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Abstract: This study examined the impact of climate change on plant species diversity of a savanna
ecosystem, through an assessment of climatic trends over a period of forty years (1974–2014) using
Masvingo Province, Zimbabwe, as a case study. The normalised difference vegetation index (NDVI)
was used as a proxy for plant species diversity to cover for the absence of long-term historical plant
diversity data. Observed precipitation and temperature data collected over the review period were
compared with the trends in NDVI to understand the impact of climate change on plant species
diversity over time. The nonaligned block sampling design was used as the sampling framework, from
which 198 sampling plots were identified. Data sources included satellite images, field measurements,
and direct observations. Temperature and precipitation had significant (p < 0.05) trends over the
period under study. However, the trend for seasonal total precipitation was not significant but
declining. Significant correlations (p < 0.001) were identified between various climate variables
and the Shannon index of diversity. NDVI was also significantly correlated to the Shannon index
of diversity. The declining trend of plant species in savanna ecosystems is directly linked to the
decreasing precipitation and increasing temperatures.
Keywords: climate change; carbon sequestration; ecosystems; earth observation; biodiversity

1. Introduction
Climate change is associated with high biological and physical alterations within ecosystems,
as it is the main factor that determines where species live, their interactions, and the timing of
biological events [1]. Climate change is rapidly transforming current ecosystems and food webs
worldwide, with the consequence of reduced ecosystem capabilities to mitigate extreme events and
disturbances [2]. Plant species distributions, phenology, and composition are modified differently
depending on climatic and geographic location [3]. Besides influencing species diversity directly,
climate change also exacerbates the impact of other pressures such as fragmentation, invasive species,
overexploitation, habitat loss, pollution, and diseases [4]. Studies indicate that climate change has
become the greatest driver of biodiversity loss, mainly due to extreme climate events such as heatwaves
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and prolonged and intensified droughts, which have increased in intensity in the last decade [5,6].
Climate has become the greatest threat to life on Earth, as it is significantly affecting the behaviour,
abundance, and geographical spread of biodiversity [1,6,7].
Understanding the changes occurring in plant diversity, particularly of the savanna ecosystems, is
of paramount importance because of their role in carbon sequestration [8]. Savanna ecosystems occupy
about one-fifth of the Earth’s surface and just under half of Africa’s land area [9]. Apart from being a
rich source of biodiversity and habitat to a wide range of wildlife, savanna ecosystems also provide
crucial ecosystem services that include carbon sequestration, water filtration, soil stability, meat and
dairy production, fuelwood provision, tourism and recreation, among other services [10]. However,
this important ecosystem is under threat from land use/cover changes, climate change, veld-fires
and agricultural extensification [6,10]. Therefore, their constant monitoring to assess spatiotemporal
changes over time provides the lens for policy and decision-makers to make evidence-based response
strategies to protect and preserve their services to humankind.
Vegetation changes are attributed to climate change, population growth, and agricultural
extensification and are becoming more profound with time [11]. The predicted effects under savanna
conditions in southern Africa are complex and their magnitude of climate change impacts is less
understood [12]. This is attributed mainly to lack of data, which often results in misinformation
to policy- and decision-makers on the impact of climatic change on plant species dynamics [1].
Understanding the ‘dose–response’ relationship between vegetative species dynamics and climate
change will provide a platform for devising strategies to enhance the resilience of ecosystems to climatic
changes through the adoption of species-based adaptive and mitigative strategies [13]. Changes in
the global climatic variables, mainly rainfall and temperature, have influenced and will continue
to affect a variety of plant species, communities, and ecosystems, as the intensity and frequency of
extreme weather events increase [14]. The effects are taking different forms depending on the location
and characteristics of species, community, or ecosystem, as well as the magnitude of change in the
climatic elements [14]. Human modifications also determine the extent and form of change [15]. In
some cases, the effects may lead to the extinction of some species in an ecosystem [16]. In other
cases, expansion and relocation have been documented, while in some instances, phenological and
physiological modifications take place [1,16]. Alterations in biotic interactions may also occur due to
climate change and this will have consequences on biological diversity at all levels.
The complexity of plant species diversity and the ecosystem size complicate their inventorying,
monitoring, and management. While traditional ways of biodiversity monitoring have played
a crucial role, the methods do not provide enough information on biodiversity [17,18]. These
complications resulted in limited knowledge of biodiversity, misinforming policy and strategies for
biodiversity conservation [17]. This led to the failure of the 20 Aichi biodiversity indicator targets by
2020 [19]. The development of trait databases on thousands of vascular plant species remains under
sampled [20,21]. However, earth observation holds much promise for mapping and monitoring of
biodiversity and is already playing a significant role in being an important data source for biodiversity
studies [22,23].
Advances in image processing algorithms have amplified the prospects of characterising
biodiversity at various scales [23]. The availability of historical satellite data provides an opportunity
for assessing plant species diversity changes over time and provides an opportunity to assess changes
in climate and its impact on biodiversity [23]. The normalised difference vegetation index (NDVI)
has been shown to be related to biodiversity [24,25]. A study in California, USA, found a positive
relationship between plant species richness to NDVI [26], while in the Sahel Region [27], related bird
diversity to landscape diversity and biomass availability using earth observation products as proxy
indicators. Other studies observed that NDVI is correlated with Net Primary Production (NPP) at
broad spatial scales [28,29]. The observation of direct relationships from NDVI to NPP and NPP to
species richness motivated studies on whether a relationship could be established between NDVI and
species richness [30].
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This study assessed the impact of climate change on plant species diversity of savanna climate
using observed climatic data and vegetation indices as a proxy of plant species diversity. An assessment
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of the relationship between species diversity and climate change was achieved by comparing changes
in climatic variables and vegetation indices over time. Data were obtained through direct field data
in climatic variables and vegetation indices over time. Data were obtained through direct field data
collection, and long-term image and climate data analysis.
collection, and long-term image and climate data analysis.
2. Materials and Methods
2. Materials and Methods
2.1. Description of the Study Area
2.1. Description of the Study Area
Masvingo Province (Figure 1) is a semiarid region in Zimbabwe, with predominantly savanna
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The climate in Masvingo is classified as semiarid, receiving an annual rainfall of about 620 mm,
The climate in Masvingo is classified as semiarid, receiving an annual rainfall of about 620 mm,
meaning little rainfall is received during the years [23]. The annual average temperature is about
meaning
little rainfall is received during the years [23]. The annual average temperature is about 19.3
19.3 ◦ C. Average potential evapotranspiration oscillates between 600 mm and 1000 mm, which exceeds
°C. Average potential evapotranspiration oscillates between 600 mm and 1000 mm, which exceeds the
the available water supply [31]. The aridity index of Masvingo oscillates between 0.2 and 0.5, classifying
available water supply [31]. The aridity index of Masvingo oscillates between 0.2 and 0.5, classifying
the province as arid [31].
the province as arid [31].
2.2. Sampling and Data Collection
2.2. Sampling and Data Collection
Data on plant species were collected from sampling points that were plotted throughout the
Data on plant species were collected from sampling points that were plotted throughout the
province using a geographic information system (GIS)-based nonaligned block sampling design
province using a geographic information system (GIS)-based nonaligned block sampling design (Figure
(Figure 2). This was preceded by plot size determination using the species-area method. This method
2). This was preceded by plot size determination using the species-area method. This method involves
involves plotting the number of species (species richness) identified in plots of a successively larger
plotting the number of species (species richness) identified in plots of a successively larger area so that
the area enclosed by each one includes the area enclosed by the smaller one. Thus, 100 m2, 400 m2, 900
m2, 1600 m2, and 3600 m2 plots were successively constructed to determine the optimum plot size.
Species richness for each plot was recorded and 5, 7, 12, 12, 12 species were identified in the respective
plots.
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Step 1: Grids of the same size were overlaid on the map of Masvingo province (Figure 2a). These
Step 1: Grids of the same size were overlaid on the map of Masvingo province (Figure 2a). These
grids were meant to divide the study area in a way that would allow samples to be obtained
grids were meant to divide the study area in a way that would allow samples to be obtained from
from all areas of geographic differences. All grids covering more than 40% of the province were
all areas of geographic differences. All grids covering more than 40% of the province were selected.
selected. Each grid represents an area from which samples were taken. This makes the samples
Each grid represents an area from which samples were taken. This makes the samples more
more representative as they cover all geographic areas throughout the study area. A total of
representative as they cover all geographic areas throughout the study area. A total of 22 grids
22 grids were selected.
were selected.
Step 2: Grids selected in step 1 were further subdivided into smaller grids of the same size
Step 2: Grids selected in step 1 were further subdivided into smaller grids of the same size (Figure
(Figure 2b), from which 3 were randomly selected using the random point generator in ArcGIS.
2b), from which 3 were randomly selected using the random point generator in ArcGIS. Thus, the
Thus, the number of selected grids increased to 66.
number of selected grids increased to 66.
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However, 4.04% of the plots were inaccessible due to steep mountain, forest thickets, deep water
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points in the whole province and the points that were inaccessible due to the given reasons.
The coordinates of the centre of the selected grids were entered into a Hand-held Global
Positioning System (GPS) receiver, which was then used to navigate to the exact point locations at
approximately 10 m error margin. Species counting was conducted within the study units (30 m × 30 m
plots). To avoid double-counting and skipping of some species, the plots were subdivided into smaller
units that made the counting of species easier. The subdivisions were done using a long cable.
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for the first imagery was determined by the availability of imagery with bands necessary to calculate
post-winter–September to October) to monitor seasonal changes.
NDVI. The Landsat images were calibrated to spectral radiance units (W m2 sr1 μm1). The algorithm
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at QCAL = QCALMAX, and QCALMAX is the range of the rescaled radiance in digital numbers.
The conversion from digital number (DN) to spectral radiance was done by implementing the algorithm
developed by Chander et al. [35].
Landsat images (30 m spatial resolution) were to develop the normalised difference vegetation
index (NDVI) data. NDVI is an arithmetical indicator used as a surrogate of plant biomass richness and
health in remote sensing [36]. The NDVI uses the visible red band (0.4–0.7 µm) and near-infrared (NIR)
bands (0.75–1.1 µm) of the electromagnetic spectrum to assess biomass richness (Equation (2)) [36].
NDVI =

NIR − R
NIR + R

(2)

High NDVI values represent rich and healthy vegetation (and thus high NDVI values indicate
more species diversity), and negative NDVI values indicate the absence of vegetation [37]. In this study,
the hypothesis is that, the higher the biomass, the greater the diversity of species. The NDVI values
range from −1 through 0 to 1, where negative values are a sign that there is water, zero symbolises bare
soil while positive values signal healthy vegetation. The NDVI was used over other indices because it
has low sensitivity to soil differences, it is a function of a ratio; therefore, it is less sensitive to solar
elevation, and it is very sensitive to the amount of green vegetation [38]. The NDVI was calculated for
both dry and wet seasons between 1974 and 2014 using Landsat images.
2.4. Rainfall and Temperature Data
Rainfall and temperature data for weather stations within the province were obtained from the
Zimbabwe Meteorological Services Department (ZMSD). The dataset obtained from the ZMSD was
complemented by data from the National Centres for Environmental Information (NCEI), which is
managed under National Oceanic and Atmospheric Administration (NOAA) programs for preserving,
monitoring, and provision of climate and the historic weather data [39]. To be able to use both datasets,
we compared through regression analysis, which showed a strong relationship (r = 0.95; R2 = 0.91) for
both variables.
2.5. Data Analysis
Exploratory and confirmatory data analysis approaches were used. The data were first subjected
to normality tests using the Kolmogorov–Smirnov test to ascertain whether they deviate from a normal
distribution or not [40]. Rainfall and temperature data, which constituted the time-series data, as well
as plant species data were tested. This was done to determine whether the data satisfy the assumptions
of parametric or nonparametric statistical analysis methods. Following the tests, nonparametric
statistical analysis methods were used. Prior to trend analysis using the nonparametric Mann–Kendall
test, climatological and plant species data were initially tested for autocorrelation to determine the
need for prewhitening. Autocorrelation is the correlation of a time series with its past and future
values [41]. Its detection would require the data to be prewhitened. Hamed and Rao [41] noted that
the geophysical time series are frequently autocorrelated because of inertia or carryover processes in
the physical system. This complicates the application of statistical tests by reducing the number of
independent observations, thereby increasing the chances of detecting significant trends even if they
are absent and vice versa. Prewhitening is the process of removing undesirable autocorrelations from
time-series data prior to analysis. Thus, the data were prewhitened in Paleontological statistics (PAST
4.1) software (Palaeontologia Electronica, Oslo, Sweden) using the Autoregressive Integrated Moving
Average (ARIMA) model [41]. The ARIMA model performs time-series forecasting and smoothening
and projects the future values of a series based entirely on its inertia. It considers trends, seasonality,
cycles, errors, and nonstationary aspects of a data set when making forecasts. It reduces residuals
to white noise in the time series, hence removing the possibility of finding a significant trend in the
Mann–Kendall test when there is no trend [42].
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2.6. Trend Testing
The experiment tested if there was a significant change in precipitation, temperature, and
species diversity over a 40 year period (1974–2014) using the Mann–Kendall trend test [43,44]. It is a
nonparametric method commonly employed to detect monotonic trends in a series of environmental,
climate, or hydrological data [45]. An add-in of Microsoft Excel, XLSTAT 2015.6 (Addinsoft Inc,
New York, NY, USA), was used to carry out the test due to its ability to take into account and remove
the effect of autocorrelations. The Mann–Kendall test statistic is calculated using Equation (3) [42].
S =

n−1
X

n
X

sgn (X j − Xk)

(3)

k = 1 j = k +1

where S is the Kendall score. Sgn (x) = (1 if x > 0, 0 if x = 0, −1 if x < 0) [43]
2.7. Interpolation
Species diversity data collected from the field and meteorological data from five weather stations
were first interpolated using the Thiessen polygons approach in ArcGIS to ensure that all areas are
represented by species diversity, temperature, and rainfall data. The area of the province was divided
into several polygons, each around a measurement point. The weighted average of the measurements
was taken based on the size of each one’s polygon. The weighted average was calculated using
Equation (4) [46].
Pn
P1A1 + P2A2 + P3A3 . . . . . . ..PnAn
i = 1 P1A1
P =
= P
(4)
n
A1 + A2 + A3 . . . . . . . . . An
i = 1 A1
where P is the weighted average, P’s are measurements, and A’s are areas of each polygon.
The interpolated data were then used for regression analysis of vegetative species and
meteorological data to establish the relationship between climatic elements and species diversity.
2.8. Shannon Wiener Index (H)
Data on species abundance collected in the field were used to calculate vegetation species diversity
using the Shannon index of diversity (H), which combines aspects of richness and evenness. It is an
information statistics index, which measures the average degree of uncertainty in determining the
genre of randomly chosen species from a collection of S species and N individuals [35]. The Shannon
index is calculated using Equation (5) [35]:
H = −

s
X

Pi ln P

(5)

i=1

where Pi is the proportion (n/N) of individuals of one species found (n) divided by the total number
of individuals found (N), ln is the natural log, Σ is the sum of the calculations, and S is the number
of species.
2.9. Questionnaire Surveys
Questionnaire surveys were administered to local communities at the household level.
Questionnaire results were used to provide independent evidence of the relationships between
species diversity and changes in climate variables. The survey data were also used to provide
independent opinions on the trends of species diversity and climatic variables over the study period,
as local communities generally have knowledge of the changes taking place in their localities. As the
survey was essential for gathering information on the impact of climate change on vegetative species
diversity, it was also used to complement data obtained through direct observation and remote sensing.
The sampling criteria for the survey was similar to the one used for vegetative species assessment,
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where households were randomly chosen to participate in the surveys. A total of 189 questionnaires
were administered, and the response rate was 95.24%.
Questionnaire data were collated in a grid and theme coding was performed in a spreadsheet
(Table 1). For closed questions whose answers were ranked according to numerical scales, coding was
done using the numerical scales of between 0 and 10. For open-ended questions, the responses were
reviewed, and theme-coded. Survey data provided information that was used to determine changes in
species richness and diversity over time. Thus, respondents provided scores on how they depicted
and perceived species abundance, richness, and diversity. Table 1 is a sample of the instrument used to
collect data and scoring richness and diversity for specified species category over the review period
(1974–2014).
Table 1. Score sheet for rating richness of indigenous, invasive species, and species diversity.
Year

Indigenous Species

Invasive Species

Plant Species Diversity

1974
1978
1982
1986
1990
1994
1998
2002
2006
2010
2014

9.5
9.1
9
9
8.8
8.6
6.8
6.1
5.9
5
4.3

0.6
4.8
6.1
7.2
7.9
7.9
8.0
8.4
8.7
9.2
9.8

9.3
8.6
8.3
8.1
7.9
7.6
6.8
5.9
5.6
5.4
5.2

Note: Richness score categories (0–10), 9–10—very high, 7–8—high, 5–6—medium, 2–4—low, 0–1—very low.

A score of 10 indicates that the respondent perceives the phenomenon to be very high, whilst a
score of 0 indicates that the respondent perceives the phenomenon to be very little or absent. Summary
statistics of scores from the 189 data points were computed in a spreadsheet. Specifically, average
scores for each period depicted by a specific year and category were computed. Using the computed
time-series data between 1974 and 2014, trendlines were produced in XLstats to determine changes
over time.
A major limitation of the scoring procedure was the subjectivity of the scores as given by the
respondents, as individuals differ in the way they perceive phenomena. In addition, the same
individual’s perceptions may be altered by the environment, expectations, or circumstances during
survey time. However, the large sample size used in this study helped in reducing the effect of
individual biases. The use of quantitative methods was essential for reducing bias.
2.10. Key Informant Interviews
Key informant interviews were also conducted to infer data from important institutions
and individuals involved in the management of natural vegetative species diversity and
climate-change-related impacts, and provide independent evidence on the temporal and spatial
relationships between climate variables and vegetation species diversity over time. The Ministry
of Environment, Water, and Climate, the Climate change Office of Zimbabwe (COZ), the
Forestry Commission of Zimbabwe (FCZ), the Environmental Management Agency (EMA) and
the Meteorological Services Department (MSD) provided key personnel during this part of the study.
Traditional leaders also provided vital information at the community level. Seven traditional leaders,
one from each district, were interviewed.
The process involved asking questions whose responses provide answers to the research questions
of the ongoing study. We used the semi-structured interview method in which the interview process
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was flexible, but at the same time, maintaining some structure over the concepts being discussed. An
interview guide was used in the interview process.
3. Results and Discussion
3.1. Climate Change Trends in Masvingo Province
The trend of the 40 year temperature and rainfall data indicates that temperatures are rising and
precipitation declining. About 87.5% of the assessed bioclimatic variables show a significant (p < 0.05)
trend. Temperature-related variables such as mean monthly maximum temperatures (MMMT), mean
monthly temperatures (MMT), maximum temperatures of the warmest month (MTWM), and minimum
temperatures of the coldest month (MinTCM) show a generally increasing trend, indicating that the
atmosphere is getting warmer with time. The increases in all the temperature-related variables are
statistically significant. Precipitation variables such as total annual precipitation (TAP), mean monthly
precipitation (MMP), precipitation of the warmest quarter (PWQ), and seasonal maximum precipitation
(SMP) show a declining trend. This shows that, in general, there is a decline in the amount of rainfall
received in the province over time. All the precipitation-related variables show a significant trend
except SMP, although the trend is declining. Table 2 shows the data and descriptions in the trends of 8
bioclimatic variables.
Table 2. Bioclimatic variables explaining climate change.
Climatic Variable

m+c

P-Value

Trend Description

Mean monthly max. temp
Mean monthly temp
Max. temp, warmest month
Min. temp, coldest month
Total annual precipitation
Mean monthly precipitation
Precipitation: warmest quarter
Seasonal max. precipitation

0.0327−38.399
0.0187−17.651
0.863−89.854
−0.0445 + 89.269
−4.7883 + 10116
0.4203 + 88534
3.4206 + 7137.3
4.4614 + 60021

0.001
0.002
0.011
0.043
0.049
0.046
0.048
0.323 a

Significant change/increasing trend
Significant change/increasing trend
Significant change/increasing trend
Significant change/declining trend
Significant change/declining trend
Significant change/declining trend
Significant change/declining trend
Not significant/declining trend

a

Trend not significant at α = 0.05.

3.1.1. Temperature
Figure 4 shows 40 year trends for temperature-related variables (MMMT, MMT, MTWM, and
MinTCM). The variables are important as they determine major climatic shifts over a long period
of time. Given the role of temperature in plant metabolic processes, they are also important when
determining the effects of climate change on plant species diversity.
There is a statistically significant (p = 0.001, α = 0.05) change in MMMT in the province. As shown
in Figure 4, the linear model presents an increasing trend. An increase of about 0.33 ◦ C is estimated
over the 40 year period. The MMT also shows a significantly (P = 0.002, α = 0.05) increasing trend
over the 40 years. The estimated MMT increased by 0.27 ◦ C during the period under review. It is also
observed that the trend for MTWM has increased over time and it is statistically significant (p = 0.011,
α = 0.05). October is the warmest month of the year in this climatic region [47]. The selection of
the month was based on a preliminary analysis of temperature characteristics of all months over a
thirty-year period, i.e., 1974–2004. Furthermore, MinTCM shows that there is a significant (P = 0.043;
α = 0.05) change of temperature regimes in the region.
The significant increase in temperature-related variables implies a warming climate in Masvingo
Province. There has been an increase of +/− 0.33 ◦ C per decade in monthly mean maximum temperatures
and a +/− 0. 27 ◦ C increase in monthly mean temperatures per decade. This is supported by previous
studies that found out that there is a significant increase in temperatures in the interior of southern
Africa [48]. These temperatures are projected to increase by 2 ◦ C (using the Statistical Analogue
Resembling Scheme (STARS) model) and by 3.5 ◦ C (using the Regional Climate Model) by 2060 [48,49].
Therefore, the climate in the province is warming, as indicated by a significant increase in temperatures
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Figure 5. Precipitation trends in south-eastern Zimbabwe between 1974 and 2014.
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Table 3. Regression vegetative species diversity results by climate variables from the 198 observations.
Table 3. Regression vegetative species diversity results by climate variables from the 198 observations.
Regression Variables

Regression
variables
H and mean
monthly precipitation
H and precipitation: warmest quarter

m+c

Correlation Coefficient (r)

m+c
0.0339–0.6662
0.0005–0.2338

H and mean
monthly
0.0339–0.6662
H and
seasonalprecipitation
max. precipitation
0.0049–0.3063
H and totalwarmest
annual precipitation
0.0036–0.0413
H and precipitation:
quarter
0.0005–0.2338
H and min. temp, coldest month
0.2651 + 1.4877
H and seasonal
max.
precipitation
0.0049–0.3063
H and max. temp, warmest month
−0.0893 + 5.6494
H and total
annual
0.0036–0.0413
H and
mean precipitation
monthly max. temp
−0.0799
+ 4.4873
and mean
monthly
temp
−0.0439
+ 3.4388
H and min. H
temp,
coldest
month
0.2651
+ 1.4877
H and max. temp, warmest month
−0.0893 + 5.6494
H and
mean
monthly max. temp variables,−0.0799
+ 4.4873
For
precipitation-related
the monthly
H and mean monthly temp
−0.0439 + 3.4388

p Value

R2

Correlation
p Value0.6736
R2
0.794
<0.001
coefficient
(r)
0.734
<0.001
0.6455
<0.001 0.5841
0.6736
0.7020.794
<0.001
0.7030.734
<0.001
<0.001 0.6261
0.6455
0.706
<0.001
0.4979
0.702
<0.001
0.5841
−0.799
<0.001
0.6706
<0.001 0.6223
0.6261
−0.7760.703
<0.001
−0.1260.706
<0.001
<0.001 0.6943
0.4979
−0.799
<0.001
0.6706
−0.776
<0.001
0.6223
mean precipitation best explains vegetative
−0.126
<0.001
0.6943

species diversity, while for temperature-related variables, monthly mean temperatures have the highest
coefficient of determination. The relationship between climatic variables and species diversity suggests
For precipitation-related variables, the monthly mean precipitation best explains vegetative
that a change in climatic variables can result in a change in species diversity.
species diversity, while for temperature-related variables, monthly mean temperatures have the highest
coefficient
ofSpecies
determination.
relationship
between climatic
variables and species diversity suggests
3.2.1. Plant
DiversityThe
and
Precipitation-Related
Variables
that a change in climatic variables can result in a change in species diversity.
Results of the regression analysis of the Shannon diversity index (H) versus Precipitation-related
climate
variables
TAP,
SMP,
and PWQ) are shown
in Figure 6. The four precipitation-related
3.2.1. Plant
Species(MMP,
Diversity
and
Precipitation-Related
Variables

Results of the regression analysis of the Shannon diversity index (H) versus Precipitation-related
climate variables (MMP, TAP, SMP, and PWQ) are shown in Figure 6. The four precipitation-related
climate variables correlate with the diversity of vegetative species. Sixty-seven percent of plant species
diversity is significantly predicted by MMP (P < 0.001).
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There is a positive correlation (r = 0.734) between H and PWQ (October to December). The results
There is a positive correlation (r = 0.734) between H and PWQ (October to December). The results
show that, as precipitation of the warmest quarter increases, vegetative species diversity also increases.
show that, as precipitation of the warmest quarter increases, vegetative species diversity also increases.
In addition, SMP seems to play an important role in determining the diversity of plant species in
In addition, SMP seems to play an important role in determining the diversity of plant species in
Masvingo Province. This is shown by the positive correlation (r = 0.702) between H and SMP. As shown
Masvingo Province. This is shown by the positive correlation (r = 0.702) between H and SMP. As shown
in Figure 6, 49% of vegetative species diversity is significantly (p < 0.001) explained by SMP. Regression
in Figure 6, 49% of vegetative species diversity is significantly (p < 0.001) explained by SMP. Regression
of the two variables shows that, as seasonal total precipitation increases, species diversity also increases.
of the two variables shows that, as seasonal total precipitation increases, species diversity also increases.
Furthermore, TAP and species diversity have a strong positive correlation (r = 0.703). About 63% of
Furthermore, TAP and species diversity have a strong positive correlation (r = 0.703). About 63% of
vegetative species diversity in the province is significantly (P < 0.001) explained by TAP (Figure 6).
vegetative species diversity in the province is significantly (P < 0.001) explained by TAP (Figure 6).
3.2.2. Vegetative Species Diversity and Temperature-Related Variables
3.2.2. Vegetative Species Diversity and Temperature-Related Variables
The linear regression of plant species diversity (H) by temperature-related climate change variables
The linear regression of plant species diversity (H) by temperature-related climate change
(Figure 7) shows correlation. There is a strong negative (−0.799) correlation between H and maximum
variables (Figure 7) shows correlation. There is a strong negative (−0.799) correlation between H and
temperatures of the warmest month (MTWM).
maximum temperatures of the warmest month (MTWM).
As shown in Figure 7, about 67% of vegetative species diversity is significantly (P < 0.001) explained
As shown in Figure 7, about 67% of vegetative species diversity is significantly (P < 0.001)
by MTWM. An increase in MTWM is related to a decrease in plant species diversity. At temperatures
explained
by MTWM. An increase in MTWM is related to a decrease in plant species diversity. At
of 39 ◦ C and above, the diversity of species is extremely low. A positive correlation (r = 0.706) between
temperatures of 39 °C and above, the diversity of species is extremely low. A positive correlation (r =
H and MinTCM is also shown. About 49% of the vegetative species diversity is significantly (P < 0.001)
0.706) between H and MinTCM is also shown. About 49% of the vegetative species diversity is
explained by MinTCM. Similarly, MMMT explains plant species diversity. There is a strong negative
significantly (P < 0.001) explained by MinTCM. Similarly, MMMT explains plant species diversity.
correlation (r = −0.776). Also, 62% of vegetative species diversity in the province can be explained by
There is a strong negative correlation (r = −0.776). Also, 62% of vegetative species diversity in the
MMT. Thus, an increase in MMT is associated with a decrease in H.
province can be explained by MMT. Thus, an increase in MMT is associated with a decrease in H.
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3.3. Diversity Dynamics Depicted Through Remote Sensing
3.3. Diversity Dynamics Depicted Through Remote Sensing
The relationship between NDVI and plant species diversity (H) was also assessed. Results show
The relationship between NDVI and plant species diversity (H) was also assessed. Results show
that NDVI has a positive linear response to plant species diversity (Figure 8). There is a strong (r = 0.79)
that NDVI has a positive linear response to plant species diversity (Figure 8). There is a strong (r = 0.79)
correlation between NDVI and vegetative species diversity. NDVI explains 62% of vegetative species
correlation between NDVI and vegetative species diversity. NDVI explains 62% of vegetative species
diversity. These results imply that NDVI can be used as a surrogate for vegetative species diversity.
diversity. These results imply that NDVI can be used as a surrogate for vegetative species diversity. An
An increase in vegetative species diversity corresponds with an increase in NDVI, but the increase
increase in vegetative species diversity corresponds with an increase in NDVI, but the increase does
does not continue beyond 2.3 of H.
not continue beyond 2.3 of H.

Figure 8. Relationship between NDVI and the Shannon index of diversity.
Figure 8. Relationship between NDVI and the Shannon index of diversity.

The decrease in diversity as temperatures increase implies that some vegetative species’ tolerance
The decrease in diversity as temperatures increase implies that some vegetative species’ tolerance
decreases with an increase in maximum temperatures of the warmest month, as also suggested by
decreases with an increase in maximum temperatures of the warmest month, as also suggested by
Gwitira et al. [47]. Furthermore, the results indicate that the regression analysis between NDVI and
Gwitira et al. [47]. Furthermore, the results indicate that the regression analysis between NDVI and
plant species richness is consistent with the Spectral Variation Hypothesis (SVH), which envisages
plant species richness is consistent with the Spectral Variation Hypothesis (SVH), which envisages a
a direct correlation between differences in reflectance of remote sensing images with environmental
direct correlation between differences in reflectance of remote sensing images with environmental
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to spatial ecological heterogeneity and thus to vegetative species diversity.
3.4. Changes in Species Diversity Between 1974 and 2014
3.4. Changes in Species Diversity Between 1974 and 2014
There is a significant (P = 0.041, α = 0.05) decrease in average December NDVI over the period
There is a significant (P = 0.041, α = 0.05) decrease in average December NDVI over the period
1974–2014 (Figure 9). However, the trend for average July NDVI is not significant (P = 0.062, α = 0.05)
1974–2014 (Figure 9). However, the trend for average July NDVI is not significant (P = 0.062, α = 0.05)
but declining. Given the correlation between NDVI and H, we used NDVI as a surrogate for H. Thus, a
but declining. Given the correlation between NDVI and H, we used NDVI as a surrogate for H. Thus,
decrease in NDVI depicts a decrease in species diversity. Although 0.062 is not statistically significant
a decrease in NDVI depicts a decrease in species diversity. Although 0.062 is not statistically significant
at α = 0.05, it is at α = 0.1; there is clearly evidence that NDVI is related to diversity.
at α = 0.05, it is at α = 0.1; there is clearly evidence that NDVI is related to diversity.

Figure 9. Trends for average NDVI for December and July between 1974 and 2014.
Figure 9. Trends for average NDVI for December and July between 1974 and 2014.
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3.5. Evidence of Changes in Vegetative Species Diversity Through Interviews
3.5. Evidence of Changes in Vegetative Species Diversity Through Interviews
Results from the questionnaire survey and interviews complemented the results from remote
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Figure 10. Vegetative species diversity dynamics between 1974 and 2014 as viewed by local people.
Figure 10. Vegetative species diversity dynamics between 1974 and 2014 as viewed by local people.

The use of spatial variation over time has been widely used in ecological processes and in
Although the study considered the drivers of spatial variability in vegetative plant diversity as
understanding long-term ecological dynamics across sites that vary in environmental conditions [54].
proxies of the drivers of temporal variability through vegetation indices, it recognises the influence of
Studies have also extrapolated temporal dynamics in species diversity by comparing multiple sites
other factors such as the long (decadal to multidecadal) life spans of trees, stability of soil properties,
in a region, particularly in gradient analyses, and have shown the reliability of space-for-time
dispersal limitations that collectively drive species composition in a given location [51,52]. Although
substitution [55–58]. Other studies that support the methodology used in this study include those
future research should also focus on the influence of these other important factors influencing changes
that applied space-for-time-substitution in biodiversity modelling to project climate-driven changes
on plant species diversity, recent studies that analysed the turnover of species diversity along an
in species distributions, species richness, and compositional turnover [59,60]. These studies support
ecological succession since the melting of glaciers [52], and along a mountain treeline shift [53], showed
the judicious use of space-for-time substitution in modelling plant species diversity responses to
that space is a reliable substitution of time.
climate change.
The use of spatial variation over time has been widely used in ecological processes and in
understanding
4. Conclusionslong-term ecological dynamics across sites that vary in environmental conditions [54].
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Thus,
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and diversity patterns. Although other factors such as edaphic changes, veld fires, and land-use
changes are also impacting plant species diversity in the savanna region, climate change remains the
main reason behind the reduction in plant species diversity in this ecosystem. Further studies are
required to focus on specific plant species using global circulation models and modelling techniques to
assess the changes in plant species over time and under different scenarios.
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