60, and 87%, respectively). Second, given the resolution of
the available data, and the quality of the data available for most taxa, this model is
currently the only way in which the potential impacts of climate change can be
investigated for a reasonable “shopping basket of taxa” (Hammond 1994). One
alternative approach to the methods we have adopted here, may have been to
investigate in detail the responses to climate change of a small number of taxa that are
either well-known or charismatic (see e.g. Smith et al. 1998; Fielding et al. 1999; Post
& Stenseth 1999). However, such an approach  would not have proved useful for
assessing the effects of potential climate change on the South African fauna as a
whole, especially because even closely related species can show markedly different
responses to regional and local climates (e.g. Hodkinson et al. 1999). Third, the model
used here is explicit in the way in which it relates species distributions to climate
variables. It can therefore be readily modified or expanded to include a variety of
parameters at virtually any scale. Thus the provisional results we have presented here
can easily be subjected to additional scrutiny, particularly if sound data, at finer scales
become available (see Jeffrey & Jeffrey 1994, 1996 for additional discussion).

Of course, our use of a modeling procedure for estimating the likely effects of
climate change on the South African fauna does not mean that in the interpretation of
its outputs we have ignored the fact that it is not only climate that determines
distributions. Rather, our reasoning commenced with the position that while other
factors, such as both horizontal and vertical linkages in ecosystems (Davis et al.
1998a, b; Buse et al. 1999), and the phylogenetic history of taxa (for discussion and
examples see Myers & Giller 1988; Brown & Lomolino 1998), are likely to influence
the geographic distributions of some taxa, in the main, geographic distributions are
likely to be determined to a large degree by climate (Jablonski et al. 1985; Root 1988;
Rogers & Williams 1994; Coope 1995; Robinson et al. 1997a, b; Chown & Gaston
1999; Spicer & Gaston 1999; Chown & Clarke in press). Nonetheless, we
acknowledge that a full understanding of the consequences of climate-induced range
changes for the functioning of local ecosystems is unlikely to be achieved without
additional investigations. These include the development of an understanding of the
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influence of such changes on regional diversity, and in turn its influence on local
communities (see Cornell & Lawton 1992; Ricklefs & Schluter 1993; Srivastava
1998; Tokeshi 1999 for review of local and regional interactions), and the effect that
novel species interactions, precipitated by range changes, will have at these local
scales.

The effects of climate change: model outputs and biological implications
Under the climate change scenario associated with a doubling in pre-industrial CO2

levels, impacts on the fauna of South Africa range from minimal (6 species showed
no change in range size) to severe (4 species were predicted to go extinct – Table 2).
Nonetheless, it appears that many species will show a range alteration characterized
by a marked range shift from west to east, a somewhat smaller shift from east to west,
and a substantial reduction in absolute range size. Each of these range changes is in
itself a cause for substantial conservation concern, and thus each will be treated
separately, before a broad conclusion is drawn. In addition, in each case the biological
implications of the predicted changes are discussed first assuming that landscapes in
South Africa are relatively intact and undisturbed by humans. Because such an
assumption is obviously not realistic (see Huntley 1989; Scholtz & Chown 1993), the
implications of the predicted changes under a scenario of landscape transformation,
that is characteristic of South Africa at the current time, is subsequently the focus of
attention. Nonetheless, even this assessment is likely to be conservative given that
population growth in South Africa is in the order of 1.9% per year (Anonymous
1998a), and that the concomitant increases in population density are likely to result in
additional, profound landscape transformation (the HIV/AIDS wildcard was not taken
into consideration here, see Whiteside 1994; Williams & Campbell 1995, although we
expect AIDS associated problems to exacerbate rather than counter landscape
transformation as greater numbers of rural families are forced to adopt a subsistence
lifestyle due to a decline in hard cash income).

Eastward range shifts
Range shifts from west to east are a common prediction of the model, and are
characteristic of approximately 41% of all the taxa we examined. Given the
pronounced aridity gradient in an east-west direction across the country (Rutherford
& Westfall 1994; Schulze et al. 1997), the general decline in species richness in this
direction (e.g. Drinkrow & Cherry 1995; Gelderblom et al. 1995; Freitag & Van
Jaarsveld 1995, but also Gelderblom & Bronner 1995; Branch et al. 1995), and
replacements over this gradient of species that differ markedly in their physiological
tolerances (see e.g. Le Lagadec et al. 1998 and Fig. 26), these changes are
undoubtedly a realistic reflection of the likely impacts of climate change. In this
context it is significant that range shifts as substantial as those predicted here have
already been documented over the past century in western Europe (Parmesan et al.
1999), and similar range shifts are predicted elsewhere (e.g. Kerr & Packer 1998).

The extent to which such predicted eastward shifts in range will translate into
realised alterations in range position will obviously also vary between taxa. For
example, in species that are dependent on surface water for drinking, such as many
southern African dove species (which for this reason were not included in the
modeling exercise), eastward shifts in range may not take place at all if agricultural
practices continue to involve the surface provesion of artesian water to livestock (e.g.
the Kathu water project). Likewise, if species are capable of adapting to local
conditions by behavioural or physiological means, realised range shifts may not be as
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pronounced as those predicted. However, information on the relationships between
species ranges and behavioural patterns and physiological tolerances, and the extent to
which behavioural and physiological flexibility influence species ranges is limited to
just a few South African taxa (e.g. Lovegrove & Wissel 1988; Richter et al. 1997;
LeLagadec et al. 1998), and has certainly not been the focus of recent environmental
research in the country despite its obvious importance in the context of climate
change.

Fig. 26. Scatterplot of mean ∀ S.E. log10 survival time and log10 mean annual rainfall
(Kendall’s rank correlation = -0.53, p = 0.048), for nine keratin beetle species
(Coleoptera, Trogidae) that replace each other across an east-west gradient in South
Africa (data from Le Lagadec et al. 1998). Survival time refers to the amount of time
a sample (usually 20) of beetles of a given species can survive in a dry atmosphere at
27oC, and is a common measure of the desiccation resistance ability of a group of
insect species. It thus demonstrates a potential causal basis for predicted eastward
climate rage shifts as the climate becomes progressively drier.

Landscape alterations in the eastern and central portions of South Africa will also
have a marked impact on the extent to which the predicted changes will be realised.
However, in this case, although population birth rates will theoretically exceed death
rates in the east, thus promoting range shift, extensive habitat alteration and
fragmentation could prevent this from taking place because of the unavailability of
suitable habitat patches (see also Hill et al. 1999; Parmesan et al. 1999), and because
of large distances between suitable patches (see Brown & Lomolino 1998; Thomas et
al. 1999; Tokeshi 1999; Channell & Lomolino 2000 for further discussion of the
influence of these parameters on species occurrences). This interaction between
species range alterations and habitat transformation is amongst the most significant
consequences of climate change in a landscape that has been transformed by humans.
If a species is unable to move into an area because of a lack of suitable habitat, or
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because that area is too distant from the closest source population of that species, then
that area is effectively unavailable to the species and local extinction (or extirpation)
is the most likely outcome. In effect this means that range contractions predicted by
the current model may be underestimates. Conservation areas will not be exempt from
this process as has been shown by the magnitude of the predicted impact on the biota
of the Kruger National Park. Thus many species might theoretically move from what
are designated conservation areas into adjacent sites (see Cammell & Knight 1992;
Samways 1994, present study), but if land use has not been, and is unlikely to be
compatible with the survival of such immigrants, then these local populations are
unlikely to survive climate change unchanged. This will, of course, depend on the
dispersal capabilities of the species, the previous importance of immigration for local
population survival, and the proximity of the nearest suitable habitat patches to those
in question. At one extreme, this will mean that previously conserved local
populations will not survive, or that they may persist at a much reduced size, or
perhaps switch from being a source to a sink population (Pulliam 1988;  Hanski 1998;
Thomas & Kunin 1999). At the other extreme, the entire species could be driven to
extinction if it no longer occurs elsewhere. This latter scenario is of particular
relevance to range restricted red data book (or threatened) taxa (see for example the
large number of range restricted butterflies in the butterfly red data book, Henning &
Henning 1989).

Westward range shifts
Although there are good reasons for doubting the ability of the model to predict
reliably range changes in the eastern coastal areas, it seems likely that at least some of
the predicted shifts will be real, rather than model artefacts. In particular, the shift of
species up the altitudinal gradient (i.e. a gradient of increasing water availability and
decreasing temperature) in this region does not seem unlikely. Such shifts already
take place on a seasonal basis in a number of local avian migrants (see discussion in
Harrison et al. 1997; Oatley & Arnott 1998), and have been documented in the
Neotropics (Pounds et al. 1999). They were also characteristic of the responses of
insects to past climate change elsewhere (see Coope 1979, 1995; Ashworth &
Hoganson 1987; Chown 1994).

At least amongst the ectotherms, such shifts are likely to be more pronounced
for coastal than for interior species. For example, Gaston & Chown (1999a) showed
that among dung beetles sampled along an elevational gradient in Kwazulu-Natal,
higher elevation species tend to occur across a wider altitudinal range than do more
coastal species (Fig. 27). In addition, the former species are also tolerant of a broader
temperature range than the latter, largely as a consequence of a greater tolerance of
low temperatures in the species from higher elevations (Fig. 28). In essence, it appears
that it is an inability to tolerate low temperatures that prevents the more tropical
species from expanding their range up the elevational gradient (see also Gaston &
Chown 1999b). Thus, an increase in temperature in this region will undoubtedly lead
to an expansion of the ranges of the tropical species. At least amongst dung beetles,
which show intense resource competition (Hanski & Cambefort 1991), the outcome of
these range expansions is likely to be decided at a local level by horizontal
interactions (see Jablonski & Sepkoski 1996 for analogues from the paleontological
literature). Here too, significant modification of habitats by humans will have a
dramatic impact on the outcome of such changes. In the case of dung beetles,
replacement of natural grasslands by planted pasture leads to a marked depression in
both species richness and abundance of the current fauna (Davis et al. 1999), and a
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Fig. 27. The relationship between altitudinal class and mean altitudinal range for dung beetle species
(total n = 73) sampled across a 2500 m elevational transect in southern Africa. Given their relatively
small number and slightly uneven spacing, the six elevations sampled were ordered 1 to 6 (from lowest
to highest), the altitudinal range is the mean number of classes spanned by the species occurring in each
class (there is a significant positive relationship between altitudinal class and altitudinal range: rs =
0.89, p = 0.019) (redrawn from Gaston & Chown 1999a).

Fig. 28. The relationship between elevation and thermal tolerance range (CTmax - CTmin) for 26 species
of dung beetle (species from various genera indicated in closed circles, species from the genus
Onthophagus by open circles) collected at six localities across a 2500 m elevational range in KwaZulu-
Natal, South Africa. The CTmax and CTmin values refer to the critical thermal limits for activity of
beetles. Above the CTmax and below the CTmin, activity is no longer possible. By subtracting CTmin

from CTmax the range of temperatures over which a dung beetle can be active can readily be estimated.
This is the thermal tolerance range. Take note that this range tends to increase with elevation (redrawn
from Gaston & Chown 1999a).
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Change in this situation seems likely. Habitat fragmentation and alteration, which are
pronounced in this region (Eeley et al. 1999; Fairbanks et al. 2000) are also likely to
affect species in the ways discussed previously, and thus westward range shifts are
also likely to be somewhat different to those predicted solely on the basis of a species
responses to a changing climate.

Changes in absolute range size
Of the 179 species we examined, 30 species expanded their ranges, while 143 species
showed range contractions varying between 0 and 98%. Few species showed no
response or little response in terms of changes to their absolute range size. Although
range expansions and contractions are likely to characterize species at some point in
their duration (see e.g. Jablonski 1987; Chown 1997), the extent to which these
changes take place over the course of a species lifetime is not yet clear (see Gaston &
Chown 1999c). Nonetheless, depending on the species involved, their interaction with
humans, and their initial distributional ranges, both range expansions and contractions
are likely to be of concern.

In the case of range expansion, amongst the most notable concerns are usually
expressed with regard to agricultural pests and vector species, even though
conservation concerns may be as important as a result of novel species interactions.
Cammell & Knight (1992) provide a broad overview of the likely consequences of
climate change for insect pests, and note that range expansions in many species are
not unlikely. In South Africa, the spread of agricultural pests to areas that were
previously cooler is not an unreasonable assumption, especially given the results of
the model used here. In addition, it appears likely that migrant insect pest species may
respond rapidly to climate change (see Cannon 1998). Most notable amongst these
from an agricultural perspective are the various migratory locusts (of which brown
locust is considered the most significant). Given the close correlation between climate
variables and many disease vectors (see e.g. Rogers & Williams 1994; Robinson et al.
1997a, b; Lindsay et al. 1998), climate change is likely to have a pronounced impact
on these species too. Species that have limits set by temperature (such as some tsetse
species) are likely to show range expansions if climate change tends to be more
pronounced in extra-tropical than in tropical latitudes. Range changes in some such
expansions will also depend on the extent of changes in moisture availability, a
feature that is proving to be difficult to model accurately (see Introduction). Range
expansions may also not be quite so straightforward (see above). For example, in the
case of the principal African malaria vectors, Anopheles gambiae s. str., and An.
arabiensis, the former species predominates in wet environments, while the latter
prefers drier areas. A reduction in rainfall (as predicted for the summer rainfall areas
of South Africa) is likely to tip the balance in favour of An. arabiensis (Lindsay et al.
1998). Likewise, variation in ENSO effects is likely to have a strong influence on
vector species (Bayliss et al. 1999).

In a similar vein, if changes in climate differentially affect agricultural pests
relative to their biological control agents, then control efficacy might increase or
decrease, depending on the population dynamics and range alterations experienced by
the control agent and its host(s). For example, control of the invasive Australian
Acacia longifolia is currently exercised, inter alia, by the gall forming wasp
Trichilogaster acaciaelongifoliae (see Dennill et al. 1999). However, the efficacy of
this wasp is lower in the warmer areas of South Africa, compared to those which are
cooler or characterized by winter rainfall (Dennill & Gordon 1990). Thus a general
warming and drying might significantly alter the efficacy of this control agent.
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Clearly there is much need for investigating the climatic requirements of agricultural,
veterinary and medical pests, invasive species, and biocontrol agents, and the ways in
which these requirements are likely to affect the impacts of these species (see
Samways 1989; Samways et al. 1999, and references above for promising examples
of this kind of work).

Because so many of the species we examined here showed substantial range
contractions, it is this facet of range alterations that is of most concern. This concern
is especially warranted if it is borne in mind that although the range contractions we
have predicted here, are in some instances quite dramatic (our model predicts the total
loss of at least four species), they may actually be underestimates because landscape
transformation has not been explicitly factored into the model. As we noted above,
theoretical range shifts into transformed landscapes may mean local extinction in
practise. The major reasons for significant concerns regarding range contractions has
to do with the negative relationship between range size and extinction probability
(Jablonski 1991; Gaston 1994). A reduction in the absolute range size of a species
will almost inevitably mean an increase in its risk of extinction. There are several
reasons for this. First, a decrease in range size will mean that smaller catastrophic
events affect a larger proportion of the species total population. If a species is
restricted to just a few sites, then a local catastrophic event could easily cause the
extinction of that species. On the other hand, a widely distributed species is likely to
contain at least some populations that will survive a localized disturbance (or
catastrophe) (Gaston 1994; see also Lawton & May 1995). Second, the generally
positive interspecific relationship between population size and range size is such that
population size increases at a disproportionately faster rate with increasing range size,
and hence local density also increases with increasing range size (Brown 1995,
Gaston et al. 1997). Thus a decrease in range size is likely to effect a reasonably rapid
decline in population size, and consequently extinction rate will increase for the usual
small population reasons, susceptibility to stochastic variation being amongst the most
important (see Gaston 1994; Caughley & Gunn 1996). Contraction of species’ ranges
towards the centre of their original distributions, as predicted by the model used here,
is also unlikely to be entirely realistic given landscape transformation. Channell &
Lomolino (2000) recently showed that in many of the 245 species they examined,
which have recently shown range contractions, the peripheral, rather than central
populations of the species have survived. This means that range fragmentation is
likely to be more pronounced than that predicted by our model. Such fragmentation is
in itself of considerable conservation concern.

In sum, consideration of our model’s outputs suggests that climate change,
associated with a doubling in atmospheric CO2 levels since pre-industrial times, will
have have a profound impact on terrestrial animal species in South Africa, and we are
convinced that this impact will extend to the freshwater species too. In conjunction,
these impacts have several major implications:

1. A significant decline in conservation efficacy of protected areas.
2. Growing irrelevancy of static animal distribution databases, and the theoretical

conservation networks generated using them, for environmental management and
conservation planning.

3. On-going, and perhaps unpredictable changes in risk profile for crop and livestock
production, vector-borne diseases, and invasive species.

4. Significant threat to the national biodiversity estate and national ability to
adequately manage it.
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Mitigation
Mitigation of the impact we have described above rests at a variety of levels. At the
highest level, it is only international political will that will curb greenhouse gas
emissions, which are clearly amongst the major causes of current climate change
(IPCC 1995). Ratification of the Framework Convention on Climate Change (DEAT
1998) is clear evidence of the political will to effect such a change. It is crucial that
this will is sustained and its importance widely appreciated by all sectors of society.

At a more proximate level, attempts at mitigation depend fundamentally on the
extent of knowledge available on species population dynamics and geographic
distributions, species responses to climate, species responses to climate change, and
the effects of landscape transformation (destruction and fragmentation of suitable
habitat patches) on different taxa. Although South Africa has a sound record when it
comes to zoological research (see Chown & McGeoch 1995), much of the
information that is required for mitigation is simply not available. Indeed, it was
because of the absence of this kind of biological information, that we adopted a
modeling approach to estimate the likely effects of climate change on the terrestrial
fauna in the first place. In consequence, it is our view that mitigation should take
place at two levels.

Immediate conservation efforts
Conservation efforts should be directed at ensuring that the 10% conservation
requirement for each of our vegetation types is met (see Van Jaarsveld & Chown
1996), and when such conservation areas are selected, this selection should be made
in the context of dynamic models of expected vegetation change. Given the enormous
diversity of our fauna, conservation efforts simply cannot be deferred while additional
information is collected on a variety of taxa (see below). In other words, conservation
planning must be undertaken with the data and tools at hand, and the end-products of
this planning implemented on the ground as soon as possible (Van Jaarsveld et al.
1998). These conservation areas should be regarded as sacrosanct, and their utilization
should be managed in such a way as to ensure that they are not compromised (see
Redford 1992; McNeely 1993, 1994 for additional perspectives).

Furthermore, considerably greater attention should be paid to the matrix
within which conservation areas are embedded (McNeely 1992, 1994). Given the
shifts in species ranges predicted by our model, it is clear that conservation can no
longer be considered the purvey and responsibility of conservation agencies only. In
sharp contrast, South African habitats must be managed as a whole so as to ensure
that whatever activity is undertaken in a given area, it is undertaken in a way that will
maximise the coexistence of many species (for discussion of this idea in an
agricultural context see Chown & McGeoch 1995). Effectively this means that the
rate of landscape transformation in South Africa must be slowed, and that this
transformation should be managed in an integrated framework. This requires the
availability of both data and adequate analytical platforms that can inform the
complex decision-making process that will be required to implement such an action.
Fortunately, an effort is being made to develop a platform provide these data and tools
in an integrated framework. The development of this platform, known as SA-ISIS
2000 (see http://www.sa-isis.co.za) is being funded by the South African Department
of Arts, Culture, Science and Technology. However, to maintain its viability,
significant buy-in from other agencies, most notably government, will be required. In
the context of the mitigation of the effects of climate change in South Africa, we
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consider this essential. Of course, the utility of such a platform for informing
sustainable development will depend fundamentally on the reliability of the biological
information captured within it, and the reality of the biological assumptions
underlying the analytical tools it incorporates.

Future conservation and research efforts
In consequence of the need for current and relevant biological information, a
significant investment will have to be made not only in improving our information on
the distributions of species in this country, but also in keeping it modern. Given the
fragmentary knowledge of the distributions of most taxa in South Africa (see above),
this means that biodiversity surveys will have to enjoy a far greater priority than they
have to date. Balmford and Gaston (1999) have demonstrated that, in many instances,
biodiversity surveys may have a lower economic cost than the selection of reserves in
the absence of suitable data, and this is certainly likely to be the case for many taxa in
South Africa (e.g. Koch et al. in press). Such surveys can either be undertaken by
experienced personnel, or use can be made of an increasingly interested public (see
Harrison et al. 1997). In either event, a substantial investment by local, regional, and
national conservation agencies will have to be made to ensure that such data become
available (see also Margules & Redhead 1995; McNeely 1995). Clearly, such surveys
will have to be well-planned and executed so as to minimize unnecessary duplication
of effort.

In addition, these surveys will have to be undertaken on a regular basis such as
is done for birds and butterflies in the United Kingdom (e.g. Thomas 1983) if the
information made available on an analytical platform is to be kept accurate. In
addition, such surveys are instrumental for determining the extent to which those
changes that are predicted to take place as a consequence of climate change, are
actually realized. This means that conservation strategies that have been implemented
can be modified as required. Such surveys are clearly not the only way in which the
realized impacts of climate change can be monitored. An additional system that
should be implemented is a monitoring one using taxa that are known to be climate
sensitive in areas that are likely to undergo significant, and fairly rapid change (e.g.
Hodkinson & Bird 1998). The identification of such sensors of climate change will
require initial baseline research, as well as continued investigation. This might best be
achieved under a framework of long term ecological research in South Africa (see
Van Jaarsveld & Biggs 2000), but nonetheless means that considerable financial
resources will have to be mobilized for this kind of work. By ratifying both the
Convention on Biological Diversity, and the Framework Convention on Climate
Change, the South African government has clearly indicated to the world that it is
intent on so doing. To date, however, biological research in this country continues to
suffer from an ever-increasing shortfall in funding. If our obligations to the above
conventions, and to our own commitments to use biodiversity sustainably
(Anonymous 1998b) are to be met, then this process must clearly be reversed.

To achieve a sounder understanding of what the realized impacts of climate
change are likely to be in South Africa, a number of fundamental research questions
will have to be addressed. These will have to involve the expansion of the excellent
correlational work on species distributions and climate, to more detailed
investigations of the relationships between physiological tolerances, abiotic variables
and species distributional ranges, particularly to determine the extent to which these
are non-linear (Sih & Gleeson 1995; Thomson et al., 1996), subject to temporal or
spatial change, and/or affected by species interactions (Chase 1996; Davis et al.,
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1998a, b). This work will have include examinations of the extent to which
physiological acclimation and/or adaptation is likely to mitigate the effects of
changing climates (see Spicer & Gaston 1999 for additional discussion). Without such
information, our future predictions are likely to suffer as a consequence of a lack of
understanding of the causal chain underlying the process which begins with climate
change, involves species responses, and ultimately ends in changing conservation
requirements. Such research will needs must remain remarkably open-minded as a
consequence of the biological wildcards that complex systems must inevitably throw
up. Possibly one of the most significant of these is the influence of newly arrived
invasive species. Biological invasions are considered one of the most pressing
conservation problems worldwide (Williamson 1996; Enserink 1999), and it seems
unlikely that this will change under a scenario of climate change (Lodge 1993). For
example, the recent arrival in South Africa of Varroa destructor, a parasite of
honeybees, in South Africa (see Allsop et al. 1999) may make many of the concerns
elucidated in this report seem relatively minor. Based on an almost complete
destruction of hives in the United States, and a pessimistic assumption that this will
occur in South Africa, losses to the agricultural industry of approximately R 3 billion
will be sustained, but more importantly, local ecosystems that might be highly
dependent on the pollination services of these abundant, social bees, may experience
substantial, but clearly unpredictable change (M. Allsop, personal communciation).

Consequently, mitigation efforts should be undertaken using the data at hand
and the most appropriate and informed correlational methods available. However, at
the same time, conservation and research agencies should collaborate to ensure that
the necessary biological data continue to be collected and collated, analytical tools for
the integration of these data into national development planning be made available as
broadly as possible, and that these data and tools are underpinned by a sound
understanding of the causal chain underpinning the effects of climate change on
animal species, and their likely conservation implications.

In sum, the following mitigation actions are required:
• implement a representative conservation area network for South Africa that

incorporates considerable redundancy in order to buffer effects of climate change;
• establish an effective species inventorying and distribution monitoring capacity.

This activity should focus efforts on potential detector species as a point of
departure and areas most likely to be susceptible to climate change (western arid
zone and escarpment areas);

• promote the establishment of existing species documentation, analytical and
integrated land-use planning decision making platforms (e.g. SA-ISIS);

• encourage land-use practices or patterns outside conservation areas that minimize
impacts on biodiversity conservation and/or future dispersal probabilities;

• actively discourage rampant land transformation practices;
• support fundamental research to improve our mechanistic understanding of the

manner in which climate limits the distribution of species (directly or indirectly);
• developing a screening procedure for the early detection of potential problematic

invasive species.

REFERENCES

Allan, D. G., Harrison, J. A., Herremans, M., Navarro, R. A., and Underhill, L. G.
1997. Southern African geography: its relevance to birds. In: The Atlas of Southern



50

African Birds. Harrison, J. A., Allan, D. G., Underhill, L. G., Herremans, M., Tree,
A. J., Parker, V. and Brown, C. J. (eds.). Birdlife South Africa, Johannesburg, pp.
1xv-ci.

Allsop, M., Swart, D., Van den Heever, R. & Kryger, P. 1999. The latest on Varroa in
South Africa. South African Bee Journal 71, 23-25.

Anonymous 1998a. White Paper on Population Policy. http://www.polity.org.za/
govdocs/white_papers/popwp.html

Anonymous 1998b. White Paper on the Conservation and Sustainable Use of South
Africa’s Biological Diversity. Government Gazette 385 (No. 18163).

Ashworth, A.C. & Hoganson, J.W. 1987. Coleoptera bioassociations along an
elevational gradient in the lake region of southern Chile, and comments on
postglacial development of the fauna. Annals of the Entomological Society of
America 80, 865-895.

Balmford, A. and Gaston, K.J. (1999) Why biodiversity surveys are good value.
Nature 398, 204-205.

Bayliss, M., Mellor, P.S. & Meiswinkel, R. 1999. Horse sickness and ENSO in South
Africa. Nature 397, 574.

Bergstrom, D. & Chown, S.L. 1999. Life at the front: history, ecology and change on
southern ocean islands. Trends in Ecology & Evolution. 14, 472-477.

Branch, W.R., Benn, G.A. & Lombard, A.T. 1995. The tortoises (Testudinidae) and
terrapins (Pelomedusidae) of southern Africa: their diversity, distribution and
conservation. South African Journal of Zoology 30, 91-102.

Brown, J.H. 1995. Macroecology. University of Chicago Press, Chicago.
Brown, J.H. & Lomolino, M.V. 1998. Biogeography 2nd ed. Sinauer Associates,

Sunderland.
Busby, J.R. 1991. BIOCLIM – A Bioclimatic Analysis and Prediction System.  In:

Nature Conservation: Cost Effective Biological Surveys and Data Analysis.
Margules, C.R. & Austin, M.P. (eds.). CSIRO, Canberrra, pp. 62-68.

Buse, A., Dury, S.J., Woodburn, R.J.W., Perrins, C.M. & Good, J.E.G. 1999. Effects
of elevated temperatures on multi-species interactions: the case of pedunculate oak,
winter moth and tits. Functional Ecology 13 (Suppl. 1), 74-82.

Cammell, M.E. & Knight, J.D. 1992. Effects of climate change on the population
dynamic of crop pests. Advances in Ecological Research 22, 117-162.

Cannon, R.J.C. 1998. The implications of predicted climate change for insect pests in
the UK, with emphasis on non-indigenous species. Global Change Biology 4, 785-
796.

Caughley, G. & Gunn, A. 1996. Conservation Biology in Theory and Practice.
Blackwell Science, Oxford.

Channell, R. & Lomolino, M.V. 2000. Dynamic biogeography and conservation of
endangered species. Nature 403, 84-86.

Chase, J.M. 1996. Abiotic controls of trophic cascades in a simple grassland food
chain. Oikos 77, 495-506.

Chown, S.L. 1994. Historical ecology of subantarctic weevils: Patterns and processes
on isolated islands. Journal of Natural History 28, 411-433.

Chown, S.L. 1997. 1997. Speciation and rarity: separating cause from consequence.
In: The Biology of Rarity. Kunin, W.E. & Gaston, K.J. (eds). Chapman and Hall,
London, pp. 91-109.

Chown, S.L. & Clarke, A.. In press. Stress and the geographic distribution of marine
and terrestrial animals. In: Cell and Molecular Responses to Stress. K.B. Storey &
J. Storey, eds. Elsevier, Amsterdam.



51

Chown, S.L. & Gaston, K.J. 1999. Exploring links between physiology and ecology at
macro-scales: the role of respiratory metabolism in insects. Biological Reviews 74,
87-120.

Chown, S.L. & McGeoch, M.A. 1995. South African Terrestrial Zoology: Future
strengths, weaknesses and opportunities. South African Journal of Science 91, 189-
196.

Coope, G.R. 1979. Late Cenozoic fossil Coleoptera: Evolution, biogeography and
ecology. Annual Review of Ecology & Systematics 10, 247-267.

Coope, GR. 1995 Insect faunas in ice age environments: why so little extinction? In:
Extinction Rates. Lawton, J.H. & May, R.M. (eds.). Oxford University press,
Oxford,  pp. 55-74.

Cornell, H.V. & Lawton, J.H. 1992. Species interactions, local and regional processes,
and limits to the richness of ecological communities: A theoretical perspective.
Journal of Animal Ecology 61, 1-12.

Davis, A.L.V. 1997. Climatic and biogeographical associations of southern African
dung beetles (Coleoptera: Scarabaeidae s. str.).  African Journal of Ecology 35, 10-
38.

Davis, A.L.V., Scholtz, C.H. & Chown, S.L. 1999. Species turnover, community
boundaries and biogeographical composition of dung beetle assemblages across an
altitudinal gradient in South Africa. Journal of Biogeography 26, 1039-1056.

Davis, A.J., Jenkinson, L.S., Lawton, J.H., Shorrocks, B. & Wood, S. 1998a. Making
mistakes when predicting shifts in species range in response to global warming.
Nature 391, 783-786.

Davis, A.J., Lawton, J.H., Shorrocks, B., Jenkinson, L.S. 1998b. Individualistic
species responses invalidate simple physiological models of community dynamics
under global environmental change. Journal of Animal Ecology 67, 600-612.

DEAT (1998). Climate change: a South African policy discussion document,
Department of Environmental Affairs and Tourism, Pretoria, South Africa.

Dennill, G.B., Donnelly, D., Stewart, K. & Impson, F.A.C. 1999. Insect agents used
for the biological control of Australian Acacia species and Paraserianthes
lophantha (Willd.) Nielsen (Fabaceae) in South Africa. African Entomology
Memoir 1, 45-54.

Dennill, G.B. & Gordon, A.J. 1990. Climate-related differences in the efficacy of the
Australian gall wasp (Hymeoptera: Pteromalidae) released for the control of
Acacia longifolia in South Africa. Environmental Entomology 19, 130-136.

Drinkrow, D.R. & Cherry, M.I. 1995. Anuran distribution, diversity and conservation
in South Africa, lesotho and Swaziland. South African Journal of Zoology 30, 82-
90.

Eeley, H.A.C., Lawes, M.J. & Piper, S.E. 1999. The influence of climate change on
the distribution of indigenous forest in Kwazulu-Natal, South Africa. Journal of
Biogeography 26, 595-617.

Enserink, M. Biological invaders sweep in. Science 285, 1834-1836.
Fairbanks, D.H.K., Thompson, M.W., Vink, D.E., Newby, T., van den Berg, H.M.  &

Everard, D.A. 2000. The South African land-cover characteristics database: a
synopsis of the landscape. South African Journal of Science, in press

Fajer, E.D., Bowers, M.D. & Bazzaz, F.A. 1989. The effects of enriched carbon
dioxide atmospheres on plant-insect herbivore interactions. Science 243, 1198-
1200.



52

Fielding, C.A., Whittaker, J.B., Butterfield, J.E.L. & Coulson, J.C. 1999. Predicting
responses to climate change: the effect of latitude and altitude on the phenology of
the Spittlebug Neophilaenus lineatus. Functional Ecology 13 (Suppl. 1), 65-73.

Freedman, B. 1989. Environmental Ecology: the Impacts of Pollution and other
Stresses on Ecosystem Structure and Function. Academic Press, San Diego.

Freitag, S. & Mansell, M.W. 1997. The distribution and protection status of selected
antlion species (Neuroptera: Myrmeleontidae) in South Africa. African
Entomology 5, 205-216.

Freitag, S. & Van Jaarsveld, A.S. 1995. Towards conserving regional mammalian
species diversity: a case study and data critique. South African Journal of Zoology
30, 136-144.

Gaston, K.J. 1994. Rarity. Chapman & Hall, London.
Gaston, K.J. (ed.) 1996. Biodiversity. A Biology of Numbers and Difference.

Blackwell Science, Oxford.
Gaston, K.J., Blackburn, T.M. & Lawton, J.H. 1997. Interspecific abundance-range

size relationships: an appraisal of mechanisms, Journal of Animal Ecology 66, 579-
601.

Gaston, K.J. & Chown, S.L. 1999a. Elevation and climatic tolerance: a test using
dung beetles. Oikos 86, 584-590.

Gaston, K.J. & Chown, S.L. 1999b. Why Rapoport’s rule does not generalise. Oikos
84, 309-312.

Gaston, K.J. & Chown, S.L. 1999c. Geographic range size and speciation. In:
Evolution of Biological Diversity. Magurran, A. & May, R.M. (eds). Oxford
University Press, Oxford, pp. 236-259.

Gates, D.M. 1993. Climate Change and its Biological Consequences. Sinauer
Associates, Sunderland, Mass.

Gelderblom, C.M., Bronner, G.N. 1995. Patterns of distribution and protection status
of endemic mammals in South Africa. South African Journal of Zoology 30, 127-
135.

Gelderblom, C.M., Bronner, G.N., Lombard, A.T. & Taylor, P.J. 1995. Patterns of
distribution and current protection status of the Carnivora, Chiroptera and
Insectivora in South Africa. South African Journal of Zoology 30, 103-114.

Hammond, P. 1994. Practical approaches to the estimation of the extent of
biodiversity in speciose groups. Philosophical Transactions of the Royal Society of
London B 345, 119-136.

Hanski, I. 1998. Metapopulation dynamics. Nature 396, 41-49.
Hanski, I. & Cambefort, Y. 1991. Dung Beetle Ecology. Princeton University Press,

Princeton.
Harrison, J.A., Allan, D.G., Underhill, L.G., Herremans, M., Tree, A.J., Parker, V. &

Brown, C.J. 1997. The atlas of southern African birds. Birdlife South Africa,
Johannesburg.

Henning, S.F. & Henning, G. 1989. South African Red Data Book – Butterflies. South
African National Scientific Programmes Report No. 158, Pretoria.

Hewitson, B.C. 1998. South African National Assessment for the Framework
Convention for Climate Change: Climate Change Scenarios
http://tie.egs.uct.ac.za/fccc/hadcm2.html

Hill, J.K., Thomas, C.D. & Huntley, B. 1999. Climate and habitat availability
determine 20th century changes in a butterfly’s range margin. Proceedings of the
Royal Society of London B 266, 1197-1206.

Hodkinson, I.D. & Bird, J. 1998. Host-specific insect herbivores as sensors of climate



53

change in arctic and alpine environments. Arctic and Alpine Research 30, 78-83.
Hodkinson, I.D., Bird, J., Miles, J.E., Bale, J.E. & Lennon, J. 1999. Climatic signals

in the life histories of insects: the distribution and abundance of heather psyllids
(Strophingia spp.) in the UK. Functional Ecology 13 (Suppl. 1), 83-95.

Hull, H.E., Freitag, S., Chown, S.L. & Bellamy, C.L. 1998. Identification and
evaluation of priority conservation areas for Buprestidae (Coleoptera) in South
Africa, Lesotho, Swaziland and Namibia. African Entomology 6, 265-274.

Huntley, B.J. 1989. Biotic Diversity in Southern Africa: Concepts and Conservation.
Oxford University Press, Cape Town.

International Council for Bird Preservation (ICBP). 1992. Putting Biodiversity on the
Map: Priority Areas for Global Conservation. ICPB, Cambridge.

IPCC. 1992. IPCC Supplement: Scientific Assessment of Climate change. Report
prepared by Working Group 1. WHO-UNEP. Houghton, J.T., Callender, B.A. &
Varney, S. (eds.). Cambridge University Press, Cambridge.

IPCC. 1995. IPCC Second Assessment Synthesis of Scientific-Technical Information
Relevant to Interpreting Article 2 of the UN Framework Convention on Climate
Change.  http://www.ipcc.ch/pub/sarsyn.html.

IPCC. 1997. Summary for Policymakers: The Regional Impacts of Climate Change –
an Assessment of Vulnerability. http://www.ipcc.ch/pub/sr97.html

Jablonski, D. 1987. Heritability at the species level: analysis of geographic ranges of
Cretaceous molluscs. Science 238, 360-363.

Jablonski, D. 1991. Extinctions: A paleontological persective. Science 253, 754-757.
Jablonski, D. & Sepkoski, J.J. Jr. 1996. Paleobiology, community ecology and scales

of ecological pattern. Ecology 77, 1367-1378.
Jablonski, D., Flessa, K.W. & Valentine, J.W. 1985. Biogeography and paleobiology.

Paleobiology 11, 75-90.
Jeffree, C.E. & Jeffree, E.P. 1996. Redistribution of the potential geographical ranges

of Mistletoe and Colorado Beetle in Europe in response to the temperature
component of climate. Functional Ecology 10, 562-577.

Jeffree, E.P. & Jeffree, C.E. 1994. Temperature and the biogeographical distribution
of species. Functional Ecology 8, 640-650.

Karieva, P. M., Kingsolver, J. G. & Huey, R. B. (1993). Biotic Interactions and
Global Change. Sinauer Associates, Sunderland, M.A.

Kerr, J & Pakcer, L. 1998. The impact of climate change on mammal diversity in
Canada. Environmental Monitoring and Assessment 49, 263-270.

Koch, S.O., Chown, S.L., Davis, A.L.V., Endrödy-Younga, S. & Van Jaarsveld, A.S.
In press. Conservation strategies for poorly surveyed taxa: a dung beetle
(Coleoptera, Scarabaeidae) case study from southern Africa. Journal of Insect
Conservation.

Lawes, M.J. 1990. The distribution of the samango monkey (Cercopithecus mitis
erythrarcus Peters, 1852 and Cercopithecus mitis labiatus I. Geoffroy, 1843) and
forest history in southern Africa. Journal of Biogeography 17, 669-680.

Lawton, J.H. & May, R.M. 1995. Extinction Rates. Oxford University Press, Oxford.
Le Lagdec, M. D., Chown, S. L. & Scholtz, C. H. 1998. Desiccation resistance and

water balance in southern African keratin beetles (Coleoptera, Trogidae): the
influence of body size and habitat. Journal of Comparative Physiology B 168, 112-
122.

Lindsay, S.W., Parson, L. & Thomas, C.J. 1998. Mapping the ranges and relative
abundance of the two principal African malaria vectors, Anopheles gambiae sensu



54

stricto and An. arabiensis, using climate data. Proceedings of the Royal Society of
London B 265, 847-854.

Lodge, D.M. 1993. Species invasions and deletions: Community effects and responses
to climate and habitat change. In: Biotic Interactions and Climate Change. P.M.
Kareiva, J.G. Kingsolver & R.B. Huey (eds.). Sinauer Associates, Sunderland MA,
pp. 367-387.

Lombard, A.T. 1995. The problems with multi-species conservation: do hotspots,
ideal reserves and existing reserves coincide? South African Journal of Zoology 30,
145-163.

Lovegrove, B.G. & Wissel, C. 1998. Sociality in molerats, metabolic scaling and the
role of risk sensitivity. Oecologia 74, 600-606.

Low, A. B. and Rebelo, A. G. 1996. Vegetation of South Africa, Lesotho, and
Swaziland. Department of Environmental Affairs and Tourism, Pretoria, South
Africa.

Margules, C.R. & Redhead, T.D. 1995. BioRap: Guidelines for Using the BioRap
Methodology and Tools. CSIRO/Worldbank, Australia.

Markham, A. & Malcolm, J. 1996. Wildlife and biodiversity impact and adaptation
assessment. In: Vulnerability and Adaptation Assessment: an International
Handbook. Benioff, R., Guill, S. & Lee, J. (eds.), Kluwer Academic, London, pp.
5-107 – 5-133.

McDonald, I.A.W. & Midgley, G.F. (1996). Impacts and implications for nature
conservation. In: Global Climate Change and South Africa. Shackleton, L.Y.,
Lennon, S.J., & Tosen, G.R. (eds.). Environmental Scientific Association,
Cleveland, South Africa, pp. 83-86

McGeoch, M. 1998. The selection, testing and application of terrestrial insects as
bioindicators. Biological Reviews 73, 181-201.

McNeely, J.A. 1992. The sinking ark: pollution and the worldwide loss of
biodiversity. Biodiversity and Conservation 1, 2-18.

McNeely, J.A. 1993. Economic incentives for conserving biodiversity: Lessons for
Africa. Ambio 22, 144-150.

McNeely, J.A. 1994. Protected areas for the 21st century: working to provide benefits
to society. Biodiversity and Conservation 3, 390-405.

McNeely, J.A. 1995. Keep all the pieces: Systematics 2000 and world conservation.
Biodiversity and Conservation 4, 510-519.

McNeely, J.A., Gadgil, M., Leveque, C. & Redford, K. 1995. Human influences on
Biodiversity. In: Global Biodiversity Assessment. Heywoord, V.H. & Watson, R.T.
(eds.). Cambridge University Press, Cambridge, ch. 11, pp. 711- 821.

Myers, A.A. & Giller, P.S. 1988. Analytical Biogeography. An Integrated Approach
to the Study of Animal and Plant Distributions. Chapman & Hall, London.

Noss, R.F. (1990). Indicators for monitoring biodiversity: a hierarchical approach.
Conservation Biology 4, 355-364.

Oatley, T and Arnott, G. 1998. Robins of Africa. Acorn Books, Randburg and Russel
Friedman Books, Halfway House.

Osborne, P.E. & Tigar, B.J. 1992. Interpreting bird atlas data using logistic models: an
example from Lesotho, Southern Africa. Journal of Applied Ecology 29, 55-62.

Parmesan, C., Ryrholm, N., Stefanescus, C., Hill, J.K., Thomas, C.D., Descimon, H.,
Huntley, B., Kaila, L., Kullberg, J., Tammaru, T., Tennett, W.J., Thomas, J.A. &
Warren, M. 1999. Poleward shifts in geographical ranges of butterfly species
associated with regional warming. Nature 399, 579-583.



55

Post, E. & Stenseth, N.C. 1999. Climatic variability, plant phenology, and northern
ungulates. Ecology 80, 1322-1339.

Pounds, J.A., Fogden, M.P.L. & Campbell, J.H. 1999. Biological response to climate
change on a tropical mountain. Nature 398, 611-615.

Poynton, J. C. 1961. Biogeography of south-east Africa. Nature 189, 801-803.
Poynton, J. C. and Boycott, R. C. 1996. Species turnover between Afromontane and

eastern African lowland faunas: patterns shown by amphibians. Journal of
Biogeography 23, 669-680.

Pulliam, H.R. 1988. Sources, sinks and population regulation. American Naturalist
132, 655-661.

Reford, K.H. 1992. The empty forest. BioScience 42, 412-422.
Richter, T.A., Webb, P.I. & Skinner, J.D. 1997. Limits to the distribution of the

southern African Ice rat (Otomys sloggettii): thermal physiology or competitive
exclusion? Functional Ecology 11, 240-246.

Ricklefs, R. E. and Schluter, D. 1993. Species Diversity in Ecological Communities:
Historical and Geographical Perspectives. University of Chicago Press, Chicago.

Robinson, T., Rogers, D. & Williams, B. (1997). Univariate analysis of tsetse habitat
in the common fly belt of southern Africa using climate and remotely sensed
vegetation data. Medical and Veterinary Entomology 11, 223-234.

Robinson, T., Rogers, D. & Williams, B. (1997). Mapping tsetse habitat suitability in
the common fly belt of southern Africa using multivariate analysis of climate and
remotely sensed vegetation data. Medical and Veterinary Entomology 11, 235-245.

Rogers, D. J. & Williams, B. G. 1994. Tsetse distribution in Africa: seeing the wood
and the trees. In: Large-Scale Ecology and Conservation Biology. Edwards, P.J.,
May,  R. M. May & Webb, N.R. (eds.). Blackwell Scientific Publications, Oxford,
pp. 247-271.

Root, T. 1988. Environmental factors associated with avian distribution boundaries.
Journal of Biogeography 15, 489-505.

Roy, K., Valentine, J.W., Jablonski, D. & Kidwell, S.M. 1996. Scales of climatic
variability and time averaging in Pleistocene biotas: implications for ecology and
evolution. Trends in Ecology and Evolution 11, 458-463.

Rutherford, M. C. and Westfall, R. H. 1994. Biomes of southern Africa: an objective
categorization. Memoirs of the Botanical Survey of South Africa 63, 1-94.

Samways, M. J. 1989. Climate diagrams and biological control: an example from the
areography of the ladybird Chilocorus nigritus (Fabricius, 1798) (Insecta,
Coleoptera, Coccinellidae). Journal of Biogeography 16, 346-351.

Samways, M.J. 1994. Insect Conservation Biology. Chapman & Hall, London.
Samways, M.J., Osborn, R., Hastings, H. & Hattingh, V. 1999. Global climate change

and accuracy of prediction of species’ geographical ranges: establishment success of
introduced ladybirds (Coccinellidae, Chilocorus spp.) worldwide. Journal of
Biogeography 26, 795-812.

Scholtz, C.H. & Chown, S.L. 1993. Insect conservation and extensive agriculture: The
savanna of southern Africa. In: Perspectives on Insect Conservation. Gaston, K.J.,
New, T.R. & Samways, M.J. (eds). Intercept, Andover, pp. 75-95.

Scholtz, C.H. & S.L. Chown. 1995. Insects in southern Africa: How many species are 
there? South African Journal of Science 91, 124-126.

Schulze, R., Maharaj, M., Lynch, S.D., Howe, B.J., Melvil-Thomson, B. 1997. South
African Atlas of Agrohydrology and Climatology. CSIR, Pretoria.



56

Shackleton, L.Y. 1996. Global climate change. Shackleton, L.Y., Lennon, S.J., &
Tosen, G.R. (eds.). Environmental Scientific Association, Cleveland, South Africa,
pp. 2.

Sih, A. & Gleeson, S.K. 1995. A limits-oriented approach to evolutionary ecology.
Trends in Ecology & Evolution 10, 378-382.

Smith, F.A, Browning, H. & Shepherd, U.L. 1998. The influence of climate change
on the body mass of woodrats Neotoma in an arid region of New Mexico, USA.
Ecography 21, 140-148.

Sokal, R.R. & Rohlf, F.J. 1981. Biometry. The Principles and Practice of Statistics in
Biological Research. 2nd Edition. W.H. Freeman, San Francisco.

Spicer, J.I. & Gaston, K.J. 1999. Physiological Diversity and its Ecological
Implications. Blackwell Science, Oxford.

Srivastava, D.S. 1998. Using local-regional plots to test for species saturation: pitfalls
and potentials. Journal of Animal Ecology 68, 1-16.

Sutherst, R.W. & Maywald, G.F. 1985. A computerized system for matching climates
in ecology. Agriculture, Systems and Environment 13, 281-299.

Sutherst, R.W., Maywald, G.F. & Skarrat, D.B. 1995. Predicting insect distributions
in a changed climate. In: Insects in a Changing Environment. Harrington, R. &
Stork, N.E. (eds.). Academic Press, London, pp. 59-91.

Thirgood, S.J. and Heath, M.F. 1994. Global patterns of endemism and the
conservation of biodiversity. Birdlife International (formerly International Counsil
for Bird Preservation). In: Systematics and Conservation Evaluation.  Forey, P.L.,
Humphries, C.J. & Vane-Wright, R.I. (eds.). The Systematics Association,
London, pp. 207-227.

Thomas, C.D. 1983. A quick method for estimating butterfly numbers during surveys.
Biological Conservation 27, 195-211.

Thomas, C.D. & Kunin, W.E. 1999. The spatial structure of populations. Journal of
Animal Ecology 68, 647-657.

Thomas, J.A., Rose, R.J., Clarke, R.T., Thomas, C.D. & Webb, N.R. 1999.
Intraspecific variation in habitat variability among ectothermic animals near their
climatic limits and their centres of range. Functional Ecology 13 (Suppl 1), 55-64.

Thomson, J.D., Weiblen, G., Thomson, B.A., Alfaro, S. & Legendre, P. 1996.
Untangling multiple factors in spatial distributions: Lilies, gophers, and rocks.
Ecology 77, 1698-1715.

Tokeshi, M. 1999. Species Coexistence. Ecological and Evolutionary Perspectives.
Blackwell Science, Oxford.

Van Jaarsveld, A.S. & Biggs, H.C. 2000. Broad participation enhances initial steps
towards a South African ecosystem observatory system (LTER). South African
Journal of Science 96, 63-66.

Van Jaarsveld, A.S. & Chown, S.L. 1996. Strategies and time-frames for
implementing the Convention on Biological Diversity: biological requirements.
South African Journal of Science 92, 459-464.

Van Jaarsveld, A.S., Gaston, K.J., Chown, S.L. & Freitag, S. 1998. Throwing
biodiversity out with the binary data? South African Journal of Science 94, 210-
214.

Van Wyk, A.E. 1996. Biodiversity of the Maputaland Centre. – In: The Biodiversity in
African Savannahs. van der Maesen, L.J.G., van der Burgt, X.M. & van
Medenbach de Rooy, J.M. (eds.). Kluwer Academic Publishers, Dordrecht, pp.
198-207.



57

Walker, P.A. 1990. Modelling wildlife distributions using a geographic information
system: kangaroos in relation to climate. Journal of Biogeography 17, 279-289.

Wessels, K.J., Reyers, B., & van Jaarsveld, A.S. 2000. Incorporating land cover
information into regional biodiversity assessments in South Africa. Animal
Conservation 3, 67-79.

White, F. 1983. The Vegetation of Africa: a Descriptive Memoir to Accompany the
UNESCO/AETFAT/ UNSO Vegetation Map of Africa. Natural Resources Research
XX. UNESCO, Paris.

Whiteside, A. 1994. AIDS in South Africa: A Wild Card? In: Sustainable
Development for a Democratic South Africa. Cole, K. (ed.). Earthscan, London.

Williams, B. & Campbell, C. 1995. HIV/AIDS Management in South Africa.
Priorities for the Mining Industry. Epidemiology Research Unit, Johannesburg.

Williamson, M. 1996. Biological Invasions. Chapman & Hall, London.



58

Appendix 1
Species screening workshop participants

C. Bellamy (Museum of Natural History, Northern Flagship Institution (Transvaal 
Museum), Pretoria.

W. R. Branch (Herpetology Department, Port Elizabeth Museum)
C. Chimimba (Department of Zoology & Entomology, University of Pretoria)
S.L. Chown (Department of Zoology & Entomology, University of Pretoria)
A. Davis (Department of Zoology & Entomology, University of Pretoria)
B.F.N. Erasmus (Conservation Planning Unit, Department of Zoology & Entomology,

University of Pretoria)
S. Freitag (Conservation Planning Unit, Department of Zoology & Entomology, 

University of Pretoria)
J.A. Harrison (Avian Demography Unit, University of Cape Town)
H. Hull (Department of Zoology & Entomology, University of Pretoria)
S.O. Koch (Conservation Planning Unit, Department of Zoology & Entomology, 

University of Pretoria)
M. Krüger (Museum of Natural History, Northern Flagship Institution (Transvaal 

Museum), Pretoria.
M. Mansell (National Insect Collection, ARC Plant Protection Research Institute, 

Pretoria).
C. Muller (Conservation Planning Unit, Department of Zoology & Entomology, 

University of Pretoria).
D. Oschadleus (SAFRING, Avian Demograpy Unit, University of Cape Town, Cape 

Town). 
D. Schlitter (Texas Cooperative Wildlife Collection, Department of Wildlife & 

Fisheries sciences, Texas A & M University, College Station, USA).
A.S. van Jaarsveld (Conservation Planning Unit, Department of Zoology & 

Entomology, University of Pretoria).
L. Underhill (Avian Demography Unit, University of Cape Town).
M. Whiting (Department of Animal, Plant & Environmental Sciences, University of 

the Witwatersrand).
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Appendix 2

List of all species employed in this study

BIRDS

Common name Scientific name
Anteating Chat Myrmecocichla formicivora
Blackchested Prinia Prinia flavicans
Blackheaded Canary Serinus alario
Blackthroated Canary Serinus atrogularis
Blue Korhaan Eupodotis caerulescens
Buffstreaked Chat Oenanthe bifasciata
Bully Canary Serinus sulphuratus
Cape Bunting Emberiza capensis
Cape Canary Serinus canicollis
Crimsonbreasted Shrike Laniarius artococcineus
Dark Chanting Goshawk Melierax metabates
Drakensberg Siskin Pseudochloroptila symonsi
Dusky Sunbird Nectarinia fusca
Forest Canary Serinus scotops
Ground Woodpecker Geocolaptes olivaceus
Kalahari Robin Erythropygia paena
Karoo Korhaan Eupodotis vigorsii
Karoo Robin Erythropygia coryphaeus
Larklike Bunting Emberiza impetuani
Longtailed Shrike Corvinella melanoleuca
Ludwig's Bustard Neotis ludwigii
Malachite Sunbird Nectarinia famosa
Pale Chanting Goshawk Melierax canorus
Redcrested Korhaan Eupodotis ruficrista
Redeyed Bulbul Pycnonotus nigricans
Rock Bunting Emberiza tahapisi
Rock Kestrel Falco tinnunculus
South African Cliff Swallow Hirundo spilodera
South African Shelduck Tadorna cana
Stanley's Bustard Neotis denhami
Streakyheaded Canary Serinus gularis
Tractrac Chat Cercomela tractrac
Whitethroated Canary Serinus albogularis
Yellow Canary Serinus flaviventris



60

MAMMALS

Common name Scientific name
Cape pangolin Manis temminckii
Cape serotine bat Eptesicus capensis
Caracal Felis caracal
Giant golden mole Chrysospalax trevelyani
Grant's rock mouse Aethomys granti
Gunning's golden mole Amblysomus gunningi
Hottentot golden mole Amblysomus hottentotus
Meller's mongoose Rhynchogale melleri
Namaqua rock mouse Aethomys namaquensis
Red duiker Cephalophus natalensis
Riverine rabbit Bunolagus monticularis
Rock dassie Procavia capensis
South African lesser bushbaby Galago moholi
Striped polecat Ictonyx striatus
Suricate Suricata suricatta
Verreaux's mouse Myomyscus verreauxii
Wahlberg's epauletted fruit bat Epomophorus wahlbergi
Water mongoose Atilax paludinosus
Yellow mongoose Cynictis penicillata
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BUTTERFLIES

Abantis bicolor
Acraea natalica
Belenois aurota
Catopsilia florella
Charaxes jasius
Colias electo
Colotis danae
Danaus chrysippus
Dira swanepoeli
Eurema brigitta
Freyeria trochylus
Henotesia perspicua
Lepidochrysops bacchus
Papilio dardanus
Papilio demodocus
Papilio euphranor
Papilio nireus
Pontia helice
Zizeeria knysna
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REPTILES

Lizards Snakes Tortoises
Acontias plumbeus Amblyodipsas concolor Geochelone pardalis
Bradypodium damaranum Bitis atropos Homopus areolatus
Chamaeleo dilepis Bitis caudalis Homopus boulengeri
Chamaeleo namaquensis Bitis cornuta Homopus femoralis
Chamaesaura aneae Bitis gabonica Homopus signatus
Chondrodactylus angulifer Causus defilippii Kinixys belliana
Cordylus giganteus Dasypeltis inornata Kinixys lobatsiana
Cordylus macrophallus Dispholidus typus Kinixys natalensis
Heliobolus lugubris Hemachatus haemachatus Kinixys spekii
Homopholis wahlbergi Homoroselaps dorsalis Psammobates geometricus
Mabuya capensis Lamprophis aurora Psammobates oculifer
Mabuya homalocephala Lamprophis inornatus Psammobates tentorius
Nucras lalandei Lycodonomorphus rufulus
Nucras livida Macrelaps microlepidotus
Pedioplanis laticeps Naja nivea
Pedioplanis namaquensis Psammophis subtaeniatus
Scelotes mirum Python sebae
Tropidosaura montana Typhlops bibronii
Varanus albigularis Typhlops fornasinii
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OTHER
INVERTEBRATES

Dung beetles Jewel beetles Antlions
Chironitis audens Acmaeodera albovillosa Cymothales bouvieri
Copris cornifrons Acmaeodera grata Cymothales illustris
Epirinus flagellatus Julodis cirrosa Golafrus oneili
Epirinus gratus Julodis viridipes Palparellus festivus
Garreta unicolor Lampetis gregaria Palpares annulatus
Gymnopleurus humanus Lampetis viridimarginata Palpares cataractae
Metacatharsius marani Megactenodes reticulata Palpares lentus
Neosisyphus infuscatus Monosacra lalandei Palpares sobrinus
Neosisyphus mirabilis Neojulodis tomentosa Palpares sparsus
Onitis minutus Phlocteis exasperata Palpares speciosus
Onthophagus asperulus Pseudophlocteis vidua Pamexis karoo
Onthophagus binodis Scaptelytra aliena
Onthophagus cameloides Sphenoptera brincki
Onthophagus immundus Sternocera orissa
Onthophagus stigmosis
Phalops ardea
Scarabaeus gariepinus
Scarabaeus rugosus
Scrabaeus aesculapius

Termites
Stolotermes
Porotermes
Fulleritermes
Apicotermes
Macrotermes (4 species)
Termes
Allodontotermes
Cryptotermes (2 species)
Hodotermes
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RED DATA BOOK AND VULNERABLE
SPECIES

Birds Mammals Butterflies
Stanley's Bustard Riverine rabbit Dira swanepoeli
Blue Korhaan Grant's rock mouse Lepidochrysops bacchus
Ground Woodpecker Papilio euphranor
Buffstreaked Chat
Drakensberg Siskin

Reptiles Dung beetles
Acontias plumbeus Scarabaeus gariepinus
Nucras lalandei Scarabaeus rugosus
Pedioplanis laticeps Neosisyphus infuscatus
Pedioplanis namaquensis Neosisyphus mirabilis
Scelotes mirum Epirinus flagellatus
Tropidosaura montana Epirinus gratus
Varanus albigularis Chironitis audens
Bradypodium damaranum Copris cornifrons
Chamaeleo dilepis Onthophagus cameloides
Chamaeleo namaquensis Garreta unicolor
Chamaesaura aneae Gymnopleurus humanus
Chondrodactylus angulifer Metacatharsius marani
Cordylus giganteus Onthophagus asperulus
Cordylus macrophallus Onthophagus binodis
Heliobolus lugubris Onthophagus immundus
Homopholis wahlbergi Onitis minutus
Mabuya capensis Onthophagus stigmosis
Mabuya homalocephala Phalops ardea
Python sebae Scrabaeus aesculapius
Bitis gabonica
Amblyodipsas concolor
Dasypeltis inornata
Dispholidus typus
Lamprophis aurora
Lamprophis inornatus
Macrelaps microlepidotus
Psammobates geometricus
Psammobates oculifer
Psammobates tentorius
Geochelone pardalis
Homopus areolatus
Homopus boulengeri
Homopus femoralis
Homopus signatus
Kinixys belliana
Kinixys lobatsiana
Kinixys natalensis
Kinixys spekii


