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Abstract: Understanding the effects of droughts on vegetation and ecosystem services (ES) is
important for climate change adaptation. However, drought occurrence varies across space and
time. We examined drought dynamics and impacts on vegetation and ES in the semi-arid Limpopo
Basin of Botswana. Weather station precipitation, remotely sensed normalized difference vegetation
index (NDVI) and participatory mapping exercises provided data for the analyses. Results show that
between 1980 and 2015, rainfall anomaly indices of potential drought years ranged between −4.38
and −0.12. The longest spell of below-average rainfall occurred between 1992 and 1996. On average,
drought events lasted for 1.9 years and recurred every 2.3 years. Although the overall drought
frequency was 3.7 times in every 5 years, drought prevalence increased to 50%, 60% and 70% between
1981–1990, 1991–2000, and 2001–2010, respectively. The wet season average vegetation condition
index between 2000 and 2015 revealed the occurrence of severe-to-extreme droughts in 2002–2003,
2005, 2008–2009 and 2012–2013 and light-to-moderate droughts in 2004, 2006–2007 and 2011, giving a
drought prevalence of 73.3%. The increased frequency and severity of droughts is diminishing
natural vegetation, crop productivity and several provisioning ES through moisture stress and
drought-induced agricultural expansions. There exists an urgent need for smallholder irrigation
development in Bobirwa sub-district to improve crop productivity and reduce the drought-induced
conversion of woodlands to agriculture.

Keywords: drought severity; drought recurrence; drought duration; vegetation condition index;
NDVI; remote sensing; semi-arid areas; Limpopo Basin; Botswana

1. Introduction

Drought is an environmental challenge that often causes significant losses of livelihoods the world
over. For instance, rain-fed agriculture, livestock production, biodiversity, and several ecosystem
services (ES) that are fundamental to human well-being are increasingly threatened [1,2]. In the past
50 years, droughts alone have affected about 1.4 billion people globally [3]. In recent years, drought
impacts have been particularly potent in semi-arid regions where many people uniquely depend on
the natural environment [4].

Droughts occur naturally when total annual precipitation is significantly below 650 mm, causing
adverse consequences on natural vegetation and crop productivity [5]. Four types of droughts
are identified in the literature as meteorological, agricultural, hydrological, and socio-economic.
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Meteorological droughts occur when precipitation at any given location falls below the long-term
average, spanning a period from a few months to several years. Agricultural droughts occur when soil
moisture falls below crop requirements at any given time during or after a meteorological drought.
Hydrological droughts are experienced when groundwater and surface water resources become
insufficient as indicated by streamflow, surface, and groundwater levels. Socio-economic drought
is experienced when a combination of the other three droughts interferes with the social, economic,
and ecological systems causing undesirable consequences on human health, well-being and quality
of life of indigenous communities. These definitions are well-articulated and illustrated by the
National Drought Mitigation Centre at the University of Nebraska (https://drought.unl.edu/Education/

DroughtIn-depth/TypesofDrought.aspx).
Although droughts are more prevalent over the semi-arid landscapes due to their adverse climate

conditions, they can naturally occur in any climate. Therefore, droughts differ in terms of their severity,
duration and frequency [3]. Over Botswana, the longest drought occurred between 1981 and 1987
lasting for seven years although widespread and devastating impacts were mostly experienced by
the poor [6,7]. As the severity and recurrence of droughts are increasing globally, semi-arid areas are
among the worst affected [3]. Nonetheless, the severity and duration of droughts over any area vary
from one drought event to the other. For instance, some droughts occur for short periods but with
severe impacts while others are mild but develop over an extended period.

Droughts drive changes in vegetation cover and consequently the delivery of those ES which
depend on healthy vegetation. However, the extent to which droughts drive these changes depends
on their severity, duration and recurrence. Previous studies by [8–13] revealed various aspects of
vegetation changes ranging from the condition and stature, to composition, in semi-arid landscapes.
Considering the precipitation regimes in semi-arid and arid landscapes, droughts are among the
chief drivers of vegetation degradation in these areas [10]. The consequences of vegetation change
in semi-arid landscapes are varied [14–16]. Ref. [8] found that recurrent droughts were among the
leading causes of loss of grasslands and grazing pastures by up to 86%. In Kenya, droughts were
identified as being behind the decline in cultivated crop yields and conversion of woodlands to bush
dominated landscapes [3,17]. With a huge dependence on the natural environment, especially among
poor people in developing countries, the effects of droughts could be huge. According to [18], between
1994 and 2013, droughts accounted for 20% of the natural disasters affecting at least one billion people
globally. Most of these people resided in developing countries.

A study by [19] suggests that the severity and recurrence of droughts in Botswana have been
rising in the past two decades. Although lengthy drought periods have been recorded nationally in
the early 1980s and 1990s, these were punctuated by non-drought years [20]. Since 2007, drought
occurrence has been declared annually in different parts of the country showing increased frequency of
droughts in recent years since the turn of the millennium [20]. Considering the huge costs associated
with droughts [7], several methods for assessing droughts based on weather station precipitation data
have emerged over the years. For instance, the Palmer drought severity index (PDSI), the standardized
precipitation index and the moisture anomaly index (Z-index) all use weather station data. However,
these techniques lack the spatial coverage and hence are only effective in assessing drought conditions
in the vicinity of weather stations given the high variability of precipitation over short distances,
particularly in semi-arid areas [21].

Although traditional methods to assess and monitor droughts rely on weather station precipitation,
such data are often incomplete, unavailable or available for very short periods in many developing
countries. Besides, the dynamism of precipitation over semi-arid regions, coupled with poorly
distributed weather stations across Botswana and many other developing countries, limit more localized
drought assessments and monitoring as noted by [22]. Without automated weather stations, such data
are often not readily available and open to human error. Nonetheless, consistent remotely-sensed
vegetation products offer an opportunity to monitor various aspects of droughts such as the onset,
duration, severity, frequency and spatial distribution [23]. Moreover, in areas where weather stations
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are absent or sparsely distributed, remotely sensed data may be the only viable alternative data source.
The vegetation condition index (VCI) based on the remotely-sensed products such as the normalized
difference vegetation index (NDVI) and enhanced vegetation index (EVI) have been used extensively
to monitor drought onset, severity, duration, extent and impact the world over [22,24,25].

We nonetheless use weather station data and VCI data derived from remotely sensed NDVI
data to assess the consequences of meteorological droughts on natural vegetation and ES delivery
in the Bobirwa sub-district in the Limpopo Basin part of Botswana. As a remotely-sensed product,
VCI does not require meteorological data, hence it can be computed easily and in near-real-time [24].
The objectives of this study in the Bobirwa sub-district in the Limpopo Basin part of Botswana
were to (i) establish the occurrence, duration, recurrence, prevalence and severity of drought events;
(ii) examine the spatial and seasonal variability of drought events using the vegetation condition index;
(iii) establish the implications of recent drought dynamics on ES delivery including the associated
consequences on the local people.

2. Materials and Methods

2.1. Study Area

The Limpopo River Basin part of Botswana is ecologically and economically significant to
indigenous people and surrounding communities. Our case study, Bobirwa sub-district, is situated
between 28◦09′10′′ E to 29◦21′42′′ E and 22◦35′17′′ S to 21◦35′56′′ S and lies entirely within the
Limpopo River Basin part of Botswana. The sub-district has an altitude ranging between 590 and
886 m making it the lowest part of Botswana; consequently, it has a network of channels that drain into
the Limpopo River [26]. The sub-district boundary forms the national boundary with Zimbabwe to the
north-east and South Africa to the south-east where the Limpopo River marks the boundary. Figure 1
below shows the location map of Bobirwa sub-district in Botswana, the villages and settlements in
the Bobirwa sub-district as well as the location of Botswana in Africa. Although local ecosystems in
the Limpopo Basin are essential to livelihoods and human well-being, they are greatly threatened
by adverse climatic conditions as well as anthropogenic pressure. According to the 2011 National
Population and Housing Census report, the population of Bobirwa sub-district was 71,936 comprising
34,247 males and 37,689 females from 19,213 households with an average household size of 3.74 and a
population density of 5.05 people/km2 [27].
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The study area is highly susceptible to droughts, erratic rainfall fluctuating well below 400 mm/year
in most years and very warm average summer temperatures above 25 ◦C [28]. High variability in both
rainfall amount and intensity and recurrence of extended droughts and dry spells is characteristic
of the study area. A drought is defined as a fluctuation below the average or normal conditions,
sufficiently extended (1–2 years) to interfere with the hydrological balance and adversely affecting
ecosystem functioning and the local communities [29]. Nonetheless, Bobirwa sub-district experiences
a less severe climate than other parts of the country which allows crop and livestock production as
well as supporting considerable biodiversity which support local livelihoods through the delivery of
several timber and non-timber forest products [26,30].

2.2. Data Analyses

Precipitation data for the study area were obtained from the Meteorological Services Department
of Botswana. The precipitation data were based on daily readings for the period 1980–2015 at the
main Police Station weather station in Bobonong village (Figure 1) with coordinates 21◦58′12′′ S and
28◦25′12′′ E and altitude of 675 m. Bi-monthly normalized difference vegetation index (NDVI) data for
the period 2000–2015 were obtained from MODIS DAAC using sub-setting tool 6 (MOD13Q1 data
product). MODIS provides near-real-time data with MOD13Q1 product having a spatial resolution of
250 m. Precipitation data were used to identify drought years, compute drought recurrence, duration
and severity while the remotely-sensed NDVI data were used to compute the vegetation condition
index (VCI) following similar procedures by [5] as well as to establish the correlation between VCI
and precipitation. Besides monitoring vegetation dynamics (cover, change, condition, etc.), VCI also
indicates spatial drought occurrence. All the analyses were conducted in R.

According to [5], VCI was computed as follows:

VCIxyz = 100

NDVIxyz −NDVImin
xy

NDVImax
xy −NDVImin

xy

 (1)

where VCIxyz is the vegetation condition index for pixel x during time-period y for year z, NDVIxyz

is the periodic NDVI for pixel x in time-period y for year z, while NDVImin
xy . and NDVImax

xy . are the
respective monitoring period minimum and maximum NDVI for pixel x during time-period y. In this
study, the monitoring period for VCI was 2000–2015 considering that MODIS data products are only
available from 2000. The months were categorized into four seasons i.e., December to January (DJF),
March to May (MAM), June to August (JJA) and September to November (SON) to account for changes
in vegetation phenology. Equation (1) implies that the resulting VCI value for any particular pixel of
any given season (i.e., DJF, MAM, JJA and SON), can only lie between the minimum and the maximum
NDVI values of the entire monitoring period, signifying bad and good vegetation growth, respectively.

For the weather station precipitation data, the annual raiall anomaly index (RAI) was computed
based on the Rooy Van Equation (1965) to analyze the frequency and intensity of the dry (wet) years.
RAI was initially developed by Rooy in 1965 and adapted by Freitas in 2005 [31], and is computed by
the following equations:

RAIi = 3
[

Ni −N

M−N

]
for positive anomalies, (2)

RAIi = −3
[

Ni −N

X −N

]
for negative anomalies, (3)

where RAIi. the rainfall anomaly index in year (month or season) i, Ni is the annual (monthly or
seasonal) rainfall in year (month or season) i, N is the annual (monthly or seasonal) rainfall of the
historical time series being assessed (mm), M and X are the respective averages of the 10 highest
and lowest annual (monthly or seasonal) precipitations for the historical time series (mm). Negative
(positive) anomalies have their values below (above) average.
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3. Results

3.1. Characteristics of Local Droughts

Spatial and temporal drought occurrence and dynamics were examined through analysis of drought
recurrence (frequency), duration, and severity as well as the seasonal vegetation condition index.

3.1.1. Drought Occurrence and Frequency

For the 36 years between 1980 and 2015, Figure 2 below shows the potential drought years
over the study area based on the weather station annual precipitation data. Years with deviations in
precipitation below the long-term average of 357 mm for the 1980–2015 period or 371.4 mm for the
2000–2015 period were identified as potential drought years as they experienced below-average rainfall.
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Figure 2. Annual precipitation anomalies from long-term mean annual precipitation during the period:
(a) 1980–2015 and (b) 2000–2015.

Based on Figure 2a, Bobirwa sub-district experienced 21 potential drought years between 1980
and 2015 i.e., 1982–1983, 1985, 1987, 1990, 1992–1996, 1999, 2002–2005, 2007–2008, 2010, 2012–2013 and
2015. Figure 2b also shows that for the 16-year period between 2000 and 2015, a total of 11 potential
drought years were experienced i.e., 2002–2005, 2007–2008, 2010 and 2012–2015. Notably, 2014 was a
potential drought year for the period between 2000 and 2015 while between 1980 and 2015 it was not.

3.1.2. Drought Duration and Recurrence

Further analyses of the negative deviations in annual precipitation results are presented in Table 1;
the duration of dry spells (potential drought years) ranged between 1 and 5 years during the 36-year
period. The longest dry spell was recorded between 1992 and 1996 with the average duration of each
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potential drought event lasting for almost 2 years (Table 1). Table 1 also shows that the recurrence of
these dry spells (years since last experienced) fluctuated between 2 and 3 years with an average of
2.3 years between drought events during the 36-year period.

Table 1. Drought spell duration and recurrence between 1980 and 2015.

Drought Spell Duration (Years) Years Since Last Dry Spell

1982–1983 2 2
1985 1 2
1987 1 2
1990 1 3

1992–1996 5 2
1999 1 3

2002–2005 4 3
2007–2008 2 2

2010 1 2
2012–2013 2 2

2015 1 2

Average 1.9 2.3

Data source: Meteorological Services Department of Botswana.

3.1.3. Drought Frequency and Prevalence

Further analyses of the negative deviations from long-term average rainfall revealed that for
every 5-year period, drought frequency fluctuated between 2 and 4 times with the highest frequency
recorded during the 1991–1995 period which translates into a prevalence of 80% (Table 2). The average
frequency of drought events for a 5-year period was 3 translating into a prevalence of 60%. However,
considering the 10-year periods of 1981–1990, 1991–2000 and 2001–2010, the frequency of potential
drought events was 5, 6 and 7 times, respectively. This reveals an increase in the prevalence of droughts
from 50% between 1981 and 1990 to 60% between 1991 and 2000 and then 70% between 2001 and 2010.
Although the frequency and prevalence of droughts years between 2011 and 2015 were 3 and 60%,
respectively, the trend for the decade between 2011 and 2020 may have similar trends to those of the
decade between 2001 and 2010.

Table 2. Drought frequency and prevalence based on rainfall anomalies between 1980 and 2015.

5-Year Period Drought Years Frequency 5-Year Prevalence (%) 10-Year Prevalence (%)

1981–1985 1982–1983; 1985 3 60
501986–1990 1987; 1990 2 40

1991–1995 1992–1995 4 80
601996–2000 1996; 1999 2 40

2001–2005 2002–2005 4 80
702006–2010 2007–2008; 2010 3 60

2011–2015 2012–2013; 2015 3 60 –

Average 3 3 60 –

Data source: Meteorological Services Department of Botswana.

For the period between 2000 and 2015, the average drought frequency for a 5-year period was
3.7 (Table 3) which was more than that during the entire period between 1980 and 2015. Similarly,
the observed average drought prevalence of 73.3% during the period 2000–2015 was also considerably
higher than the 60% during the 1980–2015 period, further suggesting that droughts were becoming
more pervasive in recent years.
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Table 3. Drought frequency and prevalence based on rainfall anomalies between 2000 and 2015.

Period Frequency Prevalence (%) 10-Year Period Frequency Prevalence (%)

2001–2005 4 80
2001–2010 7 702006–2010 3 60

2011–2015 4 80 2011–2020 - -

Average 3.7 73.3 Average - -

Data source: Meteorological Services Department of Botswana.

3.1.4. Drought Severity and Classification

Results of the severity of drought events computed using the rainfall anomaly index (RAI) for the
period 1980–2015 are shown in Figure 3 below. The negative RAIs are associated with years identified
as potential drought years while positive values are associated with non-drought years during the
assessment period.
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Figure 3. Annual rainfall anomaly index (RAI) for the period 1980–2015.

For the potential drought years, the RAI ranged between−4.38 and−0.12 while for the non-drought
years, it ranged between 0.15 and 3.53 (Figure 3) over Bobirwa sub-district. The classification of RAI
based on studies by Rooy (1965) in Table 4 shows that drought years had an RAI less than −0.50 while
the near normal and other wet years had an RAI greater than −0.49.

Table 4. Classification of drought and non-drought years based on the rainfall anomaly index.

RAI Occurrence Description

≥3.00 2000 Extremely wet
2.00 to 2.99 None Very wet
1.00 to 1.99 1981; 2006 Moderately wet
0.50 to 0.99 1986; 1988; 1989; 1997; 2009; 2011 Slightly wet
−0.49 to 0.49 1980; 1984; 1985; 1987; 1990; 1991; 1992; 1996; 1998; 2001; 2008; 2010; 2014 Near normal
−0.99 to −0.50 2004; 2013 Slightly dry
−1.99 to −1.00 1995; 2003; 2007; 2012 Moderately dry
−2.99 to −2.00 1982; 1983; 1993; 1999; 2002; 2005 Very dry

≤−3 1994; 2015 Extremely dry
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Based on Rooy’s classification in Table 4 above, the years 1994 and 2015 were classified as extremely
dry years while 1982–1983, 1993, 1999, 2002 and 2005 (≤−3) were classified as very dry (−2.99 to −2.00).
The years 1995, 2003, 2007 and 2012 (−1.99 to −1.00) were classified as moderately dry while 2004 and
2013 were classified as slightly dry. The severity of drought events is proportional to the extent of the
deviations below the long-term average rainfall i.e., the bigger the negative deviation, the greater the
drought severity as depicted by the increasing severity as RAI becomes more negative. The 1994 and
2015 droughts over Bobirwa sub-district were the most severe.

The near-normal years (−0.49 to 0.49) were 1980, 1984–1985, 1987, 1990–1992, 1996, 1998, 2001,
2008, 2010 and 2014. Despite the years 1985, 1987, 1990, 1992, 1996, 2008, and 2010 being potential
drought years, they were classified as near normal years. The years 1986, 1988–1989, 1997, 2009 and
2011 were classified as slightly wet i.e., just above near normal (0.50 to 0.99) while 1981 and 2006 were
classified as moderately wet (1.00 to 1.99). The year 2000 was classified as extremely wet (≥3.00) while
there was no year classified as very wet (2.00 to 2.99). Like droughts, the classification of wet years
shows that the severity also varied considerably during the study period. For instance, the year 2000
was shown to be an extremely wet year in the entire time-series. Extremely wet conditions affected
parts of the Southern Africa region due to the cyclone Eline [32]. Many locations in and around South
Africa, Mozambique, and Zimbabwe including the drylands recorded annual precipitation significantly
above the long-term average [32].

3.1.5. Vegetation Condition Index (VCI)

The VCI in Figure 4 shows the effect of meteorological drought on natural vegetation such as
rain-fed agriculture, natural pastures and woodlands. Besides showing the seasonal and interannual
effects of droughts, the VCI in Figure 4 shows the spatial dynamics of droughts in Bobirwa sub-district
for selected years and seasons. It relates the magnitude and color codes of the VCI to the severity
or intensity of drought on natural vegetation. Similar to the RAI, VCI values reveal that droughts
experienced across the Bobirwa sub-district varied in intensity or severity across space and time.Sustainability 2020, 12, x FOR PEER REVIEW 9 of 18 
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The VCI values in Figure 4 range between 0 and 100% with lower values depicting very
severe droughts while increasing values show the declining intensity of droughts similar to the
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RAI. The classification of the VCI magnitude and color code shows that the DJF season in 2012
experienced extreme droughts (VCI < 10%) while in the MAM season in 2012 there was severe drought
(VCI = 10–20%). The DJF season in 2005 experienced moderate drought (VCI = 20–30%) while the
same season in 2015 experienced light drought (VCI = 30–40%). VCI values from 40% upwards indicate
the absence of droughts though it does not classify the different extents. Thus, during the DJF seasons
in 2006, 2013 and 2014, there were no droughts based on the VCI.

Considering that the rainfall season in the study area is historically between December and March,
peak vegetation growth, therefore, occurs towards the end of the DJF and early MAM as evident
in Figure 5b. As such, even during non-drought years, the winter months JJA and early SON often
show characteristics similar to droughts as the period forms the dry season. Based on average VCI
during the DJF season (Figure 5a), severe-to-extreme droughts (0–20%) were experienced in 2002 and
2012 while severe-to-extreme droughts occurred in 2000, 2004–2005, 2010 and 2015. Before the rainy
season, i.e., SON, there were light-to-moderate droughts in 2000–2003, 2006, 2011, 2013 and 2015 while
severe-to-moderate droughts occurred in 2002, 2004–2005 and 2012. During the period after the rainy
season, i.e., MAM, severe-to-extreme droughts occurred in 2005, 2008 and 2012 while light-to-moderate
droughts (20–40) occurred in 2002–2004, 2007, 2009, 2011 and 2013. The extremely wet conditions
of 2000 are evident in Figure 5a with a VCI between 80 and 100% during the post-rainy season i.e.,
MAM and JJA seasons. These results show that the VCI revealed very dynamic meteorological droughts
prior, during and post rainy seasons between 2000 and 2015.
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The results of drought occurrence using average VCI and RAI (Figure 5a) are comparable for the
years 2002–2005, 2007 and 2012–2013. The VCI classification of 2008 (near normal), 2011 (slightly wet),
2006 (moderately wet) and 2009 (extremely wet) indicate possible spatial variability of precipitation
and droughts over the study area, i.e., above normal rainfall was received around the weather station
while other areas received below normal rainfall. Figure 5b indicates that the peak vegetation growth
occurs during the DJF season while the SON season experiences the second-highest peak vegetation
growth. The least vegetation growth occurs during the winter season i.e., JJA.

Figure 6 shows the maximum vegetation condition in each pixel in a given year based on NDVI
for the selected years with no drought and with different severities of droughts based on RAI and VCI.
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The green color depicts green healthy vegetation while the brown color depicts very poor vegetation
and the whitish color depicts bare patches with no vegetation. Figure 6 shows that the effects of
droughts are dynamic or vary across vegetation types while mean NDVI, RAI and VCI further reveal
the effects of different drought severities on local vegetation. Since the most negative RAI was in 2002
and the lowest mean NDVI was in 2012 for the four selected years, it highlights the challenges of
relying on weather station data to generalize for the entire study area. Nonetheless, these findings
showing low NDVI are consistent with observations by local communities who reported spatially
variable impacts of droughts on local vegetation.
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Figure 6. Spatial variability in normalized difference vegetation index (NDVI) maximum value
composite (MVC) for each pixel in Bobirwa during selected drought years: (a) maximum NDVI in 2002;
(b) maximum NDVI in 2005; (c) maximum NDVI in 2008; (d) maximum NDVI in 2012. Data source:
Oak Ridge National Laboratory Distributed Active Archive Center.

Figure 7 shows that average yields of rain-fed sorghum, maize, millet and cowpeas per area
planted were well below 200 kg/ha. Figure 8 also shows that there was a disparity between the area
planted and the area harvested in most years between 2009 and 2017. This could suggest that crop
failure in the sub-district during this period was mainly caused by droughts.
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Figure 7. Trends in cultivated rain-fed grain crop yields for Bobirwa sub-district (2009–2016) (a) sorghum;
(b) maize; (c) millet; (d) cowpeas. † Equation Y: Linear yield per hectare harvested. † Equation Z:
Linear yield per hectare planted. Source: Department of Crop Production, Bobirwa Sub-district (2017).
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The similarity between area planted and area harvested in 2013/2014 is consistent with the lack of
VCI-derived droughts (meteorological) during the growing season (DJF) in 2013 and 2014. The greatest
disparity between area planted and area harvested in the 2012/2013 season in Figure 8 is consistent
with the extreme droughts (VCI) which occurred during the growing season in 2012.

4. Discussion

4.1. Drought Dynamics in Bobirwa Sub-District

This study examined the spatial and temporal dynamics of meteorological droughts in the
semi-arid Bobirwa sub-district in eastern Botswana using the rainfall anomaly index (RAI) and
vegetation condition index. The techniques are applied in a context where there is a lack of spatially
distributed weather station data. Thus, we compared RAI from weather station data with remotely
sensed VCI in order to provide spatially explicit information on meteorological drought occurrence.
This was aimed at providing important insights of the effects of agricultural droughts based on the
observed meteorological droughts i.e. influence of moisture stress on vegetation-based provisioning
ecosystem services (ES) and agricultural productivity in order to gain insights on the potential and the
sustainability of ecosystem-based adaptations in the study area. Ref. [1–3] found that the most essential
provisioning ES in the Bobirwa sub-district such as natural pastures, natural medicines, palm plant
products and Mopane caterpillars (Imbrasia belina) depend on the extent and richness of vegetation
and that agriculture was an important livelihood strategy. Thus, droughts threaten these livelihood
activities by limiting vegetation condition and agricultural productivity. The study considered the
period 1980–2015 (RAI) and 2000–2015 (VCI).

For the 16-years between 2000 and 2015, the RAI-derived meteorological droughts indicated
a higher prevalence of droughts (68.8%) compared to the agricultural drought occurrence based
on average VCI for the entire study area and the pre-rainy season (SON = 62.5%), rainy season
(DJF = 43.8%) and post-rainy season (MAM = 62.5%). We make two important observations from
these findings. Firstly, precipitation data at Bobonong Police Station cannot be used to generalize the
drought occurrence in the study area. Secondly, the averaging of the spatially explicit VCI in different
seasons potentially masks drought occurrence in parts of the sub-district. Thus, spatial variability
of drought occurrence provides more useful information for understanding the consequences on
vegetation-dependent provisioning services i.e., the influence of agricultural droughts. The drought
prevalence derived from RAI for the period 1980–2015 based on the precipitation data in Bobonong
village shows that meteorological drought occurrence between 2000 and 2015 increased from 58.3 to
68.8%. Similar findings of increasing frequency of droughts in recent years were also shown through
studies by [19]. Several studies have also pointed towards an increased frequency and/or duration of
drought events especially in semi-arid landscapes across the globe.

The spatial heterogeneity of VCI across the sub-district with various extents of drought severity
suggests that rainfall in the study area is variable over short distances. Thus, drought events in
Bobirwa sub-district may vary from one place (village) to another and from one drought event to the
other as noted elsewhere by [3]. Although the RAI provides an important reference point to compare
droughts prevalence in the vicinity of the weather station with drought occurrence elsewhere in the
sub-district, the VCI provides more useful information to understand the effect of meteorological
and agricultural droughts on natural vegetation such as rain-fed agriculture, natural pastures and
woodlands. Besides showing the seasonal and interannual effects of droughts, the VCI analyses in
this study shows the spatial dynamics of droughts in Bobirwa sub-district. This could explain the
low agricultural productivity and declining provisioning ES reported by previous studies despite the
overall trend in annual precipitation not changing significantly. The possible influence of observed
droughts on natural vegetation in the study area is evident from the analyses of NDVI during the
selected drought years.
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Considering that the rainfall season in the study area is historically between December and
March, peak vegetation growth, therefore, occurs towards the end of the DJF as shown by the seasonal
variability of VCI (Figure 5b). Even during non-drought years, the winter months JJA and the hot
and dry season before the rainy season, i.e., SON, also show characteristics similar to droughts as
both periods form the dry season. Although the results of drought occurrence using VCI and RAI
are comparable for the years 2002–2005, 2007 and 2012–2013, the VCI classification of 2008 (near
normal), 2011 (slightly wet), 2006 (moderately wet) and 2009 (extremely wet) as drought years suggest
spatial variability of precipitation and droughts in the study area i.e., above normal rainfall received
around the weather station while other areas received below normal rainfall. Similar results of spatial
variability of rainfall and droughts within a locality were shown elsewhere by [33]. This shows how
relying on data from a single weather station in making decisions by farmers across the sub-district
could result in sub-optimal decisions. Similarly, the seasonal weather forecasts by the Meteorological
Services Department, whose reporting unit is the district, become less important to Bobirwa sub-district,
and particularly to the farming households in the villages.

4.2. Consequences of Drought Dynamics on Vegetation

4.2.1. Grasslands and Natural Pastures

Although woodlands, croplands, grasslands, and natural pastures are affected by droughts to
varying degrees, different drought severities also affect vegetation to varying extents. Indigenous
people, particularly smallholder crop and livestock farmers, Mopane caterpillar harvesters and those
involved in the exploitation of various forest products, reported declining vegetation conditions.
For instance, the decline in natural pastures for livestock at the communal grazing areas was mainly
attributed to the increased frequency of droughts in the last decade. This revealed the susceptibility
of natural pastures to extended dry spells and periods of moisture stress. A previous study by [3]
in Marigat Sub-County, Kenya, reported diminishing condition of natural pastures and grasslands
compared to other vegetation types such as woodlands and shrubs.

Further to declining vegetation condition, several bare patches of land were observed at the
communal grazing areas with reports that they were on the increase within the last decade. This was
also reported to be caused by extended drought events and dry spells such as the 5-year and 4-year
below-normal rainfall experienced between 1992 and 1996, and 2002 and 2005, respectively. Drought
events were also reported to be more severe and regular in recent years compared to the first decade of
the assessment period. The prevalence of Foot-and-Mouth Disease (FMD) during the assessment period
which restricted the movement of livestock and livestock products from the study area was linked with
overgrazing as livestock farmers had no incentive to destock during droughts. Since livestock could
only be sold within the sub-district due to FMD-induced restrictions, the subdued prices discouraged
destocking or selling, leading to overstocking and degradation of natural pastures.

The drought-induced changes in local vegetation reported by local communities are evident in
Figure 4 showing vegetation condition indices below 20%, particularly towards the end of the hot and
wet season (March/April) when vegetation condition is expected to be highest. In addition, the NDVI
images in Figure 6 showing the maximum vegetation condition in each pixel in a given year are
consistent with observations by local communities of spatially variable impacts of droughts on local
vegetation. From the NDVI images, the brown color depicts very poor vegetation and the whitish
color depicts bare patches with no vegetation which may indicate the influence of droughts.

Since the most negative RAI was in 2002 and the lowest mean NDVI was in 2012 for the four
selected years, it highlights the challenges of relying on weather station data to generalize for the entire
study area. These findings also suggest that precipitation in the study area is highly variable over
short distances. Ref. [33,34] also found considerable variability of precipitation across space and time
over semi-arid areas. The lower mean NDVI value for 2005 compared to 2008 suggests that drought in
Bobirwa sub-district was more severe in 2005 than in 2008. Very severe droughts diminish vegetation
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condition and, in some cases, leaving bare patches with no vegetation. We find similarities between
our findings and those by [3] who noted that severe droughts were associated with low NDVI while
less severe droughts had relatively higher NDVI values. The authors in [9] also had similar findings
where prolonged droughts in the semi-arid Sahel region caused degradation of vegetation which has
failed to fully recover.

4.2.2. Woodlands

Although woodlands are more resilient to droughts than grasslands and natural pastures [3],
the drought-induced decline in woodlands in Bobirwa sub-district was indirect. For instance,
households reported clearing more woodlands to increase the area under cultivated crops to guarantee
harvests since smallholder crop production was largely rain-fed. Many households also reported
relying on firewood for cooking and heating while others reported an increase in harvesting of firewood
for commercial purposes as an income source. The increasing dependence on firewood by households
was attributed to a growing human population as well as a lack of cheaper alternatives as electricity
and liquid petroleum gas were expensive as noted by the National Housing and Population Census of
2011 [35]. The impact of droughts on rain-fed agriculture further limited household incomes causing
many to resort to harvesting firewood for commercial purposes. Mopane trees were mostly harvested
as they were abundant in the study area. Ref. [36] also found that after the Fast Track Land Reform
Programme, communities in semi-arid areas of Zimbabwe resorted to selling firewood as an income
source as rain-fed agriculture was highly constrained. During droughts, elephants often migrate
between Zimbabwe and the study area resulting in high elephant populations that destroy trees.
As droughts have been more frequent and severe in recent years, regeneration of trees and woodlands
is increasingly constrained, further limiting tree cover and often leaving patches of bare land with little
or no vegetation.

4.2.3. Riparian Vegetation

Vegetation along the catchment, particularly margins and banks, of three major rivers passing
through the study area (Shashe, Motloutse and Thune rivers) was reported to be declining since the
turn of the millennium due to damming upstream of the study area. Dikgatlhong Dam along the
Shashe river, and the largest dam by volume in Botswana completed in 2011, and Letsibogo Dam along
the Motloutse river completed in 2000 are both located upstream of the study area while Thune dam
along the Thune river completed in 2013 is located within the study area. Damming of these rivers
drastically reduced streamflow, and potentially groundwater, resulting in declining vegetation along
the major rivers due to limited soil moisture regimes. The declining vegetation condition downstream
of the study area is evident in most MODIS vegetation products. The declining vegetation along rivers
was also causing considerable erosion and gullies along riverbanks which also caused the siltation
of rivers.

4.2.4. Rain-Fed Crops

The observed trends in rain-fed crop productivity and cultivated area highlight limits imposed by
droughts on rain-fed agriculture in Bobirwa sub-district. Figure 7 shows that average yields of rain-fed
sorghum, maize, millet and cowpeas per area planted were well below 200 kg/ha. The disparity
between area planted and area harvested (Figure 8) further suggests that crop failure in the sub-district
is mainly caused by droughts. This is because smallholder farmers were given free seeds, fertilizers,
pesticides and tillage since 2008 under the Integrated Support Programme for Arable Agriculture
Development (ISPAAD) by the Ministry of Agriculture yet yields remained low. A study by [37]
showed that with ISPAAD, maximum grain yield among smallholder farmers was expected to increase
from an average of 320 kg/ha to at least 1000 kg/ha for all grain crops. The findings in Figure 7 suggest
that the grain yields in the sub-district have remained low even with input subsidies from ISPAAD.
However, the small increase in grain yield from area harvested suggests that, with enough moisture
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or in normal years, productivity could increase. Supplementary moisture can be supplied through
smallholder irrigation development using groundwater on small plots.

As an important primary livelihood source, the increased severity, duration and recurrence of
droughts may cause more households to clear more land for cultivating crops in order to act as insurance
against drought-induced crop failure i.e. staggered planting may allow salvaging yields in case of
droughts. Besides, with a gradually growing human population, increasing demand for agricultural
land may also be causing accelerated deforestation. Similar results where frequent droughts and
human population growth were not only exerting pressure on land resources, but driving changes
in land-use and/land-cover in semi-arid areas, were also shown elsewhere by [3]. While expanding
the area under rain-fed crops may seem a viable option to deal with the drought risk and population
growth, this could have several undesirable consequences. For instance, massive deforestation coupled
with crop failure may increase the vulnerability of local communities considering the trade-offs between
forest products and cultivated agriculture i.e., benefits from an increased area under crops through the
conversion of woodlands appear to be far less than the goods and services which communities derive
from the woodlands before the change. However, expanding area under crops to counter the effects of
droughts requires other complementing investments such as climate-smart agriculture technology,
improved seeds, fertilizers and irrigation development for it to be an effective adaptation strategy for
semi-arid landscapes.

5. Conclusions

Our study shows that drought events in the Bobirwa sub-district of Botswana, and possibly the
entire country, have become more frequent, severe and longer in the past two decades. The study
findings showed that precipitation and drought events in the study area were very dynamic and makes
relying on poorly distributed weather station precipitation data alone for assessing droughts inadequate.
Vegetation condition index derived from remotely sensed NDVI provides a better alternative to assess
spatial dynamics of droughts in data-poor regions such as Bobirwa sub-district. The variable response
of vegetation to recent droughts shown in this study suggests increasing occurrence of more severe
droughts and/or variable susceptibility of different vegetation types. Droughts could also be triggering
land-use changes that create adverse trade-offs with the delivery of several ecosystem services in the
sub-district. The extended and more frequent droughts experienced in Bobirwa sub-district further
expose the livelihoods of local communities which are heavily dependent on exploiting ecosystem
products for well-being and adaptation to climate. The unchecked and drought-induced conversion of
vegetation to rain-fed agriculture in Bobirwa sub-district could further expose the livelihoods of local
communities. There exists an urgent need to increase agricultural productivity through smallholder
irrigation development using groundwater in order to enhance crop yields. Higher crop yields may
help curb agricultural expansions into natural vegetation, a measure used to salvage crop yields during
drought periods. Therefore, smallholder irrigation development can effectively improve yields, reduce
demand for agricultural land, increase food availability and local incomes while also providing a
sustainable pathway to adaptation in semi-arid landscapes. The Meteorological Services Department
needs to increase weather stations in the sub-district and to also provide more localized seasonal
forecasts in order to enhance decision-making.
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