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Featured Application: The integrated analysis method for understanding the main driving factors
shaping forested areas proposed in this paper can provide helpful insight into sustainable and
long-term land use systems in Senegal.

Abstract: Understanding the factors influencing the vulnerability of forested areas is crucial for human
well-being and effective governance of ecosystem supply and demand. Based on remote sensing
data, this study also considered ten natural and human variables as indexes to explore the main
influencing factors that may impact the vulnerability of the Thies region’s forested areas. The 2005,
2010, 2015, and 2020 satellite image data were processed using ArcGIS 10.6 and ENVI 5.1 software. The
methodology includes using the transfer matrix approach and calculating the geographic landscape
index to describe the dominant morphology of forested areas. Furthermore, a mixed linear regression
model was built to establish the connection between forested areas and the potential contributing
components. Our study revealed that the forested areas led to relative fragmentation, with an average
of 88 patches for Aggregation Index (AI), 3.25 for Largest Patch Index (LPI), 2.50 for Patch Density
(PD), and 112 for Landscape Shape Index (LSI) between 2005 and 2020. In addition, the transfer
matrix indicated that the loss of forestry areas was about —78.8 km? for agricultural land, —127.8 km?
for bare land, and —65.3 km? for artificial surfaces. The most critical factors that influenced forested
areas were agricultural and manufactural added value, rainfall (p < 0.05), slope, distance to the road,
and agricultural sown area (p < 0.001). Overall, this investigation has revealed that the effective
management of forested areas in the Thies region requires an understandable assessment. It was
observed that both human anthropogenic and natural factors significantly contribute to the decline in
forested areas.

Keywords: Thies, Senegal; forested areas; influencing factors; climatic change; arid area

1. Introduction

Forested areas play a significant socio-economic role in human livelihoods. In recent
years, concerns regarding the decline in forest resources have been investigated. According
to the literature, unregulated urban development poses a significant risk to groundwater
quality [1] and exerts critical pressure on natural resources. Moreover, changes in the
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functioning of the Earth’s ecological systems present a significant threat to human sur-
vival [2]. For instance, issues such as food security are closely tied to the protection of
cultivated land [3] and depend, in part, on the sustainable use of natural resources [4].
Hence, scientific research finds the challenges facing forested areas intriguing, especially in
the context of uncoordinated economic development and the degradation of the ecological
environment [5]. These challenges require solid and long-term solutions, particularly in
arid regions such as Senegal.

In arid regions, desertification is frequently associated with the deterioration of soil
quality, which depends on various factors, including environmental changes and anthropo-
genetic effects. Forest clearing significantly affects the climate system and land—-atmosphere
interactions [6], leading to changes in land use and land cover (LULC), which can influence
various ecosystems and have implications for natural habitats and human survival [7]. In
Senegal’s Sahel region, droughts and human activities, such as farming, cattle overgrazing,
bushfires, and monoculture, have negatively impacted the delicate ecological balances [5,8].

If socio-economic development poses a challenge to properly preserving terrestrial
ecosystem services, natural factors also play a significant role. Global climate change is
projected to increase the severity and length of droughts across many regions, potentially
pushing ecosystems beyond their tipping points [9]. According to Tappan (2004), Senegal
has experienced a decline in forest cover, with forest decreasing from 4.4% in 1965 to 2.6%
in 2000 [10]. Additionally, Senegal faces the repercussions of rainfall variability, leading
to the degradation of its natural environment [8]. Following a drought, there is a decline
in plant cover, erosion, runoff, and intensified processes of salinization in the soil [11].
These factors, including rain and hydric erosion, are closely linked, contributing to the
deterioration of terrestrial ecosystem services that threatens human well-being.

In Senegal’s Thies region, considered to be the country’s second economic region,
rapid socio-economic development is exerting critical pressure on land use, particularly in
forested areas. In the past few years, implementing Blaise Diagne International Airport and
establishing the Special Integrated Economic Zone have significantly altered the interface
between urban and rural areas in the region. It has been highlighted that the mangrove
forests in the southern part of our study area face constant influences from socio-economic
and natural factors, and forested areas dropped by —41.01 km? from 2000 to 2020 [5].
This continuous reduction in forested areas is a concerning trend, particularly given the
need to eradicate poverty and enhance food production. Continuous land degradation,
in contradiction with poverty eradication efforts, will exacerbate pressure on agricultural
land and forested areas in the Thies region.

The current human pressures on the forest resources in many Sahel countries, such
as Senegal, exceed the capacities of natural plants to regenerate, seriously threatening
their existence [12]. To manage biodiversity on farmland, including forested areas, various
policies are available for farmers to establish, operate, or maintain field edge habitats
to benefit wildlife, landscape, and public amenities [13]. However, farmers’ skills and
knowledge concerning land protection policies and natural resource preservation in Senegal
are still weak [14]. In this context, understanding the process and mechanisms of changes
in forested areas requires analyzing the relationship between the current dominant forested
area’s morphology and its influencing factors.

Existing research indicates various factors contributing to the vulnerability of forested
areas and their mechanisms. Effective methodologies for conducting a comprehensive
analysis and simultaneously evaluating factors causing the fragmentation of forested areas
include studies focused on avian biodiversity, woody vegetation structure evolution, the
spatial heterogeneity of ecosystem service supply, cultural ecosystem services, and soil
organic matter degradation in tropical coastal wetlands [15-18]. However, these influencing
factors are still not fully understood, and the forest vulnerability in Senegal requires a
holistic analysis considering both natural and human factors. To address this gap, our
study aims to (1) explore the forested areas and exchange status between 2005 and 2020,
(2) interpret the dominant morphology fragmentation level, and (3) understand the process
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of the fragmentation of forested areas leading to their vulnerability through a mixed linear
regression model.

2. Literature Review

Analyzing issues in forested areas requires suitable methods and data. To our knowl-
edge, social surveys and Landsat image interpretation are the main methods for gathering
information on issues in forested areas. Questionnaires are widely used tools in empirical
social science, but often lack geographical and temporal accuracy [19,20]. Conversely, the
increasing availability and volume of remote sensing data offer access to spatial land use
information containing extensive time series [21]. Various methods are available for evaluat-
ing land use changes, especially in forests. The multiple linear regression correlation matrix,
logistic regression, Gray correlation analysis, and Pearson correlation coefficient are uti-
lized to assess the impact of climate change on species diversity, assess windthrow impacts
on forest stands, and determine the intercorrelation between natural and socio-economic
factors driving agricultural land use [5,22-24]. In 2011, N.H. Ravindranath investigated
the vulnerability index of agriculture and forests to climate change pressure [25]. Further,
the Normalized Difference Vegetation Index (NDVI) was used to evaluate the response
of vegetation productivity to greening and drought [26-28]. Parallelly, landscape index
and multiple regression revealed landscape patterns’ temporal and spatial evolutions and
their driving factors [29]. In a nutshell, these studies often overlook factors such as the
expansion of agriculture, and the integration of natural and socio-economic data is lacking
in regard to examining forested areas issues comprehensively. Further, this study chose
the multiple linear regression model, which provides a more comprehensive overview of
the data and the relationships between variables. It is a powerful tool for elucidating the
complex interplay between multiple factors and a given outcome, offering insights that can
guide strategic planning, policy formulation, and scientific research.

As the population grows, the pressure on forest resources intensifies, leading to biodi-
versity loss. Humans have been estimated to have modified over 50% of the Earth’s land
surface [30]. Climate change affects ecosystems and the well-being of rural households
that rely on ecosystem services for their livelihoods [31]. However, understanding the
underlying factors contributing to forest vulnerability in arid regions is more complex.
Various socio-economic factors determine deforestation and degradation [32]. Agricultural
activities are crucial for human existence, as they provide essential resources and support
economies. Recently, it has been acknowledged that forests are often cleared to create new
agricultural lands to comply with the growing food demand of the world’s population.
Conversely, agricultural expansion into subtropical and tropical forests causes significant
environmental damage [33]. For instance, socio-economic factors include setting forests
ablaze, increasing farming activities, growing populations, and poverty-induced deforesta-
tion [34] in many African countries. High agricultural added value in proximity to forested
areas may indicate intensive agricultural practices contributing to deforestation and in-
creased habitat fragmentation. While the added value of agriculture might encourage more
intensive farming practices that can spare forests, it can also lead to further agricultural
expansion into forested areas if not managed sustainably. Senegal offers an interesting case,
because approximately 81.37% of plots did not have formal documents [14]. Furthermore,
manufacturing value may be associated with industrial activities contributing to water
pollution and forest fragmentation. Therefore, industrial activities such as mining may
significantly alter the natural balance of ecosystems.

Between 2015 and 2016, the Thiés region witnessed a 26% increase in corporate con-
tributions attributed to establishing companies like Dangote, GCO, and SEPHOS.PID.
Therefore, industrial activities have recorded significant development in the Thies region,
and mining is a significant driver of deforestation. While mines simultaneously clear native
forests for mineral extraction, they also establish new infrastructure, indirectly facilitating
further clearing [35]. Further, mining operations require significant land clearing to access
underground resources. These activities not only lead to the direct loss of forest cover,
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but also cause soil erosion. The mining activities in the commune of Taiba Ndiaye, in
the northern part of our study area, significantly influence the local population’s socio-
economic life [36]. In addition, road construction contributes to the loss of forest areas [37].
The connection between transportation infrastructure and forest vulnerability is notewor-
thy. The development and presence of transportation infrastructure can impact forests by
leading to habitat fragmentation, increased human access, and changes in land use, all
contributing to the heightened vulnerability of forest ecosystems. Dependence on forest
resources for fuelwood, timber, and non-timber forest products may lead to overharvesting
and degradation, making forests more vulnerable to disturbances.

Hypothesis 1 (H1). Deforestation, expansion of agriculture, and population growth coupled
with manufacturing activities can increase the vulnerability of forests by reducing their extent and
altering their composition.

Climate change causes substantial vegetation shifts across the world [38]. Climate
and environmental risks related to rainfall shortages [8] are common in Senegal, partic-
ularly in the north. Variability in rainfall, especially reductions, can make forests more
susceptible to deforestation. So, as temperatures rise, there may be shifts in the vegetation
zones in Senegal. These changes can result in altered ecosystem dynamics and increased
vulnerability to disturbances. Previous research findings have indicated that elevation
and topography influence the orientation of cultivated land ridges [39]. Consequently, the
physical characteristics of the land, such as its topography, influence the vulnerability of
forests. Factors such as slope, elevation, and soil types can affect water drainage and suscep-
tibility to erosion, impacting overall forest health. In essence, slope and elevation can affect
the amount of water an area receives, influencing the types of vegetation that can thrive.
High-elevation forests on steep slopes may be particularly susceptible to landslides and
soil erosion during extreme weather events, such as heavy rainfall. Additionally, forests on
steep slopes are more prone to erosion because runoff water moves more rapidly, carrying
soil away. Notably, the Thies region’s topography exhibits significant elevation, which may
have various implications for surrounding natural environmental elements. Therefore, the
relationship between slope, elevation, and forest degradation is complex. Understanding
these interactions is essential for effective forest management and formulating strategies to
mitigate degradation.

Furthermore, in the context of climate change, rising temperatures and fluctuations
in rainfall pose significant challenges to the natural environment. A decline in vegetation
index indicates vegetation loss, which can result from deforestation activities. Drought
leads to plant cover, soil, runoff, and accentuation acidification [11]. In essence, prolonged
periods of drought can make forest landscapes more susceptible to fragmentation. Several
previous analyses have documented the impacts of deforestation on precipitation across
the tropics [40,41]. Africa’s temperature is predicted to increase by 3 °C to 4 °C by the
end of the 21st century [38], posing a threat to the natural ecosystem. Altered climate
conditions, such as rising temperatures, extended droughts, or changes in rainfall patterns,
can stress forests. Precisely, rising temperatures can increase the frequency and severity of
droughts while simultaneously causing forest dieback, leading to forest degradation. Also,
understanding the spatio-temporal variations in rainfed agriculture is crucial for promoting
food security, socio-economic stability, and protecting vulnerable ecosystems [42]. Rainfall
plays a crucial role in the structure and function of terrestrial ecosystems [43]. Changes in
natural environmental elements, such as alterations in rainfall patterns, may render forests
especially vulnerable to disruptions that can lead to cascading impacts on biodiversity
and ecosystem services. Prolonged periods of drought can stress trees, making them more
susceptible to diseases, while excessive rainfall can lead to soil erosion. Natural factors drive
scientific contribution and novelty by advancing our understanding of ecosystem dynamics
and identifying vulnerable areas. Additionally, they can inform climate change adaptation
strategies, enhance ecosystem resilience, and foster cross-disciplinary collaboration. Overall,
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the natural and socio-economic factors considered in this study are interconnected and
collectively influence land use decisions, including forest sustainability and economic
development. In other words, the relationship between these factors and deforestation
is complex. Population growth and economic activities such as agricultural expansion,
mining, and road building may directly contribute to forest loss. In contrast, environmental
and physical factors, namely, climate and topography, may influence the vulnerability and
resilience of forests to human activities (Figure 1). In sum, the processes described above
are interlinked, forming a complex web of interactions that can exacerbate environmental
degradation and socio-economic challenges. For instance, population growth increases
food demand, leading to agricultural expansion and intensified deforestation, which can
exacerbate the impacts of rainfall variability and lead to greater vulnerability to climate
change. Similarly, topography and slope influence where and how agriculture can expand,
affecting soil erosion rates and water availability.

Hypothesis 2 (H2). Natural factors such as rainfall variability and topography can be crucial in
shaping a forest’s vulnerability to various disturbances.
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Figure 1. The interconnection between natural and socio-economic factors.

3. Materials and Methods
3.1. Study Area

The Thiés region spans from latitude 10°44’46” to 10°52'46” N and from longitude
78°39'11" to 78°44'13" W. It covers approximately 6669.6 km?, which accounts for 3.35% of
Senegal’s total land area. Considering the importance of peanut and vegetable production,
the Thies region plays a critical role in Senegal’s economy. In 2020, peanuts and millet
collectively constituted 78.1% of the total crop production, while vegetable cultivation,
covering one-third of cultivated areas, contributed approximately 30.25% to the national
output. The “Niayes Zone”, situated on the Thies region’s coastal line, contributes signifi-
cantly to employment through market gardening, which fulfills more than 50% of Senegal’s
need for fruits and vegetables (CIDRAD, 2022). In addition, from 1986 to 2021, the shrub
savannah area decreased from 10,883.45 hectares to 7414.46 hectares, marking a decline
of 29.29%. Exploring the data from the National Agency of Statistics and Demography
(ANSD) in 2020, we found that about 51.8% of farmers’ plots faced socio-economic or
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natural factors. In 2020, this accounted for about 2,162,831 inhabitants (ANSD). From 2009
to 2018, urban growth in the Thies region exceeded 7% [8]. The urbanization trend will
be poised to amplify through the initiative of multiple projects, including establishing the
“Ndayane” port. Accordingly, this context highlights the dual challenge of substantial
socio-economic development and the imperative for effective land management.

Regarding land use classification, Figure 2 indicates that agricultural land constituted
52.40% of the total in 2005, decreasing to 48.40% by 2020, while grassland area accounted for
14.61% in 2005 and increased to 18.4% in 2020. Conversely, artificial surfaces represented
3.5% in 2020 and 1.85% in 2005. Consequently, agricultural and grassland dominated the
land use morphology, comprising 66.78% of the total land area in 2020. In summary, two
significant conclusions can be drawn: decreases in agricultural land (—0.005%), forested
areas (—0.015%), and wetlands (—0.043%) from 2005 to 2020, coupled with simultaneous
increases in grassland (0.017%), bare land (0.017%), and artificial surfaces (0.059%) from
2005 to 2020. The topography of the Thiés region is predominantly flat, except for the
“Plateau of Thies”, reaching an altitude of 141 m. The highest recorded temperature in
the area is 33.2 °C. According to data compiled by the National Agency of Civil Aviation
and Meteorology (ANACIM), the interannual rainfall patterns showed an average of
approximately 461.65 mm from 2000 to 2020. The prevalent soil characteristics include mild
leaching and tropical sandy soils with a ferruginous component [10].
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Figure 2. The localization of the study area: (a) regional location of the area; (b) Senegal, and
(c) African continental; (d,e) land use features of the study area.

3.2. Data Source

The Ecological Monitoring Centre (CSE) in Senegal supplied shapefile data delineating
the administrative commune boundaries. For this research, all 31 administrative communes
were considered to explore the features of forested areas from 2005 to 2020. The remote
sensing data used in the study were collected from various satellites, namely Landsat
7 ETM + C1, Landsat 5, and Landsat 8 OLI. These satellite imageries were sourced from
the United States Geological Survey (USGS) website, boasting a spatial resolution of 30 m
(http:/ /eartheplorer.usgs.gov/, accessed between July and August 2022). Furthermore,
socio-economic data, including population statistics and climatic data such as rainfall, were
gathered in November 2022. ANSD, the World Bank (WB), and the ANACIM of Senegal
provided the respective datasets for this research.
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Accurately determining forested areas in Senegal hinges on the crucial consideration
of the collection time for satellite images. Senegal experiences two primary seasons that
define its weather trends: a dry season extending from November to April or May and a
rainy season from May or June to October, contingent on specific geographical location [44].
The Thies region’s rainy season extends from July to October [45], coinciding with the
rainfall in our research area. However, to optimize the identification of features related
to land use types, we opted for the rainy months to mitigate the impact of clouds and
seasonal variations. Thus, following Feteri et al., the choice of Landsat images primarily
relied on factors such as the availability of cloud cover percentages [46]. Due to these
constraints, the collection of Landsat data was confined to the period from September
through to November.

3.3. Method

Considering the scope of the study area, two satellite images were captured an-
nually. Subsequently, given the features of the remote sensing data, pre-processing
was deemed necessary to enhance clarity. Various steps were taken to achieve this.
Initially, to enhance the image quality, the layers were re-projected to align with the
reference projection system of the study area, specifically the World Geodetic System
(WGS)_1984_Complex_UTM_Zone_28N (EPSG:31028). Then, we resampled the images
to 50 m, the standard resolution for all images [47]. Geometric correction procedures
were executed, including atmospheric correction, gap filling in Landsat 7 ETM, and image
mosaicking via ENVI 5.1 software. Following these processes, supervised classification was
employed to categorize land use types for this study, involving selecting training samples
for each land cover class. Referencing the classification system by Anderson JR et al. [48],
we reclassified the land use types into six (6) categories: agricultural land, forested areas,
grassland, wetland, artificial surfaces, and bare land (Table 1). After converting raster data
into polygons, the ArcGIS 10.6 platform was utilized to conduct statistical analyses related
to land use types, focusing on the statistics of forested areas over various periods.

Table 1. Procedure for identifying land use types.

N Level I Level II Code
1 Agricultural land Permanent crops, permanent pasture, agro-business land AL
2 Forested areas Classified forests, casuarina, nature reserves, mangroves, open forests FA
3 Grassland Sparse grass, moderate and dense grassland GL
4 Wetland Lakes; permanent water and no permanent water, bottom land, reservoirs, WL
and pond
5 Artificial surfaces Urban and built-up areas, rural settlemepts, pho.t(?voltalc power generation AS
land, transportation facilities
6 Bare land Sandy land, ancient mining and quarrying areas, soil salinity, bare land, BL

other lands that are not used until the mapping time

A precise evaluation is crucial for conducting a land use change analysis and classifi-
cation. However, the complete precision values derived from the post-classified images
generated for 2005, 2010, 2015, and 2020 exhibited yearly variations. Notably, the least
accurate year was 2020, registering at 0.91, while the highest accuracy was recorded in 2005,
reaching 0.92. However, the overall accuracy for the entire study period remained consis-
tent at 0.91. Furthermore, the kappa coefficient stood at approximately 89.4%, signifying
a high consistency and accuracy in the simulation results compared to the actual Land
Use and Land Cover (LULC) distribution. This is noteworthy, as the generally accepted
standard accuracy for LULC classification is around 85% [49].

3.3.1. Tracking the Origins and Flow of Forested Areas

Analyzing the source and pathways of forested areas can help to discern the dynamics
of land loss or acquisition from or to other land types (transfer in or out) [50]. Indeed, this
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process involves several sequential steps. Initially, we introduced the land use transfer
transition matrix to compute the transition characteristics of land use types. The transition
matrix encapsulated the area transferred out during the initial period and the area trans-
ferred in during the concluding period. The following equation was used to calculate the
transition matrices:
S5n Sz Sum
Sij= |51 S» Swz 1)
Sm Sw2 Smn

where 71 represents the land use type before and after the transfer; i,j (i, 1, 2 ..., nn) represent
the land use type before and after the transfer, respectively, and Sij represents the land use
area 7 land type before land conversion to type j land type after the transition [14].
Secondly, the transfer matrix was used to determine the forested areas” amount and
the net transition area transfer. Then, based on the above steps, the amount of “transition
reduction” or “transition gain” in the net transition area of forested areas in different periods
was calculated according to the equations above. The specific formula is described below:

FA, o= i 0 i £, FAyy (; i 0o | £ @)
loss (i), ] — AAL; Ly gain (i), j — AFA; Ly

FAN 55 (i), j = (FA ;; — FA;j)/ (FA; — FA;) x 100 # j, 3)

where FAloss (i),j is the ratio of areas converted from forested areas into land use type
j FA (i),j to the total area of all types of land converted from forested areas in the year
i (AFAi). FAgain (i), is the ratio of areas of land use type i converted into forested areas
(FAi,j) to the total areas of all types of land converted into forested areas in year j (AFAj).
Here, j refers to the column number and i refers to the line number in the land transition
matrix. Both FAloss (i),j and FAgain (i),j are the contribution rates of land use of certain
types converted from or into forested areas. FANIoss (i),j refers to the net transition rate of
forested areas contributed by land use type j, calculated as the ratio of the net converted
area from land use type j into forested areas (FAj,i — FAi,j) to the total net converted land
areas into forested areas in the year i (FA.i — FAi) [51].

3.3.2. Determining the Forested Area’s Dominant Morphology

This study chose four indicators, namely, Patch Density (PD), the Largest Patch Index
(LPI), the Aggregate Index (AI), and the Landscape shape Index (LSI), for assessing the
forested areas’ dominating morphology in Thies Region from 2005 to 2020. The ArcGIS
and FRAGSTAT 4.2 software were used to compute these four indicators for characterizing
the changes in the forested area’s dominant morphology in 2005, 2010, 2015, and 2020.

(a) Determination method of the Patch Density (PD)

As expressed in Equation (4), PD represents the patch number of one specific landscape
type per one hundred hectare area [50]. PD is an “aggregation metric” describing forested
area fragmentation in this study. The larger the value, the greater the fragmentation of the
landscape. So, a low PD implies fewer patches and the continuity of forested areas, while
higher values denote more patches, spatial dispersion, and discontinuity.

n .
PD = 4
- @
where ni is the number of patches of forested areas that change landscape type i and A is
the total area of the forested areas.

(b) Determination method of the Largest Patch Index (LPI)
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LPI reflects the dominant patch type in the changing landscape of forested areas and
indirectly reflects the direction and magnitude of disturbances to human activity. The
calculation method is presented in Equation (5):

LP] — max(a;_q.)

x 100 (5)

LPI values are expressed in percentage and range of 0 < LPI < 100; a is the patch area
and n is the number of patches in the forested areas. The LPI approaches 0 when the largest
patch of the corresponding patch type is increasingly small. LPI = 100 when the entire
landscape consists of a single patch of the corresponding patch type, and the largest patch
comprises 100% of the landscape.

(c) Determination method of the Aggregation Index (AI)

In forested area change research, spatial pattern aggregation levels must be measured
within a single map class and over the same period. So, Al reflects the degree of patch-type
clustering in the forested areas that change the landscape. Al assumes that the highest
collection level (Al = 100) comprises pixels that share all possible edges. A class whose
pixels share no edges (are completely disaggregated) has the lowest level of aggregation
(Al = 0). Al reflects the degree of aggregation of patches of forested areas. Low Al values
indicate fewer aggregation levels in forested areas and vice versa [52].

Al =2In(n)+Y ", Z?:l P In(P; ) (6)

where 1 is the number of classes in the landscape and pi,j is the total number of times class
i is adjacent to class j, divided by the number of times class i is adjacent to all other classes,
including itself. Al ranges from 0 to 100, with 0 indicating the least contagion [53].

(d) Determination method of the Landscape shape Index (LSI)

LSI quantitatively measures landscape complexity or heterogeneity. LSI is an ag-
gregation metric. Also, it is the ratio between the actual landscape edge length and the
hypothetical minimum edge length [54]. The minimum edge length equals the edge length
if only one patch is present.

E

LSI = —
ming

)

where E is the total edge length on cell surfaces and minE is the minimum total edge length
on cell surfaces.

3.3.3. Identifying Key Underlying Factors

Between 2009 and 2018, cultivated land increased by 14.53% in the groundnut basin
of Senegal [8]. Expanding agricultural land (1) can increase the vulnerability of forested
areas [41]. In addition, prior work has highlighted that precipitation, such as rainfall (2),
determines the potential distribution of terrestrial vegetation and constitutes the principal
factor in the genesis and evolution of soil. The importance of the socio-economic develop-
ment of the African continent is on the rise in the context of climate change, incorporating
elements such as rising temperatures (3) and pressure on land [55], particularly in forested
areas. Climate, topography, flora, soils, and other natural resources are all considered as
parts of the concept of land, specifically the use of forested areas. As a result, essential
factors related to land evolution must be considered when assessing forested area changes.

The nexus between elevation (4), vegetation index (5), and forested areas is closely
linked. A comprehensive scientific analysis of natural factors such as elevation and road
distance (6) may be essential in implementing effective policy strategies for forested areas.
Elevation and topography influence cultivated land ridge orientation [39]. In the study
area, the topography is relatively high in the west. The maximum elevation is located at
the center at 141 m. Or, in the south, the low value reached —13 (Figure 3). This situation
may negatively impact the conservation of forested areas.
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Figure 3. The potential natural driving factors selected in the present study.

For this reason, these variables are chosen as indicators. Also, erosion reduces soil
quality and induces the degradation of forested areas. From then on, the slope degree (7)
can cause potential soil erosion that can reduce the soil quality and induce the degradation
of forested areas. From the point of view of socio-economic development, increasing
population density (8) and manufacturing added value (9) lead to the extension of road
and highway networks and worsening pressure on forested areas. Finally, agricultural
added value (10) is integrated into the variables to understand the effect of agricultural
land use on forested areas. These integrated data may help to comprehensively assess the
factors influencing forested areas in the Thies region. This study selected the forested area’s
dominant morphology, namely, PD, LP1, Al, and LSI, as dependent variables.

A mixed linear regression model was built to explore the potential influencing factors
on forested areas in the Thies region. The multiple regression model was formulated
as follows:

Y=a+p1 X1+ B2Xz+ -+ BuXn (8)

Here, Y represents the dependent variable, and X1,.. ., and Xn are the n independent
variables. In calculating the weights 4, b1,. . ., bn, a regression analysis ensures the maximal
prediction of the dependent variable from the set of independent variables and is performed
by least squares estimation [56].

4. Results
4.1. Exploring the Forested Area’s Evolution Status

Developing effective policies for ecosystem management necessitates a timely and
comprehensive understanding of the status and trends in forested areas. It is crucial to
recognize the various characteristics exhibited by the evolution of these areas. Spatially,
forested areas in the Thies region are unevenly distributed, with concentrations primarily
along the western border adjoining the Atlantic Ocean, notably in communes such as
Mboro and Darou Khoudouss (Figure 4). The study area stretches along the northern
coastline from Kayar to Saint Louis, encompassing the Mont-Rolland, Thies, and Keur
Moussa communes in the central region and the Ngueniene commune in the south.

The evolution of forested areas is intricately linked to other land use types, notably, cul-
tivation. An analysis of temporal trends (Table 2) reveals fluctuations over different periods.
In 2005, forested areas comprised approximately 14.16% of the total land area, declining to
10.18% by 2010, representing a decrease of —0.019%. However, from 2010 to 2015, there was
a slight increase of 0.046%, followed by a decrease of —0.024% from 2015 to 2020. Overall,
the study period (2005-2020) witnessed a reduction of —0.015% in forested areas, while
artificial surfaces and grasslands experienced growth. Looking into these findings, ecosys-
tem services, particularly those provided by forested areas, exhibit distinct patterns in the
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Thies region due to spatial heterogeneity, rich biodiversity, population growth, resource
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Figure 4. Forested areas’ status in the Thies Region during 2005, 2010, 2015, and 2020.

Table 2. The statistics of the forested areas during 2005, 2010, 2015, and 2020.

Years/Values
2005 2010 2015 2020
Km? % Km? % Km? % Km? %
Forested Areas  944.66 14.16 678.94 10.18 1143.25 17.14 735.05 11.02

4.2. Analysis of the Forested Areas” Exchange Status

Understanding the dynamics of forested areas in relation to other land use types is
crucial for effective forest management. Analyzing the exchange status between different
land use types provides valuable insights into the factors influencing forestry areas. As
displayed in Figure 5 and Table 3, the findings from the matrix transfer vary across different
periods. Notably, the period from 2010 to 2015 indicated a significant transfer of agricultural
land (592.6 km?) to forested areas (Figure 5b), while approximately 204.6 km? of forested
areas was lost. This shift resulted in ecological enhancements in land use.

Similarly, the exchange status between forested areas and artificial surfaces revealed a
net transfer of 12.2 km? to forest areas compared to 22.6 km? from forest areas, resulting
in a net loss of approximately —10.4 km? of forested areas between 2005 and 2010. Thus,
the inter-period indicates that agricultural land was the most critical land use type that
impacted forested areas (Figure 5). Therefore, these findings indicate the importance of the
responsible management of agricultural land.

The research period spanning from 2005 to 2020 served as a comprehensive pivot for
exploring the global intensity of the exchange between forested areas and other land use
types that may influence their vulnerability. In the context of the interplay between agricul-
tural land and forested areas, the analysis shows a net loss of forested areas (—78.8 km?)
with a transfer of approximately 370.5 km? into forested areas compared to a transfer out
of 449.39 km?. In addition, the nexus between ecological and bare land shows that forested
areas were lost at about —127.8 km?. O, artificial surfaces (—65.3 km?) and grassland
(—0.30 km?), although causing a loss of forested areas, did not exceed the amount trans-
ferred out of agricultural land regarding forested areas. Therefore, agriculture and bare
land emerged as the primary factors influencing the vulnerability of forested areas, with
agriculture being the most significant contributor to forest loss (Figure 6).
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Figure 5. (a—c) Indicate the exchange between other land use types and forested areas in 2005-2010,
2010-2015, and 2015-2020, respectively; (d) shows the study period (2005-2020).

Table 3. Quantitative analysis of land type shifts at the interval level (km?).

Period Land Use Types  Transferin (Gain)  Transfer out (Loss)  Net Transition
Agricultural land 940.99 1214.2 —273.29
Artificial surfaces 75.69 61.42 14.26
Forested areas 403.00 668.72 —265.72
2005-2010
Grassland 1214.01 460.07 753.94
Bare land 521.30 628.68 —107.38
Wetland 13.36 135.17 —121.81
Agricultural land 1017.63 1127.68 —110.05
Artificial surfaces 93.81 42.56 51.24
Forested areas 854.16 389.85 464.30
2010-2015
Grassland 355.37 1263.04 —907.68
Bare land 897.68 432.03 465.65
Wetland 53.93 17.37 36.55
Agricultural land 1269.56 1149.99 119.56
Artificial surfaces 112.14 68.92 43.22
Forested areas 293.99 702.12 —408.13
2015-2020
Grassland 845.14 442.01 403.12
Bare land 677.50 792.98 —115.49

Wetland 25.24 67.53 —42.29
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Figure 6. The transition patch: (A) represents the transfer in, from other land use types to forested
areas, and (B) the transfer out from forested areas to other land use types; (C) represents the difference
between transfer in and out of forested areas in different periods (2005-2020). AL = agricultural land;
FA = forested areas; GL = grassland; WL = wetland; AS = artificial surfaces; and BL = bare land. P1,
P2, P3, and over the period represent 2005-2010, 2010-2015, 2015-2020, and 2005-2020 respectively.

In summary, agricultural land, bare land, and artificial surfaces had the most significant
impact on forested areas. However, the complex and fluctuating relationship between
forests and other land use types underscores the uncertainty surrounding the impact of land
use changes on ecosystem services, particularly in forested areas. Accordingly, enforcing
land use regulations that promote sustainable forest resource use and protect agricultural
land from transition is fundamental in the Thies region.

4.3. Characteristics of Forested Areas” Dominant Morphology

Resampled remote sensing data with a spatial resolution of 50 m for 2005, 2010, 2015,
and 2020 were imported into Fragstats 4.2 to compute the PD, LPI, AI, and LSI. The literature
indicates that PD is the number of patches of forested areas per unit area. PD, representing
the number of forested area patches per unit area, is crucial to the spatial characteristics of
the forested areas and their management system. In 2005 and 2020, significant PD values
were observed in the western and southern regions, while lower values were found in the
eastern and northern regions (Figure 7). Despite variations in PD, LPI, Al and LSI, forest
fragmentation was consistently high in the Thies region, suggesting greater vulnerability
in the east compared to the west and south.
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Figure 7. Characteristics of forested areas” dominant morphology evolution in 2005, 2010, 2015,
and 2020, with PD = Patch density; LPI = Largest Patch Index; Al = Aggregation Index; and
LSI = Landscape Shape Index.

From 2005 to 2020, the average PD in the Thies region was approximately 2.5 patches
per 100 hectares, peaking at 4 patches in 2010. This indicates increasing fragmentation
as PD values rose. The Largest Patch Index (LPI), which measures dominance, averaged
around 3.25 patches from 2005 to 2010, indicating small patches and fragmented forested
areas. Notably, in 2015, there were six critical patches compared to one in 2010, highlighting
increased fragmentation. Similarly, the Landscape Shape Index (LSI), reflecting patch shape
complexity, averaged about 112 patches during the study period, with higher values in 2010
(147 patches) compared to 2020 (73 patches). The Aggregation Index (Al) also showed min-
imal variation, averaging 88 patches throughout the study period, with slight differences
between the highest (91 patches in 2020) and lowest (83 patches in 2010) values (Table 4).

Table 4. Changes in the overall landscape pattern index in the Thies region from 2005 to 2020.

Years Patch Density Largest Patch Aggregation Landscape Shape
(PD N/ha) Index (LPI %) Index (AI %) Index (LSI Index)

2005 2.00 3.00 89.00 111.00

2010 4.00 1.00 83.00 147.00

2015 3.00 6.00 89.00 116.00

2020 1.00 3.00 91.00 73.00

4.4. Relationship between Potential Driving Factors and Forested Areas

Among the ten selected variables, all except population density and vegetation index
demonstrated a significant relationship with forested areas, contributing to a complex
landscape. Rising temperatures and altered rainfall patterns are evident. Notably, the
correlation between rainfall and both LPI and LSI (p < 0.05) indicates adverse effects on



Appl. Sci. 2024, 14, 2427

15 of 22

forested areas in the Thieés region. Forest exploitation through agriculture significantly
influences (p < 0.05) and shapes forested areas in the Thies region. This influence is further
highlighted by the relationship between LPI and slope (0.032493) with a p-value < 0.05,
indicating a significant impact on forested area morphology. In addition, the results also
indicate a significant correlation between AI (0.000837), LSI (0.00358), and slope, which
emphasizes the influence of topography on forest fragmentation (Table 5).

Table 5. Regression analysis results for forested areas” morphology and driving factors.

The Forested Area’s Dominant Morphology

Potential Driving Factors Patcl:Pll))(Tsity Largest({zli)tlc)h Index Aggregé:ilc')? Index Lar}iilc:f(eLSSl;;xpe
Intercept 0.592628 0.19734 0.192765 0.175783
Population density (X1) 0.343306 0.667903 0.779602 0.593753
Agricultural add value (X2) 0.229883 0.719511 0.465302 0.041496 **
Manufactural add value (X3) 0.188335 0.032147 ** 0.016104 ** 0.010387 **
Rainfall (X4) 0.139507 0.018172 ** 0.221916 0.032033 **
Temperature (X5) 0.955665 0.239073 0.359519 0.342206
Elevation (X6) 0.06503 * 0.584645 0.504127 0.809186
Slope (X7) 0.959089 0.032493 ** 0.000837 *** 0.00358 ***
Distance to road (X8) 0.720532 0.842969 0.974141 0.007938 ***
Vegetation Index (X9) 0.623425 0.211893 0.473435 0.120847
Agricultural land evolution (X10) 0.4431 0.823174 0.05894 ** 0.401954

*p<0.1,%p<0.05** p <00l

Agricultural production is closely tied to the expansion of cultivated land, as indicated
by its nexus with AI (0.05894). Interestingly, despite significant population growth, forested
areas in the Thies region have not been substantially impacted, contrasting with trends
observed in East African nations where human activities have significantly altered natural
landscapes. Thus, the analysis of the dominant forested areas” morphology in the Thies
region reveals complex interactions between human activities, climate change, and socio-
economic factors. These findings underscore the importance of addressing these factors to
ensure sustainable forest management, warranting attention from both the government
and scholarly communities. In a nutshell, the results of this study partially disproved our
initial hypotheses. Vegetation index, temperature, and population density did not influence
forested areas in the Thies region. Moreover, this is a valuable scientific outcome, as it can
refine understanding and lead to new hypotheses.

5. Discussion
5.1. Socio-Economic Factors Influencing Forested Areas

Dakar, the capital of Senegal, is a rapidly expanding metropolitan city in sub-Saharan
Africa [1]. Consequently, the rapid urban sprawl of Dakar has resulted in the expansion
of the Thies region, situated 70 km away from Dakar. Since 2007, the Thies region has
been known for hosting significant socio-economic development projects. Additionally,
in the department of Tivaouane (northern Thies region), notable land investments have
been observed since 1960 with the establishment of the Chemical Industries of Senegal
(ICS), which exploits phosphate resources on land traditionally used for habitation and
agropastoral tradition. Since then, the number of mining companies operating in the Thies
region has increased exponentially. Presently, approximately nineteen companies (not an
exhaustive list) are located in the northern and central parts of the Thies region. The results
of this study indicate that the difference in the transfer in and out of bare land regarding
forested areas was about —138.39 km?2 between 2005 and 2020. In essence, a considerable
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loss of forested areas can be attributed to the negative impacts of urbanization and mining
activities. Rapid urban population growth without efficient land use management may lead
to inadequate housing and negatively impact forested areas [57]. The Thies region had ap-
proximately 1,788,864 inhabitants in 2013, with a projected increase to 2,464,554 inhabitants
by 2025 (ANSD). In 2017, the Dakar region accounted for 39.5% of Senegal’s economic
units, while the Thies and Diourbel regions accounted for 11.5% and 9.9%, respectively [58].
Regarding the role of the Thies region in Senegal’s economy, the decline in and degradation
of forested areas can significantly impact both present and future ecosystem value.

Crop rotation is essential for implementing ecological civilization policies [3]. A
previous study in the Thies region, based on survey data from 2022, highlighted that
approximately 42% of respondents had not changed their crops in the last five years [59].
Monoculture not only impacts agricultural land, but also makes forested areas more fragile.
Therefore, implementing agricultural policy reform and redesigning biodiversity conser-
vation practices must go hand in hand. In Senegal, extensive livestock breeding provides
income to alleviate poverty and mitigate low agricultural production. In addition, by 2030,
urban beef consumption is projected to grow by more than 361% in low-income countries,
including Senegal. Feeding livestock remains one of the most critical challenges in Senegal.
Henceforth, extensive human activity will continue to affect forested areas, particularly
protected forests. Thus, the decrease in forested areas (—0.015%) noted in this study may
be attributed to extensive breeding and intensified mining activities. In addition, according
to ANSD data, about 28.41% of farmers’ plots were under conventional sustainable land
management. This situation significantly reduces the Thies region’s current terrestrial
ecosystem services. Hence, previous studies have highlighted that the exploitation of forest
resources plays a central role in Senegal’s economy, and the level of degradation of forested
areas is becoming increasingly alarming [14]. These anthropogenetic factors coincide with
natural factors such as considerable rainfall variability, impacting the ecosystem of “Ni-
aye” and the forest of “Pout City” located at the center of the Thies region. Globally, as
depicted in Figure 8, the intensity of manufacturing, particularly mining and the expansion
of cultivated areas, may negatively impact forested areas in the Thies region.
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Figure 8. (A) Agricultural and manufacturing, value added (%), (B) agricultural sown area evolution
2005-2020.

5.2. Natural Factors Influencing Forested Areas

The agricultural land (—0.005%) and forested areas (—0.015%) in the Thies region
experienced a decline between 2005 and 2020. This declining trend can significantly impact
the supply and demand of ecosystem services for societies. Then, the values of ecosystem
services through agricultural production and maintaining suitable forested areas are closely
intertwined. As a result, reducing forested areas may lead to degradation and soil quality
deterioration, directly impacting agricultural production and household livelihoods. Soils
in Senegal are susceptible to erosion, runoff, and the exacerbation of soil acidification and
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salinization [11]. Figure 9 illustrates the variability in rainfall across different periods.
The trend curve (red line in Figure 9) indicates a decrease in rainfall during the period.
This situation hampers the evolution of forested areas. Consequently, the consequences of
rainfall decline are directly reflected in environmental degradation, with drought leading
to the degradation of ecosystem services. Additionally, rainfall plays a dual role in forest
issues, acting as a double-edged knife. Senegal is a rainfed agriculture country. So, a
decrease in annual rainfall in one year might discourage farmers from increasing their
agricultural sown area for the following year. Therefore, this decreased sown area can
facilitate the temporary regeneration of the forest cover. This may explain why forested
areas increased between 2010 and 2015 (Table 2) and the significant relationship between
agricultural land and forested areas.
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Figure 9. The evolution of rainfall in the Thies region from 2005 to 2020.

Since its independence, various development plans have shaped agricultural policies
in Senegal [60]. However, none of these policies have adequately addressed issues such
as erosion or soil salinization. In essence, the practical approach of land use policies fails
to adequately consider the local socio-ecological and cultural realities of the population
regarding the protection of forested areas. Moreover, dryness can have a negative impact on
the cultivated land area. Yields are crucial for the rural population. However, agricultural
production remains low due to the degradation of environmental quality and climatic
conditions such as rainfall variability. In combination with the degradation of forested
areas, low and declining soil fertility has long been recognized as a significant impediment
to intensifying agriculture in the Thiés region. Effectively, factors such as rainfall and
topography, which contribute to erosion, significantly affect forested areas in the Thies
region. Implementing sustainable forest management practices and enhancing ecosystem
resilience can help to mitigate the harmful effects of rainfall variability on forested areas. In
conclusion, addressing deforestation requires a multidimensional approach considering
the interplay of human, economic, and environmental factors.

5.3. Policy Implications

Ecological protection and restoration efforts are crucial for reversing ecological degra-
dation. Several significant influencing factors contribute to the vulnerability of forested
areas in the Thies region, reflecting human livelihood activities. For instance, in the Thies
region, between 2015 and 2020, there was a net transition of approximately 43.22 km? for
artificial surfaces. Therefore, establishing sustainable policies for the long-term protection
of forested areas is imperative. Hence, based on the impact of agricultural land use ex-
tension in this study, there is an urgent need to implement a comprehensive approach to
determine the limits or orientation of expanding agricultural land. In essence, implement-
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ing a thorough method to determine the expansion limits of agricultural land and enhance
designated protected areas while considering the sensibility of forested areas is crucial.

Regarding the sensitivity of soil in the study area, it is important to encourage and
support sustainable agricultural practices that minimize the use of harmful chemicals,
promote ecological diversity, and prevent soil erosion. Furthermore, it is important to
encourage private property owners to voluntarily establish conservation restrictions and
legal agreements that limit certain types of development on their land to preserve its
ecological value. Moreover, the expansion of breeding activities also appears to have a
significant impact on the ecosystem. Therefore, it is necessary to implement regulations
and guidelines for development projects to delimit breeding activities and prevent habitat
destruction, deforestation, and other activities that can harm forested areas. Furthermore,
our framework quantifies the transfer in and out, providing critical insights into under-
standing the relationship between forested areas and other land use types. Thus, this study
provides valuable insight into the urgent need to implement a management policy enabling
regulated land transfer from forested areas to bare land. In summary, effectively managing
suitable forested areas in arid zones, such as those in the regions discussed, requires a
robust network between socio-economic and natural factors.

5.4. Limitations and Future Research Perspectives

In Senegal’s Thies region, a predominantly rural economy relies on rainfed production
systems and the exploitation of ecosystem values, particularly forests, which are critical
drivers for economic growth. Therefore, conducting suitable research on the status of
forested areas is pivotal for continuously ensuring the livelihood of the population. How-
ever, the lack or scarcity of documents and statistics directly related to our study area
limited our investigations, as documents and statistics were fundamental components
for analyzing our objectives. Moreover, human activities in Senegal, such as the current
breeding trends, are extensive and have not been clearly understood. This study also did
not determine the trends and impacts of these issues on forested areas.

Additionally, education level, farmers’ environmental knowledge, available water
capacity, infiltration capacity, and political factors such as land tenure [23,24,60] may be
helpful for forested areas’ management. Fundamentally, farmers with a deep understanding
of environmental processes and sustainable practices are more likely to engage in behaviors
that protect and preserve forested areas. Secure land tenure can also empower communities
and individuals to invest in long-term conservation practices. Moreover, areas with higher
water capacity may support a wider variety of plant life and are generally more resilient to
drought and other climate-related stresses. These factors should be considered in future
research. Mixed linear regression models often require a large amount of high-quality
data to be reliable. Alternatively, the amount of data used during the study period seems
relatively low, which may have had a potential impact on the results. Furthermore, to
our knowledge, there is a lack of coordination between remote sensing and GIS efforts
in Senegal, which may have resulted in imperfections in the data quality. Due to issues
like cloud cover, the data were collected between September and November, potentially
impacting the accuracy of the results.

Therefore, integrating socio-economic and natural data into research, along with a
questionnaire to collect information on farmer activities in rural areas, particularly re-
garding the supply, flow, and demand of ecosystem service values, may provide valuable
information for preserving the suitability of forested areas. In the context of the Thies
region, formulating policies and processes to improve the value of ecosystem services re-
quires careful consideration of the impact of socio-economic factors in space and time at the
local level, particularly at the micro-scale. Additionally, from a geographical perspective,
future research should focus on the local level, including the specific evolution of forested
areas in the “Zone Niayes” (western coastal area), which represents crucial forested areas
(Figure 4). Similarly, exploring the impact of mining activities in the central, northern, and
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southern parts of the Thies region would be valuable, utilizing sophisticated data collection
processes and ensuring the accuracy of remote sensing data.

In the Thies region, an estimated 81% of farmers lack property rights, a situation that
presents a significant challenge for appropriate land management. A combination of factors
such as population growth, industrial development, intensive mining, and agricultural
expansion places considerable stress on forest areas. Without timely intervention, the
cumulative impact of environmental conditions and intense socio-economic development
could lead to the ongoing degradation of these forests. Consequently, there is an urgent
need for predictive research and appropriate land use policies in the Thies region. Such
measures are essential for understanding the dynamics between forest evolution and
intensive development and to safeguard the future of these forested areas.

6. Conclusions

The ability to assess ecological change is a prerequisite to studying ecosystem function
and evolution concerning agricultural land management. In this study, we compiled an
innovative database of regional-level coverage for 31 communes observed over fifteen
years. This current finding showed that forested areas led to relative fragmentation, with
an average of 88 patches for Al, 3.25 for LPI, 2.50 for PD, and 112 for LSI between 2005 and
2020. In addition, the transfer matrix indicated that the loss of forestry areas was about
—78.8 km? for agricultural land, —127.8 km? for bare land, and —65.3 km? for artificial
surfaces. Agricultural and manufactured added value, rainfall (p < 0.05), slope, distance to
the road, and agricultural sown area (p < 0.001) were the most critical factors that influenced
forested areas. Hence, it is important to acknowledge that the scarcity of documents and
statistics directly pertaining to our study area constrained our investigations. Moreover,
the remote sensing period holds promise for yielding significant results; however, fac-
tors such as cloud cover may have influenced our findings. Therefore, future research
endeavors should aim to integrate socio-economic and natural data. The development of a
comprehensive questionnaire tailored to gather information on farmer activities in rural
areas, particularly in exploring the supply, flow, and demand of ecosystem service values,
could offer valuable insights for preserving the suitability of forested areas. Effective and
sustainable ecosystem services necessitate the concurrent management of agricultural, bare
land, and forested areas.
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