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Abstract: The West Sahel is facing significant threats to its vegetation and wildlife due to the land
degradation and habitat fragmentation. It is crucial to assess the regional vegetation greenness
dynamics in order to comprehensively evaluate the effectiveness of protection in the natural reserves.
This study analyzes the vegetation greenness trends and the driving factors in the Dosso Partial Faunal
Reserve in Niger and nearby unprotected regions—one of the most important habitats for endemic
African fauna—using satellite time series data from 2001 to 2020. An overall vegetation browning
trend was observed throughout the entire region with significant spatial variability. Vegetation
browning dominated in the Dosso Reserve with 17.7% of the area showing a significant trend, while
the area with significant greening was 6.8%. In a comparison, the nearby unprotected regions to the
north and the east were found to be dominated by vegetation browning and greening, respectively.
These results suggest that the vegetation protection practice was not fully effective throughout
the Dosso Reserve. The dominant drivers were also diagnosed using the Random Forest model-
based method and the Partial Dependence Plot tool, showing that water availability (expressed as
soil moisture) and land use/land cover change were the most critical factors affecting vegetation
greenness in the study region. Specifically, soil moisture stress and specific land management practices
associated with logging, grazing, and land clearing appeared to dominate vegetation browning in
the Dosso Reserve. In contrast, the vegetation greening in the central Dosso Reserve and the nearby
unprotected region to the east was probably caused by the increase in shrubland/forest, which was
related to the effective implementation of protection. These findings improve our understanding of
how regional vegetation greenness dynamics respond to environmental changes in the Dosso Reserve
and also highlight the need for more effective conservation planning and implementation to ensure
sustainable socio-ecological development in the West Sahel.

Keywords: vegetation greenness; trend; driver analysis; Random Forest; Dosso Reserve

1. Introduction

Protected areas are essential for biodiversity conservation and contribute significantly
to the achievement of the United Nations Sustainable Development Goals (SDGs) [1]. Vege-
tation is a critical component of the terrestrial ecosystems and plays a vital role in protected
areas by providing food, habitat, and maintaining biodiversity and ecological balance [2],
particularly in ecologically sensitive and vulnerable areas such as the Sahel-Sudan region
of Africa. However, the vegetation dynamics in the Sahel region are vulnerable to climatic
anomalies and human activities, and land degradation is widely reported as a result of the
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severe Sahel droughts in the 20th century, especially in the 1970s and 1980s [3–6]. Several
large protected areas have been established in the Sahel-Sudan region to promote vegeta-
tion restoration, protect animals, and mitigate the impacts of climate change, such as the W
National Park in West Africa [2,7,8].

The topic of vegetation dynamics has been explored previously in the Sahel-Sudan
region, but most studies focus on vegetation greenness changes at the sub-continental
scale [9–16], lacking detailed analyses of the specific protected areas. Recent studies
have highlighted significant land use/land cover changes and vegetation browning in the
Sahel region of West Africa [14,17,18], strongly linked to human activities, resulting in
extensive loss and fragmentation of protected areas and surrounding habitats [19,20]. These
changes pose a severe threat to rare wildlife and plants dependent on these protected areas
for survival [21–23]. With the continuous population growth in the Sahel-Sudan region,
the trend of natural habitat transformation is likely to increase. Therefore, continuous
monitoring of vegetation dynamics and drivers inside and outside protected areas is of
great significance for understanding the conservation effects in a natural reserve, and
supports evidence-based decision-making in protected area management.

The Dosso Partial Faunal Reserve in Niger (hereinafter referred to as “the Dosso
Reserve”), as an functional zone of the W National Park, is a typical Sahelian-Sudano
savanna ecosystem that provides essential habitat for a wide range of wildlife species, both
resident and migratory [24]. Land degradation and habitat fragmentation linked to climate
change and human activities pose a significant challenge to wildlife populations in the
Dosso Reserve [25]. In the context of regional environmental change, it is important to
continuously and thoroughly investigate the vegetation dynamics and potential drivers in
the protected areas and their adjacent regions. However, recent and up-to-date assessments
of vegetation greenness change in the Dosso Reserve are largely lacking. Previous studies
have mainly focused on the regional vegetation dynamics and changes based on satellite
remote sensing data with low spatial resolution [9–12]. Few studies have addressed the
significant differences between the protected area and the surrounding unprotected areas
to reveal the conservation effects of a natural reserve and provide useful information for
natural resource management.

Vegetation greenness, generally captured by remote sensing vegetation indices (e.g.,
Normalized Difference Vegetation Index, NDVI), can effectively characterize the growth
status and structural composition of vegetation [9,26]. A decline in vegetation greenness
indicates limited plant growth and varying degrees of degradation of the vegetation cover,
which hinders habitats’ functionality [27–29]. Several factors explain the trends of regional
vegetation greenness, and the main drivers and mechanisms of the vegetation greenness in
the Sahel are still under debate. Precipitation is considered a key climatic factor influencing
vegetation dynamics in the Sahel-Sudan region, but recent studies have shown that its
role is weakening [14,16]. Even in water-limited drylands, precipitation only explains
vegetation greenness trends in less than half of the region [16]. In addition to precipitation,
other climate–hydrological factors, such as air temperature, solar radiation, atmospheric
vapor pressure deficit (VPD), and soil moisture, also play important roles in influencing the
spatial heterogeneity of vegetation dynamics through their regulation of plant biophysical
processes [30–32]. Several studies have clearly documented the negative effects of water
stress caused by warming, increasing atmospheric VPD, and decreasing soil moisture on
vegetation greenness and productivity [30,33–37]. In addition, changes in land use/land
cover (LULC) associated with human activities, such as urbanization, overgrazing, af-
forestation, and agricultural land management, also affect vegetation dynamics at multiple
spatial and temporal scales. Recent studies have highlighted the importance of local LULC
changes and their impacts on vegetation in the Sahel region [13,14,16,38–40]. Therefore, it
is necessary to further investigate the impacts of multiple factors on vegetation greenness.

The relationship between observed vegetation dynamics and driving factors is complex
due to the nonlinear response of vegetation greenness to multiple factors. However,
the mechanism of this nonlinearity is not well understood, and conventional statistical
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methods fail to reflect this complex nonlinear problem. The development of machine
learning advances our tools for solving nonlinear problems. Random Forest (RF) is a
powerful machine learning algorithm that is widely used in driver analyses [14,41] because
it can produce reliable predictions and extract nonlinear relationships between feature and
target variables [42]. In addition, the Partial Dependence Plot (PDP) [43], an extension of
machine learning, can help diagnose the nonlinear influence of a feature variable on the
target variable.

This study aims to investigate the vegetation greenness dynamics in the Dosso Reserve
during 2001–2020 based on a time series dataset of satellite observations. The specific
objectives are to: (1) investigate the difference in vegetation greenness dynamics between
protected and unprotected areas; (2) assess the relative contributions of various factors to
vegetation greenness dynamics; and (3) investigate the responses of vegetation greenness
to dominant drivers.

2. Data Sources and Methods
2.1. Study Area

The Dosso Reserve is located in the southwestern border of Niger (11.8–12.9◦N,
2.5–3.5◦E), covering approximately 306,000 ha (Figure 1). The western Dosso Reserve
is crossed by the Niger River, close to the Niger River valley and Niamey, the capital city of
Niger. The Dosso Reserve was established in 1962 and protects a wide range of wildlife
species and habitats from the W National Park and adjacent areas [8,25]. This area is the
center of the Sahel-Sudan region with a typical tropical climate condition. This region has a
significant climate gradient from north to south, with average annual precipitation ranging
from less than 500 mm in the northern areas to more than 800 mm in the southern areas.
The main vegetation cover types in this region are grass, shrub, tiger bush (a typical banded
vegetation pattern of trees and bushes), and savanna [25].
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Figure 1. The location of the Dosso Reserve: (a) the location, (b) land use/land cover (LULC) map in 

2020, and (c) mean annual NDVI in 2001–2020. The LULC information was derived and reclassified 
Figure 1. The location of the Dosso Reserve: (a) the location, (b) land use/land cover (LULC) map in
2020, and (c) mean annual NDVI in 2001–2020. The LULC information was derived and reclassified
from the GLC_FCS30D product (see Section 2.2). The NDVI was derived from Moderate Resolution
Imagery Spectroradiometer (MODIS) surface reflectance data.
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The boundary of the Dosso Reserve was obtained from the World Database on Pro-
tected Areas (WDPA, https://www.protectedplanet.net/11652, accessed on 31 January
2024). To analyze and demonstrate the impact of the conservation practices within the
Dosso Reserve region on the vegetation greenness dynamics, we established a 20 km
buffer region to represent the surrounding unprotected areas for comparison. We restricted
the buffer region within Niger, which does not overlap with other protected areas, and
divided it into a norther buffer region (North buffer) and an eastern buffer region (East
buffer) (Figure 1).

2.2. Data Sources and Pre-Processing

We used NDVI as a proxy for vegetation greenness for the period 2001–2020. The
NDVI is derived from the Moderate Resolution Imagery Spectroradiometer (MODIS) 8-day
composite surface reflectance product (MOD09Q1, Collection 6.1) at 250 m spatial resolution
(https://e4ftl01.cr.usgs.gov/MOLT/MOD09Q1.061/, accessed on 16 June 2023). The im-
proved Harmonic ANalysis of Time Series (iHANTS) algorithm [44,45] was used to remove
the outliers and reconstruct the NDVI time series. The iHANTS method is an updated tool
that improves the original HANTS [46,47] for time series reconstruction, which applies the
Fourier transform theory with several parameter settings, including inter-annual harmonic
components, dynamic fitting error tolerance (FET) scheme, and dynamic update of weights
to remove the outliers and fill the gaps in a time series. Global assessments [44,45] and a
performance test in the Sahel-Sudano-Guinean region [15] showed a good performance in
the reconstruction of NDVI time series. The reconstructed 8-day NDVI time series were
further averaged to obtain annual mean NDVI images. The pixels with multiple-year mean
NDVI < 0.1 were masked out to exclude non-vegetated or too sparsely vegetated areas.

In this study, we selected climate–hydrological factors, LULC, and population to
identify the potential drivers of vegetation greenness changes (Table 1). Several climate–
hydrological variables related to water, heat, and energy were evaluated to investigate
their impacts on vegetation greenness, including air temperature (Tem), precipitation
(P), solar radiation (Rad), vapor pressure deficit (VPD), and soil moisture (SM). Monthly
precipitation data with a spatial resolution of 0.05◦ for the period 2001–2020 were obtained
from the Climate Hazards Group InfraRed Precipitation with Station (CHIRPS, Version 2.0,
https://data.chc.ucsb.edu/products/CHIRPS-2.0/, accessed on 20 June 2023). Monthly air
temperature, dew point temperature (Td), solar radiation flux density, and soil moisture
(volumetric soil water content at 0–7 cm, 7–28 cm, and 28–100 cm depths) data with a spatial
resolution of 0.1◦ were obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis v5 Land (ERA5-Land, https://doi.org/10.24381/cds.68
d2bb30, accessed on 20 June 2023) dataset. In this study, the air temperature and dew
point temperature were used to calculate vapor pressure deficit (VPD) [35]. The weighted
average soil moisture for the whole layer between 0 and 1 m depth was obtained by taking
the weights as the thicknesses of the soil layers, following a previous study [41]. Monthly
Tem, P, Rad, VPD, and SM data were resampled from the original spatial resolution to
250 m using the cubic spline method [48], and then annual means (Tem, VPD, and SM) and
annual sums (P and Rad) were calculated for the period 2001–2020.

The LULC data at 30 m spatial resolution for the period 1985–2022 were obtained
from the GLC_FCS30D product (https://zenodo.org/records/8239305, accessed on 18
February 2024). This dataset has an overall accuracy of 80.88% (±0.27%) globally for the
basic classification system of 10 major land cover types [49], i.e., cropland, forest, shrubland,
grassland, wetland, water, tundra, impervious surface, bare areas, and permanent ice and
snow. In this study, the 35 original LULC classes were reclassified into 10 classes according
to Table 2, and we obtained 8 LULC classes for the region, i.e., cropland, forest, grassland,
shrubland, wetland, water, settlement, and bare land (Figure 1). The fractional abundance
of each class within each 250 m pixel was then calculated using the GLC_FCS30D data,
denoted as Crop, Forest, Grass, Shrub, Wetland, Water, Settlement, and Bare. In addition,
the “no change” LULC types and paired LULC change types during 2001–2020 were

https://www.protectedplanet.net/11652
https://e4ftl01.cr.usgs.gov/MOLT/MOD09Q1.061/
https://data.chc.ucsb.edu/products/CHIRPS-2.0/
https://doi.org/10.24381/cds.68d2bb30
https://doi.org/10.24381/cds.68d2bb30
https://zenodo.org/records/8239305


Remote Sens. 2024, 16, 1728 5 of 20

identified based on the total change of each LULC fraction in each pixel, following our
previous paper [16]. Here, if the total changes of fractions in all LULC classes in a 250 m
pixel during 2001–2020 fell within a range of ±5% (to reduce classification error), then
“no change” type in that pixel was defined, and the class with the maximum fraction was
assigned as the main LULC class of that pixel; otherwise, a paired LULC change type was
defined according to the maximum gain (maximum positive total change value) and the
maximum loss (minimum negative total change value).

Table 1. List of the factors influencing vegetation greenness change in this study.

Variable Type Variable Name (Unit) Definition Data Source

Climate

P (mm/yr) Annual sum precipitation CHIRPS
Tem (◦C) Annual mean air temperature ERA5-Land

VPD (hPa) Annual mean vapor pressure deficit ERA5-Land
Rad (MJ/m2) Annual total incoming shortwave solar radiation ERA5-Land

Soil moisture SM (m3/m3)
Annual weighted average soil moisture for the

whole layer between 0 and 1 m depths ERA5-Land

Land use/land cover change Fraction in LULC (%)
Yearly fractional abundance of cropland, forest,

grassland, shrubland, wetland, water, settlement,
and bareland

GLC_FCS30D

Population Pop Yearly total number of population WorldPop

Table 2. LULC reclassification types derived from the GLC_FCS30D products.

Reclassification Types in This Paper Original GLC_FCS30D Types

Cropland

10 Rainfed cropland
11 Herbaceous cover cropland
12 Tree or shrub cover (Orchard) cropland
20 Irrigated cropland

Forest

51 Open evergreen broadleaved forest
52 Closed evergreen broadleaved forest
61 Open deciduous broadleaved forest (0.15 < fc < 0.4)
62 Closed deciduous broadleaved forest (fc > 0.4)
71 Open evergreen needle-leaved forest (0.15 < fc < 0.4)
72 Closed evergreen needle-leaved forest (fc > 0.4)
81 Open deciduous needle-leaved forest (0.15 < fc < 0.4)
82 Closed deciduous needle-leaved forest (fc > 0.4)
91 Open mixed-leaf forest (broadleaved and needle-leaved)
92 Closed mixed-leaf forest (broadleaved and needle-leaved)

185 Mangrove

Grassland

130 Grassland
150 Sparse vegetation (fc < 0.15)
152 Sparse shrubland (fc < 0.15)
153 Sparse herbaceous (fc < 0.15)

Shrubland
120 Shrubland
121 Evergreen shrubland
122 Deciduous shrubland

Wetland

181 Swamp

182 Marsh

183 Flooded flat

184 Saline

186 Salt marsh

187 Tidal flat
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Table 2. Cont.

Reclassification Types in This Paper Original GLC_FCS30D Types

Water 210 Water body

Tundra 140 Lichens and mosses

Settlement 190 Impervious surfaces

Bareland
200 Bare areas
201 Consolidated bare areas
202 Unconsolidated bare areas

Snow/Ice 220 Permanent ice and snow

We used the yearly total number of population (Pop) to examine the social pressure on
vegetation greenness. Population data at 100 m spatial resolution for the period 2000–2020
were collected from the WorldPop dataset (https://www.worldpop.org/, accessed on
24 June 2023) and processed to 250 m spatial resolution using the summation method.

2.3. Methods

This study involved three main elements:

1. NDVI trend analysis to detect where the vegetation was greening or browning. We
used the Theil–Sen method to detect the temporal trends in annual mean NDVI both
inside and outside the protected area in the Dosso Reserve at the pixel scale and the
regional scale.

2. Driving factor analysis to determine how environmental variables influence the
vegetation greenness change. We performed a regional RF model-based method
to assess the relative contributions of different factors, i.e., air temperature (Tem),
precipitation (P), solar radiation (Rad), vapor pressure deficit (VPD), soil moisture
(SM), LULC fractions (Crop, Forest, Grass, Shrub, Wetland, Water, Settlement, and
Bare), and population (Pop) to vegetation browning and greening, respectively.

3. Investigation of the response of NDVI to dominant drivers. After identifying the
dominant drivers, we explored the response of vegetation greenness to the dominant
drivers using the PDP tool.

2.3.1. Theil–Sen Trend Analysis Approach

The Theil–Sen trend approach, which is widely used as a robust linear trend estimator
to detect long-term trends in the time series of ecological and climatic variables [15,16,50,51],
was used to estimate linear trends of NDVI in this study. The Yue–Pilon pre-whitening
Mann–Kendall test [52] was used to assess whether there were monotonic increasing or
decreasing trends in the NDVI time series, and the trends were considered significant if the
confidence level was greater than 95% (p < 0.05).

2.3.2. Random Forest Model-Based Driver Analysis

The RF algorithm is widely used to predict and classify different variables due to its
robust accuracy based on the construction of multiple mutually independent basic learners
through a bootstrap aggregation strategy [42]. Moreover, it allows to establish a nonlinear
relationship between the target variable and the predictors without any statistical hypothesis
and can isolate the relative influence of each predictor on the target variable [14,42].

In this study, the RF model was driven by all influencing factors (listed in Table 1)
changing over time to simulate the variation in NDVI and diagnose their contributions
to browning/greening in the Dosso Reserve, the North buffer region, and the East buffer
region. Before performing the regional RF analysis, we tuned the hyper-parameter settings
(Table 3) of the RF model according to the grid search method [41] to obtain high-accuracy
predictions using the R package “ranger” [53]. The main steps were as follows:

https://www.worldpop.org/
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(1) Randomly select 1000 points (samples) in the entire study area and extract the NDVI
(dependent variable) and a total of 14 influencing factors (independent variables) at
each point over the period 2001–2020.

(2) Implement an RF configuration with 5-fold cross-validation and ntree = 500 to deter-
mine the optimal hyper-parameters according to the grid search method with varied
hyper-parameters (Table 3) for all points. The coefficient of determination (R2) and
the root-mean-squared error (RMSE) of the cross-validation were calculated.

(3) The optimal hyper-parameter setting was determined by the minimum RMSE criterion
(0.032) with an R2 value of 0.715. The optimized parameters are shown in Table 3.

Table 3. Hyper-parameter settings for grid search in the RF models.

Hyper-Parameter Meaning Range Interval Final Decision

mtry The number of randomly selected features to consider
for splitting at each node. [1, 14] 1 14

splitrule The criterion used for node splitting. [‘variance’, ‘extratrees’,
‘maxstat’] – – ‘extratrees’

min.node.size The minimum number of samples allowed in a node. [1, 8] 1 1

To efficiently capture the differences in the relationship between NDVI trends and
drivers among the three sub-regions, we constructed separate RF models of significant
browning/greening trends for the Dosso Reserve region and the two unprotected (buffer)
regions. This resulted in six scenarios (Table 4), and we constructed six RF models accord-
ingly. For each regional RF analysis, we used 70% of the total samples for training and 30%
for testing. The R2 and RMSE of the test sample set were used to evaluate the performance
of the RFs.

Table 4. The validation metrics of the six regional RF models.

Scenarios Scenarios Setting R2 RMSE

Dosso-B significant browning in the Dosso Reserve 0.716 0.031
Dosso-G significant greening in the Dosso Reserve 0.746 0.023
North-B significant browning in the North buffer region 0.759 0.021
North-G significant greening in the North buffer region 0.800 0.021
East-B significant browning in the East buffer region 0.785 0.022
East-G significant greening in the East buffer region 0.892 0.022

The relative importance of each driving factor in the RF model was then assessed
using the impurity method [53]. For a Random Forest Regression, the impurity method
measures the importance of a particular feature by evaluating the reduction in variance of
the predicted target variable before and after introducing that feature at each node split. A
large reduction in variance indicates a high level of feature importance. In this study, the
impurity importance of a given factor (Ri) was scaled as 0–100%:

Ri =
xi

∑n
i=1 xi

× 100% (1)

where xi is the impurity importance of the i-th factor, and n is the number of factors in total
(14 in this study). The factors with the highest Ri were selected as the dominant factors.

2.3.3. Partial Dependence Plot to Analyze the Response of NDVI to Dominant Drivers

The Partial Dependence Plot (PDP) was used to analyze the relationship between
NDVI and dominant drivers. The PDP is a powerful visualization tool that analyzes the
relationship between an explanatory variable and the target variable while holding all
other explanatory variables constant in machine learning models [43]. It fixes the values
of the other features and observes the impact of a particular feature on the predicted
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outcome, thereby showing the isolated effect of that feature, i.e., the marginal effect. Partial
Dependence ( f̂S) is defined as:

f̂S(xS) =
1
n

n

∑
i=1

f̂
(

xS, x(i)C

)
(2)

where xS is the feature for which the partial dependence function should be plotted, n is
the number of instances in the training data, and x(i)C are observed feature values from the
training data for the features without xS in the machine learning model f̂ .

In this study, the partial dependence plot is also a quantitative method to assess the
sensitivity of vegetation greenness to influencing factors (e.g., soil moisture). By comparing
the steepness and magnitude of the partial dependence curves in a given range of a specific
influencing factor, we can quantify the difference in sensitivity between regions. We used
the Theil–Sen method to calculate the steepness and magnitude.

3. Results
3.1. Vegetation Greenness Change by the NDVI Trend Analysis

The pixel-wise annual NDVI trend during 2001–2020 and the area proportions with
different trend scenarios (i.e., greening or browning) are shown in Figure 2. Spatially, the
vegetation browning was clustered in the north and the west of the study area. Within
the Dosso Reserve, vegetation browning concentrated along the Niger river and low-lying
Niger Valley on the western border, and the intensity of vegetation browning increased
further north. The vegetation greening was mainly distributed in the central areas of the
Dosso Reserve and East buffer region.
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In the Dosso Reserve, the vegetation browning area (58.6%) was larger than the
greening area (41.4%) (Figure 2a,b). Considering only the trend with a significant level
p < 0.05, the proportion of significant browning area was 17.7%, approximately twice the
proportion of significant greening area (7.1%) (Figure 2c,d). The browning trend dominated
the North buffer region, with 26.8% of the area as significant browning and 1.1% of the area
as significant greening (Figure 2c,d). In the East buffer region, the proportion of area with
significant greening (10.7%) and significant browning (10.1%) were comparable.

Figure 3 presents the time series and overall trends of the annual mean NDVI for the
period 2001–2020 in different regions. Annual NDVI both inside and outside the Dosso
Reserve showed a decreasing trend, with an insignificant rate of decrease (p = 0.08) of
−0.24% (ratio of the Theil–Sen slope to the multiple-year averaged NDVI) in the Dosso
Reserve, indicating the vegetation browning over 2001–2020 (Figure 3a). Of all the regions,
only the trend in the North buffer region was significant (p = 0.01) and had the highest
rate of decline (−0.4%) (Figure 3b). The browning trend in the Dosso Reserve and the East
buffer region for the period 2001–2020 being not significant might be due to the long-term
variability and inter-annual fluctuations, which determined a large variance around the
overall trend.
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3.2. The Importance of Different Drivers

In this study, the RF models were performed to simulate the relationships between
NDVI and 14 influencing factors for six scenarios defined in Table 4. The validation metrics
of the RF models showed good agreements between the predicted NDVI and the satellite-
observed NDVI (Table 4). The R2 of all models varied between 0.71 and 0.89, with a mean
of 0.78, and all the RMSE values were relatively low. This suggested that the relationships
established using the RF model were reliable and that it was appropriate to diagnose the
contributions of different influencing factors and to identify the dominant drivers.

Figure 4 shows the estimated relative importance based on the method described
in Section 2.3.2. Soil moisture was found to be the most important factor controlling
the variations in NDVI in the Dosso Reserve, contributing 15.4% to browning and 15.5%
to greening, respectively (Figure 4a,b). Other important factors, such as precipitation,
temperature, solar radiation, vapor pressure deficit, fraction of forest cover, fraction of
grassland cover, and fraction of shrubland cover, also played important roles in the veg-
etation browning/greening in the Dosso Reserve. The grassland fraction had a greater
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impact on browning (10.0%) than on greening (5.9%), while the shrubland fraction played
a more important role in greening (12.1%) than in browning (7.2%). Overall, the LULC
factors appeared to contribute more (40.5%) than climate factors (35.0%) to browning in the
Dosso Reserve, whereas climate factors contributed more (45.4%) than LULC factors (35%)
to greening.
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For the unprotected North buffer region, the results of the relative importance of the
influencing factors were somewhat different (Figure 4c,d). Soil moisture (15.5%) was the
most important factor contributing to browning, while fraction of forest cover (19.1%) was
the most important factor contributing to greening. In contrast to the Dosso Reserve, in
the North buffer region, the climate factor (51.5%) contributed more to browning than the
LULC factor (29.4%), while the climate factor (34.7%) contributed less to greening than the
LULC factor (50.1%). The most important factor controlling the variations in NDVI in the
unprotected East buffer region was soil moisture, but its contribution to greening (29%)
was much greater than that to browning (15.5%) (Figure 4e,f). Overall, the climate factor
had a slightly larger impact than the LULC factor on both browning and greening in the
East buffer region.

3.3. Response of NDVI to Dominant Drivers

To demonstrate the relationship between NDVI and the main drivers, we analyzed the
partial dependence of NDVI on the top three driving factors for each regional RF model.
In the Dosso Reserve, in both the browning and greening areas NDVI increased rapidly
as soil moisture increased around 0.10–0.17 m3/m3, but the NDVI value occasionally
reached saturation or decreased after 0.17 m3/m3 (Figure 5). In the browning area, NDVI
increased rapidly as precipitation increased from 600 mm to 800 mm, but the NDVI value
became insensitive to further precipitation increases after 800 mm. These results indicated
that water supply, expressed by soil moisture and precipitation, was the primary driver
of vegetation growth in this dryland ecosystem. In the browning area, as the grassland
fraction increased, the NDVI value continuously decreased. In the greening area, NDVI
value decreased with the increase in solar radiation and increased with the increase in
shrubland fraction.
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Figure 5. Partial dependence of NDVI on the top three drivers in (a) significant browning and
(b) significant greening areas in the Dosso Reserve, respectively. The grey vertical dashed lines
represent the 10% and 90% quantiles of the drivers, respectively.

Similar to the Dosso Reserve, an increase in soil moisture and precipitation in the
North buffer region (Figure 6) and the East buffer region (Figure 7) would significantly
increase the NDVI value. In the browning area of the North buffer region, the NDVI
had a narrower range of rapid response to soil moisture (around 0.10–0.15 m3/m3) and
precipitation (around 550–700 mm) than that in the Dosso Reserve. In addition, the partial
dependence curve for the browning area of the Dosso Reserve in a given soil moisture range
(e.g., 0.10–0.17 m3/m3) exhibited the steepest slope and largest amplitude (0.67 NDVI unit
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per m3/m3), followed by the North buffer region (0.48 NDVI unit per m3/m3) and East
buffer region (0.24 NDVI unit per m3/m3). This suggested that the vegetation browning
in the Dosso Reserve was more sensitive to small-scale soil moisture changes than in both
the North and East buffer regions. We also found that NDVI decreased with increasing
temperature in the browning area in the North buffer region, with a trough when air
temperatures were in the range of 29–29.5 ◦C. In the greening area, NDVI was positively
correlated with the fraction of forest cover, while it was negatively correlated with the
fraction of grassland.
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4. Discussion
4.1. Trends in Vegetation Greenness inside and outside the Protected Area

Studies generally show a positive trend in vegetation greenness over the recent decades
for most of western Sahel, based on either satellite or field data [9,10,26,54–57]. However,
this “re-greening” of the Sahel is accompanied by challenges such as land degradation,
density, and species decline, etc. [6,14,16]. Although several national parks have been
established, the conservation effect has not been as effective as expected [2,58,59], which
was also found in this study in the Dosso Partial Faunal Reserve. Our study clearly
shows that the vegetation browning was dominant in the Dosso Reserve during the last
two decades. The results are consistent with previous studies showing that vegetation
browning is clustered in central West Africa and is spatially heterogeneous [15,16]. These
results suggest the need to improve the conservation practices of protected areas in the
Dosso Reserve, also in the West Africa.

The difference between the protected and unprotected regions is clearly observed in
this study, which also demonstrates the spatial variation in vegetation dynamics in the
Dosso Reserve and the surrounding unprotected regions. There was a general vegetation
browning in the Dosso Reserve, with even more severe browning in the nearby unprotected
area in the north. In contrast, the nearby unprotected regions in the east showed a larger
area with vegetation greening trend. These differences in vegetation greenness between
the protected and unprotected regions are highly related to the driving mechanism of
the vegetation greenness dynamics, which is critical for decision-makers to improve the
conservation practices.

4.2. Drivers of Vegetation Greenness Dynamics

We found that water availability, especially soil moisture, was the main factor con-
trolling the NDVI variation in the Dosso Reserve and adjacent regions. Previous studies
have also shown that soil moisture limitation has a significant impact on semi-arid ecosys-
tems [30]. Insufficient soil moisture can directly stress the vegetation vitality and even lead
to vegetation death [30,60]. Precipitation is an important water resource for vegetation
growth in arid areas [5,6,26], but its contribution to vegetation greenness was outweighed
by that of soil moisture in the Dosso Reserve and adjacent regions (Figure 4). This is likely
because soil moisture is the direct water resource for plants and determines the amount
of water that can be extracted by plant roots. Factors such as soil texture, water retention
capacity, and water infiltration could limit restrict vegetation growth by causing water
scarcity [61,62]. The soil texture in most of the Dosso Reserve and surrounding region is
characterized by a high sand fraction, resulting in high water infiltration rates and low
water retention [63]. Notably, the NDVI varied rapidly over a certain range of soil mois-
ture (e.g., 0.10–0.17 m3/m3 for the Dosso Reserve), and the vegetation browning in the
Dosso Reserve was more sensitive to small-scale soil moisture changes than in the other
two regions.

LULC change was also a significant factor affecting the dynamics of vegetation green-
ness in the Dosso Reserve and adjacent regions. Our study revealed not only a fragmented
landscape outside the protected area but also a pattern of large LULC changes within
the protected area, particularly in the low-lying Niger Valley on the western border of
the Dosso Reserve (Figure 8). Among all LULC change types, changes in the fractions
of grassland, shrubland and forest contributed most to the NDVI variation in the Dosso
Reserve, regardless of whether the areas were protected or not (Figure 4). In general, an
increase in grassland fraction and a decrease in fractions of shrubland and forest would
reduce NDVI values. In the Dosso Reserve and surrounding areas, agriculture and grazing
are the main productive activities to meet the increasing demands of population growth,
which led to the widespread conversion of grassland, shrubs, and forests into cropland and
pastures [14,18,25,64]. In addition, the Dosso Reserve is the main source of firewood supply
and medicinal materials for the surrounding areas, and unsustainable wood extraction
led to its degradation [65–67]. Overall, frequent land clearing for crop fields and pastures,
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overgrazing by livestock, and overexploitation of woody vegetation for fuel and medicinal
materials reduced the fractional abundance of natural vegetation in a long-term period and
resulted in vegetation browning. In contrast, the increases (gains) in forest and shrubland
covers in the central part of the Dosso Reserve and the East buffer region may be related
to the implementation of the land restoration project and appropriate protection [68,69],
resulting in the vegetation greening in these areas. The Farmer-Managed Natural Regenera-
tion (FMNR) project is a well-known land restoration project widely used in the West Sahel
region of Africa [70–72]. This project encourages local farmers to reforest their croplands or
pastures, with a focus on protecting and promoting the regeneration of small and medium-
sized trees and shrubs in the fields. Other LULC changes, such as settlement expansion,
also affected vegetation greenness variation, but their contributions were relatively small.
In addition, forest cover in the North buffer region seemed to be the most important driver
of greening, while grassland cover had a greater impact on browning in the Dosso Reserve.
The potential ecological explanation of these contrasting observations might be that forest
cover is less vulnerable to drought because of the deeper root system, which can smooth
out dry periods [73,74], while grassland cover is more vulnerable to drought due to the
shallow root system [75,76].
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Cr: cropland; Fo: forest; Gr: grassland; Sr: shrubland; Se: settlement. The symbols “↑” and “↓” denote
gain and loss of a particular land cover type, respectively. The “no change” types were masked out
from the map.
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Our results also revealed that vegetation greenness trends to be negatively correlated
with temperature and solar radiation in the regions. In the greening areas of the Dosso
Reserve, for example, there seemed to be a negative relationship between NDVI and solar
radiation (Figure 5b). It might be due to an increase in solar radiation causing a higher
potential evapotranspiration and water demand, which implies a higher risk of drought
given water availability. In this arid/semi-arid region, vegetation consists mainly of grass-
lands and low shrubs, which are highly sensitive to water availability. An increase in
temperature or solar radiation often leads to an increase in potential evapotranspiration
and VPD, which can exacerbate vegetation water stress and negatively affect vegetation
growth [35,77–79]. Furthermore, increased VPD is expected to limit vegetation photosynthe-
sis at the leaf scale by decreasing stomatal conductance and increasing non-photochemical
quenching [35,80,81].

This study suggested that beneficial protection effects in the Dosso Reserve were
limited. The results showed that the overall vegetation browning trends and drivers were
rather similar inside and outside the Dosso Reserve (Figure 4). This might be related to the
limited effectiveness of protection in the Dosso Reserve, coupled with shared arid climate
conditions, similar water supply stress, and comparable anthropogenic pressures in both
protected and unprotected areas. It is reported that the Dosso Reserve has existed only in
name in recent decades [8,25]. The Dosso Reserve faces prominent issues such as relaxed
management practices, inadequate long-term planning, and infrequent monitoring. These
factors hinder the effective implementation of conservation protocols. Furthermore, the
increasing population exerts additional pressure on the reserve. Widespread vegetation
loss and land degradation caused by unsustainable agricultural expansion, deforestation,
and grazing activities are common within the reserve, particularly in the west of the
Dosso Reserve. It is worth noting that in recent years, with the rise and popularity of
land restoration projects (e.g., Farmer-Managed Natural Regeneration project) in the West
African region, restoration and rehabilitation of damaged ecosystems in protected areas
have been targeted with some success [68,69]. A series of positive measures, such as
constructing enclosure areas, rehabilitating soil, and planting live fences and densifying
trees (e.g., local and exotic fruit trees) on anti-erosion strips, have mitigated the problem of
vegetation loss under the pressure of human activities [68,69].

Overall, the applied method successfully provides evidence of the relative contribu-
tions of different drivers to vegetation greenness changes in this study. It is worth noting
that reliable predictions from machine learning methods should maintain biophysical
consistency. Assessing the physical consistency of identified relationships is challenging
due to the complex nature of human–environment interactions and the lack of the reliable
observations required for attribution. Establishing a benchmark for assessing physical con-
sistency is complicated by the differences between satellite remote sensing data, reanalysis
data, and field observations data. The RF model can capture the nonlinear relationships
between NDVI and influencing factors, but caution is required in interpreting the results
as these relationships may not be consistent with the underlying biophysical processes.
In addition, the shortcomings of Random Forest algorithm in determining the direction
of influence limit a better understanding of the driving mechanisms. In the future, it is
important to explore the direction of influence further by explainable machine learning
methods, or combining additional statistical methods like structural equation modeling,
and to establish benchmarks for evaluating the interpretability of explanatory machine
learning [82].

4.3. Implications for Social–Ecological Sustainability

Vegetation browning in the Dosso Reserve, driven by soil moisture stress and LULC
change, is very likely to have some negative impacts on the protected ecosystems and
wildlife. Vegetation browning, indicated by a decrease in leaf greenness, is generally
associated with weakened plant photosynthesis, reduced productivity, and even plant
death and destructive removal of the entire vegetation landscape [27,29]. This reduction
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in vegetation productivity and cover can lead to habitat fragmentation, which in turn can
reduce populations of plant-feeding wildlife and lead to biodiversity loss [1,27,29,65]. This
would threaten the fauna in the Dosso Reserve, particularly in the Niger Valley along the
western border of the reserve, which serves as a water resource and important migratory
route for many species. These impacts are consistent with documented cases of significant
declines in wildlife populations [65,83,84].

In response to these impacts, the managers of the Dosso Reserve and the local govern-
ment in the surrounding areas urgently need to implement effective conservation measures
to promote sustainable social-ecological–environmental development. These interventions
should include, but not be limited to, the following:

(1) Land management strategies should be improved and strengthened in the Dosso
Reserve. The issue of relaxed management practices should be addressed by imple-
menting stricter and more effective management strategies within the Dosso Reserve.
This includes enhancing enforcement of regulations, improving surveillance, and
employing trained personnel to ensure proper protection and conservation efforts.
Establishing comprehensive and well-structured long-term planning for the Dosso
Reserve should involve setting clear conservation goals, defining strategies for achiev-
ing those goals, and outlining specific actions to be taken over an extended period.
Regular assessments of the ecological health, biodiversity, and the effectiveness of
protective measures in the reserve will enable better decision-making and the timely
identification of emerging threats.

(2) The issue of inadequate water supply, especially soil moisture stress, and imple-
menting strategies to ensure sustainable use of water resources should be addressed.
Possible management responses to the widespread water-holding capacity limitations
include improving irrigation infrastructure, measures to increase soil organic matter,
and using drought-tolerant or drought-avoiding crop varieties.

(3) Sustainable land use practices should be improved and promoted to protect habitats.
Encourage sustainable agricultural practices and discourage unsustainable activities
such as expansion of agriculture, deforestation, and excessive grazing within the
Dosso Reserve. This can be achieved through awareness campaigns, capacity-building
programs, and providing incentives for adopting environmentally friendly practices.

(4) Local implementation of vegetation restoration strategies, such as reforestation, grass-
land restoration, and soil conservation, is crucial to promote vegetation recovery and
ecosystem health. Specific measures to address vegetation loss and land degradation
in areas most affected should be deployed, particularly in the western region of the
Dosso Reserve. In particular, it is necessary to provide local communities with the
skills and tools they need to restore the land and generate income from tree prod-
ucts (e.g., fruits and nuts), rather than expanding farmland through extensive land
clearance and shrub removal.

(5) Protected area managers should collaborate with neighboring communities and the gov-
ernment to develop transboundary conservation and sustainable development strategies.
To ensure the long-term sustainability of the ecosystem in the region, it is important that
they work together to address both environmental and livelihood challenges.

5. Conclusions

In this study, we investigated the vegetation greenness dynamics in the Dosso Par-
tial Faunal Reserve and adjacent regions of Niger during 2001–2020 using satellite time
series. The different contributions of influencing factors to browning/greening were also
diagnosed, and the responses of vegetation greenness to dominant drivers were revealed
using the combination of the RF model and the PDP tool. The study found an overall
vegetation browning trend in the Dosso Reserve and adjacent regions, with rather simi-
lar characteristics inside and outside the protected area. The significant browning trend
dominated both in the Dosso Reserve (17.7%) and North buffer region (26.8%), while the
East buffer region had a comparable extension of a significant browning trend (10.1%)
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and a significant greening trend (10.7%). Vegetation browning was clustered along the
Niger Valley on the western border of the Dosso Reserve and North buffer region, while
vegetation greening was mainly distributed in the central areas of the Dosso Reserve and
East buffer region. It suggested that beneficial protection effects in the Dosso Reserve were
limited. Furthermore, the results of the driver analysis showed that water supply (espe-
cially soil moisture supply) and LULC changes were the most important drivers controlling
the NDVI variations in the Dosso Reserve and adjacent regions. Specifically, soil moisture
stress and specific land management practices associated with extensive agricultural pro-
duction activities appeared to dominate vegetation browning in the Dosso Reserve. In
general, gain in grassland cover and loss in shrubland/forest cover associated with logging,
grazing, and land clearing appeared to decrease NDVI values. In contrast, the gain in
shrubland/forest in the central Dosso Reserve and the East buffer region was related to the
implementation of protection and would increase NDVI values. These findings advanced
our understanding of the dynamics of vegetation greenness in response to environmental
changes both inside and outside the protected areas, highlighting the urgent need for more
effective conservation planning and implementation for sustainable social-environmental
development in this region.
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