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Abstract

Changes in vegetation conditions are induced both by climatic and human factors. Knowledge about how changes in vegetation
conditions relate to its degradation is often lacking, although needed to sustainably manage rangeland resources in drylands.
Contributions made to develop land management options require assessing vegetation dynamics and degradation in Palapye, an
agro-pastoral region of high economic and biodiversity importance in eastern Botswana. The Vegetation Degradation Index
(VDI) was applied to 18-year (1986-2016) time series of annual Normalized Difference Vegetation Index (ANDVI) images to
establish vegetation degradation levels, i.e. relatively undegraded, low degradation, medium degradation, and high degradation.
Plant species metrics and biophysical variables were then examined at nine sites with the aim of explaining variations in the
vegetation degradation levels. Approximately 95% of the study area experienced low degradation and 11% had significant
negative trends in ANDVI. Species richness, diversity, and rainfall explained 49% of the variance in degradation levels.
Species diversity and richness were highest in Moeng (a relatively undegraded site), whereas they were lowest in Lesenopole
(a low degradation site). A probable reason being that Colophospermum mopane contributed 87% of individual trees and shrubs
at Lesenopole. Species diversity and richness were also negatively associated with VDI. The non-occurrence of some species
such as Sclerocarya birrea and Lonchocarpus capassa on highly degraded sites suggests a link between species composition and
the level of degradation. This study combined the use of theremote sensing-based VDI with field-based plant species data for
validating vegetation degradation levels in a dryland context.
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of land degradation and climate change exacerbate the
vulnerability of social-ecological systems and undermine
adaptation efforts in various contexts (Webb et al.
2017). Drylands amount to 43% of Africa’s land area
and are projected to increase between 5 and 8% by
2080 (FAO 2017).

Vegetation degradation is a biological type of land degra-
dation related to a reduction in biomass, diversity, and/or re-
duced nutritional value of vegetation for livestock and wildlife
(Eswaran et al. 2001). Vegetation monitoring for rangeland
management is necessary as vegetation plays an important
regulatory role in both the biosphere and the atmosphere
(Miao et al. 2013; Belayneh and Tessema 2017; Treydte
et al. 2017). Earth observation (EO)-based vegetation indices
are increasingly used for analysing and monitoring vegetation
change as these are timely and cost-efficient. As ground-based
data collection is expensive, it is conducted intermittently
resulting in data gaps. Often, ground data points are not well
distributed and inconsistency in data collection methods and
definitions make comparison and replication difficult.
Without remote sensing, we can rarely gain the historical per-
spective of vegetation change. Moreover, the availability of
images for Africa is now sufficiently long enough for exam-
ining trends in time series (Vlek et al. 2010).

Although vegetation degradation is a major process of en-
vironmental change, its dynamics, drivers, and impacts in
Botswana are not well understood except in the cattle-based
systems. There is currently a very limited amount of research
analysing changes in vegetation conditions and degradation
outside the Kalahari rangelands of southwest Botswana.
Much of what is known relate to bush encroachment whereby
bush cover and density are increasing at the expense of grass
production, particularly around cattle watering points (Reed
et al. 2015; Dougill et al. 2016). Bush encroachment is asso-
ciated with reduced species diversity and forage resources in
cattle-based systems (Ward 2005; Thomas et al. 2018). Reed
et al. (2015) examined the impacts of bush encroachment on
ecosystem services under different land tenure types. Studies
have also argued whether bush encroachment that provides
ground cover should be considered as land degradation
(Abel 1997; O’Connor et al. 2014; Stevens et al. 2016).

Over an 18-year period (1998-2016), this study assessed
changes in vegetation conditions and related these to vegeta-
tion degradation in Palapye, an agro-pastoral region of high
economic and biodiversity importance in eastern Botswana
(Akinyemi and Mashame 2018). Knowledge about vegetation
degradation is lacking in this context, hence the need to fill
this gap. This study examined how plant species diversity and
richness related to varying vegetation degradation levels using
remote sensing-based vegetation indices. Most studies com-
paring species diversity in natural and degraded woodlands do
so without explicitly establishing the degradation levels. This
study examined how plant species metrics and biophysical

@ Springer

variables relate to the measured degradation levels. By incor-
porating data from satellite image analysis with detailed field-
based observation, mechanisms driving the assessed patterns
and trends in vegetation degradation can be better deciphered
and understood (Brandt et al. 2017). It is the first study relating
quantitatively assessed vegetation degradation with species
composition in this relatively unknown region. Questions an-
swered relate to the degree of vegetation degradation and var-
iables explaining variations in vegetation degradation levels
were identified. This study contributes to the limited literature
on EO use and provides empirical evidence of vegetation deg-
radation in Botswana. Overall, it aims to improve our under-
standing of the drivers of vegetation degradation in agro-
pastoral systems of Southern Africa.

Materials and methods
Description of the study location

Our study area comprising the Palapye settlement with some
26 surrounding villages covers an area of 4479 km?
(Mashame and Akinyemi 2016), henceforth referred to as
Palapye (Fig. 1). Administratively, the study location covers
the jurisdiction of the Palapye Administrative Authority in the
Botswana Central District. As a coal mining town, Palapye is
the site of the only coal combustion power station in
Botswana. Land is mostly under communal land tenure and
used mainly for agriculture. Palapye is urbanising and tourism
is an important economic sector (Akinyemi and Mashame
2018).

Palapye’s climate is semi-arid, hot steppe (Koppen’s BSh
classification) as in most parts of Botswana. The summer
months are October to March with temperature ranging from
32 to 39 °C, whereas winter is from April to September.
Rainfall occurs during summer with an annual average of
351 mm over Palapye (Akinyemi 2017). Soils are mostly
Arenosols and Luvisols and are predominantly sandy in tex-
ture (Kebonye et al. 2017). Palapye is dominated by low relief
with the Tswapong Hills to the southeast and the Matepilepi
Hills to the northwest. The Tswapong hills stretch over a 70-
km range, 15 km wide, and rise up to 1380 m.

Data sources
Remote sensing data

Normalised Difference Vegetation Index (NDVI) is widely
used to monitor vegetation greenness, plant phenology, and
net primary productivity as induced by both natural and hu-
man factors (Vlek et al. 2010; Fensholt et al. 2013). Dekadal
(10-daily composite) NDVI 1-km time series (July 1998 to
June 2016) were analysed in this study, making 648 NDVI
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Fig. 1 The study location. a Palapye in eastern Botswana. b Palapye settlement and the sites where vegetation survey was conducted

images. Datasets are accessible from the EUMETCast recep-
tion station of the Monitoring the Environment and Security
for Africa SADC Thema (MESA-SADC) project at the
Botswana International University of Science and
Technology (BIUST). NDVI datasets from July 1998 to
May 2014 are from the SPOT — VGT, whereas datasets from
June 2014 to June 2016 are from the PROBA-V. These
datasets are pre-processed at source to ensure the comparative-
ness of the long-term NDVI statistics and continuity of the
time series derived from both sensors. Pre-processing includes
atmospheric correction of the surface reflectance in the RED
and NIR bands from the PROBA-V images to the SPOT —
VGT. Adjustments were required because of minor sensor
differences such as in their spectral response functions, over-
pass time, and radiometric calibration (Vito 2015). Sterckx
et al. (2014) give an extensive description of the corrections
applied to the PROBA-V images.

Field data

Tree and shrub species data were collected from nine sites
representing vegetation degradation levels between 6 and 9
December 2016. This survey was needed to validate the veg-
etation degradation levels (this procedure is described in the
subsections “Vegetation Degradation Index” and
“Degradation classes”). Stratified random sampling was
employed to ensure that each degradation level as a stratum
had an equal chance of being sampled and that vegetation

sampling plots are not poorly distributed to minimise over-
or under-representing certain species. According to Noori
et al. (2014), the choice of an appropriate sampling technique
depends upon the type of data needed. Referring to Fig. 1, the
nine sites are Mogapinyana and Moeng (relatively
undegraded), Lesenepole and Mahibitswana (low degrada-
tion), Malaka, Maunatlala and BIUST (medium degradation),
Lecheng and Morupule (high degradation). Coordinates of
site centroids obtained in a GIS were entered in a Leica
Zeno field Global Positioning System (GPS) receiver and lo-
cated on the field. We established two quadrats (50 by 50 m)
per site and each quadrat was further divided into two equal
halves for ease of identifying and counting the species.

Methods
Annual NDVI difference

NDVI images for the Southern African Development
Community (SADC) were clipped to the boundary of the
study area for use in creating the NDVI difference maps in
the Drought Management System (DSM) software. NDVI
differencing is widely used as a technique to identify deviation
(anomaly) in vegetation state for a certain period in compari-
son with the long-term average for that period, or between two
periods (Rudy et al. 2013; Meroni et al. 2019). NDVI differ-
ence (NDVlg;g) was calculated annually for December in re-
lation to the long-term average from 1998 to 2016 (Eq. 1). The
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3rd dekad of December was selected as this period marks the
peak of the growing season in the study area.

NDVIgg = NDVI~(NDVI, + ... + NDVI,,)/n (1)

where i represents the year of interest, @ is a specific 10-day
period, i.e. a dekad, and n represents the total number of years
in the entire series.

Vegetation Degradation Index

The extent of vegetation degradation is analysed with the
Vegetation Degradation Index (VDI), a regression-based
method. As a first step, the VDI requires establishing the lin-
ear relationship between ANDVI and time. We estimated the
slope of the trend line fitted to each pixel using the ordinary
least square method (Eq. 2) following Li et al. (2015).

nx ¥ (i x ANDVIL)-Y" i ¥ ANDVI,
- N2
nx zi:llz_ (zi:ﬂ)

Where i represents a particular year and n represents the total
number of years in the entire series. ANDVI; is the annual
NDVI for each year, composited as the maximum value of
NDVI per pixel between the first dekad in July to the third
dekad in June of the following year. The maximum measur-
able NDVI over a period indicates the vegetation greenness
peak, which usually occurs during the growing season (Li
etal. 2015). Afterwards, the VDI was evaluated by separating
change in ANDVI from no change at the 0.05 significance
level using the F-test (Eq. 3).

SLOPE =

(2)

VDI = {S97E x (~100) 507 < 0, F>r,y.) (3)

Any reduction in ANDVT is significant if the VDI is <0
and F>Fo5 (Li et al. 2015). Therefore, if VDI is <0, i.e.
negative, there is a decreasing trend of ANDVI. These nega-
tive values were multiplied by — 100 to derive positive values,
which were then categorised into degradation classes.
Otherwise, ANDVI is not changed or an increasing trend
(regeneration) if VDI is > 0. Pixels with an increasing trend
were reclassified to zero as only negative changes in ANDVI
are associated with a decreasing trend to depict degradation in
vegetation.

Degradation classes

The VDI values formed the basis for classifying the entire
study area into four vegetation degradation levels using the
natural break in the data as follows: 0—1 =relatively
undegraded, 1-5 = low degradation, 5-10 = medium degrada-
tion, and 10-25 =high degradation. These categories were
adopted in order to largely correspond to the previous legend
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utilised in mapping land degradation in Palapye (Akinyemi
2015).

Plant species metrics

Species occurrence, richness, density, and diversity were com-
puted at the quadrat level and their mean values were calcu-
lated for each site in the study area. For each species identified
in a quadrat, the number of individuals was counted and re-
corded. Species occurrence in the entire study area was de-
rived as the average of occurrences in all sites. Species rich-
ness (S) is the total number of species present in each site
(Whittaker 1972). The density of each species is calculated
by dividing the number of individual species by the area of
the quadrat as in Eq. 4.

Di:Ni+Qa (4)

where D; is the density of species 7, V; is the number of occur-
rences of species i in a quadrat, and Q, is the area of the
quadrat. This measure was used because each tree and shrub
species could be consistently recognised and counted per
quadrat. The density of individual species in metre squared
(m?) was extrapolated to the hectare (ha). Species diversity
was computed per site using the Shannon Diversity Index
(SDI, Shannon 1948) as in Eq. 5.

SDI = =¥3_, PiLNPi (5)

where Pi is the fraction of the population of species i identified
divided by the total number of species found, s is the number
of species found, and LN is the natural log.

Spearman’s correlation and principal component analysis

Variables of interest in explaining the variations in degrada-
tion levels that were identified from the literature and field
observation are species richness, SDI, NDVI, VDI, rainfall
(total annual average), the Standardized Precipitation Index
(SPI), elevation, and slope aspect. The SPI is a probability-
based drought index that quantifies the deviation of the total
rainfall from the mean for a certain period (Du et al. 2012).
Rainfall and SPI (a proxy for drought) are major climatic
factors affecting plant growth in semi-arid contexts.
Spearman’s coefficient () was used to correlate VDI with
the ecologic, climatic, and terrain variables in our case study.
Principal component analysis (PCA) was conducted for its
utility in variable reduction into the underlying, uncorrelated
components (PCs). PCA as a statistical method, with minimal
information loss, is capable of reducing a large number of
correlated variables into a smaller number of uncorrelated
components (Silva-Flores et al. 2014). A varimax rotation
was used to simplify the structure and interpretation was based
on the variable with the highest loading on each PC (Barik



Vegetation dynamics in African drylands: an assessment based on the Vegetation Degradation Index in an... 2031

et al. 2019). The aim is to understand how variables contrib-
uted to the degradation levels on the basis of their loadings in
the PCs.

Results
Vegetation conditions

Depicted as NDVI anomaly maps, changes in vegetation con-
ditions in Palapye between 1998 and 2016 reveal high tempo-
ral and spatial variability (Fig. 2). In relation to the long-term
average which is the expected condition, vegetation perfor-
mance improved in some years such as 1999-2000, 2010—
2011, 20112012, 2013-2014, and 2014-2015, whereas it
declined in other years such as 2001-2002, 20042005,
2005-2006, 2009-2010, 2012-2013, and 2015-2016.

Vegetation degradation
VDI values for the 18-year period (1998-2016) were mapped
at the pixel level to depict varying vegetation degradation

levels. 44.3% of the study area was classified as relatively
undegraded, 51.3% as low degradation, 4.35% as medium
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Fig. 2 NDVI anomaly from 1998 to 2016
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degradation, and 0.05% as highly degraded (Fig. 3a,
Supplementary Fig. 1). Figure 3b shows statistically signifi-
cant negative trends in ANDVI (approximately 11% of the
study area) with p values (F-test) ranging from 0.02 to 0.15,
whereas Fig. 3c depicts VDI classes where trends are
significant.

Areas classified as medium to highly degraded, such as
in the north-west and south of Palapye, are mostly erosion
sites with exposed rock outcrops and/or burrow pits.
These areas tend to have negative trends signifying de-
creasing ANDVI (Fig. 3a). Only areas where these trends
are significant are shown in Fig. 3b, whereas the VDI
categories under which they fall are depicted in Fig. 3c.
These findings are consistent with Akinyemi and
Mashame (2018) which found a 26% loss of natural land
cover in this region between 1986 and 2014. Savanna and
shrubland losses were largely attributed to increasing
rocky surfaces (48 to 426 km?) and grasslands (245 to
891 km?) as consequences of recurrent droughts and de-
forestation. Other factors are agriculture with croplands
increasing from 71 to 221 km? and settlement, i.e. artifi-
cial surfaces and built-up areas, increasing from 10 to
72 km? over the 28-year period. As the region is also
important for mining, there are environmental impacts.
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For example, coal mining and coal-fired electricity gener-
ation are ongoing at Morupule and clay brick manufactur-
ing near Lecheng (Mashame and Akinyemi 2016, see Fig.
D).

Species composition and density

Thirty-three (33) tree and shrub species with a total of
3444 individuals occurred in the entire nine sites
(Table 1). Species occurrence and average density in the
study sites are shown in Table 1. The average densities of
all species are further disaggregated according to the level
of vegetation degradation at the nine sites (Table 2). The
densest species is' Colophospermum mopane (Mopane,
Mophane) which occurred 1474 times (43%) on all nine
sites at a rate of 527 per ha. Dichrostachys cinerea (Sickle
bush, Moselesele) also occurred on all nine sites with 631
(16%) individuals at a rate of 269 per ha. Grewia flava
(Grey/silver raisin, Moretwa) occurred on eight sites at a
rate of 65 per ha, Ximenia Americana caffra (Blue sour
plum, Moretologa) on seven sites at a rate of 89 per ha,
Combretum apiculatum (Red bush willow, Mohudiri) on
six sites at a rate of 94 per ha, Gymnosporia buxifolia
(African spike thorn, Mothono) and Grewia monticola

! When known, the plant’s scientific name, common name, and local name
(underlined) are given.
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(Sand paper raisin, Mokgomphatha) on five sites at rates
of 68 and 23 per ha respectively, Peltophorum africanum
(African wattle, Mosetha) on three sites at 60 per ha,
Sclerocarya birrea (Marula, Morula), and Lonchocarpus
capassa (Apple leave rain tree, Mopororo) occurred only
on the two relatively undegraded sites at rates of 16 and
10 per ha respectively.

The presence of the most occurring species at multiple sites
is depicted in Fig. 4. To identify some factors influencing the
different levels of vegetation degradation, the VDI was corre-
lated with plant species (e.g. plant density, diversity) and bio-
physical variables at the nine sites representing degradation
levels (Table 3).

SDI (species diversity) and richness were highest in
Moeng (relatively undegraded site), BIUST and
Mahibitswana, which are both medium degradation sites,
whereas these were lowest in Lesenepole (a low degrada-
tion site) and Lecheng (a high degradation site). SDI is
significantly positively correlated with richness but both
variables are negatively correlated with SPI. Rainfall also
has a significant positive association with species richness
but its positive relationship to species diversity was not
significant. VDI has a positive relationship with slope
aspect and SPI. Analysis from PCA showed the combined
influence of variables as three components explained 85%
of the total variance in vegetation degradation levels. PC1
accounted for 49% of the total variance with high positive
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Table 1 Occurrence, frequency, and average density of different tree species in the study area

Botanical name English name Local name Occurrence  Frequency — Average density (ha)  No. of sites present
Colophospermum mopane Mopane Mophane 1474 16 527 9
Dichrostachys cinerea Sickle bush Moselesele 631 18 269 9
Combretum apiculatum Red bush willow Mohudiri 151 11 94 6
Ximenia Americana caffra Blue sour plum Moretologa 240 18 89 7
Gymnosporia buxifolia African spike thorn Mothono 95 11 68 5
Grewia flava Grey/silver raisin Moretwa 174 16 65 8
Peltophorum africanum African wattle Mosetha 89 4 60 3
Grewia bicolor White raisin Mogwana 72 6 48 5
Rhus tenuinervis Rolled-leaf currant Modupaphiri 42 5 48 5
Acacia nigrescens Knob thorn Mokoba 48 8 39 4
Terminalia sericea Silver cluster leaf Mogonono 38 6 33 3
Searsia pyroides Wild wool brush Mohatha 16 10 29 3
Bauhinia petersiana Kalahari bauhinia Mochancha 22 13 29 2
Acacia tortilis Umbrella thom Mosu 37 8 26 6
Boscia albitrunca Shepherd tree Motopi 28 6 26 4
Grewia monticola Sand paper raisin Mokgomphatha 24 6 23 5
Ozoroa reticulata Tarberry Resin-tree Monokane 9 9 22 1
Ziziphus mucronata Buffalo thorn Mokgalo 7 3 20 3
Euclea natalensis Natal guarri Mothakola 22 4 20 4
Terminalia prunioides Purple pod terminalia ~ Motsiara 6 5 16 1
Sclerocarya birrea Marula Morula 2 16 2
Acacia erubescens Blue thomn Moloto 16 8 16 3
Asparagus aspergillus Velvet bushwillo Mohalatsamaru 14 6 14 3
Tarchonanthus camphoratus ~ Camphor bush Moologa 11 4 14 5
Lonchocarpus capassa Apple leave rain tree  Mopororo 5 6 10 2
Gymnosporia senegalensis Red spike thorn Mothono 10 4 9 3
Acacia mellifera Black thorn Mongana 11 5 9 4
Acacia erioloba Camel thorn Mogotho 1 1 9 1
Ehretia rigida Puzzle bush Morobe sekgalo 2 4 8 1
Acacia flecki Blade thorn Mohahu 7 2 6 4
Berchemia discolor Bird plum Motsentsela 1 3 4 1
Acacia nilotica Gum Arabic tree Mothabakgosi 1 1 4 1
Vangueria infausta Wild meldar Mmilo 3 1 4 2

loadings from species diversity, richness, and rainfall,
whereas it had a very high negative loading from SPI.
PC2 with high positive loading from NDVI accounted
for 20% of total variance and PC3 accounted for 17% of
total variance with high positive loadings from elevation
(terrain) (Table 4).

Discussion

The use of the VDI in this study demonstrates a means for
measuring and monitoring vegetation degradation based on
freely available remote sensing vegetation indices time series.

The method is quantitative making its replication in similar
contexts feasible and the results reproducible.

Vegetation conditions

Vegetation indices are useful for assessing vegetation con-
ditions despite their limitation in distinguishing between
vegetation cover types (Karnieli et al. 2013). For example,
bush encroachment is undesirable in cattle-based systems
as it degrades the quality of rangelands for grazing but
vegetation indices associate it with increasing trends of
vegetation greening in drylands as it appears as an in-
crease in vegetation production (Brandt et al. 2017).
Assessing and interpreting degradation from images
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Fig. 4 Presence of the densest
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require in situ data for ground truthing. It is essential to
interpret vegetation indices as proxies in the context of
changing land uses and land management practices of an
area (Reed et al. 2015). The VDI was validated in our
context by relating plant species metrics and biophysical
variables to vegetation degradation in nine sites
representing four degradation levels.

High variability in vegetation performance over the 18-
year study period reflects the non-equilibrium, dynamic
nature of dryland ecosystems (Mogotsi et al. 2011;
Dougill et al. 2016). Vegetation degradation in Palapye
is attributable to the impacts of both climatic and anthro-
pogenic factors. Vegetation growth decreased mostly dur-
ing years of drought as confirmed by the drought and
household security outlook report (Rural Development
Council, RDC 2017). The report noted that vegetation

Mahibitswana, Lesenepole BIUST

Low degradation

[ | Ximenia Americana

Maunatiala | Malaka caffra

Morupule | Lecheng

Medium degradation High degradation

Dycrostachys
cinerea

growth declined in most parts of Botswana due to
drought’s negative impacts on vegetation, whereas there
was improvement when rainfall was abundant. For exam-
ple, vegetation condition improved in 1999-2000 as the
649 mm rainfall recorded during this period was well
above the long-term average of 351 mm (1960-2015)
for Palapye (Akinyemi 2017). Studies such as
Rutherford and Powrie (2013) examined the varying in-
fluence of rainfall gradients and grazing on changing spe-
cies richness in Mopane woodlands in South Africa.

The negative climatic impacts on vegetation are further
accentuated by heightened human activities in the region.
Most of the places in the southern part of Palapye where
vegetation degraded are areas on the footslopes of the
Tswapong Hills. Apart from the environmental conse-
quences of mining in the region, soil erosion is most

Table 3  Correlation between variables

Categories Variables Richness SDI Abundance NDVI VDI Rainfall (mm) SPI Elevation (m) Slope aspect (°)

Ecologic Richness 1.000 0.865%* —0.492 -0.113 —0.206 0.715% —0.642 0.442 —0.446
SDI 0.865**  1.000 -0.512 0.027  —-0.103 0.577 -0.604 0.259 —0.238
Abundance -0492 -0.512  1.000 0385 0430  0.002 0.638  —0.053 0.078

Climatic NDVI -0.113  0.027 0.385 1.000  —0.181 0.229 0.008  0.239 —0.444
VDI -0.206 —0.103 0.430 —0.181 1.000  0.084 0.612  0.036 0.732*
Rainfall (mm)  0.715* 0.577 0.002 0229  0.084 1.000 —0.487 0.283 —0.493
SPI -0.642 —0.604 0.638 0.008 0.612 —0.487 1.000  0.205 0.605

Topographic  Elevation (m) 0.442 0.259 —0.053 0239  0.036  0.283 0.205 1.000 —0.183
Slope aspect (°) —0.446 —0.238 0.078 —0444 0.732*% —0.493 0.605  —0.183 1.000

**Represents correlation that is significant at the 0.01 level (two-tailed)
*Represents correlation that is significant at the 0.05 level (two-tailed)

Shannon Diversity Index (SDI), abundance (no. of individuals)
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Table 4 Principal component

Initial Eigenvalues

output Rotated component matrix
Total % Variance ~ Cumulative %  PC1 PC2 PC3
Categories (Total variance explained) Components
Ecologic Richness 3412  48.746 48.746 0.923
SDI 1.393  19.897 68.643 0.826
NDVI 1.191  17.008 85.651 0.847 -0.302
Climatic Rainfall (mm) 0502  7.169 92.821 0.824
SPI 0402 5747 98.567 -0.757  0.365 0.475
Topographic ~ Elevation (m) 0.090  1.288 99.856 0.361 0.531 0.712
Slope aspect (°)  0.010  0.144 100.000 -0.675 —0365 0478

pronounced in the cultivated and settled areas where the
deep, freely drained and medium-textured Luvisols occur
such as around Malaka (Paris et al. 1995).

Relating species composition and diversity
to vegetation degradation levels

Mechanisms underlying vegetation degradation and its rela-
tionships with environmental and anthropogenic factors in
dryland contexts are varied and complex (Waide et al. 1999;
Isbell et al. 2011). With plant’s strong links to climatic and soil
conditions as well as reflecting the impacts of human activi-
ties, they serve as useful indicators to infer rangeland degra-
dation (Part and Soderstrom 1999; Fensholt et al. 2013;
Treydte et al. 2017). It is noted that the VDI was calculated
based on 18-year NDVI data, whereas the field-based plant
species data was available only for 1 year. However, since
plant species composition evolved over time as a consequence
of the interaction between climatic and human factors at the
various sites, it is assumed to be a reflection of the conditions
captured in the NDVI time series. Notwithstanding, develop-
ing multi-temporal plant species data for future monitoring is
essential.

Mopane, a very valuable economic tree species, occurred
on all sites as it is well adapted to this region (Timberlake
1995). Findings relating decreasing species diversity and
richness to degradation levels are in line with Bruschi et al.
(2014) which found more plant species in undegraded sites in
the Miombo woodlands of Mozambique. However, lower
species diversity and richness in Lesenepole (a low degrada-
tion site) is probably attributable to the dominance of Mopane,
which contributed 87% of individuals. Timberlake (1995,
1999) noted the comparatively low alpha and gamma diversi-
ties of mopane woodlands. Sclerocarya birrea and
Lonchocarpus capassa did not occur in any of the degraded
sites probably due to their vulnerability to overutilisation be-
cause these species have multiple, competing uses by rural
communities (Muok et al. 2009 and Mudzengi et al. 2017).
As a dioecious plant, Sclerocarya birrea is particularly

@ Springer

vulnerable to soil degradation. Muok et al. (2009) found that
changes in the biotic properties of soil such as decreasing
density of the Arbuscular mycorrhizal fungi hampered the
reestablishment of the plant. Thus, only land management
options that improve the biotic soil properties should be
adopted to prevent sites from degrading.

The result suggesting that vegetation degradation is linked
to species composition and diversity in this region should be
further explored as results from previous studies are mixed,
particularly regarding the influence of varying levels of
degradation. Rutherford and Powrie (2013) found that differ-
ences in the influence of land utilisation intensity on plant
diversity, richness, and structure between commercial and
communal rangelands in Mopane woodlands were
negligible. Wen et al. (2013) examined how ecosystem ser-
vices of alpine grasslands varied along the degradation gradi-
ent in China. They found that ecosystem services were lower
in degraded grasslands in comparison with non-degraded
ones. In other contexts, the effect of grazing, which often is
implicated as driving land degradation, on plant composition
and diversity were not always negative. Komac et al. (2014)
found greater species diversity in areas of high grazing pres-
sure in the eastern Pyrenees (Andorra) but with lower forage
quality. Luo et al. (2018) found deterioration in soil condi-
tions, vegetation cover but improved species diversity, and
increased productivity in cushion plants and shrubs in ex-
tremely degraded areas. The foregoing could help to further
explain why in our study area some medium degraded sites
were high in species diversity. For example, the occurrence of
Dichrostachys cinerea, an unpalatable species, on all sites is
evidence of bush encroachment in Palapye. This species en-
croaches and dominates with increasing grazing intensity,
while nutritious grass species disappear (Fensholt et al.
2013). This finding that bush encroachment is occurring in
the region was confirmed by farmers in an earlier socio-
economic survey conducted among land users in Palapye
(Akinyemi 2017). Based on field observation, unpalatable
species such as Datura stramonium L. (Jimsonweed,
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Mokhure) and Striga asiatica (Witchweed, Molelwana) were
found growing on some croplands.

The relationship of slope aspect with VDI is positive and
significant suggesting it has an influence on vegetation
degradation. This is in line with the findings of Mohr (2004)
and Nadal-Romero et al. (2014). Nadal-Romero et al. (2014)
found that larger angles existing on south-facing slopes deter-
mined the extent of plant colonisation on Mediterranean bad-
lands. That species diversity and richness are positively asso-
ciated with rainfall, whereas they are negatively associated
with drought agree with the findings of Liu et al. (2019). In
contrast, VDI’s positive relationship with SPI implies that
vegetation degrades under drought conditions due to moisture
constraints.

Conclusion

The Vegetation Degradation Index (VDI) was applied to
assess vegetation degradation in Palapye, an agro-pastoral
region in eastern Botswana. The index was calculated by
means of regression slopes from annual Normalized
Difference Vegetation Index (ANDVI) images between
1998 and 2016. Based on the VDI values, four degrada-
tion classes were derived (relatively undegraded, low, me-
dium, and high degradation). Approximately 95% of the
study area experienced low degradation and 11% of the
study area had significant negative trends in ANDVI.
Much of the variation in vegetation degradation levels
was explained by rainfall, species richness, and diversity.
Species richness and diversity were found to be negative-
ly associated with drought, whereas vegetation degrada-
tion was positively related to drought.

Of the 33 species found, Mopane and Dichrostachys
cinerea were densest, occurring on all sites. Mopane as an
economic tree is well adapted to the region, whereas
Dichrostachys cinerea is an unpalatable species signifying
bush encroachment. Results suggest a link between species
composition and vegetation degradation levels. For example,
Sclerocarya birrea and Lonchocarpus capassa did not occur
in any of the degraded sites. This link should be further ex-
plored in order to decipher how vegetation degradation influ-
ences species composition, diversity, etc. within the context of
the local land management practices. A better understanding
of such influences could be of importance in developing suit-
able land management options in this and similar dryland
regions.

Although the level of vegetation degradation was found to
be relatively low in this region, it is essential to curtail the
negativity of human activities on the environment as these
have the potential to exacerbate negative climatic impacts,
particularly from drought. Incorporating remote sensing and
geostatistical modelling with plant species metrics enabled

vegetation degradation assessment in an African dryland con-
text. Its findings provide future research with input for identi-
fying probable factors driving vegetation degradation in dry-
lands in and beyond Africa.
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