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Abstract: Land degradation (LD) is a global issue that affects sustainability and livelihoods of
approximately 1.5 billion people, especially in arid/semi-arid regions. Hence, identifying and
assessing LD and its driving forces (natural and anthropogenic) is important in order to design and
adopt appropriate sustainable land management interventions. Therefore, using vegetation as a
proxy for LD, this study aimed to distinguish anthropogenic from rainfall-driven LD in the Greater
Sekhukhune District Municipality from 1990 to 2019. It is widely established that rainfall highly
correlates with vegetation productivity. A linear regression was performed between the Normalized
Difference Vegetation Index (NDVI) and rainfall. The human-induced LD was then distinguished
from that of rainfall using the spatial residual trend (RESTREND) method and the Mann-Kendall
(MK) trend. RESTREND results showed that 11.59% of the district was degraded due to human
activities such as overgrazing and injudicious rangeland management. While about 41.41% was
degraded due to seasonal rainfall variability and an increasing frequency of droughts. Climate
variability affected vegetation cover and contributed to different forms of soil erosion and gully
formation. These findings provide relevant spatial information on rainfall or human-induced LD,
which is useful for policy formulation and the design of LD mitigation measures in semi-arid regions.

Keywords: land degradation; NDVI; rainfall; Mann-Kendall trend; land use and land cover change;
residual trend (RESTREND)

1. Introduction

Land degradation (LD) is one of the most serious global environmental issues affecting
over one billion people [1,2]. LD has a broad range of definitions that essentially describe cir-
cumstances of reduced biological productivity of the land. According to Weldemariam [3],
LD is the prolonged reduction of ecosystem function and vegetation productivity of the
land from which the land cannot recover unaided. Land degradation is one of the most
pressing environmental and socioeconomic problems in arid and semi-arid regions, a
problem that is set to worsen due to the anticipated vulnerability of drylands to climate
change [4]. Hence, distinguishing between human-induced LD and climate induced LD
and assessing its effects in arid lands is crucial for identify appropriate interventions, land
management and restoration.

As aforementioned, LD can be caused by both anthropogenic and climatic factors.
Anthropogenic drivers of LD include unsustainable land use practices (e.g., overgrazing
and deforestation/wood harvesting) and other socio-economic drivers (e.g., inappropriate
development policies) [5]. Climatic factors leading to LD include extreme and periodic
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climatic variations, i.e., droughts, mainly induced by precipitation and temperature [6,7].
In Africa, vegetation production in arid and semi-arid regions is closely linked to long-term
average precipitation and inter-annual rainfall variability [8]. Several studies for instance
have revealed that desertification in the Sahel region is mainly due to rainfall variations
rather than human-induced LD [9,10]. In South Africa, native “homelands”, typified by
communal land use, are characterised by extensive degraded rangelands and severe soil
erosion due to unsustainable anthropogenic activities, mainly overgrazing [11]. The spatial
development framework of the Greater Sekhukhune District Municipality (GSDM) for
instance reports that inappropriate agricultural practices, overgrazing and overstocking,
especially in communal areas, are the main drivers of environmental degradation in the
district [12]. Drought associated with unsustainable land use practices in arid and semi-arid
regions has been reported to promote bush encroachment into rangelands, particularly
in the savannah ecosystem, further degrading the land [13-16]. For instance, bush en-
croachment and alien species invasion reduce productivity of the rangeland ecosystem, and
lead to LD, which affects livelihoods [16]. Hence, early detection of dryland degradation
increases the success of the proposed interventions.

The GSDM experiences high climatic variability and extremes that alter the envi-
ronment, influence LD and threaten livelihoods [17]. Therefore, it is essential to assess
the dynamics of land degradation in the area to distinguish between human and rainfall
induced LD. To achieve this, spatial monitoring systems are required to apportion anthro-
pogenic and rainfall variability impacts on vegetation production [18]. However, there is a
lack of robust data and methods to monitor and assess LD at local and regional scales [19].

In arid and semi-arid areas, the Normalized Difference Vegetation Index (NDVI) has
been used as a proxy for LD as it strongly correlates with aboveground net primary
productivity (ANPP) [20]. Studies have shown that vegetation growth and distribu-
tion at various spatial and temporal scales have been significantly affected by climate
variability [8,18,21-23]. In these studies, rainfall was identified as the crucial climatic fac-
tor influencing vegetation production and was closely correlated with NDVI’s seasonal
variability [22]. Consequently, rainfall is a crucial predictor of vegetation production.

Different applications have been used to monitor vegetation dynamics based on multi-
temporal Advanced Very High-Resolution Radiometer (AVHRR) data [8]. In the past few
decades, the increasing availability of long-term satellite time-series data has significantly
benefited landscape monitoring and LD research [24]. However, whereas the accessibility
of NDVI data from among others, the National Oceanic and Atmospheric Administration—
Advanced Very High Resolution Radiometer (NOAA-AVHRR), has enabled intensive
research on LD [25], the results are often dominated by erratic rainfall, associated changes
in seasonality and drastic land cover or land use changes [8], which makes human and
rainfall induced LD indistinguishable.

The residual trends (RESTREND) method is widely used to distinguish human-
induced from rainfall-induced LD [8,20,26-28]. The RESTREND method can be used
to reveal the spatial patterns of LD drivers at cell resolution. The method is based on
the premise that water is the most limiting factor to vegetation productivity and there is
a strong correlation between vegetation productivity and climatic variables in arid and
semi-arid ecosystems [8]. Since vegetation productivity in drylands peak in high rainfall
years, it is possible to factor out the effects of rainfall to understand the impacts of human-
induced activities on the overall vegetation condition [8]. The RESTREND model reveals
that human-induced LD can be detected when the significant effects of climate are removed
from the long-term NDVI trends [8].

Land Degradation affects food security, regional economic development, and resource
conservation strategies, necessitating urgency for LD monitoring systems. Apportioning
various types of factors affecting vegetation degradation is central to socio-economic and
environmental research in drylands and management [8]. However, there is still a dearth in
literature that distinguishes LD arising from anthropogenic and climatic drivers i.e., rainfall.
It is also evident from various LD studies that there is no agreement on the existence,
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location and degree of LD [8]. Hence, studies often end discussing the degree or even the
reality of degradation [9,29].

There is an urgent need for an objective, measurable, repetitive, systematicand spa-
tially and temporally explicit assessments of LD [30]. The long-term temporal and spatial
reduction of vegetation productivity trend in drylands is regarded as an effective indicator
of LD [31]. Even though previous studies measured and quantified degradation in dry-
lands and semi-arid regions using vegetation greenness, climate change concerns, and its
complexities have increased. With vegetation growth depending on rainfall in these ecosys-
tems [32], NDVI trends in these areas tend to have varieties in magnitude and direction.
Therefore, for meaningful mapping of consistent permanent LD, precipitation contribution
has to be distinguished from human drivers. Moreover, in South Africa, previous and
current policies have resulted in complex driving forces of LD. In the former homelands
of South Africa, rural communal districts are experiencing challenges regarding land use
conflicts due to dual administration systems that is evident in GSDM [12]. Thus, this study
contributes to building a measure and understanding of LD by: (1) apportioning human
and anthropogenic drivers of LD, thus identifying priority areas for specific sustainable
land management (SLM) interventions; (2) assessing LD in rural communal districts under
traditional leadership, which have not been fully studied by analysing different LD for
various LULC units that has not been detected in a systematic way on a long-term and
landscape scale. The aim of this study is, therefore, to distinguish between human-induced
and rainfall-induced LD using the RESTREND method in the GSDM.

2. Materials and Methods
2.1. Study Area

The Greater Sekhukhune District Municipality study area within the Limpopo province—
24°5'10” S, 25°21'27" S and 29°3'40" E, 30°44'30" E—is located in the northern part of
South Africa in the Limpopo province (Figure 1). The district consists of four local munici-
palities (Elias Motsoaledi, Ephraim Mogale, Makhuduthamaga and Tubatse Fetakgomo)
with a combined area of about 1,352,800 hectares. The total population is approximately
1,169,762 inhabitants, the majority of whom live in rural communal areas [33].
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Figure 1. The Greater Sekhukhune District Municipality (GSDM) and its four local municipalities.
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The district is located in a semi-arid environment, with an average annual rainfall of
560 mm and moderate temperatures fluctuations with average summer temperatures of
approximately 23 °C [34]. The ultramafic substrates (i.e., serpentine soils) of the Rustenburg
geological formation dominate the area [35]. These soils are mainly characterised by low
nutrient availability (e.g., nitrogen, potassium and phosphorus) and high concentrations of
heavy metals (e.g., cadmium, zinc and nickel) [35]. The area is hilly to mountainous with
an average altitude of 494 m above sea level [12]. Natural grassland, thicket, bushveld,
bush clumps and high fynbos areas cover most of the district.

Agriculture dominates land use in the district, with commercial agriculture accounting
for 7.7% of the district and subsistence farming 18.1% [36]. However, most cropland has
been abandoned and water scarcity, land conflicts, a high number of land claims, and
inappropriate infrastructure and services threaten future agricultural productivity in the
area [12]. Unlimited access to communal grazing and a lack of fencing around fields
exacerbate land degradation due to low herbaceous basal cover [37].

2.2. Data Collection
2.2.1. NDVI Dataset

The Normalized Difference Vegetation Index (NDVI) data obtained from satellite
images is an important proxy to show the dynamics of vegetation production in response
to climate variability and drought conditions [38]. NDVI data obtainable from NOAA-
AVHRR sensors is used in various studies to analyse the dynamics and trends of vegetation
production in different regions [10,39,40]. NDVI is computed using Near-InfraRed (NIR)
and the visible RED spectral bands because healthy vegetation highly reflects in the NIR
and absorbs in the RED bands, respectively [41].

The values range from —1 to +1, with high values representing healthy/active vegeta-
tion while non-vegetated surfaces such as water bodies, bare land /rocks are represented
by negative NDVI values [8].

NDVI satellite data from the AVHRR NOAA weather satellites (https://www.ncei.
noaa.gov/data/avhrr-land-normalized-difference-vegetation-index, accessed on 23 June
2021) were used in this study. The data contains gridded daily NDVI from the NOAA
Climate Data Record (CDR) of AVHRR Surface Reflectance. While NDVI derived from the
Global Inventory Monitoring and Mapping Studies (GIMMS) database is widely used [10],
the NDVI derived from the NOAA CDR database was used due to limited access to the
GIMMS dataset. Furthermore, NOAA CDR NDVI data has a 5 km spatial resolution unlike
GIMMS, which has an 8 km spatial resolution. Moreover, the NOOA CDR dataset has
better geolocation accuracy and use the centre of each grid as reference for consistency with
other heritage records [42]. The study acquired NDVI data from 1990 to 2019 at 0.05 (5 km)
spatial resolution, 1-day temporal resolution and projected on a 0.05-degree x 0.05-degree
global grid [42]. NDVI from the growth season (October to April) was used in this study as
it represents vegetation growth status and is highly correlated with the growing season
rainfall [8,43,44]. The NDVI data was then weighted by number of days acquired for each
growing season.

2.2.2. Rainfall Dataset

A satellite-based rainfall dataset from Precipitation Estimation of Remotely Sensed In-
formation using Artificial Neural Networks—Climate Data Record (PERSIANN-CDR) [45]
was acquired for the study. The data were developed by NOAA’s Centre for Hydrome-
teorology and Remote Sensing (CHRS) and includes daily precipitation estimates from
geostationary satellites based on a neural network algorithm derived from daytime visible
and infrared imagery [45]. PERSIANN-CDR dataset spatial resolution is 0.25° in latitude.
Ashouri [45] compared PERSIANN-CDR with ancillary rain gauge data and concluded that
the former dataset can be used to monitor rainfall and assess contributing factors to changes
in the rainy season due to their good performance and long temporal coverage (more than
30 years). The mean rainy season rainfall data during the study period 1990-2019 for the
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GSDM was downloaded (https://chrsdata.eng.uci.edu/, accessed on 15 March 2022) and
resampled to the spatial resolution of 0.05° of NDVI data using ArcGIS 10.7.

2.2.3. Land Use and Land Cover and Change Dataset

Land use and land cover (LULC) change is known to have a number of negative
impacts on the environment [46] and vegetation dynamics are strongly influenced by
anthropogenic land use and climate drivers [47]. Hence, LULC and land cover and change
data were used to analyse trends in vegetation in response to different LULC classes and
changes using LULC conversion data.

Given that long-term monitoring is required, good quality (less than 10% cloud cover)
wet season Landsat satellite images with 30 m spatial resolution were obtained from the
United States Geological Survey (USGS) Global Visualization Viewer (http://glovis.usgs.
gov/, accessed on 18 January 2020) dataset for years 1990, 1995, 1999, 2005, 2010, 2015
and 2019. However, due to data availability, some years close to the study period were
downloaded and only one image had cloud cover of 14%.

The South African national standard for Land Cover Classification System [48] was
used to map the existing LULC in the study area (Table 1). The broad hierarchical level
1 was used on the Landsat images to identify the existing LULC. Since the study aims
to investigate whether degradation in the district is induced by humans or rainfall, the
level 2 and 3 classes were used to identify barren, cultivated and residential land for
detailed mapping.

Table 1. LULC classes and their descriptions (Department of Rural development and Land Reform, 2019).

LCC Level Class Name Description
1 Thicket/Dense bush Bush land, dense shrubs
Shrub and grassland P.erer.mlal grass, sparse trees, 1mp9verlshed woodlands, very sparsely

distributed, low-lying shrub species

1 Bare/Exposed rock Bare, exposed areas and transitional areas

. . Areas in which mining activities has been conducted. This includes both

1 Mines and Quarries . . . .

opencast mines and queries, surface infrastructure, mine dumps
. . Built-up areas used for residential (town or villages), commercial and services,

1 Residential .

and transportation.
. . Rainfed, annual crops for local markets and/or home use. Small field units,

2 Subsistence Cultivation . .
often in dense local or regional clusters
Cultivated lands used primarily to produce rainfed, annual crops or primarily

2 Commercial cultivation to produce centre pivot/non-pivot irrigated for commercial markets. Typically
represented by large field units, often in dense local or regional clusters.
Non-vegetated donga and gully features, typically associated with significant
natural or man-induced erosion activities along or in association with stream

3 Eroded land and flow lines. The mapped extent of the dongas and gullies is represented by

bare ground conditions in all, or the majority of the multi-date Landsat images
used in the land-cover modelling.

The satellite images were pre-processed for radiometric and geometric anomalies and
re-projected [49]. Landsat images were geo-referenced using the Georeferencing tool in
ArcGIS 10.7 to correct false changes in the seasonal LULCC and images radiometrically
corrected to improve image quality using histogram equalization. Colour balancing was
applied using the colour corrector tool and balanced using the first order dodging method,
while supervised classification was used to generate unique LULC classes. Classification
accuracy was assessed based on a transition matrix.

2.3. Data Analysis

The RESTREND method assumes that vegetation production has a strong relationship
with climate factors, mainly rainfall, hence it was applied to detect the natural impact on
vegetation production over a period of time [8,26]. The RESTREND method is an effective
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tool to differentiate between the impacts of climate factors (rainfall) and anthropogenic
activities on vegetation changes, where negative values represent degraded areas, while
positive values mean vegetation improvement [27]. In the case of a significant decrease
in residuals, the degradation of vegetation is human-induced [20], while an insignificant
increase or no trend in residuals means that NDVI variations are due to climatic vari-
ables [28].

2.3.1. Regression Analysis

The regression analysis of NDVI against rainfall was preformed using a pixel-wise or-
dinary least square (OLS) regression model using the R-Studio statistical software package.
The pixel-wise OLS model is a statistical method that models linear relationships between
a response and one or more predictor variables. The OLS reduces the error/residual sum
of the squares and is used in various environmental studies [50]. The RESTREND method
measures the linear relationship between an independent variable (x) and a dependent
variable (Y) and is represented by the equation:

Y=mx+c+e @)

where: Y represents the response variable (NDVI), m is the gradient (slope), x is the
predictor variable (rainfall), c is the intercept. Per unit change of x, e represents the error for
every change of x.

The widely used RESTREND method carries out the following steps: (1) modelling a
pixel-wise OLS regression between the wet season observed NDVI and rainfall per pixel;
(2) deriving the difference in residuals between the observed and predicted sum of NDVI
(predicted by rainfall) from the linear model; and (3) running a new OLS regression to
model the residuals against time, representing a residual trend (RESTREND). The residual
trends represent changes in vegetation production that are not explained by rainfall and
these are interpreted as a proxy for LD [51].

2.3.2. Mann—Kendall Non-Parametric Trend Analysis Applied on RESTREND

The Mann-Kendall (MK) trend, a robust non-parametric statistical method, was used
to investigate RESTREND in the study area. The MK’s coefficient calculates the consistency
of the increasing or decreasing trend and is often used in environmental studies [8]. MK
trend analysis was applied to test the magnitude and significance of the slope to determine
whether LD in the district was influenced by human activities or rainfall. Theli-Sen (Sen)
slope estimates the magnitude of the residual trend and is insensitive to outliers [20]. The
MK test is calculated with a statistic S formula:

N-1 N
S= k:ll Y s8n(Xi — X;) ()

where: N is the numerical data points, Xy and X; are the values at time k and j (k > j),
respectively, sgn represents sign [52].

The Sen’s slope estimator determined the magnitude of the trend in NDVI or rainfall
data. The Sen’s slope test calculates the linear rate of change and the intercepts using the
following formula:

Xy — X;
k=

ST = for(1<j<k<n) 3)

where: ST = slope, m = median, n = number of data points and k, j = indices.
Pt = Xt —rxt (4)

where: r = median STk (median from all slopes) with intercepts computed for every time
steps t and p is the intercept.

Sen’s slope estimates the magnitude of increase or decrease in NDVI and rainfall per
year. The MK significance test was used to test the statistical consistency of the Sen’s slope
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trend at a 95% confidence interval (p = 0.05) [20]. The MK trend test is widely used in the
literature and is less sensitive to outliers, missing values and irregular data distribution [53].

3. Results
3.1. NDVI and Rainfall MK Trends

NDVI and rainfall trends were analysed using the MK test for the periods 1990-2019
to determine if the trend was significant, while the Theli-Sen (Sen’s slope) was used
to determine the magnitude of the trend based on the positive or negative Sen'’s slope
estimator. The Sen’s slope was used because it is insensitive to small outliers and missing
confounding values.

3.1.1. NDVI MK Trends

Figure 2 below shows the temporal NDVI MK trend of 30 years in GSDM computed
for the wet season. The dots in the figure represent daily wet season NDVI values weighted
by the number of days acquired, while the grey-shaded area represents the values that
mainly contributed to this NDVI trend. The MK test shows that the NDVI in the GSDM
decrease with a Kendall’s Tau (indicated as R) of 0.016 (Figure 2).

R=-0.016,p =002

0.301 M

NDWVI mean

1990 2000 2010 2020
Year

Figure 2. Wet season NDVI trend magnitude (Sen’s Slope) between 1990-2019.

The Sen’s slope estimator indicates that the magnitude of NDVI for the whole district
slightly decreased with a Sen’s slope of —0.0003. However, the decrease in NDVI is not
significant as the p-value is above 0.05 (p-value = 0.92) (Figure 2). The trend shows that the
lowest recorded NDVI occurred in 2000, 2004, 2008, 2009, 2014, 2008, 2009 and 2018 and
that some of these NDVI decreases occurred during drought events in the district [17].

The spatial MK trend was performed to determine which areas experienced significant
NDVI changes. The results are shown in Table 2 and these represent summary statistics of
spatial the NDVI MK trend.

Sen’s slope magnitude values reflect near constant vegetation changes (Table 2). The re-
sults show that 45.96% of the district experienced a decrease in vegetation cover (Figure 3a
and Table 2). However, only 0.62% of the area has a significantly decreasing vegeta-
tion cover.
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Table 2. NDVI MK Spatial statistics on significance of magnitude MK.
Slope (Magnitude) Significant Trend Insignificant Trend
NDVI Significant Significant  Insignificant  Insignificant
TREND Positive Negative Stable Negative Positive Negative Positive
(Degraded) (Improved) (Degraded) (Improved)
Number of 5 260 222 1 3 0 219 259
km pixels
Proportion
Statistics (%) 53.83 45.96 0.21 0.62 0 45.34 53.62
29I°E 29"“]5'E 29“‘30'E 29“4‘15'E 30.‘"‘E

(a) NDVI
trend magnitude
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Figure 3. NDVI MK test trend magnitude (Sen’s Slope) (a) and trend significance (p-value) (b) be-
tween 1990—2019.
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The decreasing NDVI trend was particularly observed in the central to southwestern
part of the district in Ephraim Mogale local municipality (Figure 3a) with a Sen’s slope
of —0.001 and p value of 0.28. NDVI trend magnitude slightly increased, particularly in
the northern to north-western part of the district (Figure 3a) in Fetakgomo Tubatse local
municipality with Sen’s slope of 0.0008 and p value of 0.51.

Approximately 53.83% of the GSDM recorded slightly increasing NDVI trends and
no area experienced significantly positive NDVI trends. These results show that the
vegetation in Fetakgomo Tubatse local municipality slightly improved compared to other
local municipalities, but the increase in vegetation production was not significant.

3.1.2. Rainfall MK Trends

Figure 4 below shows temporal MK trend for rainfall over the past 30 years. The
dots shown in the figure represent rainfall values for wet season rainfall weighted by the
number of days acquired, while the grey-shaded area represents the values that mainly
contribute to the rainfall trend. Analysis of Sen’s rainfall trend shows an overall decrease
of —3.083, Kendall’s Tau of —0.14 and an insignificant trend with a p-value of 0.27.

R=-014,p=027

8001

Rainfall

400

1990 2000 2010 2020
Year

Figure 4. Wet season Rainfall trend magnitude (Sen’s Slope) between 1990-2019.

The rainfall trend shows that rainfall in the district varied greatly due to periods of
high and low rainfall, hence the p-values are not significant.

The spatial MK test and Sen’s slope show that rainfall is decreasing in the whole
district as all the Sen’s slope values are negative (Figure 5a). The declining magnitude
of the rainfall was much higher than that of vegetation, which indicates that rainfall has
decreased more than vegetation in the district. This could mean that there are indigenous
vegetation species resistant to drought or the growth of alien invasive species that cause
bush encroachment. However, the decrease in rainfall is not significant as the p-values are
above 0.05 (Figure 5b).

The spatial Mann-Kendall trend shows that the north-eastern part of the district
(Fetakgomo Tubatse local municipality with a record of —3.61 Sen’s slope) has the largest
share of the decrease in rainfall, including the south-western part of the district. The
north-western and southern parts of the district also show that rainfall is decreasing but
the magnitude is lower than in the north-eastern and south-western parts of the district
(Figure 5a).
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Figure 5. Rainfall MK test trend magnitude (Sen’s Slope) (a) and trend significance (p-value) (b) be-
tween 1990-2019.

3.2. Land Use and Land Cover NDVI MK Trends

The MK trend was computed for the LULC types found in the district, as significant
changes in NDVI are often due to a change in land cover [46]. The NDVI MK trend results
computed for each LULC class are presented in Table 3. MK results show a non-significant
trend as the p-values are above 0.05. This could be attributed to extreme climatic events,
high climatic variability and change, particularly rainfall variability, which contributed
to the insignificant increase in NDVI Sen’s slope (Table 3). Wet season NDVI shows a
downward trend in commercial cultivation, shrub/grassland and subsistence cultivation,
residential area and industrial land as Sen’s slope is negative.
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Table 3. NDVI MK Trend Test per Land Use and Land Cover type.

Land Use and Cover Type Kendal’s Tau Sen’s Slope p-Value
Bare/Exposed rock 0.11 0.0006 0.42
Shrub/Grassland —0.049 —0.0003 0.72
Thicket/Dense bush 0.11 0.0006 0.42
Eroded Land 0.03 0.0002 0.84
Subsistence Cultivation 0.044 —0.0004 0.75
Commercial Cultivation —-0.13 —0.0013 0.32
Residential Area —0.034 —0.0003 0.81
Industrial Land 0.15 0.0011 0.26

These decreasing trends are indications of a degrading landscape as this was also
detected in the 14 most common LULC conversions computed (Table 4). The conver-
sions (Table 4) were computed by classifying wet and dry LULC on Landsat images over
five-year intervals and conversions derived using change detection and transition ma-
trix. Shrub/grassland areas show a strong loss of vegetative biomass, and these areas
are converted to bare soil, eroded land or residential area. Bare/exposed rock, eroded
land, subsistence cultivation, thicket/dense bush and industrial land recorded a slightly
increasing trend with positive Sen’s Slope.

Table 4. The 14 most common LULC conversions, periods, and seasons.

Rank From Class Name To Class Name Period Season Area (Ha)
1 Shrub/grassland Bare soil/exposed rock 20152019 Dry 129,255.85
2 Thicket/dense bush Shrub/grassland 2010-2015 Wet 110,625.63
3 Shrub/grassland Bare soil/exposed rock  2010-2015 Wet 109,736.63
4 Shrub/grassland Bare soil/exposed rock  1995-1999 Dry 92,186.56
5 Shrub/grassland Eroded Land 2005-2010 Dry 79,494.00
6 Thicket/dense bush Bare soil/exposed rock  1990-1995 Dry 76,749.93
7 Eroded Land Shrub/grassland 2015-2019 Dry 74,632.24
8 Residential Shrub/grassland 20052010 Wet 73,953.02
9 Bare soil/exposed rock  Shrub/grassland 2015-2019 Dry 71,890.83
10 Bare soil /exposed rock  Shrub/grassland 2010-2015 Wet 70,188.57
11 Bare soil /exposed rock  Shrub/grassland 20052010 Wet 69,619.38
12 Bare soil/exposed rock  Shrub/grassland 1990-1995 Dry 69,079.58
13 Shrub/grassland Bare soil/exposed rock 20052010 Wet 65,193.11
14 Shrub/grassland Residential 1995-1999 Dry 64,465.42

3.3. RESTREND Analysis

The RESTREND of the NDVI time series was modelled by determining the difference
between the observed NDVI and the NDVI predicted by rainfall. The dots in the figure
represent NDVI residuals against rainfall, values mainly contributed to the trend are
reflected in the grey-shaded area. The RESTREND analysis was performed by firstly
running the linear regression models of NDVI against rainfall and then analysing the
residual NDVI trend over time (Figure 6).

The results show that the negative residual trend R-value of —0.021 with a Sen’s slope
of —0.00018 (Figure 6) and indicates degradation of the GSDM vegetation. The p-value
of 0.89 obtained in the residual trend means that LD in the district is due to rainfall. A
strong negative decline in NDVI residuals, for instance, in 1994, 2004, 2008, 2014, and 2018,
could indicate human-induced degradation. On the other hand, the strong positive spike
of NDVI, in 1996, 2003 and 2007 could be due rainfall variability in the area.
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Figure 6. Temporal trend of NDVI residuals between 1990-2019 averaged over all the pixels in the
district, adjusted for rainfall.

The RESTREND was spatially analysed to show areas with significant positive or
negative trends in residual NDVI using the MK trend. These areas show vegetation change
dynamics caused by factors other than rainfall variability i.e., human activities, through an
overlay process of negative residual NDVI that is significant. The summary statistics of
residual trend of NDVI against rainfall are presented in Table 5.

Table 5. Statistics of MK NDVI RESTREND analysis.
Significance of Residual s .
Residual Trend Slope Trend (Vegetation Trends Insignificance (.)f Residual
. . Trend (Vegetation Trends
MK (Magnitude) Explained by Explained by Rainfall)
NDVI Human Activities) 4 y
RESTREND ionifi ionifi
o . Slgmﬁ?ant Significant Inmgnlf}cant Insignificant
Positive Negative Stable Negative Positive Negative Positive
(Degraded) (Degraded)
Pixel
Numbers 198 256 56 56 46 200 180
(8 km)
Proportion 40.99 53.00 6.01 11.59 9.52 4141 37.27

Statistics (%)

Areas with an insignificant residual trend or no trend are explained by rainfall changes,
while the significant negative (degraded) and positive (improved) vegetation production
changes reflect changes induced by anthropogenic activities. Figure 5 represents spatial
NDVI RESTREND Spatial RESTREND analysis which revealed that the NDVI residual
trend magnitude decreased mostly in the central to the western part of the district by
53%, then increased in the north to the western part of the district by 40.99% (Figure 7
and Table 4). This shows that more than half of the district is experiencing forms of
vegetation degradation.

Areas that experienced significant a decrease of NDVI RESTREND are in the central to
western part of the district (Ephraim Mogale and Makhuduthamaga local municipalities)
by 11.59%. In the northern to eastern part of the district, in the Fetakgomo Tubatse local
municipality, a significant increase of 9.52% was recorded, implying that vegetation has
improved due to other reasons besides rainfall. Most of the degradation in the district is
due to rainfall.
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Figure 7. Spatial NDVI RESTREND pattern.

4. Discussion

The aim of this study was to apportion human- and rainfall-induced LD in the GSDM
using the RESTREND method. To achieve this, the study assessed vegetation growing
season trends in NDVI and rainfall to ascertain LD and analysed NDVI trends in different
LULC classes to describe and explain the changing spatial and temporal patterns of veg-
etation. The study then distinguished between human-induced and rainfall-induced LD
within the study area.

4.1. Trends of Vegetation Production and Rainfall

A non-parametric method, the MK test, was applied to understand vegetation trends in
the GSDM. There has been an overall decline in vegetation cover in most areas over the last
30 years, indicating that the district is facing degradation. There were negative NDVI trends
in most parts of the district (about 45%), although only 0.65% were significant. Vegetation
change is considered an indicator of environmental changes that have serious ecological
consequences for the district and thus have negative impacts on ecosystem functioning,
energy balance, biodiversity and land—atmosphere interactions [54]. A positive NDVI trend
indicates that the ecology and ecosystem conditions have improved. The study found that
productivity is increasing in other parts of the district (about 53%), but the trends are not
significant.

The district experienced decreasing rainfall over the 30-year period, however these
trends were not significant. The Fetakgomo Tubatse local municipality and some parts
of Elias Motsoaledi local municipality recorded the greatest decrease in rainfall, while
vegetation production showed improvements. This could be due to bush encroachment
and alien invader plants observed during field visits that might contribute to the increase
in NDVJ, in low rainfall areas [13,55]. Bush encroachment affects agricultural activities
and savannah ecosystems and as such it is important to understand the reasons for bush
encroachment under decreasing rainfall in these areas to improve vegetation production
conditions by identifying appropriate SLM measures [56].
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4.2. Vegetation Trends on LULC Classes and Impacts of LULC Changes on Vegetation

Information on LULC changes is important to understand the reasons for changes
in vegetation biomass [46]. The declining vegetative biomass observed in commercial
cultivation, shrub/grassland and subsistence cultivation and residential areas suggests
several reasons for the changes in vegetative biomass in the district. The decline in NDVIin
commercial cultivation could be due to land tenure conflicts following the land redistribu-
tion programme in the GDSM [12], which has resulted in land lying fallow. The vegetation
decline in subsistence cultivation is due to the declining rainfall. Mpandeli et al. [17] noted
that smallholder farmers in the GSDM district find it difficult to achieve high crop yields
due to unreliable rainfall. Subsistence farming areas are most affected by drought, so more
fields have been abandoned [12,17,57].

The highest conversion in the district over the past 30 years is shrub/grassland
to bare/exposed rock and eroded land (fifth common conversion), which occurred due
to recurrent drought and extreme weather events such as flash floods [17]. These fac-
tors, together with dispersive soils [35] predispose the district to soil and water erosion.
The increase in vegetation production in bare, eroded land, subsistence cultivation and
thicket/dense bush may be due to bush encroachment. The overgrazing that occurred
in abandoned cropping fields in communal land (subsistence cultivation) has led to bare
soil and erosion. Since this has encouraged bush encroachment, an increase in NDVI was
recorded [12,15]. The increase in NDVI in mines/quarries was due to vegetation develop-
ment when most operational mines declined, as a result of declined commodity demand
and a lack of water [36].

4.3. Land Degradation Due to Human Activities or Effects of Rainfall: RESTREND Method

The RESTREND of the NDVI revealed that LD in the GSDM was mainly due to rainfall.
Herrmann, Anyamba and Tucker [29] identified the RESTREND method as an effective
technique for determining the drivers of vegetation degradation. The result of this study
agrees with other studies that report that vegetation dynamics in arid or semi-arid regions
are very sensitive to changes in rainfall [27,58]. Furthermore, the district was affected
by severe droughts in 20022004, 1992, and 2015 [59,60], making rainfall the key climate
variable affecting vegetation productivity.

The areas where the RESTREND recorded a significant decline are in the central to
western parts of the district (Ephraim Mogale and Makhuduthamaga local municipalities).
This implies that the degradation process that occurred mainly in Ephraim Mogale and
Makhuduthamaga local municipalities is the result of human activities, as described in the
GSDM Integrated Development Plan [12]; such as livestock overgrazing, rural settlement,
agriculture, unsustainable fuel wood harvesting and land tenure conflicts. The RESTREND
magnitude showed a significant increase of 9.52% in the northern to eastern part of the
district in the Fetakgomo Tubatse local municipality, implying that vegetation has improved
for other reasons besides rainfall.

Insignificant positive RESTREND values in Fetakgomo Tubatse local municipality and
some southern parts of Elias Motsoaledi local municipality mean that vegetation production
in these areas is improving due to rainfall. Although rainfall has declined in these areas, the
reason for the improvement in vegetation can be attributed to bush encroachment and alien
invasive species, which are indicators of LD [13,55]. When Graw et al. [15] analysed the
occurrence of bush encroachment in South Africa, increasing significant NDVI trends were
observed. Graw et al. [15] showed that rainfall had the greatest influence on four of the
significant variables (i.e., cattle density, carbon dioxide, soil moisture and fire occurrence)
identified to explain bush encroachment in South Africa. Stephens et al. [14] also reported
that communal rangelands experienced the greatest increase in bush encroachment, which
doubled in low-rainfall areas.

The RESTREND results show that majority of the district (53%) is facing LD. However,
the 41.41% of the district that had an insignificant negative RESTREND could mean that
LD is due to a combination of human and climatic factors. Other studies have reported
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that the RESTREND method has shown that LD is the result of an equivalent combination
of climate variability and human activities [61,62]. Therefore, it was important in the study
to use a systems analysis to effectively identify the human and climatic factors driving LD
and their interconnectedness, and to propose intervention measures.

5. Conclusions

By analysing the relationships between the climate factor (rainfall) and the NDVI
time series over the 30 years, we used the RESTREND method to distinguish the areas of
productivity change impacted by human activities from those affected by climate dynamics.
The results indicated that LD in the GSDM is mostly influenced by climatic drivers (41.41%),
rainfall in this case, and less so by anthropogenic ones (11.59%). With about 50% of the
district dominated by pastoralism and grazing, 50% of the district can be addressed by
controlling over grazing. Other interventions include home gardens, cross-slope measures,
minimal soil disturbance, area closure, etc. SLM technologies and approaches such as
technical and material support and stakeholder engagements have to be implemented
to address LD. The increase in vegetation biomass (9.52%) in other parts of the district
could be due to bush encroachment caused by rainfall and/or human activities. Bush
encroachment is a challenging factor as it can be attributed to a range of factors. It is
recommended that further studies on bush encroachment be conducted to curb land
degradation as it affects livestock grazing and thus livelihoods and has negative impacts on
the ecosystem. Providing spatial data on how vegetation has changed over the last 30 years
and spatial information on where LD is occurring using RESTREND, particularly due to
human activities, is critical. This is important because it serves as the basis for district-level
policy decisions that help identify SLM practices best suited to rehabilitate the landscape
and address LD in a semi-arid region.
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