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fire in Tswalu Kalahari Reserve

@ CrpssMark

Exploring the long-term influence of climate and land use on vegetation change allows for a
more robust understanding of how vegetation is likely to respond in the future. To inform
management, this study investigated the relationship between vegetation productivity trends
and potential drivers of change in the 110 000 ha of the Tswalu Kalahari Reserve between 2000
and 2015, using the Moderate Resolution Imaging Spectroradiometer Enhanced Vegetation
Index (EVI, MOD13Q1). Spatio-temporal variability of the EVI was mapped and then related
to the historical records of precipitation, animal numbers and fire occurrences. Long-term
trends in productivity were analysed by residual trend analysis (RESTREND). Significantly
different EVI profiles were found between vegetation types, and this was related to the
structure and function of the vegetation, as well as the effects of soil reflectance. The EVI time-
series signalled spatial and temporal heterogeneity in plant productivity, which was strongly
correlated with rainfall, although fire and especially herbivory had noteworthy localised
effects on productivity. The RESTREND identified a significant positive trend in plant
productivity in shrub-dominated vegetation types, providing evidence for the ongoing
thickening of woody species. Significant negative trends in productivity were associated with
artificial water points and more heavily stocked areas, leading to degradation.

Conservation implications: The southern Kalahari has a highly variable rainfall regime,
which is tied to a dynamic vegetation response. This variability should be taken into account
when making management decisions. Field-based monitoring together with adaptive
management approaches are needed in the face of an uncertain future in which significant
warming is expected.

Introduction

Vegetation dynamics in arid environments are controlled to a large degree by abiotic factors such
as temperature and moisture availability (Reynolds et al. 2004; Weltzin et al. 2003). Changes in
moisture supply to vegetation, either directly via rainfall or indirectly in terms of the effects of
rising temperatures on evaporation and transpiration rates, are therefore likely to have a significant
effect on arid-adapted vegetation (Collins et al. 2014; Weltzin et al. 2003). Consequently, there is
an expectation that anthropogenic climate change will have a disproportionate impact on arid
systems. Indeed, recent declines in the equator-ward populations of certain arid region species,
and a poleward shift in species’ ranges as a result of physiological stress and/or changing inter-
specific interactions between species, have already been documented (Cahill et al. 2012; Chen
et al. 2011; Hickling et al. 2006).

Because of slow vegetation growth rates and episodic recruitment in arid environments, long-
term monitoring studies have been crucial in revealing directional changes in these systems
(Guo 2004; Lindenmayer et al. 2012; Rahlao et al. 2008). Although it can be difficult to discern
the relative influence of different drivers on vegetation dynamics (Weltzin et al. 2003), drawing
on long-term and large-scale ecological data sets can provide a more accurate representation
and robust understanding of complex systems and enable more evidence-based conservation
management (Lindenmayer et al. 2012). Earth Observation Data (EOD) derived from satellites
have been used in a number of studies to monitor environmental change (Nagendra et al. 2013).
With its broad spatial coverage, growing historical archive, temporal consistency and cost
efficiency, EOD can circumvent the logistical challenges of field-based monitoring techniques
(Mishra et al. 2015b; Nagendra et al. 2013). However, in the sparsely vegetated drylands context,

Note: This article is partly based on the thesis by Wataru Tokura, ‘Understanding changes in plant productivity using EVI satellite data in
Tswalu Kalahari Reserve’, available at https://open.uct.ac.za/handle/11427/20933
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the application of EOD for vegetation studies has certain
challenges, such as considerable background noise in the
Normalised Difference Vegetation Index (NDVI) values
(Huete et al. 2002; Kong et al. 2015; Palmer & Van Rooyen
1998; Van Rooyen 2000), as well as in accounting for the
overriding influence of rainfall over other factors (Wessels
et al. 2007). Nevertheless, recent vegetation monitoring
studies in the semi-arid Kalahari in southern Africa have
successfully employed time-series NDVI or improved
vegetation indices such as the Enhanced Vegetation Index
(EVI), with careful interpretation aided by an understanding
of the ecology and vegetation dynamics of the region (e.g.
Colditz et al. 2007; Mishra et al. 2015a). Several techniques,
such as rain use efficiency and residual trend analysis
(RESTREND) (Wessels et al. 2007, 2012), have also been
developed to isolate the effects of rainfall in order to discern
the influence of other factors on dry land vegetation.

In relation to other drylands of the world, the southern
Kalahari, located in the central-western region of southern
Africa, has experienced some of the strongest warming in the
historical record (Kruger & Sekele 2013). Moreover, modelled
projections are for particularly severe climate change in this
region in the 21st century, with reductions in moisture
availability and higher evaporative loss as a result of marked
temperature increases (Dai 2013; Engelbrecht et al. 2015;
Shongwe et al. 2009). Several studies have reported on how
historical warming may already be contributing to the
reduced fitness of certain bird species (e.g. Cunningham et al.
2013; Du Plessis et al. 2012). However, the impact of historical
and projected climate change on vegetation change in the
southern Kalahari has received less attention, probably
because of the difficulty of separating the influence of multiple
interacting drivers of change that operate at different temporal
and spatial scales.

Changes in the climate are happening against the backdrop
of a shift in land use from extensive livestock production to
private game reserves for tourism and hunting, as the latter
becomes increasingly profitable (Cloete et al. 2007; Thomas &
Paul 1991). However, little is known about the long-term
consequences of such a shift on vegetation. For example,
changesinvegetation composition, structure and productivity
on livestock farms in the southern Kalahari have traditionally
been ascribed to overstocking (Rutherford & Powrie 2010;
Skarpe 1990) and the presence of boreholes (Palmer & Van
Rooyen 1998; Van Rooyen & Van Rooyen 1998). The impact
on the environment of free-roaming wild game, often kept at
high densities and in the absence of predator species, has not
been adequately assessed.

Both livestock production and game farming are heavily
reliant on rainfall to ensure good forage. Therefore, an
increase in aridity is likely to affect the stocking rates of both
industries and erode the profitability of these enterprises.
This is a cause of concern because rangelands in the Kalahari
are known to be sensitive to overgrazing, with irreversible
shifts from palatable perennial grasses to unpalatable woody
shrubs, or to grasslands with a dominance of annual species
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(Rutherford & Powrie 2010; Skarpe 1990; Van Rooyen 2000).
Additionally, an increase in atmospheric CO, concentration is
also likely to facilitate the thickening of woody plants, which
might lead to a shift in the suitability of vegetation for grazers
to a suitability for browsers, as has been observed elsewhere
in southern Africa (Bond & Midgley 2012; O’Connor,
Puttick & Hoffman 2014).

Given the sensitivity of the southern Kalahari to projected
climate change and the complex ramifications of a shift
in vegetation composition and structure on the natural
environment and tourism industry, a robust understanding
of the strengths of the relationships between arid-adapted
vegetation and likely drivers of change, as well as rates of
change, should be a priority. This study investigated the
relationship between vegetation productivity trends and
drivers of change over a 15-year period (2000-2015) in a
110 000 ha mega-reserve in the southern Kalahari. This study
was conducted in order to determine the dominant drivers
of vegetation productivity, and thereby better understand
vegetation responses to current and future climate change.
Earth Observation Data were used to (1) map plant
communities; (2) analyse patterns of plant productivity in
space and time; (3) relate changes to historical records for
precipitation, animal numbers and fire; and (4) assess where
unidirectional changes in productivity might represent the
thickening of woody species or degradation. Finally, we
reflect on the implications of the findings of this study for
natural resource management in similarly arid, summer
rainfall environments.

Research methods and design
Study site

Tswalu Kalahari Reserve (TKR, 27.2031 S 22.4673 E, 1020 km?)
is situated in the Northern Cape province of South
Africa (Figure 1). The climate is typically hot and arid with
highly variable rainfall occurring mainly during summer
(December-March). The mean annual rainfall and standard
deviation for the past 25 years is 361.4 mm + 169.2 mm (South
African Weather Service 2015). The landscape is characterised
by sandy plains and parallel sand dunes, while the quartzitic
Korannaberg Mountains extend from north to south through
the eastern half of the reserve (Davis et al. 2010). Five different
vegetation units are mapped by Mucina and Rutherford
(2006) for the TKR, including Koranna-Langeberg Mountain
Bushveld, Gordonia Duneveld, Gordonia Plains Shrubveld,
Olifantshoek Plains Thornveld and Kathu Bushveld.

Prior to 1995 the TKR was divided into more than 40 livestock
farms, but was converted into a nature reserve by removing
farm infrastructure (e.g. fences and livestock handling pens),
closing several artificial water points and restocking with
wildlife species (Davis et al. 2010). The TKR has undergone
continual expansion in the last 20 years and the current size
of the reserve exceeds 110000 ha. Currently, 75 mammal
species are present, most of which are grazing herbivores (e.g.
gemsbok [Oryx gazelle], springbok [Antidorcas marsupialis] and
blue wildebeest [Connochaetes taurinus]), with a lower number
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FIGURE 1: (a) Location of Tswalu Kalahari Reserve and major management units, and a comparison of the vegetation maps of the Tswalu Kalahari Reserve adapted from
(b) Mucina & Rutherford (2006) and (c) a Landsat-based vegetation map prepared during the course of this study.
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of browser species (e.g. greater kudu [Tragelaphus strepsiceros],
giraffe [Giraffa camelopardalis] and black rhinoceros [Diceros
bicornis]), omnivores and predators. The reserve is divided
into three fenced areas, each with its own management plan
(Figure 1). These are (1) the ‘predator camp’ in the north-east
where lions [Panthera leo] are present, (2) the roan [Hippotragus
equinus] and sable [Hippotragus niger] breeding camp in the
north-west corner of the reserve, fenced off into ten sections
and (3) the remainder of the reserve which supports the
majority of the herbivores.

Data preprocessing

Vegetation types

To derive a vegetation map of the TKR, the cloud-free,
geometrically corrected, multispectral Landsat 8 Operational
Land Imager (OLI) data (captured on 02 April 2014, scene ID
LC81740792014092LGNO00), Band B2-B7 (blue, green, red,
near infrared, SWIR1 and SWIR2) were used to perform
supervised classification. The bands of images covered the
entire reserve and were taken near the peak of the growth
season in an above-average rainfall year. The obtained image
was converted from a digital number to a top of atmosphere
radiance and then corrected for the sun’s angle during
preprocessing before the analysis, using Geosud Toa
Reflectance plugin (ver 1.0) in QGIS (ver 2.10 pisa, QGIS
Development Team).

Preprocessed Landsat OLI data were used for the supervised
classification with arandom forest algorithm. A comprehensive
set of photographs taken in May 2015 of the main vegetation
units in the TKR was used to produce a training data set. This
was augmented by high-resolution satellite images from
Google Earth (ver 7.1.5.1557, Google Inc.) in combination with
vegetation classes of the national vegetation map produced by
Mucina and Rutherford (2006). Based on this approach, a total
of 53 sampling areas were generated and 200 pixels were
randomly selected per vegetation class. The 200 pixels were
then split into 100 training pixels and 100 validation pixels.
Subsequently, a supervised classification was performed
using the random forest algorithm package ‘rasclass’
(ver 0.2.2) in R (ver 3.1.0, R Core Team 2013). The routines of
post-processing were performed using QGIS (ver 2.10) and
included filtering isolated pixels or noise. Accuracy was
assessed by comparing the validation pixels against those in
the produced map. The final product comprising a Landsat-
based vegetation map was amalgamated into a single image
and used in further analyses.

Vegetation productivity

Satellite images, which encompassed the reserve for the
period February 2000 to November 2015, were obtained. The
EVI product at 250 m resolution derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS, MOD13Q1
ver 005) was used as a proxy for plant productivity. This
approach has been used previously for the monitoring of
plant productivity in the Kalahari (Colditz et al. 2007; Hiittich
et al. 2009). The MODIS EVI product has several advantages
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such as a reduction in atmospheric noise and a reduction in
the variation in canopy background signals (Huete et al.
2002), as well as a decoupling of the influence of the variation
in soil brightness (Solano et al. 2010).

The seasonality parameters of the EVI were extracted from
time-series data using the software package TIMESAT
(Jonsson & Eklundh 2004). This package can quantify noise-
corrupted remote sensing time-series data by filtering each
pixel for noise and identifying (1) phenological measurements
such as the beginning and end of the plant growth season and
(2) plant productivity, represented by the Small Integrated
Value of EVI (SIV of EVI) (Jonsson & Eklundh 2004; Wessels
etal. 2011). The adaptive Savitzky—Golay filter, with a window
width of four data points, was applied to smooth the data.
The season per year was set at one because vegetation in
the Kalahari has one growth season per year. The start and
end of the growth seasons were defined as a 20% increase
in the seasonal amplitude, measured from the left and right
minimum levels to the maximum of the seasonal curve. These
values were determined not only by visually inspecting the
fitted curve on the TIMESAT graphical user interface but
also by referring to an earlier study from the region (Wessels
et al. 2011). To illustrate spatio-temporal patterns of vegetation
productivity, the SIV of EVI, quantified by TIMESAT, was
mapped onto each growth season. The SIV of EVI provides a
good estimate of the production of the seasonally dominant
vegetation type (Fensholt et al. 2013; Jonsson & Eklundh 2004)
for each pixel. Additionally, smoothed time-series data of EVI
were extracted to understand the temporal variation in plant
productivity.

Rainfall

Daily rainfall data collected from 30 rain gauges located
within the TKR for the period 2001-2014 were used in the
analysis. In addition, monthly rainfall records from five
neighbouring rainfall stations (Van Zylsrus, Kathu, Severn,
Wildebeesduin and Upington) were obtained from the South
African Weather Service (2015).

A spatially continuous rainfall surface was generated by
interpolating the rainfall records from the 35 stations
distributed throughout and around the TKR. Firstly, the
original data from rain gauges and weather stations were
formatted by removing incomplete and suspect records.
Next, total rainfall for the growth season, which starts at the
beginning of October and ends at the end of September in the
Savanna Biome of South Africa (Wessels et al. 2011), was
calculated as the annual rainfall for each rainfall station.

To produce annual rainfall surfaces, ordinary kriging was
performed because it is commonly used and appears to be
preferable (Goovaerts 2000; Ly, Charles & Degré 2013). A
spherical model was selected to fit a semi-variogram, while
other parameters were set at default values. The annual rainfall
surfaces were produced using the Geostatistical Analyst tool
in ArcMap (ver 10.0, ESRI) for the 2001-2002 to 20132014
growth seasons at 250 m spatial resolution, which matched
precisely to the MODIS raster image.



http://www.koedoe.co.za

Herbivores

Changes in herbivore pressure were estimated using large
animal units (LAUs), which is a standard metric for calculating
commercial stocking densities (Van Rooyen 2010). The LAUs
were determined from annual aerial count data provided by
the TKR for the period 20052016 for the predator camp and
the remainder of the TKR (excluding the roan and sable
breeding camp).

Fire

The MODIS burned-area product (MCD45A1), which denotes
monthly fire occurrence at 500 m resolution, was used to
examine the effect of fire on plant productivity in the TKR.
These data, from the beginning of the 2000-2001 growth
season to the end of the 20142015 growth season, were
downloaded. All the satellite data were obtained for the TKR
from the National Aeronautics and Space Administration’s
Earth Observing System clearing house, Reverb (http://
reverb.echo.nasa.gov/reverb/).

Data analysis

Relationship between vegetation productivity and
potential drivers

The influence of the potential drivers (rainfall and herbivores)
on vegetation productivity in the different vegetation types
was analysed as a response variable in a linear mixed-effects
model using the SIV of EVI as the explanatory variable. The
interpolated annual rainfall surface and LAUs were used for
this analysis to represent the effects of rainfall and herbivores.
Vegetation types were assigned by upscaling the 30 m
resolution Landsat-based vegetation map to a 250 m grid,
which matched precisely to the MODIS data. Fire was not
included in this model because of a limited number of fire
occurrences and its contrasting effect on the SIV of EVI. As a
result of the data availability, only the data between 2005
2006 and 2013-2014 in the predator camp and the remainder
of the TKR (excluding the roan and sable breeding camp)
were pooled into one data set. However, to avoid potential
disproportional bias, the data from the 2006-2007 growth
season were excluded as the TKR experienced a severe
drought with little rainfall over this period. The growth
season and id of pixels were added as random terms to
account for pseudoreplication. Statistical analyses were
done using the Imer function in ‘Ime4’ and ‘ImeTest’ package
in R (ver 3.1.0, R Core Team 2013). The effect of fire was
visually assessed by comparing maps of the SIV of EVI and
fire occurrence.

Degradation trend analysis (residual trend analysis)

Residual trend (RESTREND) was used to analyse each growth
season using each growth season (October-September) as a
time step for the duration of 13 growth seasons (2001-2002 to
2014-2015). RESTREND removes the effect of rainfall from
the long-term trend in productivity, and in so doing is able to
highlight areas where land degradation has occurred (Wessels
et al. 2007). This analysis followed the method proposed
by Wessels et al. (2007), except that rainfall was not log

Page 5 of 18 . Original Research

http://www.koedoe.co.za . Open Access

transformed because plant productivity was unlikely to level
off in the water-limited environment of the Kalahari. Firstly,
the regression analysis of the SIV of EVI (response variable)
and annual rainfall (explanatory variable) was performed
for each pixel; then the coefficient of determination (R?)
and p-values were mapped. Following this, trends in the
residuals, expressed as the difference between observed EVI
and predicted EVI by rainfall, were regressed through the
growth seasons (Wessels et al. 2007, 2012). The long-term
trend represented by the slope of the linear regression of the
trends in the residuals was mapped to determine the
distribution pattern of degraded areas, defined as areas
experiencing the degeneration of structure or function. Both
regression analyses were performed per pixel, using a linear
model function ‘Im” in R (ver 3.1.0, R Core Team 2013). Data
from the 20062007 growth season (October-September),
when the TKR experienced a severe drought, were excluded
from this analysis to avoid a potential disproportional bias
affecting the underlying regression model.

To further assess the progress of degradation, standardised
RESTREND values were computed over time in several areas
in the TKR where significant decreasing or increasing trends
were detected.

Results
Vegetation types

Five vegetation types were classified for the TKR, with the
Landsat-based map producing greater spatial detail than that
achieved by Mucina and Rutherford (2006) (Figure 1). Field
observations found a general correspondence between
topography, plant community structure and the Landsat-
based vegetation types. For example, vegetation classified
as Koranna-Langeberg Mountain Bushveld vegetation was
composed predominantly of a mixture of trees and shrubs,
Gordonia Duneveld was dominated by grasses, Gordonia
Plains Shrubveld by dwarf shrubs and Olifantshoek Plains
Thornveld by short (i.e. < 3 m high) woody shrubs such
as Senegalia mellifera. In the Landsat-based vegetation map,
there were a few exceptions such as around old artificial
water points, which were often misclassified as Gordonia
Plains Shrubland. Certain parts in the west of the TKR were
also incorrectly designated as being part of the Koranna-
Langeberg Mountain Bushveld. Boundaries of the Landsat-
based vegetation types were also sometimes misclassified as
a result of a similarity in vegetation structure and a mixture
of species at the margins. This was particularly evident
for Gordonia Duneveld and Gordonia Plains Shrubveld,
and Kathu Bushveld and Olifantshoek Plains Thornveld,
respectively. Notwithstanding the above discrepancies,
overall classification accuracy was 86.2%, while the Kappa
statistic was 0.83 (see Appendix 1).

Spatio-temporal patterns and variability of
vegetation productivity

The overall geographical trend of the mean of the SIV of
EVI was lower in the west and higher in the east, often
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delineated by the north-south axis of the Korannaberg
Mountains (Figure 2). Differences in the spatial patterning of
EVI values were assumed to relate to differences in physical
vegetation attributes such as dominant growth forms, species
composition and soil types. Extremely low EVI values
corresponded to bare dune crests in the west and provincial
roads in the east of the TKR, whereas abrupt changes in
the SIV of EVI were observed at vegetation type boundaries
(Figure 2).

The time-series analysis of EVI values demonstrated a
seasonal cycle in plant productivity, with higher values in the
summer and lower values in the winter. On average, the
beginning of the growth season started in the period from
December to January and ended in August to September
(Figure 3). The time-series of EVI for the past 16 years for
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the TKR illustrated high inter-annual variability in plant
productivity (Figures 2 and 3). Low EVI values were evident
especially towards the east of the TKR, during the 2002-2003,
2003-2004, 2006-2007 and 2012-2013 growth seasons, which
corresponded to periods of low annual rainfall (Figure 4). In
the 2006-2007 growth season, when the annual rainfall was
lowest for the study period, TIMESAT failed to quantify the
productivity metrics for some pixels because of a low and
indistinct peak in EVI values.

Relationship between vegetation productivity
and potential drivers

Rainfall has been highly variable over time and space in
the TKR over the past 15 years. However, a general spatial
gradient was observed, with mean annual rainfall being
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FIGURE 3: Average of smoothed time-series of the Enhanced Vegetation Index
using an adaptive Savitzky—Golay filter of TIMESAT for the different vegetation
types in the Tswalu Kalahari Reserve.

higher in the east and lower in the west (Figure 4). As a
result of the orographic effects of altitude, the Korannaberg
Mountains probably receive higher rainfall than other areas
in the TKR, although we could not confirm this because of
a lack of rain gauges on the slopes and peaks of these
mountains. Standard error of the rainfall surface within most
of the areas in the TKR was less than 60 mm. The values
varied depending on the growth season and location, and
higher standard errors were estimated in the south-eastern
corner of the reserve where the rainfall stations were
relatively scarce (see Appendix 2).

In general, the number of herbivores within the main section
of the TKR increased between 2005 and 2013 and thereafter
remained relatively stable, although there was a slight decline
in 2016 (Figure 5). The recorded decline between 2008 and
2010 was because of the capture and removal of extra-limital
species by management and an unexplained decline in
springbok numbers over this period. Herbivore numbers
within the predator camp have remained stable throughout
the recorded period.

Three fire events affecting the reserve were evident from the
MODIS burned-area product data. However, these fires were
restricted to the Korannaberg Mountains in the south-eastern
corner of the reserve, and most of the reserve had not burned
during the study period (Figure 6). The impact of these fires
on plant productivity was captured by the SIV of EVI,
although the response was case specific. For example, the
area south of the staff village, which was exposed to fire in
January 2013, had a very low SIV of EVI value in 2012-2013,
while the area that was burned in August to September 2012
had an even more muted response (Figure 2). Conversely, the
area that burned outside the TKR in 2010 showed an increase
in the SIV of EVI in the same season.

Results of the analysis using a linear mixed-effects model
indicated that there is a significant positive effect of rainfall
on the SIV of EVI (»p < 0.001) (Table 1). The model also
suggested different levels of effects from vegetation types
(p < 0.001) and a relatively minor but significantly negative
influence of LAUs (p < 0.001).
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Degradation trend analysis
(residual trend analysis)

Regression analysis between the SIV of EVI and annual
rainfall indicated a significant positive correlation for most of
the TKR (p < 0.05), except in the roan and sable breeding
camp, as well as for parts of the Kathu Bushveld and
Olifantshoek Plains Thornveld vegetation types (Figure 7).
The trend in plant productivity computed by the RESTREND
detected a significant positive trend in plant productivity in
the east and south-west of the TKR, while a negative trend
was detected in some locations in the centre and west of
the reserve (Figure 8). The standardised RESTREND values
from these areas demonstrated a relatively consistent and
directional change over time (Figure 9). This suggested that
the observed change was initiated before the 2000-2001
growth season and that the driver of change has remained
the same. Most of the area that showed an increasing trend
overlapped with shrub-dominated vegetation, especially the
Olifantshoek Plains Thornveld in the east and Gordonia
Plains Shrubveld in the south-west. Conversely, declines
in productivity were observed for small areas of Gordonia
Plains Shrubveld in the central and western area.

Discussion

Spatio-temporal patterns and variability of
vegetation productivity

Variations in EVI values illustrated the spatio-temporal
patterns of vegetation productivity through variable changes
in vegetation cover. These included significant increases in
annual grass cover in the wet season or conversely, dieback
in the dry season (Van Rooyen et al. 1984). The EVI values
typically increased with plant greening in late spring and
summer, decreased in the late autumn and then remained
low during the dry winter months. This cycle matched the
findings of previous remote sensing studies in the Kalahari
(Hiittich et al. 2009; Jolly & Running 2004; Mishra et al. 2015a;
Wessels et al. 2011), as well as field observations (Sekhwela &
Yates 2007), and confirmed the utility of EVI as a proxy for
seasonal vegetation productivity cycles in this semi-arid
region. It also highlighted the potential utility of this approach
to aid wide-scale and real-time decision-making in terms of,
for example, the determination of optimal stocking rates at a
specific time, given the spatial assessment of rainfall in the
preceding season.

Relationship between vegetation productivity
and potential drivers

Not surprisingly, rainfall was found to be the most
important factor in determining the spatial success or
failure of inter- and intra-seasonal, as well as inter-annual,
productivity (Masunga, Moe & Pelekekae 2013; Van Rooyen
et al. 1990; Van Rooyen & Van Rooyen 1998). The effect of
other factors such as herbivory was secondary to the
influence of rainfall.

Different vegetation types had significantly different EVI
phenological profiles, which suggests that plant structural
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and functional traits have an important influence on plant
productivity. For example, woody plants, which increase
in abundance from west to east in the TKR, generally
demonstrated higher and more persistent greenness (Mishra
et al. 2015a, 2015b) compared to the grass and low shrub-
dominated vegetation of Gordonia Duneveld and Gordonia
Plains Shrubveld. This increased productivity is mediated to
a large degree by increasing rainfall and deeper rooting
depths typically found in vegetation associated with
Koranna-Langeberg Mountain Bushveld, Olifantshoek Plains
Thornveld and Kathu Bushveld. The ubiquity of thorny
species and the density of the vegetation also contributed to
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a reduction in browser pressure and therefore the persistence
of greenness recorded in these vegetation types.

Notwithstanding the overwhelming influence of rainfall, the
results suggested that herbivores negatively influence
vegetation productivity. A decoupling between growth
season rainfall and plant productivity was apparent,
especially within the ten roan and sable breeding camps,
which cover an area of 1250 ha in the north-western corner of
the TKR. This area has a different management strategy to
the rest of the reserve. It is characterised by high densities of
economically valuable grazing herbivores and the provision
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FIGURE 4: A composite of interpolated annual rainfall surface contour maps computed by ordinary kriging for the growth seasons (October to September) in the Tswalu
Kalahari Reserve. Black dots in the 2001-2002 map represent the locations of the rainfall stations. (a) 2001-2002, (b) 2002-2003, (c) 2003-2004, (d) 2004-2005,
(e) 2005-20086, (f) 2006-2007, (g) 2007-2008, (h) 2008-2009, (i) 2009-2010, (j) 2010-2011, (k) 2011-2012, (I) 2012-2013 and (m) 2013-2014.
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FIGURE 4 (Continues...): A composite of interpolated annual rainfall surface contour maps computed by ordinary kriging for the growth seasons (October to September)
in the Tswalu Kalahari Reserve. Black dots in the 2001-2002 map represent the locations of the rainfall stations. (a) 2001-2002, (b) 2002-2003, (c) 2003-2004,
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FIGURE 6: The frequency of fire from 2000-2001 to 2014-2015 growth seasons
as determined from the Moderate Resolution Imaging Spectroradiometer
burned-area products (MCD45A1) in the Tswalu Kalahari Reserve. The data
show that in the past 15 years the burned areas have been confined to the
mountains in the south-eastern corner of the reserve. The dates on the map
indicate the year and month in which the fires occurred.

of supplemental feed and water. The patterns observed
within these camps point to a possible threshold stocking
rate beyond which herbivory and associated impacts such as
trampling and very low vegetation cover in general (which
were clearly observable in the field) weakened the correlation
between rainfall and EVI, and resulted in herbivore-driven
degradation.
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Fire has only occurred in limited areas and times in the TKR,
and its effect on vegetation productivity has been localised.
The observed response of fire in EVI was case specific. The
SIV of EVI has decreased nearly to zero after the fire in
the TKR in the 20122013 growth season, while the increase
in the SIV of EV], as seen in the area burned outside the TKR in
2010, may have been caused by the post-fire recovery processes.
From these observations, it is assumed that the intensity and
date of the fire influence several key characteristics of plant
productivity in the growth season immediately after the fire.

Degradation and management implications

Residual trends provided a useful analytical approach in
the southern Kalahari where the strong influence of erratic
rainfall on annual productivity tends to overwhelm the
contribution of other factors. Results of the RESTREND
analysis suggested that the thickening of woody species has
occurred in the eastern and south-western parts of the TKR.
Although the process of the thickening of woody species has
not been monitored, the direction and slope of trends implies
that this process has progressed constantly over the course of
the study period. Interestingly, certain lowland areas located
within the predator camp in the eastern part of the TKR
showed a poor correlation between rainfall and EVI and
might also have experienced a thickening of woody plants, as
the poor correlation indicates potential effects on vegetation
productivity from factors other than rainfall. We speculate
that a combination of lower herbivore stocking rates in the
predator camp as a result of the presence of lions allows other
factors such as low fire frequency, the densification of thorny
vegetation and possibly the effects of high atmospheric CO,
concentrations (which favour woody species) to promote
more rapid woody thickening in these areas (O’Connor et al.
2014). These factors act together to establish a positive
feedback loop, which promotes further densification of
woody species with a concomitant decrease in more
flammable grass cover and the eventual ‘switching off’ of
fire as a means of ‘resetting’ the system.

Earlier studies have noted that the thickening of woody
species can have multiple possible drivers (see O’Connor
et al. [2014] for an overview). Establishing the relative
contribution of each of the potential drivers is often difficult
because they interact and vary in space and time. However,
irrespective of the cause for the shift from grass- to shrub-
dominated vegetation, this change has importantimplications
for several aspects of reserve management, including the
ratio of grazers to browsers and associated stocking rates and
the frequency of controlled burns. It is therefore likely that a
more active management regime will be required in order to
maintain the degree of openness in encroached landscapes
and the associated ecology in terms of, for example, grazer—
browser ratios, as well as the game-viewing experience
available to visitors to the reserve.

In the drier west of the TKR, RESTREND identified a
significant decreasing trend in vegetation productivity in
some areas of Gordonia Plains Shrubveld and on dune slopes
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TABLE 1: Results of a linear mixed-effects model that explores the effect of rainfall, large animal units and vegetation type (explanatory variable) on vegetation productivity
represented by the small integrated value of Enhanced Vegetation Index (responsive variable) in the Tswalu Kalahari Reserve. The year and id of the pixel are added as

random terms in the model.

Predictor Estimate SE df t y/
(Intercept) 0.45000 0.056 7.124 7.9 <0.001
Rainfall 0.00150 0.000 135900 151.0 <0.001
LAU -0.00003 0.000 39500 -34.9 <0.001
Vegtype Gordonia Plains Shrubveld -0.06000 0.002 17800 -22.5 <0.001
Vegtype Koranna-Langeberg Mountain Bushveld 0.36000 0.003 18480 111.6 <0.001
Vegtype Kathu Bushveld 0.03000 0.004 18330 7.1 <0.001
Vegtype Olifantshoek Plains Thornveld 0.15000 0.003 19300 52.0 <0.001
LAU, large animal units.
SE, standard error; df, degrees of freedom.
Correlation of determination RESTREND
[ 0.22 [ 0.55 M 0.88 [ -0.030 [ -0.015 [ 0.000
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FIGURE 7: Map of the correlation of determination (R?) of the regression analysis
of the annual rainfall for the growth seasons (explanatory variable) and small
integrated value of the Enhanced Vegetation Index (responsive variable)
between the 2001-2002 and 2013-2014 growth seasons, excluding the drought
season of 2006—-2007.

in Gordonia Duneveld. Standardised RESTREND values
exhibited a continuously declining trend, which suggested
that a persistent driver might be influencing this pattern.
Because these areas have not been burned since 2000 and
RESTREND analysis is able to exclude the effect of rainfall
on vegetation productivity, the decline in productivity has
likely been caused by the impact of herbivores. From our
field observations, localised heavy grazing appears to have
reduced vegetation cover in these areas, especially at sites
close to artificial water points. Another possibility is that
the difference in underlying soil types might influence the
palatability and thus the grazing pressure from herbivores.
However, validation or simulation of the data to test
its robustness is recommended because RESTREND is
statistically underpowered when shorter periods of time are
analysed (e.g. less than 16 growth seasons) and is strongly
influenced by the timing of degradation (Wessels et al. 2012).
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FIGURE 8: Map of the slope of the residual-year regression analysis of the
residual trend analysis. The areas where a significant trend was not found are
displayed in grey. The residual trend analysis showed a significant positive long-
term trend in vegetation productivity in the eastern and south-western parts of
the Tswalu Kalahari Reserve.

Nevertheless, it would be prudent for management to adopt
a more conservative herbivore stocking rate or allow predator
control of herbivore numbers in affected areas. This suggestion
is underscored by unfavourable climate projections (Dai 2013;
Engelbrecht et al. 2015; Shongwe et al. 2009), which are likely
to negatively impact vegetation, and the known sensitivity
of Kalahari rangelands to overgrazing (Jeltsch et al. 1997;
Rutherford & Powrie 2010; Skarpe 1990; Van Rooyen 2000).
These threats combine to pose a growing risk to natural
resource managers in the southern Kalahari.

Given the current uncertainty in especially rainfall projections
and inherent fine-scale spatial heterogeneity in vegetation,
long-term field-based monitoring is also recommended in
order to establish a more detailed understanding of the rate
and magnitude of change within different vegetation types
and across the rainfall gradient.



http://www.koedoe.co.za

Conclusion

Variability in the spatial and temporal patterns of vegetation
productivity, as well as long-term changes in this measure,
were outlined for a large reserve in the southern Kalahari
using MODIS EVI. The findings of this study confirmed
known vegetation dynamics in the region, such as high
spatial heterogeneity, seasonal change and extreme inter-
annual variability of plant productivity shaped largely by
erratic rainfall. Through RESTREND it was possible to isolate
the effects of rainfall and provide evidence of potential
overgrazing and the thickening of woody species in certain
areas of the TKR. The thickening of woody species is likely to
intensify and spread in future because of the effects of CO,
fertilisation, access by trees and shrubs to deeper and more
consistent water supplies under more arid conditions and the
establishment of feedback loops which could switch off
grass-mediated fires. Additionally, degradation trends in the
west hint at possibly high and unsustainable stocking rates,
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which, if left unchecked, may erode the carrying capacity
in this area of the TKR and take many years to recover.
These findings emphasise the need for a proactive and
anticipatory management style, informed by an extensive
climate, vegetation and animal monitoring programme. This
combination is necessary in order to respond timeously and
effectively to both current and future risks facing the
southern Kalahari environment.
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Appendix 1

TABLE 1-A1: Accuracy assessment of the Landsat-based vegetation map for the Tswalu Kalahari Reserve using a confusion matrix.

Mapped classification Validate data set Row total User’s
KM GD Gs KB ot accuracy (%)

KM 92 0 0 1 0 93 98.90
GD 0 76 8 5 0 89 85.40
GS 0 15 88 0 2 105 83.80
KB 1 9 0 86 9 105 81.90
oT 7 0 4 8 89 108 82.40
Column total 100 100 100 100 100 500 -

Producer’s accuracy (%) 92 76 8 5 1] - -

Overall accuracy, 86.2%; Kappa coefficient, 0.83.
KM, Koranna-Langeberg Mountain Bushveld; GD, Gordonia Duneveld; GS, Gordonia Plains Shrubveld; KB, Kathu Bushveld; OT, Olifantshoek Plains Thornveld.

Appendix 2

TABLE 1-A2: Summary of the cross validation results from the ordinary kriging performed to interpolate rainfall in the Tswalu Kalahari Reserve.

Variable Growth season (October-September)

2001-2002 2002-2003 2003-2004 2004-2005 2005-2006 2006-2007 2007-2008 2008-2009 2009-2010 2010-2011 2011-2012 2012-2013 2013-2014

Number of rainfall 33.00 34.00 34.00 34.00 34.00 33.00 33.00 32.00 32.00 31.00 31.00 31.00 32.00
stations used for
interpolation

Mean error -3.40 3.60 2.70 8.60 10.30 -9.30 8.30 3.90 12.10 21.90 16.50 3.00 19.50
Root mean square  53.10 38.50 53.40 91.60 69.90 46.90 87.60 45.70 64.80 120.10 71.80 27.10 81.50
error

Mean -0.02 0.05 0.02 0.04 0.04 -0.11 0.06 0.04 0.07 0.07 0.10 0.05 0.10
standardised error

Root mean square 1.00 0.88 0.92 1.02 1.05 1.25 0.91 0.84 1.07 1.18 1.25 0.94 1.28
standardised error

Average standard 54.80 44.50 59.80 92.90 78.20 29.40 100.10 55.90 61.10 99.80 57.30 32.00 83.20

error
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FIGURE 1-A2: Maps of prediction standard error of rainfall surface (Figure 4) in the Tswalu Kalahari Reserve. (a) 2001-2002, (b) 2002—-2003, (c) 2003—-2004, (d) 2004-2005,
(e) 2005-2006, (f) 2006—2007, (g) 2007-2008, (h) 2008-2009, (i) 2009-2010, (j) 2010-2011, (k) 2011-2012, (I) 2012-2013 and (m) 2013-2014.
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FIGURE 1-A2 (Continues...): Maps of prediction standard error of rainfall surface (Figure 4) in the Tswalu Kalahari Reserve. (a) 2001-2002, (b) 2002-2003, (c) 2003-2004,
(d) 2004-2005, (e) 2005-20086, (f) 2006-2007, (g) 2007-2008, (h) 2008-2009, (i) 2009-2010, (j) 2010-2011, (k) 2011-2012, (I) 2012-2013 and (m) 2013-2014.
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