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Abstract: This paper aimed to investigate the influence of climatic and topographic factors on
the distribution of vegetation in the Virunga Volcanoes Massif using GIS and remote sensing
techniques. The climatic variables considered were precipitation, Land Surface Temperature (LST),
and evapotranspiration (ET), whereas the topographic factors considered were elevation and aspect.
The dataset consisted of MODIS NDVI data, satellite-delivered precipitation, ET, and the LST. A 2014
Landsat 8 OLI image was used to produce a vegetation map of the study area, while DEM was used
to derive the elevation attributes and to calculate the aspect angles. Moran’s I and Geographically
Weighted Regression (GWR) Model was used to analyze the relationships between the climatic factors
and NDVI changes over elevation and aspect. The results indicated that among the nine vegetation
types inventoried in the area, the Mean NDVI varied from 0.33 to 0.59 and the optimal vegetation
growth was found at an elevation between 2000 and 3900 m, with mean NDVI values larger than 0.50.
The peak mean NDVI value of 0.59 was found at the elevation from 2100 to 2800 m. Vegetation growth
was found to be more sensitive to elevation, as NDVI values were more varied at a lower elevation
(<4000 m) than at a higher elevation (>4000 m). Considering the aspect, the greater vegetation growth
was found in SE (132◦, 148◦), SW (182◦, 186◦), and NW (309.5◦–337.5◦), with mean NDVI values
larger than 0.56. This indicated that vegetation was susceptible to better growth conditions in the
lower elevation ranges and in shady areas. The vegetation NDVI in this study area was mostly
uncorrelated with precipitation (R2 = 0.34), but was strongly correlated with LST (R2 = 0.99) and ET
(R2 = 98). LST (≥18 ◦C) and ET (1286 mm/year−1) were found to provide optimal conditions for
vegetation growth in the Virunga Volcanoes Massif. Empirically, the results concluded that elevation,
aspect, LST, and ET are the main factors controlling the spatial distribution and vegetation growth
in this area. This information is significantly helpful for biodiversity conservation and constitutes a
valuable input to environmental and ecological research.

Keywords: climate; East-Central Africa; topography; Geographically Weighted Regression; remote
sensing; Virunga Volcanoes Massif

1. Introduction

The importance of vegetation cover in ecological processes, especially in forests located in
mountainous areas, cannot be overstated [1]. Vegetation plays an invaluable role in protecting
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the environment and its living species against the negative effects linked to climate change [2].
The dependencies on vegetation cover are always expanding from local to global, where millions
of people and animal species depend on forest and plants [3], particularly in mountain areas.
Vegetation cover protects people and animals against natural hazards such as rockfall events, landslides,
and debris flows, while considering its particular role in carbon dioxide (CO2) sequestration [3,4].
In mountainous regions, settlements and infrastructure developments located at the foot of mountains
mainly depend on the protective effects of vegetation cover [5]. Therefore, understanding the
growth and spatial patterns of vegetation in high topographic areas has been suggested by many
researchers [6–8].

Climatic and topographical factors are the principal elements controlling vegetation change, soil,
and the amount of rainfall, by determining the precipitation and runoff at hill slopes [9]. Topographic
attributes such as elevation and aspect have been revealed to have a great influence on the patterns
and distribution of vegetation in mountainous areas [10,11]. Therefore, it is of great importance to
evaluate the role of climate and topography in shaping the spatial distribution of vegetation at high
altitudes, with respect to different vegetation cover types [12].

Remote sensing has long been considered an ideal technology for quantifying the magnitude
of the impacts of climate and topography on the spatial patterns of vegetation [13,14], because it
makes it possible to study a large area at a high temporal resolution [15]. Vegetation dynamics and
phenometrics of different vegetation types can be extracted from vegetation indices derived from
a Moderate-Resolution Imaging Spectroradiometer (MODIS), an Advanced Very High Resolution
Radiometer (AVHRR), and Landsat sensors such as the Operational Land Imager (OLI) [16].
The normalized difference vegetation index (NDVI) was chosen for this study over other vegetation
indices because it has been found to be less sensitive to topographic variation in areas with a rugged
topography [17]. NDVI derived from reflectance measurements in the visible and near-infrared
portions of the electromagnetic spectrum, has been widely used to measure vegetation greenness to
describe the relative amount of green biomass from one area to another [18]. Additionally, it has been
found to be a good indicator of photosynthetic activity in plants and has been widely used to study
vegetation phenology [19]. Moreover, NDVI has been employed to quantify vegetation changes [20]
and vegetation cover [21,22].

Several studies applying remote sensing technologies have been carried out in the Virunga
Volcanoes. One can note, for instance, the studies carried out by Sheil, D. et al., Galbany, J. et al., [23,24],
and Smets, B. et al., [25]. Most of these studies, however, focused on volcanic eruption processes and
their impacts, the conservation of gorillas, food security, and biodiversity in the Virunga Volcanoes [26].
Only a handful of studies considered the elevation, slope, and relief [27,28]. Additionally, little is
known on the way in which climatic and topographical factors influence the distribution of vegetation
in this region.

Therefore, this study focuses on the effect of topography and climate on the distribution of
vegetation in the Virunga Volcano massifs of East-Central Africa. Specifically, the objectives of this
study are to: (1) analyze the growth and spatial patterns of vegetation; (2) explore the responses of
NDVI with respect to the geographic directional distribution (vertically and horizontally); and (3)
investigate the relationships between vegetation distribution and topographic/climatic factors.

2. Materials and Method

2.1. Study Area

The Virunga Volcanoes Massif is located in East-central Africa and lies within the border between
Rwanda, the Democratic Republic of Congo (DRC), and Uganda [27]. This area is split into three
National parks, namely the Volcanoes National Park (VNP) in Rwanda, the Mgahinga National Park
in Uganda, and the Parc National des Virunga (NPVi) in DRC [29].
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It is composed of a chain of five volcanoes covering a surface of 45,600 hectares (ha) (Figure 1) [23].
The topography is very steep with an elevation ranging from 1800 to 4500 m (Figure 1) [30] and
the climate is characterized by a tropical climate [31]. Topographical complexity in this area results
in diverse weather patterns which exert important influences on soil development and vegetation
growth [32].

Geosciences 2017, 7, 17  3 of 18 

 

It is composed of a chain of five volcanoes covering a surface of 45,600 hectares (ha) (Figure 1) 
[23]. The topography is very steep with an elevation ranging from 1800 to 4500 m (Figure 1) [30] and 
the climate is characterized by a tropical climate [31]. Topographical complexity in this area results 
in diverse weather patterns which exert important influences on soil development and vegetation 
growth [32].  

 
Figure 1. A map showing the location of the study area. 

This study area has four climatic seasons in which long rainy (from February to May) and short 
rainy seasons (end-September to December) alternate, with two dry seasons known as long dry 
(from June to September) and short dry (Mid-December to Mid-February) [16]. The two rainy 
seasons correspond to the agricultural seasons, season A (September to December) and season B 
(January to May), respectively. Under normal circumstances, much rainfall is expected during the 
long rainy season [16]. 

This area is one with a rich biodiversity and is the unique home of rare mountain gorillas 
(Gorilla beringeri beringeri) and other apes. A census carried out in 2010 estimated that there were 
about 880 individual gorillas and showed that their numbers have been increasing at an annual rate 
of 3.7% since 2003 [33]. Vegetation cover forms a gorilla’s daily food intake and is used to create their 
nests. Moreover, vegetation in this area plays a primordial role in the local water cycle and this, in 
turn, affects the hydrological filtering and runoff processes.  

2.2. Datasets 

The spatial and temporal variations seen for vegetation growth are mainly monitored by means 
of Vegetation Indices (VI) and influences from various factors [34]. In this case, an evaluation of the 
effects of climatic and topographic factors on vegetation growth was assessed based on the 
relationship between these factors and NDVI, as illustrated in Table 1. The choice of these factors 
depended on the direct physical nature, size, and environmental nature of the Virunga Volcanoes 
Massif area.  

Table 1. Factors and vegetation index considered in this study. 

Climate Factors Topography  Vegetation Indices (VIs) 
Precipitation (Rainfall) Aspect calculated from DEM Normalized Difference Vegetation- 

Figure 1. A map showing the location of the study area.

This study area has four climatic seasons in which long rainy (from February to May) and short
rainy seasons (end-September to December) alternate, with two dry seasons known as long dry (from
June to September) and short dry (Mid-December to Mid-February) [16]. The two rainy seasons
correspond to the agricultural seasons, season A (September to December) and season B (January
to May), respectively. Under normal circumstances, much rainfall is expected during the long rainy
season [16].

This area is one with a rich biodiversity and is the unique home of rare mountain gorillas
(Gorilla beringeri beringeri) and other apes. A census carried out in 2010 estimated that there were about
880 individual gorillas and showed that their numbers have been increasing at an annual rate of 3.7%
since 2003 [33]. Vegetation cover forms a gorilla’s daily food intake and is used to create their nests.
Moreover, vegetation in this area plays a primordial role in the local water cycle and this, in turn,
affects the hydrological filtering and runoff processes.

2.2. Datasets

The spatial and temporal variations seen for vegetation growth are mainly monitored by means
of Vegetation Indices (VI) and influences from various factors [34]. In this case, an evaluation of the
effects of climatic and topographic factors on vegetation growth was assessed based on the relationship
between these factors and NDVI, as illustrated in Table 1. The choice of these factors depended on the
direct physical nature, size, and environmental nature of the Virunga Volcanoes Massif area.
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Table 1. Factors and vegetation index considered in this study.

Climate Factors Topography Vegetation Indices (VIs)

Precipitation (Rainfall) Aspect calculated from DEM Normalized Difference Vegetation-
Land Surface Temperature Elevation Index (NDVI)

Evapotranspiration - -

MODIS NDVI, Landsat 8 Operational land imager (OLI) images, a Digital Elevation Model (DEM),
global precipitation, and evapotranspiration (ET) were used as the primary data to compute the factors
and indices listed in Table 1. The acquired MODIS NDVI data were 16-day composites with a 250 m
spatial resolution. These NDVI data were freely available from NASA’s Terra satellite [35], for the
acquisition period ranging from 2000 to 2014. Thus, 120 MODIS NDVI images (each year produced
eight images) for the growing season A (from September to December) [36], over a period of 15 years,
were used, given that season A is the most productive period of vegetation during the year. NDVI
values of these four months of the growing season are enough to potentially show the patterns of the
vegetation cover in this area [37].

Due to the insecurity in the region, there are few meteorological data available, and even when
these data are available, they are often incomplete, as shown by the diagram of station data issued
by the Rwanda Meteorological Agency [38]. In this case, we have utilized the satellite-derived
precipitation data from 2000 to 2014, which were produced by the Global Precipitation Climatology
Centre, available from the Earth System Research Laboratory with a 0.5 km spatial resolution [39].

MODIS global terrestrial evapotranspiration products indexed as NASA MOD16A2/A3 were
downloaded from the University of Montana NTSG Lab’s website [40]. This dataset was calibrated
to obtain land surface evapotranspiration values which accounted for all of the transpiration by
vegetation and all of the evaporation from the canopy and soil surface. In addition, Landsat 8
OLI images acquired in 2014 at a 30 m resolution were downloaded from the USGS Earth Explorer
(path: 172; row: 62) [41]. And were used to classify different vegetation types and to compute and
estimate the Land Surface Temperature (LST), which was necessary to analyze the relationship between
LST-emissivity, and vegetation growth and distribution in this area.

ASTER-derived DEM data, downloaded at a 30 m spatial resolution from USGS Earth
Explorer [42], were used to estimate the elevation and to calculate aspect attributes. A shape file
delimiting the study area was produced by the United Nations Environment Programme (UNEP) and
was downloaded from Protected Planet website [43].

2.3. Data Processing

2.3.1. Data Pre-Processing

MODIS datasets, such as NDVI (MOD13Q1, 16-days composites) and ET (MOD16 A3) for the
period from 2000 to 2014, and Landsat images were processed using ENVI software version 5.3
(Exelis Visual Information Solutions, Inc., a subsidiary of Harris Corporation, Boulder, CO, USA) and
ArcGIS software version 10.2 (Environment Systems Research Institute (Esri) Inc., Redlands, CA, USA).
The following steps were undertaken for data quality improvement: the downloaded MODIS NDVI
and Global annual ET images were geographically reprojected to WGS_1984_UTM_zone_35S, which is
the proper spatial reference of the study area.

Furthermore, these products were resampled and interpolated to match with the other datasets
acquired at a 30 m spatial resolution, such as Landsat and DEM data, and to avoid pixel deterioration
while clipping over the shape file. The MODIS NDVI data were then filtered using the Savitzky-Golay
filtering method, to eliminate the effects from cloud contamination and residual atmospheric
conditions [44]. Additionally, three steps were applied to improve the quality of Landsat data:
(1) a radiometric calibration process was employed to account for sensor degradation; (2) FLAASH
atmospheric correction was used to adjust the influence of water vapor, aerosols, ozone, and Rayleigh
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scattering; and (3) geometric correction using a registration image was applied to correct the images
affected by the Scan Line Corrector (SCL-Off) [45].

2.3.2. Data Analysis

ArcGIS software version 10.2 (Environment Systems Research Institute (Esri) Inc., Redlands,
CA, USA) was used for all analyses and calculations discussed herein. The mean values of NDVI
were firstly calculated to form monthly averages, and thereafter, the calculated monthly NDVI values
were used to calculate the annual mean NDVI. For climatic factors, the annual mean precipitation
values were obtained by averaging the monthly data for each year, and the same process was applied
to calculate the annual mean ET from 2000 to 2014. Additionally, all ET values were multiplied by
0.1, to obtain the real mean ET values in mm per year (mm/year), as suggested by Mu et al. [40].
The elevation was directly obtained from DEM data, while aspect values were derived from DEM
data by using the Spatial Analyst tool in ArcGIS.The Maximum Likelihood supervised classification
method using ENVI software version 5.3 (Exelis Visual Information Solutions, Inc., a subsidiary of
Harris Corporation, Boulder, CO, USA) was applied, to produce the Land cover map for the Volcanoes
massif region. During the classification process, to analyze the vegetation cover types of the Virunga
Volcanoes Massif, we independently referred to 100 points provided by the Karisoke Research Center’s
(KRC) botanical office, in order to classify and map vegetation types [28]. Eleven land cover classes
were designed, of which nine were vegetation types, namely: bamboo, Hagenia-hypericum, Bush-ridge,
Neubutonia, Alpine, Mimulopsis, Herbaceous, Meadow/savannah, and mixed forest respectively, followed by
water, forming a crater lake on top of the Bisoke Volcano, and clouds. Since this area is the most cloud
prone [46], persistent cloud cover has been designed as clouds during image processing.

Thereafter, we masked the no-vegetation covers (water and clouds), in order to check the
important vegetation type distribution in this area. A total of 500 ground reference points acquired
from field plotting sample points using a Global Positioning System (GPS: Garmin Map629sc with
typical accurate to within 10 m) and Google earth (GE) were considered, to assess the accuracy of the
classified land cover map of our study area. Out of the 500 ground truth points used, 430 of them
were taken by GPS, while the 70 Ground Points taken from the inaccessible areas like on top of the
volcanoes, in deep slopes, and those of water on top of the Bisoke volcano, were obtained from high
resolution Google Earth (GE) images, conforming to the rule of thumb of at least 50 ground points per
class using multinomial distribution observations [47].

The LST was calculated using a Landsat 8 OLI image of 2014, and the bands TIRS 10 and 11 were
used to estimate the brightness temperature by applying the following mathematical equations with
split-windows algorithms. The LST is equivalent to the difference between the land surface emissivity
and brightness temperature, as suggested by Rozenstein, Q. et al. and Rajeshwani, A. et al. [48,49].
In this case, the Top of Atmospheric (TOA) spectral radiance (Lλ) was determined by multiplying
multiplicative rescaling factors (3.342 × 10-4), in addition to the additive rescaling factor (0.1) of both
TIR bands, which were provided in the metadata file as shown in Equation (1).

Lλ = ML × Qcal + AL (1)

where Lλ is the Top of Atmospheric (TOA) spectral radiance in Watts/ (m2·srad·µm); ML is the
band-specific multiplicative rescaling factors of TIR bands 10 and 11; Qcal is the band 10/11 image;
and AL represents the additive rescaling factors for bands 10 and 11 [50].

The next process was to determine the Brightness Temperature (TB), which is the radiation of
the radiance of the top of earth atmosphere. This calibration process was used to convert the thermal
Digital Numbers (DN) of the thermal bands of TIR, to TB. The TB for both TIR bands was calculated
by adopting the following formula:

TB =
K2

ln
(

K1
Lλ

+ 1
) (2)
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where K1 and K2 are the thermal conversion constant and variables for both TIR of the bands,
respectively. The K1 for band 10 is equal to 1321.08, whereas the K1 for Band11 is equal to 1201.14.
The K2 values are 777.89 and 480.89 for band 10 and Band 11, respectively.

Lλ represents the Top of Atmospheric spectral radiance.
The Land Surface Emissivity (LSE) was calculated and estimated by using the NDVI thresholds

method (Formula (3), as follows:

LSE = εs(1 − FVC) + εv × FVC (3)

εs and εv are the soil and vegetation emissivity of the TIR bands, where the εs value for band 10 is
equal to 0.971 and is equal to 0.977 for band 11, and the εv value for band 10 is 0.987 and 0.989 for band
11. FVC stands for the fractional vegetation cover, which was estimated for each pixel [51]. FVC was
calculated as follows:

FVC =
NDVI − NDVIs

NDVIv − NDVIs
(4)

where NDVIs stands for the reclassified NDVI for Soil and NDVIv stands for the reclassified NDVI for
Vegetation. In this case, we have used the mean NDVI calculated from 2000 to 2014.

Finally, the LST was calculated by applying the following formula:

LST = TB10 + C1(TB10 − TB11) + C2(TB10 − TB11)
2 + C0 + (C3 + C4W)(1 − ε) + (C5 + C6W)∆ε (5)

where LST is the Land Surface Temperature in degree Kelvin, multiplied by 273.15 to convert Kelvin
to Celsius [52]; C0 to C6 represent the Split-Window Coefficient values (Table 2), as illustrated by
Skokovic et al. [53] in their research; TB10 and TB11 are the Brightness Temperatures for Bands 10 and
11 in Kelvin; ε is the mean LSE of the TIR bands; W is the Atmospheric Water Vapor content; and ∆ε is
the difference in the LSE.

Table 2. Split-Window Coefficient values

C0 C1 C2 C3 C4 C5 C6

−0.268 1.378 0.183 54.3 −2.238 −129.2 16.4

2.3.3. Statistical Analysis and Relationship Calculations

The statistical values used to analyze changes in the NDVI in relation to elevation and aspect,
were derived from the processed MODIS NDVI data using spatial analyst and spatial statistics tools
in ArcGIS software. Therefore, the grid cells were used to depict the spatial patterns of NDVI,
precipitation, LST, and ET towards the Virunga Volcanoes Massif, by creating a fishnet shapefile with
120 m grid cells. Then, NDVI, precipitation, LST, and ET maps were converted to 120 m grid cell maps.
The values of each variable were intersected with the fishnet grid cells, and were dissolved to depict
spatial patterns and effectively evaluate the spatial correlation between NDVI and the climatic factors
(precipitation, LST, and ET) using the Geographically Weighted Regression (GWR) model.

In this case, the Moran’s Index was also employed to identify the existence and the intensity of
the spatial autocorrelation of variables, while the GWR model explored and evaluated the important
variations in spatial distribution and the relationship between spatial patterns of vegetation and
climatic factors [54]. Thus, the GWR model indicated the spatial correlations between the variables
by generating a series of location-specific parameters to visualize geographical interactions [54,55].
OriginPro version 9.0 (OriginLab, Northampton, MA, USA), a data analysis and graphing software,
was used to graphically represent the results from an analysis of the variables.
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3. Results

3.1. Vegetation Distribution over Virunga Volcanoes Massif

In order to estimate the vegetation distribution in the Virunga Volcanoes Massif, it is important to
determine the vegetation types available, based on a land cover map. The image classification in the
Virunga Volcanoes massif resulted in eleven land cover classes; nine of which were vegetation types,
as shown in Figure 2b.
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Figure 2. (a) Landsat image of the Virunga Volcanoes massif displayed in bands 4 (Near Infrared), 5
(SW Infrared), and 2 (Green), respectively. (b) Land cover map representing vegetation cover types and
distribution within the Virunga Volcanoes massif.

The classification accuracy assessment showed that the overall accuracy and Kappa coefficients
of the LCLU map were 88% and 0.86%, respectively. Figure 2 shows the spatial distribution of the
nine vegetation cover types in the Virunga Volcanoes massif. Statistically, the results indicate that
Neubutonia occupies a preponderant place among all vegetation types, with a percentage area of
34.4%, while Meadow-Savannah extends over the smallest area (Table 3).

Table 3. Vegetation types in the Virunga Volcanoes and their specific area of coverage.

Vegetation Types % Area (Sq.km)

Bamboo Forest 10.77 4894.81
Hagenia-Hypericum 11.17 5075.98

Bush ridge 14.58 6626.79
Mixed forest 15.52 7053.04
Neubutonia 33.97 15,442.10

Alpine 1.91 869.77
Meadow/savannah 1.08 491.14

Herbaceous 5.15 2339.76
Mimulopsis 3.87 1758.71

3.2. Vegetation Growth Analysis in Virunga Volcanoes Massif

The analysis of the general trend of vegetation changes from 2000 to 2014 in this area was
performed by using NDVI. A one-dimensional linear regression method was used to analyze the
changes. To avoid the influence of water bodies on the statistical averages, the negative pixel values
were excluded from the calculations. Generally, negative NDVI values are found over water bodies
which absorb the maximum portion of the Near Infrared light that falls on them [21,22]. The statistical
evolution of NDVI values in the Virunga Volcanoes Massif indicated that the Mean NDVI from 2000
to 2014 varied between 0.48 and 0.62. A high vegetation growth was found in 2010 and 2011 at the
maximum mean NDVI values of 0.62 and 0.58, respectively, while the minimum value recorded in
2007 was 0.48 (Figure 3).
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Figure 3. Growing Season mean NDVI changes in the Virunga Volcanoes massif from 2000 to 2014.

3.3. Geographical Distribution of Vegetation in the Virunga Volcanoes Massif

The geographical distribution of vegetation was analyzed by considering the topography with
respect to two positions: (1) the vertical position that represents the spatial distribution of vegetation
per elevation (in meters above sea level); and (2) the horizontal position that represents the spatial
distribution of vegetation per aspect (in degrees). We divided elevation into a total of nine intervals
of 300 m and aspect into 12 intervals of 30 degrees. A spatial analysis tool was used to match NDVI
values with their corresponding elevation and aspect, in order to analyze their effects on vegetation
dynamics in this mountainous area.

The results indicated that the high vegetation density was located at an elevation ranging from
2000 to 3900 m, while the lowest density was found at an elevation greater than 3900 m and less than
2000 m. Higher mean NDVI values were found at the elevation ranging from 2000 to 2400 m, while
lower values were found at the top of the mountains (elevation ≥ 4000 m). These results indicate
that the more the elevation increases, the more the mean NDVI decreases (Figure 4a). Also, the
results highlighted that a high vegetation density was found in the North-East (22.5◦–67.5◦), from
East (67.5◦–112.5◦) to South-East (112.5◦–157.5◦), and in the West (247.5◦–292.5◦). The highest mean
NDVI values were located in the South-East (132◦, 148◦), South-West (182◦, 186◦), and North-West
(309.5◦–337.5◦). The lowest were located in the North-East (60◦), South-East (99◦), South-West
(243◦–246◦), and North-East (38◦–47◦), respectively (Figure 4b).
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Figure 4. Scatter plot (spline connected) showing the Variation of NDVI (a) per elevation (Vertical) and
(b) a Rose chart showing the variation of NDVI per aspect (horizontal) in the Virunga-Volcanoes massif.
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3.4. Analysis of Changes in Vegetation Growth and Spatial Distribution per Vegetation Types

The flux of vegetation density and spatial distribution per vegetation type was investigated.
The results indicated that, for all types of vegetation, the highest vegetation growth was found
at an elevation ranging from 1929 to 4200 m, whilst individually, Alpine vegetation varies from
2400 to 3000 m and from 3300 to 4000 m; Bamboo (2100–3900 m); Bush-ridge (2300–4000 m);
Hagenia-Hypericum (2400–3900 m); Herbaceous (1900–3300 m); Meadow-savannah (1829–3000 m);
Mimulopsis (1832–3900 m); and Mixed-forest (1829–4200 m).

The vegetation growth analysis per elevation (vertical) highlighted that Herbaceous vegetation
had the highest mean NDVI (0.55–0.59) at an elevation ranging between 2600 and 2700 m, followed by
Mimulopsis and Neubutonia, whose maximum mean NDVI was estimated from 0.55 to 0.59, at an
elevation from 2650 to 2700 m. All others represented a mean NDVI maximum of up to 0.50, except for
the Alpine and Bush-ridge, which exhibited lower mean NDVIs, as shown in Figure 5a–i.
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Figure 5. The scatter plots (spline connected) show the density and distribution of each vegetation
type per elevation over the Virunga Volcanoes Massif; (a) Alpine; (b) Bamboo; (c) Bush-ridge;
(d) Hagenia-Hypericum; (e) Herbaceous; (f) Meadow-Savannah; (g) Mixed-forest; (h) Mimulopsis; and
(i) Neubutonia.

The results revealed that the NW was the region characterized by optimal vegetation growth,
where almost all the vegetation types had maximum mean NDVI values, as illustrated in Table 4.
The findings indicated that, with respect to aspect, the vegetation growth for all vegetation types was
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found as being optimal towards Na, NW, and Nb directions. Therefore, it can be concluded that the
vegetation types in the Virunga Volcanoes Massif represent absolute dependencies on the change in
geographical positions in consideration with the changes in sun light angles, whereby higher mean
NDVI values were located in the NW (337.5◦) and N (356.5◦) (Table 4).

Table 4. Change of mean and standard deviation of NDVI per aspect and per vegetation cover type.

Veg. Type NDVI Na NE E SE S SW W NW Nb

Bamboo
Mean 0.51 0.48 0.45 0.44 0.47 0.43 0.45 0.52 0.52
Std 0.09 0.11 0.1 0.13 0.09 0.09 0.12 0.1 0.06

Alpine Mean 0.33 0.32 0.32 0.29 0.29 0.25 0.23 0.3 0.35
Std 0.11 0.11 0.12 0.11 0.11 0.08 0.08 0.06 0.15

Bush-Ridge Mean 0.41 0.38 0.37 0.35 0.34 0.35 0.39 0.42 0.37
Std 0.16 0.16 0.14 0.17 0.1 0.15 0.18 0.15 0.17

Hagenia Mean 0.49 0.44 0.43 0.41 0.41 0.44 0.49 0.53 0.54
Std 0.09 0.12 0.1 0.13 0.07 0.11 0.11 0.1 0.1

Herbaceous
Mean 0.57 0.52 0.49 0.51 0.48 0.51 0.54 0.59 0.58
Std 0.09 0.08 0.1 0.1 0.07 0.08 0.14 0.07 0.06

Meadow
Mean none none 0.48 0.5 0.6 0.37 0.55 0.55 0.53
Std none none 0.04 0.08 0 0.05 0.08 0.08 0.05

Mimulopsis Mean 0.59 0.54 0.42 0.44 0.43 0.43 0.56 0.58 0.58
Std 0.07 0.07 0.13 0.09 0.05 0.1 0.09 0.08 0.07

Mixed-forest
Mean 0.49 0.46 0.42 0.42 0.43 0.44 0.47 0.49 0.50
Std 0.07 0.11 0.12 0.13 0.11 0.11 0.1 0.08 0.07

Neubutonia
Mean 0.56 0.54 0.49 0.46 0.5 0.48 0.53 0.58 0.57
Std 0.06 0.09 0.1 0.08 0.11 0.13 0.15 0.07 0.06

Std: Standard deviation, Na: North (0◦–22.5◦), NE: North-East (22.5◦–67.5◦), E: East(67.5◦–112.5◦), SE: South-East
(112.5◦–157.5◦), S: South (157.5◦–202.5◦), SW: South-West (202.5◦–247.5◦), W: West(247.5◦–292.5◦), NW: North-West
(292.5◦–337.5◦), Nb: North (337.5◦–360◦) (292.5◦–337.5◦).

3.5. Analysis of Correlation between NDVI and Climatic Factors (Precipitation, LST and ET) in Virunga
Volcanoes Massif

The Moran’s Index was employed to further understand the existence and integrity of the
statistical autocorrelation between NDVI and climatic factors (precipitation, LST, and ET). The results
revealed a high autocorrelation between NDVI and LST (Moran’s I = 0.99), and between NDVI
and ET (Moran’s I = 0.96), at a 5% significance level (p-value < 0.05). The Moran’s I of 0.44 found
between NDVI and precipitation indicated that precipitation was not correlated with NDVI in this area.
The relationship between NDVI and climatic factors was also investigated using the GWR model, by
focusing on their spatial distribution and local level spatial statistics. Therefore, the calculated grid
cells were counted for about 31,737 for the entire area. For the GWR model, as a set of parameters [55],
a local R squared parameter was chosen, among others, to evaluate the model’s performance. Thus,
local R squared values were used to map the relationships between NDVI-Precipitation, NDVI-LST,
and NDVI-ET (Figure 6).
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Figure 6. Spatial variability of the GWR model output, the coefficient of determination (Local R2),
results: (a) Relationship between NDVI and precipitation; (b) NDVI and LST; and (c) NDVI and ET.

The results showed that 22.03% of this area’s NDVI was not correlated with precipitation (absence
of correlation), 67.44% indicated a negative correlation, while a positive correlation between the NDVI
and precipitation was only found for about 10.6% of the entire Virunga Volcanoes Massif (Figure 6a).

The findings pointed out a significant correlation between NDVI and the LST with R2 = 81 and
an adjusted R2 of 0.80. The results also indicated that over 42.75% of the Virunga Volcanoes Massif
area’s NDVI was not correlated with LST, while a positive correlation was found over approximately
57.24% of the area, of which 23% had a weak correlation, 16.34% was fairly correlated, 11.08% was
significantly correlated, and 6.82% was strongly correlated (Figure 6b).

In Figure 6c, the analysis of the correlation between the NDVI values and ET in the Virunga
Volcanoes Massif indicated that an estimated 40.4% of the area’s vegetation was not correlated with
ET, while about 59.6% was positively correlated with ET (R2 = 0.82 and R2 adjusted = 0.81). A total
of 19% indicated a weak correlation, 15.22% showed a fair correlation, 14.05% showed a significant
correlation, and 11.33% of the study area’s NDVI was strongly correlated with ET (Figure 6c).

4. Discussion

Vegetation growth and distribution has been studied and evaluated in this high altitude area by
several researchers, such as Verbeken et al. [56], W. Robyns [57], and J. Lebrun and C. Marius [57],
but different results and conclusions have been drawn. Referring to the results and conclusions
established by Verbeken et al. [56] considering the climate, relief, soil, and volcanic activities, vegetation
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growth and distribution were influenced by topographical conditions. It was revealed that particular
vegetation species were located in particular spots. Thus, the results indicated no growth of vegetation
types at an elevation of less than 2100 m and greater than 3900 m, due to a lower temperature.

This was confirmed by the NDVI values represented by Alpine (Max mean NDVI of 0.32), with its
density located at an elevation greater than 3600 m (Figure 5a), while the other vegetation types were
characterized by an optimal vegetation growth of a mean NDVI greater than 0.59 at the elevation
ranging from 2100 to 3300 m, except Meadow/savannah which varied in elevation range between 2100
to 3000 m (Figure 5). The evaluation for individual vegetation types according to aspect revealed that
high vegetation growth was located in the North from 22.5◦ to 67.5◦ and from 337.5◦ to 359◦, and in
the NW at degrees from 292.5◦ and 337.5◦.

4.1. Impact of Precipitation on Vegetation Dynamics in Virunga Volcanoes Massif

The analysis of the relationship between precipitation and vegetation dynamics was carried
out by considering MODIS NDVI and precipitation data from 2000 to 2014, where the mean
annual precipitation was 1398.55 mm/year−1. The findings revealed that precipitation does not
correlate with NDVI in the Virunga Volcanoes Massif (Figure 6a). It was shown that vegetation
growth and distribution do not relate to the changes in precipitation, either vertically (elevation) or
horizontally (aspect).

4.2. Impact of Land Surface Temperature (LST) on Vegetation Dynamics in Virunga Volcanoes Massif

Elevation and aspect are the main controllers of the spatial and pattern distribution of vegetation in
the Virunga Volcanoes Massif. Nevertheless, the topographic factors and natural factors (precipitation
& temperature) are included in this study to analyze their relationship and implications on vegetation
growth and pattern distribution in this high altitude region. The LST was considered as an important
microclimate factor to be used in our analysis and was well fitted with NDVI (R2 = 0.99 (Figure 6b)).

In this analysis, it was found that NDVI values vary with LST on elevation and aspect. The lowest
mean LST (4 ◦C) was found at a top elevation of 4500 m and the highest (18.54 ◦C) was found at a
middle elevation (2109 m) (Figure 7a). NDVI increases with LST along the decrease of elevation and
reaches its peak (0.67) at 19 ◦C and 2100 m of elevation, before decreasing with the decrease in LST as
the elevation contrarily increases. Thus, better vegetation growth was found in warm areas over the
Virunga Volcanoes Massif (LST ≥ 18 ◦C), meaning that the shaded areas of the SE, SW, and NW were
found to be the best to characterize the high vegetation growth (Figure 7b).
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4.3. Impact of Evapotranspiration (ET) on Vegetation per Elevation and Aspect

The analysis of the variation of ET with the NDVI at a high altitude was found as a very important
tool to evaluate the vegetation dynamics. The results obtained from the analysis showed that, in the
Virunga Volcanoes Massif, NDVI changes were governed by changes in ET. Thus, the increase of NDVI
is proportional to the increase of ET over elevation and aspect. In this area, ET varies with elevation
and a higher ET was concentrated at a lower elevation. Additionally, both the highest annual mean ET
and NDVI values were located between 2100 and 2500 m (Figure 8a). This is emphasized by the results
reported earlier on the ET and NDVI relationship per aspect, where we found that the increase in
NDVI was related to the increase in ET. Meanwhile, the increased ET in the shaded area was the most
important factor for vegetation growth in the Virunga Volcanoes Massif area. Thus, the maximum
NDVI (>0.6) was found where the mean ET was maximal (1286 mm/year−1), specifically in the North
(356◦–359◦) (Figure 8b). This phenomenon proved the high correlation between ET and NDVI.
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Owing to its geographical position, the Virunga Volcanoes massif area holds an equatorial climate
which implies a moderate temperature >25 ◦C and high amount of rainfall, with an annual mean
of about 1398.55 mm/year−1. Heavy rainfall occurs twice a year in April and October, as reported
by Verbeken et al. [56], where the mean annual precipitation varies from 1300 to 1471 mm/yr−1.
Consequently, the vulnerability of vegetation to excessive rainfall is very high. This increased
vulnerability is translated into the fact that changes in vegetation growth were not associated with
changes in precipitation R2 = 0.34 (Figure 6a). This was also suggested by D.P. Watts [58] in his results
on seasonality in the ecology and life styles of mountain gorillas (Gorilla gorilla beringei), stating that no
correlation was found between vegetation change and rainfall in this area (R2 = 0.48). The variation in
the NDVI values was totally independent from the variations in precipitation at all levels of elevation
and aspect angles (Figure 7).

On the contrary, vegetation growth and distribution were highly linked with LST (R2 = 99) and
evapotranspiration (R2 = 96). The LST varies from 4 to 24.5 ◦C, while the evapotranspiration from
soil evaporation and plants’ transpiration in this area varies from 400 to 1370 mm/year−1. These
results highlighted that the peak mean NDVI value (0.59) was found at the peak value of the mean LST
(19 ◦C) (Figure 8). The maximum mean NDVI values (>0.55) were found where the ET was greater
than 1300 mm/year−1 (Figure 9).
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mean NDVI values higher than 0.5 at around 2100 and 2800 m. The greater vegetation growth with 
(NDVI ≥ 0.56) was found in the SE (132°, 148°), SW (182°, 186°), and NW (309.5°–337.5°) (Figure 4b). 
Thus, it was found that better vegetation growth occurs over lower elevation ranges and shady 
areas.  

Figure 9. Scatter plot (spline connected) showing the change of NDVI with the mean annual ET per
elevation (a) and per aspect (b).

The analysis highlighted that the NDVI increases with the climatic factors (LST and ET) and
decreases with the increase of elevation. Both the NDVI and climatic factors (ET, precipitation, and
LST) manifested trends of increase in the SE, SW, and NW, as can be seen in Figures 8 and 9. It was
clearly shown that greater NDVI values or better growth conditions for vegetation occurred in places
where the land surface temperature fell within the range of 10 ◦C to 18 ◦C. High levels of associability
between the land surface temperature and vegetation were detected at an elevation between 2100 and
3900 m and in the shady area (SE, SW, and NW).

Among the climate factors, precipitation and temperature were regarded as the two most
important climatic factors controlling the differences in the Earth’s vegetation cover, by affecting
the growth rate and plant reproduction, in combination with evapotranspiration [59]. In this study,
however, only LST was found to be the most determinant factor, driving vegetation dynamics in the
Virunga Volcanoes Massif region. In other areas, Hemp, A. reported that soil moisture was the most
controlling climatic factor in the lower to middle altitudes of mount Kilimanjaro [60].

Similar works were conducted in arid and semi-arid regions, such as the Qilian mountain in
China [61] and the Darab mountain in Iran [62], and found that in arid/semi-arid zones, vegetation
growth and distribution highly depend on the amount of precipitation, while in the Tropical zone,
vegetation does not depend on precipitation. Commonly, vegetation change depends on temperature
and is controlled by elevation and aspect. The more that the vegetation increases, the more that
it is exposed to high evaporation and transpiration from the soil moisture; which tends to explain
why optimal vegetation growth can been seen in the SE (132◦, 148◦), SW (182◦, 186◦), and NW
(309.5◦–337.5◦), in the shady areas. Therefore, it can be inferred that vegetation increases with the
increase of evapotranspiration, due to poor sun light reflectance.

5. Conclusions

This study evaluated the vegetation growth patterns and the spatial distribution in the Virunga
Volcanoes Massif by means of remotely sensed data, by considering the vegetation cover types.
The growing season (season A) was considered as the optimal period to indicate the change of
vegetation in this area. Basing on the results obtained from the analysis of NDVI variability per
vegetation type within the last 15 years, it is indicated that elevation and aspect were the main
controllers of vegetation growth and spatial distribution, along with the variation in precipitation, LST,
and ET. It was found that the optimal vegetation growth occurred at an elevation between 2000 to
3900 m, with mean NDVI values higher than 0.5 at around 2100 and 2800 m. The greater vegetation
growth with (NDVI ≥ 0.56) was found in the SE (132◦, 148◦), SW (182◦, 186◦), and NW (309.5◦–337.5◦)
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(Figure 4b). Thus, it was found that better vegetation growth occurs over lower elevation ranges and
shady areas.

The analysis revealed that vegetation growth is more sensitive to elevation in this area and the
rate change in mean NDVI values varies more gently in lower-to-mid elevation areas (at elevation
between 2000 and 3000 m) than in higher elevation (at <4000 m). The annual mean precipitation
(1398.55 mm/year−1), LST (≥18 ◦C), and ET (1286 mm/year−1) were found to provide optimal
conditions for vegetation growth in the Virunga Volcanoes Massif. Except for precipitation, LST and ET
were found to be the main climatic factors controlling vegetation dynamics in this area. It was found
that vegetation dynamics in the Virunga Volcanoes Massif were more driven by the solar radiation
cumulates or the differences in LST and land surface evaporation, and transpiration from the plants’
canopy. The findings provided the current state of vegetation growth and spatial distribution, while
helping to disentangle the impacts of climatic and topographical factors’ interactions on vegetation.
This information is significantly helpful to the Virunga, Mgahinga, and Volcanoes National Parks
management in terms of wildlife conservation, vegetation, and environmental regeneration, as well as
for species analysis and ecological research.
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