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Abstract 

Soil erosion represents a significant environmental challenge in Sudan, primarily attributed to 

deforestation driven by agricultural expansion, fuelwood extraction, and charcoal production. 

This study investigates the impact of deforestation on soil erosion within South Kordofan State, 

utilizing geospatial techniques and the Revised Universal Soil Loss Equation (RUSLE) model. 

Annual soil loss was quantified by considering factors such as rainfall, soil type, slope, land 

cover, and conservation practices. Land use land cover (LULC) analysis facilitated the 

assessment of afforestation and deforestation dynamics. The results indicated annual soil loss 

values of 1078 tons/ha/year (2017), 920.47 tons/ha/year (2019), 474.443 tons/ha/year (2021), 

and 742.929 tons/ha/year (2023). Fluctuations in annual soil loss were observed, with an initial 

increase followed by a subsequent decrease, correlating with the temporal dynamics of 

vegetation cover reduction in upland areas for agricultural purposes. The observed residual 

increase may be attributed to additional factors such as intensified rainfall events or changes in 

wind patterns. Correspondingly, the mean soil loss in bare ground areas exhibited a rising trend, 

increasing from 7.524 km² (2017), 5.234 km² (2019), 12.567 km² (2021), to 25.427 km² (2023), 

reflecting the impact of deforestation. This study identifies areas of severe erosion loss that 

necessitate targeted mitigation measures. To reduce soil loss severity in South Kordofan State, 

stakeholders and policymakers should prioritize conservation strategies, including reforestation, 

area closure, agroforestry practices, and participatory watershed management. 

Key Words 

Deforestation Impact, Geospatial Modeling, Land Use Land Cover (LULC), RUSLE Model, 

Soil Erosion, Soil Loss Prediction, and Sudan
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CHAPTER 1  

INTRODUCTION  

1.1 Research Background 

Sudan, a country in Sub-Saharan Africa covering 1.9 million km2, faces significant challenges 

related to deforestation and desertification (Ali, 2021).The country's diverse vegetation types, 

ranging from desert shrubs to tropical forests, are threatened by various factors (Ahmed 

Eltohami, 2018). A study in Um Hataba forest, South Kordofan, revealed a decrease in 

vegetation cover, primarily due to agricultural expansion, woodcutting, and grazing activities 

(Budi Mulyana et al., 2022). Climate change impacts, including rainfall variability and rising 

temperatures, further exacerbate these issues, affecting crop and livestock productivity (Ali, 

2021). The ongoing desertification process, characterized by decreasing land surface phenology, 

is creeping southward and poses a severe threat to Sudan's ecosystems and population (Eltoum 

et al., 2015). Despite implemented policies and plans aimed at climate change adaptation and 

development, success has been limited due to political instability, weak institutional capacity, 

and inadequate financing (Ali, 2021). 

Sudan, characterized by its diverse ecosystems and rich natural resources, is facing a critical 

challenge in the form of rapid deforestation (Elhag & Walker, 2006). This environmental 

degradation has far-reaching consequences significant on crop productivity, with soil erosion 

emerging as a significant threat to the country's ecological and socio-economic stability 

(Mbalibulha et al., 2025). The analysis of historical data indicates that Sudan has experienced 

increasing forest loss due to agriculture expansion combined with uncontrolled logging practices 

and urbanization (Hassan et al., 2009). The protective measures provided by vegetation have 

become nearly nonexistent because of its intensive removal from the landscape and 

unsustainable land use practices. Thus, soil structure becomes doubly vulnerable to detachment 

and transport. Additionally, the hydrological functions of natural ecosystems change after 

deforestation, as surface water runoff increases and a reduced volume of water infiltrates the 

ground, leading to accelerated soil erosion rates (O.H.A. et al., 2013)(Ayoub, 1998). 

Soil erosion causes severe devastation in Sudan because agriculture is the country's primary 

economic sector. The erosion of productive topsoil creates a direct negative impact on 
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agricultural production, which endangers both food security and regional livelihoods. 

Additionally, Soil erosion in water bodies produces sediment deposition, which breaks down 

irrigation systems and destroys infrastructure while also affecting water quality; in the end, this 

degradation impedes economic growth and threatens aquatic ecosystems (Fenta et al., 2020; 

Handayani & Hale, 2022). 

Previous research has failed to provide valuable insights into the impact of deforestation on soil 

erosion across the entirety of South Kordofan State. Existing studies in this region have 

predominantly concentrated on isolated assessments of land use/land cover (LULC) and soil 

erosion within limited pre-conflict areas, thereby neglecting state-wide dynamics and their 

impacts, particularly in the aftermath of the 2011 conflict (Budi Mulyana et al., 2022; Tubiana, 

2013). Critically, these studies have not investigated the complex interplay between 

deforestation and soil erosion, resulting in a significant knowledge deficit regarding the spatial 

and temporal trends of these processes across the entire state. Consequently, policymakers and 

local communities lack the empirical data necessary to understand the ramifications of 

deforestation on soil degradation and to develop evidence-based sustainable land management 

strategies. Recognizing the urgency issue, the present study aims to address these gaps by 

employing geospatial techniques and the Revised Universal Soil Loss Equation model to assess 

the effects of deforestation on soil erosion. This research seeks to provide valuable insights into 

the spatial distribution and magnitude of soil erosion, as well as the rates of afforestation and 

deforestation, and land use status, to delineate evolving trends post-conflict and facilitate the 

development of effective mitigation strategies to protect Sudan's vital natural resources. 

1.2 Research Problem 

Sudan is experiencing rapid deforestation due to civil conflict, rapid population growth, and 

limited economic opportunities. Deforestation intensity has increased due to dependence on 

agricultural practices such as firewood use and charcoal production. Agricultural expansion has 

led to a decrease in forest areas, particularly for subsistence farming and cash crops. 

Furthermore, the demand for charcoal and fuelwood to construct temporary shelters for 

commercial and domestic purposes has increased deforestation. Deforestation increases soil 

vulnerability to erosion, leading to a decline in agricultural productivity and degradation of 
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water quality. These effects negatively impact the environment and the livelihoods of 

individuals in South Kordofan State. 

The current research aims to quantify the spatial and temporal dynamics of Land Use and Land 

Cover (LULC) change detection and conversion, as well as the processes of afforestation and 

deforestation, and the rate of soil erosion. Furthermore, it aims to elucidate the relationships 

between deforestation and soil erosion, generating high-resolution data that directly informs the 

development of location-specific mitigation strategies. By identifying critical erosion hotspots 

associated with distinct deforestation patterns, this study provides policymakers with detailed 

information necessary for the implementation of targeted interventions, including the 

prioritization of reforestation, the development of tailored land management practices, and the 

application of effective erosion control measures. This ultimately contributes to the preservation 

of soil resources and the integrity of the environment. 

1.3 Research Objectives 

1.3.1 Main Objective 

ü To assess the impact of deforestation on soil erosion using geospatial techniques and the 

RUSLE model from 2017 to 2023. 

1.3.2 Specific Objectives 

ü To analyze land use land cover (LULC) change and conversion. 

ü To Estimate spatiotemporal patterns of deforestation and afforestation. 

ü To Estimate spatiotemporal patterns of soil erosion using the RUSLE model. 

1.4 Research Questions 

ü What is the impact of deforestation on soil erosion over study periods? 

ü How has land use and land cover changed and converted from 2017 to 2023? 

ü What are the spatiotemporal patterns of deforestation and afforestation over study 

periods? 

ü What are the spatiotemporal patterns of soil erosion over study periods? 

1.5 Significance of the Study 

The current study directly addresses critical aspects of Sustainable Development Goal 15 (Life 

on Land), specifically targets related to combating desertification, restoring degraded land, and 
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promoting sustainable forest management. Deforestation is the principal factor contributing to 

the threat of desertification in Sudan (Dafalla & Magid, 2020; Elhag & Walker, 2006). By 

quantifying the impact of deforestation on soil erosion, the current research provides essential 

data to inform targeted interventions in South Kordofan State. Understanding the spatiotemporal 

patterns of deforestation and soil loss during study period will empower policymakers to 

strategize effective soil conservation efforts and mitigate land degradation, directly contributing 

to achieving Sustainable Development Goal 15 objectives. 

Furthermore, this research aligns with the Africa vision 2063, particularly its aspiration for 

Environmentally Sustainable and Climate Resilient Economies and Communities. By 

identifying areas experiencing severe soil erosion and deforestation, this study supports the 

implementation of sustainable land management practices, such as reforestation and sustainable 

agriculture. These practices are crucial for enhancing agricultural productivity, ensuring food 

security, and building resilience to climate change, all of which are central to Africa vision 2063. 

The findings will provide a foundation for developing local and national policies that promote 

sustainable land use, control deforestation, and combat desertification, thereby contributing to 

the broader goal of achieving inclusive and sustainable development in Sudan. In essence, this 

research provides a clear and actionable understanding of the consequences of deforestation-

driven soil erosion, fostering a path towards managing desertification and implementing 

sustainable land practices, which are vital for both local and continental development goals. 

1.6 Scope 

The current research estimates the impact of deforestation on soil erosion in South Kordofan 

State, Sudan, using geospatial techniques and the Revised Universal Soil Loss Equation 

(RUSLE) model from 2017 to 2023. furthermore, it analyses the spatiotemporal patterns of 

deforestation and afforestation to estimate soil erosion rates by utilizing historical remote 

sensing imagery and other relevant data to assess land use and land cover changes and their 

effects on soil erosion to provide valuable insights into the magnitude and spatial distribution of 

soil erosion attributable to deforestation. 

1.7 Limitations  

The current research is limited to South Kordofan State in Sudan; therefore, its findings are not 

generalizable to other Sudanese States. Furthermore, the research has limitations regarding the 
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temporal scope of the analysis due to the quality and availability of historical data, focusing 

intensively on the periods from 2017 to 2023. Also, the research does not comprehensively 

account for all factors contributing to soil degradation, such as human activities, climate change, 

and geological influences. Finally, it lacks an evaluation of the social and economic effects of 

soil erosion on communities due to the displacement of communities because of the ongoing 

civil war in Sudan.  



~ 6 ~ 
 

CHAPTER 2  

LITERATURE REVIEW  

2.1 Introduction  

The current research presents a comprehensive plan for assessing the impact of deforestation on 

soil erosion.  Several previous studies have addressed similar topics.  This literature review will 

examine these studies to provide a foundation for our research and highlight the existing 

knowledge on this subject. 

2.2 Previous Works Related to This Topic 

Soil erosion is a significant environmental challenge exacerbated by deforestation and land-

use/cover change. This review examines existing research on the impact of deforestation on soil 

erosion, with a focus on studies utilizing the Revised Universal Soil Loss Equation (RUSLE) 

model integrated with Geographic Information Systems (GIS) and remote sensing techniques, 

These studies have explored this relationship across diverse geographical contexts, highlighting 

the impact of various drivers like deforestation, agricultural expansion, and armed conflict to 

provide valuable insights into the methodologies and findings relevant to current research. 

Moges & Bhat analyzed the impact of land use/cover change on soil erosion in the Rib 

watershed, Ethiopia, finding a significant increase in erosion intensity between 1986 and 2016, 

primarily due to the conversion of grassland and shrubland to cropland and built-up areas 

(Moges & Bhat, 2017).  Almohamad investigated the impact of armed conflicts on soil erosion 

in Syria's Al-Kabeer River basin, observing a decrease in erosion rates after a ceasefire, 

suggesting a reduction in human pressures on the land (Almohamad, 2020).  Moisa et al.  

examined the link between deforestation and soil erosion in the Upper Anger watershed, 

revealing a substantial increase in soil loss due to agricultural expansion and emphasizing the 

need for conservation strategies (Moisa et al., 2022). Eskandari Damaneh et al. assessed soil 

erosion changes in western Kenya, highlighting increased erosion rates in farms and deforested 

areas, particularly on steep slopes due to increased runoff (Eskandari Damaneh et al., 2022). 

Sourn et al. studied the impact of land use/cover change on soil erosion in Cambodia, revealing 

a significant increase in agricultural land and deforestation, contributing to higher soil erosion 

rates, also noting the influence of rainfall, elevation, and population growth (Sourn et al., 2022).  

Finally, Gong et al. analyzed land-use change and soil erosion in North China's Miyun 
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Reservoir, finding a decrease in soil erosion due to an increase in forested land and water bodies, 

demonstrating the positive impact of vegetation cover on erosion control (Gong et al., 2022). 

These studies collectively demonstrate the utility of the RUSLE model, combined with GIS and 

remote sensing, in understanding the complex dynamics of soil erosion in response to varying 

land use/cover changes.  They underscore the importance of considering factors like 

deforestation, agricultural practices, topographic characteristics, and even socio-political events 

like armed conflict when assessing and mitigating soil erosion risk.  Furthermore, they highlight 

the need for targeted conservation strategies to address the specific drivers of erosion in different 

regions. 

2.3 Sudan: A Brief Overview 

Sudan, the third-largest African nation, shares its borders with seven countries: Egypt, the Red 

Sea, Eritrea, Ethiopia, South Sudan, the Central African Republic, Chad, and Libya, is 

characterized by a diverse range of geographical and environmental conditions, encompassing 

arid deserts and semi-arid regions. These conditions significantly impact land use, forest cover, 

and soil resources. Sudan's socio-economic and political context is intricately intertwined with 

its environmental challenges, mainly deforestation and soil erosion. The nation's dependence on 

agriculture and livestock, coupled with population pressures, exacerbates these issues, leading 

to considerable land degradation and desertification (Ayoub, 1998; O.H.A. et al., 2013; Osman 

& Yassin, 2024; Tokbergenova et al., 2018). The following sections will explore the specific 

challenges associated with deforestation and soil erosion in Sudan. 

Regarding geographical and environmental conditions, Sudan's arid and semi-arid zones are 

particularly vulnerable to desertification, affecting approximately 500,000 km² of land. The 

variability in rainfall and climatic conditions contributes to the vulnerability of ecosystems, 

rendering them susceptible to degradation (O.H.A. et al., 2013). Concerning the socio-economic 

and political context, over 76% of Sudan's population resides in arid and semi-arid regions, 

where land degradation is most pronounced. Economic activities, including agriculture and 

livestock rearing, heavily rely on land resources that are unsustainably exploited (Ayoub, 1998). 

Political instability, ongoing conflicts, and weak institutional capacity have effectively hindered 

the implementation of development plans and policies.  
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Regarding the challenges posed by deforestation, the predominant drivers of this phenomenon 

in Sudan encompass the excessive extraction of forest resources for fuel and agricultural 

expansion. Furthermore, the absence of effective forest management practices contributes to the 

depletion of tree stocks, adversely affecting agricultural productivity and exacerbating 

environmental degradation (Tokbergenova et al., 2018). Wind and water erosion are prevalent 

in soil erosion and land degradation; wind erosion predominates in arid zones, while water 

erosion is more significant in semi-arid zones. Overgrazing and deforestation contribute to soil 

degradation, impacting millions of hectares of land (Ayoub, 1998). Although the challenges of 

deforestation and soil erosion in Sudan are considerable, potential solutions and interventions 

are available. The implementation of agroforestry and the utilization of geo-information systems 

have been proposed as strategies for managing resources more sustainably and mitigating the 

effects of land degradation (Osman & Yassin, 2024; Tokbergenova et al., 2018). These 

approaches could help reconcile socio-economic needs with environmental conservation if 

executed effectively. 

2.4 Forest and Soil: Ecological Balance and Impacts of Deforestation 

2.4.1 Natural balance and deforestation 

Forests play a crucial role in maintaining environmental balance and supporting sustainable 

development. They function as carbon sinks, absorbing substantial amounts of CO2 from the 

atmosphere and mitigating climate change (Rajasugunasekar et al., 2023). Forests regulate 

temperature fluctuations, diminish wind speed, and enhance soil conditions. They are essential 

for biodiversity conservation, providing habitats for numerous species (Koġanin et al., 2023). 

Additionally, forests offer vital ecosystem services, including water regulation, erosion 

prevention, and nutrient cycling (Rajasugunasekar et al., 2023).  

Furthermore, they supply timber and non-timber products critical for human survival (Buckner 

et al., 2016). The indirect benefits of forests, such as carbon absorption and oxygen production, 

significantly contribute to their economic value. Recognizing these multifaceted benefits is 

imperative for developing effective forest conservation strategies and achieving environmental, 

social, and economic objectives (Rajasugunasekar et al., 2023). In Sudan, deforestation poses a 

significant concern, with the country witnessing a decline in forest cover due to various factors 

(Budi Mulyana et al., 2022). In response to these challenges, Sudan has implemented policies 
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aimed at food security, poverty reduction, and climate change adaptation. However, the 

effectiveness of these policies has been limited due to political instability and weak institutional 

capacity (El Tahir et al., 2010; Worku & Ayalew, 2024). 

2.4.2 Impacts of Deforestation: A Multifaceted Crisis 

Deforestation is a complex issue with far-reaching consequences for the environment, society, 

and economy as follows:  

2.4.2.1 Environmental Impacts 

Deforestation has significant environmental consequences, particularly concerning biodiversity, 

soil health, and climate. The loss of forest cover leads to increased greenhouse gas emissions, 

soil erosion, and water pollution, worsening the critical state of natural resources in affected 

regions. Understanding these impacts is vital for developing effective management strategies. 

Deforestation is a major contributor to habitat destruction, decreasing species diversity. A study 

in Um Hataba Forest identified a shift from forested areas to mixed shrub and grassland 

ecosystems, signifying a loss of native vegetation. Additionally, the degradation of forested 

environments threatens local wildlife, disrupting ecosystems and food chains (Budi Mulyana et 

al., 2022). Removing trees causes soil erosion due to the loss of tree roots that stabilize the soil, 

leading to nutrient depletion and increased runoff. This runoff contaminates water supplies and 

reduces agricultural productivity  (Mrs. Archana K, 2013). 

Moreover, deforestation significantly alters local and regional climates, decreasing precipitation 

and increasing temperatures, as shown by climate modeling studies. Reducing forest cover can 

create a feedback loop where diminished rainfall exacerbates drought conditions, negatively 

impacting agriculture and livelihoods. Although the immediate economic benefits of 

deforestation, such as timber extraction and agricultural expansion, are often prioritized, the 

long-term environmental repercussions pose considerable risks to Sudan's ecological balance 

and sustainability (Mrs. Archana K, 2013). 

2.4.2.2 Social Impacts 

Deforestation has significant social impacts beyond environmental degradation, affecting 

community well-being, economic stability, and cultural dynamics. The consequences of 



~ 10 ~ 
 

deforestation are complex, influencing various aspects of life in the affected regions (Prochazka 

et al., 2023). Key areas where these social impacts manifest include the following. 

The effects of deforestation on community development and livelihoods are profound. It often 

leads to losing vital ecosystem services, such as water availability and soil fertility, essential for 

subsistence farming and local economies (Dominguez-Gaibor et al., 2023). Communities that 

depend on forest resources face economic instability and increased poverty as these resources 

become depleted. Deforestation also significantly impacts health and well-being. The 

degradation of forests can worsen health issues, leading to respiratory problems due to increased 

air pollution and a rise in vector-borne diseases as habitats change (MacDonald & Mordecai, 

2019). Furthermore, the economic instability linked to deforestation can result in malnutrition 

and food insecurity, further affecting community health (Dominguez-Gaibor et al., 2023). 

In terms of cultural and social changes, deforestation can disrupt traditional practices and 

beliefs. Losing biodiversity and traditional livelihoods can erode cultural identity and 

community cohesion, particularly among Indigenous populations (Dominguez-Gaibor et al., 

2023). While some argue that deforestation can drive economic development through 

agricultural expansion, providing immediate financial benefits to communities, this perspective 

often overlooks the long-term social and environmental costs associated with such practices. 

2.4.2.3 Economic Impacts 

Deforestation has significant economic consequences beyond the immediate loss of forest 

resources. One of the primary economic impacts of deforestation is the decline in agricultural 

productivity. Removing trees leads to soil erosion, nutrient depletion, and land degradation, 

rendering agricultural land less fertile and productive. This decline directly affects farmers' 

livelihoods, reduces agricultural output, and threatens domestic food security and export 

revenues (Abman et al., 2024; Burgess, 2023). Additionally, deforestation decreases the 

availability of valuable forest products, including timber and non-timber forest resources, which 

are essential for local and national economies. These products provide income and employment 

opportunities for communities reliant on forest resources. The loss of these products restricts 

economic diversification and diminishes export revenues (Burgess, 2023). 

The repercussions of deforestationðincluding soil erosion, flooding, and desertificationð

impose significant economic burdens on society. Addressing these environmental issues 
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necessitates substantial investments in remediation and disaster management, diverting public 

funds from other developmental priorities. Moreover, the increased frequency and severity of 

natural disasters linked to deforestation can damage infrastructure, disrupt economic activities, 

and result in considerable financial losses (Burgess, 2023). 

Deforestation also adversely affects the tourism industry. The loss of forests and biodiversity 

diminishes the appeal of natural landscapes and wildlife habitats, deterring tourists and 

negatively impacting tourism-related businesses. This decline in tourism revenue can severely 

harm local economies, particularly in areas that depend on tourism for income (Gu, 2023). 

In conclusion, the impacts of deforestation are extensive and interconnected. Soil erosion is a 

critical issue that exacerbates the country's environmental, social, and economic challenges. 

Effectively addressing deforestation requires a comprehensive approach, including 

reforestation, sustainable land management practices, community engagement, and policy 

reforms. 

2.4.3  Causes of Deforestation 

Deforestation is a pressing environmental issue with far-reaching consequences. The primary 

causes of this problem can be categorized as follows:    

2.4.3.1 Human-Induced Factors 

Multiple anthropogenic factors contribute to deforestation. Agricultural expansion, mainly 

through mechanized rain-fed farming, is a significant forest loss driver. Additional critical 

factors include the production of fuelwood and charcoal for cooking and heating purposes. 

Overgrazing, urbanization, infrastructure development, conflict, and displacement have 

compelled populations to depend on forests for survival, resulting in heightened rates of 

deforestation (Budi Mulyana et al., 2022; Eltoum et al., 2015; Worku & Ayalew, 2024). 

2.4.3.2 Natural Factors 

The forests of Sudan are facing considerable threats from various natural factors, predominantly 

exacerbated by climate change. Drought and desertification have become increasingly 

prevalent, undermining the resilience of trees and rendering them vulnerable to pests, diseases, 

and wildfires. As desert regions expand, they encroach upon forest boundaries, diminishing 

forested areas' overall extent. Additionally, both natural and anthropogenic fires pose a 

significant threat. Lightning strikes can initiate wildfires, particularly during dry seasons. In 
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conjunction with other human-induced pressures, such as the careless disposal of cigarettes and 

agricultural burning, these factors contribute to the alarming rate of deforestation observed in 

Sudan (El Tahir et al., 2010). 

2.4.3.3 Socio-economic Factors 

Socio-economic factors play a significant role in contributing to deforestation, with poverty 

identified as a primary driver. Many rural communities heavily depend on forest resources, 

particularly in developing countries. As poverty levels increase, individuals may resort to 

unsustainable practices, such as deforestation, to secure fuelwood, timber, and agricultural land. 

Although these actions may provide immediate relief from economic hardship, they often result 

in long-term environmental degradation, perpetuating cycles of poverty (Dominguez-Gaibor et 

al., 2023; Prochazka et al., 2023; Worku & Ayalew, 2024). Furthermore, a lack of awareness 

regarding the ecological importance of forests and the long-term consequences of deforestation 

can exacerbate the issue. Education and awareness campaigns are crucial for promoting 

sustainable forest management practices. Additionally, weak governance is a critical factor 

contributing to deforestation. Ineffective forest management and poor enforcement of 

environmental laws and regulations can facilitate the degradation of forest ecosystems (Yusif et 

al., 2024). 

In conclusion, addressing deforestation in Sudan necessitates a multifaceted approach that 

includes sustainable land-use planning. Moreover, it is essential to support rural communities 

in developing sustainable livelihoods that do not rely on forest exploitation. 

2.5 Understanding Soil Erosion: Mechanisms and Consequences   

Soil erosion represents a significant environmental concern characterized by the displacement 

of topsoil due to agents such as wind, water, and other natural forces. This phenomenon can 

lead to a reduction in soil fertility, resulting in diminished agricultural productivity and 

contributing to environmental pollution. The health of soil is critical for sustainable agricultural 

practices and the overall functioning of ecosystems. Healthy soils perform essential functions, 

including nutrient cycling, water retention, carbon sequestration, and support for biodiversity 

(Athar & Kanwal, 2022). Maintaining soil health is vital for long-term agricultural productivity, 

environmental sustainability, and achieving sustainable development goals. Regular monitoring 
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and evaluation of soil health are necessary to ensure the continued productivity of agricultural 

land and support future generations (Handayani & Hale, 2022; Pachani & Kashyap, 2020). 

2.5.1 Types of Soil Erosion 

Soil erosion is a significant environmental problem that occurs when the top layer of soil is 

removed by wind, water, or gravity. The primary types of soil erosion are categorized as 

follows:    

2.5.1.1 Water Erosion 

Water erosion is a prevailing form of erosion in humid and sub-humid ago-eco-systems, the 

most severe type. In this form, detachment and transportation of soil particles from their parental 

source occur through water through rainfall, runoff, hailstorm, and irrigation. Rainfall is one of 

the major factors which causes the movement and detachment of soil particles. The detached 

soil particles seal the open-ended and water-conducting soil pores, reduce water infiltration, and 

cause runoff. The first two phases determine the quantity of soil to be eroded, and the third phase 

determines the distribution of the eroded material along the landscape. There will be no 

deposition if there is no dispersion and transport of soil particles. Hence, detachment and 

transport of soil particles are the primary processes of soil erosion (Kumawat et al., 2021; 

Potgieter & Raselabe, 2016). The different forms of water erosion are described below: 

1. Splash Erosion:  

Splash erosion is the first form of soil erosion by water. Falling raindrops on the soil surface 

break the soil aggregates and disperse and splash soil particles from their source, known as 

splash erosion. The process of splash erosion involves raindrop impact on soil particles, a splash 

of soil particles, and the formation of craters. The raindrops falling on the soil surface act like a 

small bomb that disintegrates soil particles and forms cavities of contrasting shapes and sizes. 

The depth of craters is equal to the depth of raindrop penetration, which is a function of raindrop 

velocity, size, and shape. In this form, soil particles can move only a few centimeters away from 

their source (Kumawat et al., 2021; Potgieter & Raselabe, 2016). 

2. Sheet Erosion 

Sheet erosion represents the subsequent phase of splash erosion, characterized by the uniform 

removal of the fertile topsoil layer from the entire sloping surface area of a field due to runoff 

water. Particle detachment, rainfall intensity, and land slope influence this process. The shallow 
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flow of runoff water erodes the soil, forming tiny rills. From an agricultural perspective, sheet 

erosion is recognized as one of the most prevalent and severe forms of soil erosion, as it leads 

to the loss of nutrient-rich topsoil. Approximately 70% of total soil erosion is estimated to be 

attributed to splash and sheet erosion (Kumawat et al., 2021; Potgieter & Raselabe, 2016). 

 
Figure 1: Splash erosion source (Potgieter & Raselabe, 2016) 

 
Figure 2: Sheet erosion source (Potgieter & Raselabe, 2016) 
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3. Rill Erosion:  

Rill erosion is characterized by the flow of runoff water, which carries soil particles and organic 

matter through small, finger-like channels. Researchers consider this phenomenon an advanced 

form of sheet erosion, which contributes significantly to soil loss. Water flow through these 

small channels facilitates soil erosion at a rate that exceeds that of sheet erosion. Rill erosion 

ranks as the second most prevalent form of water erosion. While tillage operations can 

effectively manage the formation of these rills, they may exacerbate soil loss during periods of 

intense rainfall. The primary factors influencing rill erosion include soil erodibility, land slope, 

runoff transport capacity, and the hydraulic shear of water flow (Kumawat et al., 2021; Potgieter 

& Raselabe, 2016). 

 
Figure 3: Rill erosion source (Potgieter & Raselabe, 2016) 

4. Gully Erosion 

Gully erosion represents a more advanced form of rill erosion. As the volume and velocity of 

concentrated runoff water increase, rills deepen and widen, ultimately forming gullies. These 

gullies are characterized as linear incision channels, typically measuring 0.3m in width and 0.3m 

in depth. Concentrated runoff flow is a primary factor in the genesis of gullies, and the 

persistence of gully erosion can result in the complete removal of the soil profile. In its most 

extreme form, gully erosion may lead to crop failure, expose plant roots, diminish groundwater 
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levels, and adversely affect landscape stability (Kumawat et al., 2021; Potgieter & Raselabe, 

2016).. 

Furthermore, gullies can fragment agricultural fields and exacerbate non-point source pollution, 

such as sediment and chemicals, into adjacent water bodies. Conventional tillage operations are 

ineffective in remedying the formation of gullies. The factors primarily influencing gully 

erosion include the shear stress of flowing water and the critical shear stress of the soil. 

Continued erosion of gullies may result in the formation of ravines (Kumawat et al., 2021; 

Potgieter & Raselabe, 2016).. 

Gullies can be classified based on their size, depth, and drainage area into the following 

categories: a. U-shaped gullies: These gullies typically form in alluvial soils where the 

characteristics of both surface and subsurface soils are similar. b. V-shaped gullies represent the 

most common form of gully erosion in regions where the subsurface soil exhibits more excellent 

resistance than the overlying topsoil (Kumawat et al., 2021; Potgieter & Raselabe, 2016). 

 
Figure 4: Gully erosion source (Potgieter & Raselabe, 2016) 

2.5.1.2 Wind Erosion 

Wind erosion generally occurs in arid and semi-arid areas devoid of vegetation, with high wind 

velocity. The soil particles on the land surface are lifted and blown off as dust storms. When the 

velocity of the dust-bearing wind is retarded, coarser soil particles are deposited in the form of 

dunes, and thus fertile lands are rendered unfit for cultivation. In another place, winds blow 

away fertile soil, exposing the subsoil; as a result, something considerably reduces the soil's 
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productive capacity. The lifting and abrasive action of wind detaches tiny soil particles from the 

granules or clods. The impact of these rapidly moving particles dislodges other particles from 

clods and aggregates. These dislodged particles are ready for movement. The movement of soil 

particles in wind erosion is initiated when the pressure of the wind against the surface soil grains 

overcomes the force of gravity on the grains (Telkar et al., 2015). Wind is responsible for three 

types of soil movement in wind erosion. They are saltation, suspension, and surface creep 

(Telkar et al., 2015). 

1. Saltation 

The significant portion of soil the win carries is moved in a series of short bounces called 

"saltation." The soil carried in a saltation consists of fine particles ranging from 0.1 to 0.5 mm 

in diameter. About 50-75% of soil erosion by wind is carried out by saltation. Saltation is caused 

by the direct wind pressure on soil particles and their collision with other particles. After being 

pushed along the ground surface by the wind, the particles leap almost vertically in the first 

stages of saltation  (Telkar et al., 2015). 

2. Suspension 

The movement of fine dust particles smaller than 0.1 mm in diameter by floating in the air is 

known as suspension. Soil particles carried in suspension are deposited when the sedimentation 

force is greater than the force holding the particles in suspension. This occurs with a decrease 

in wind velocity. Suspension usually may not account for more than 15% of total movement  

(Telkar et al., 2015). 

 
Figure 5: Soil Particles Movement source (Presley & Tatarko, 2009) 



~ 18 ~ 
 

3. Surface creep 

Soil particles, more extensive than about 0.5 mm in diameter but smaller than 3.0 mm, are too 

heavy to be moved in saltation but rolled and slid along the surface by wind pressure and hitting 

during saltation. About 5 - 25 % of soil erosion is carried out by surface creep. About 90% of 

the total soil movement in wind erosion is below the height of 30 cm, and about 50% is within 

5 cm of the ground level  (Telkar et al., 2015). 

2.5.2 Impacts of Soil Erosion 

Soil erosion, a pervasive yet detrimental phenomenon, has extensive implications for both the 

environment and human society. The principal concern is the depletion of fertile topsoil, which 

constitutes the foundation of agricultural productivity. As erosion diminishes this essential layer, 

it leads to decreased crop yields, threatens food security, and increases market prices. 

Furthermore, eroded soil particles are transported into waterways, thereby impairing water 

quality, adversely affecting aquatic ecosystems, and obstructing vital infrastructure. In addition 

to these immediate effects, erosion plays a significant role in the expansion of deserts, rendering 

extensive areas of land unsuitable for agricultural use and human habitation. This phenomenon 

also undermines biodiversity by destroying habitats and disrupting delicate ecological equilibria 

(Kanianska et al., 2024; Lal, 1998). 

 
Figure 6: Impacts of soil erosion 
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Moreover, the erosion of soils results in the release of stored carbon dioxide into the atmosphere, 

thereby exacerbating climate change. The decline in agricultural productivity can precipitate 

economic losses, while damage to infrastructure and the displacement of communities further 

intensify the challenges posed by soil erosion. To mitigate these extensive consequences, it is 

crucial to implement sustainable land management practices that ensure a viable future for 

subsequent generations (Kanianska et al., 2024; Lal, 1998). 

2.5.3 Factors Affecting Soil Erosion 

Soil erosion is a complex process influenced by a variety of factors. The intensity and duration 

of rainfall significantly affect erosion, as heavy precipitation can dislodge soil particles and 

facilitate their transport downhill. Soil type is another critical factor; loose, sandy soils exhibit 

greater susceptibility to erosion than clay soils due to their lower cohesion. Vegetation cover 

functions as a protective layer, anchoring the soil and diminishing the impact of rainfall. The 

steepness of slopes is also a significant determinant, as steeper gradients promote accelerated 

water runoff and enhance erosion potential. Furthermore, anthropogenic activities, such as 

deforestation, overgrazing, and inadequate agricultural practices, can exacerbate erosion by 

removing vegetation cover and exposing the soil to erosive forces (El-Swaify, 1997; Hartanto 

et al., 2003; Yao et al., 2016). 

 
Figure 7: Factors affecting soil erosion 
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2.5.4 Soil Erosion Control: Key Strategies 

Soil erosion control practices encompass a range of techniques employed to prevent or mitigate 

soil erosion. These practices can be categorized into three primary types: Vegetative Practices, 

Structural Practices, and other Practices. 

Vegetative Practices involve a variety of techniques aimed at preserving soil health and 

minimizing erosion. These methods include the strategic planting of cover crops, such as clover 

or ryegrass, to protect the soil during off-seasons; systematic crop rotation to enhance soil 

fertility and reduce pest infestations; contour farming to slow water runoff and prevent soil loss; 

alternating the planting of different crops in strips to disrupt wind and water flow; and the 

implementation of terraced formations on slopes to reduce gradient and decelerate water runoff. 

Structural Practices comprise various techniques designed to mitigate soil erosion and manage 

water runoff. These include check dams, which serve as small barriers to slow water flow and 

capture sediment; grassed waterways, where vegetation is established to decelerate water 

movement and prevent erosion; sediment basins, which are excavated depressions intended to 

trap sediment and reduce water flow; and riprap, the placement of rocks or alternative materials 

along waterways to protect banks from erosion (Presley & Tatarko, 2009; Ricci et al., 2020). 

 
Figure 8: Soil erosion control practices 
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Additional soil conservation practices include mulching, which involves covering the soil 

surface with organic or inorganic materials to protect it from erosion and retain moisture. 

Conservation tillage techniques minimize soil disturbance during planting and harvesting, 

thereby reducing erosion. Furthermore, afforestation and reforestation, along with the planting 

of trees, contribute to soil stabilization and enhanced water infiltration. These practices function 

synergistically, creating a comprehensive approach to soil conservation. The selection of 

appropriate soil erosion control practices is influenced by a variety of factors, including the 

severity of erosion, land slope, soil type, and local climate. 

2.6 The RUSLE Model: Assessing Soil Loss 

The Revised Universal Soil Loss Equation (RUSLE) model serves as a pivotal instrument for 

evaluating soil erosion risk across diverse land cover conditions. This comprehensive approach 

facilitates a practical evaluation of soil erosion, particularly in regions experiencing 

deforestation and land-use changes. The primary objective of RUSLE is to estimate soil erosion 

to inform land management and conservation strategies. The model takes into account climatic, 

topographic, and land cover factors, making it suitable for a range of environments (Dhobale & 

Road, 2024; Moges & Bhat, 2017; Moisa et al., 2022). 

The parameters of  RUSLE include Rainfall Erosivity (R), which reflects the impact of rainfall 

on erosion, with higher values indicating a more significant potential for erosion; Soil 

Erodibility (K), which denotes the susceptibility of soil to erosion, where elevated K values 

correlate with an increased risk of erosion; Slope Length and Steepness (LS), which influences 

runoff velocity and erosion, with steeper slopes associated with higher erosion rates; Cover 

Management (C), which signifies vegetation cover, with dense vegetation serving to mitigate 

erosion; and Support Practices (P), which encompasses conservation measures aimed at 

alleviating erosion  (Dhobale & Road, 2024; Moges & Bhat, 2017; Moisa et al., 2022). RUSLE 

has been effectively utilized in various studies. However, the limitations of RUSLE include the 

necessity for adaptations to account for changing climatic conditions and land-use practices, as 

emphasized in studies highlighting its need for updates in contexts of extreme weather. While 

RUSLE provides a robust framework for soil erosion assessment, its effectiveness may be 

constrained by the requirement for localized calibration and the dynamic nature of 

environmental factors  (Dhobale & Road, 2024; Moges & Bhat, 2017; Moisa et al., 2022). 
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2.7 Remote Sensing and GIS for Environmental Assessment 

The assessment of environmental conditions heavily relies on both Remote Sensing and 

Geographic Information Systems (GIS) since they help with monitoring land cover alterations 

as well as estimating soil erosion threats.  Satellite imagery provides effective land cover 

transformation detection including deforestation and agricultural expansion patterns as shown 

in research conducted in Cambodia and China (Sourn et al., 2022).  The combination of remote 

sensing data and topography data and soil properties in GIS allows researchers to conduct 

Spatial analysis and RUSLE modeling resulting in soil erosion risk assessment such as 

demonstrated in research from the Amazon and Bosnia and Herzegovina (Golijanin et al., 2022). 

Deforestation assessments through the synergy of remote sensing with GIS and RUSLE can 

determine erosion effects on the land similar to studies in Niger and Egypt to develop efficient 

land conservation plans (Abdelsamie et al., 2023; Almouctar et al., 2021). 
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CHAPTER 3  

METHODOLOGY  

3.1 Study Area 

The current study is conducted in South Kordofan State, one of the 18 states of Sudan. The 

region encompasses an area of 78,465.18 km² and has an estimated population of approximately 

2,107,623 individuals, according to the 2018 estimate. Kaduqli is the state's capital, which lies 

within a semi-arid zone of Sudan. The geographical coordinates of the region extend between 

29.25° E and 32.5° E longitude and 12.75° N and 9.75° N latitude. Administratively, South 

Kordofan State is bordered to the north by North Kordofan State, to the west by West Darfur 

State, to the northeast by White Nile State, and the south and southeast by the Republic of South 

Sudan (Eisawi et al., 2022; Sabil et al., 2015). The primary activities of the communities are 

agriculture and livestock grazing. The region has endured over twenty years of conflict, which 

has significantly impacted the social and economic conditions of the state (Abou-Zeid et al., 

2012). 

 
Figure 9: South Kordofan State (Study area) 
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3.2 Data Sources and Types 

This section outlines the data sources and characteristics used in this research to assess the 

impact of deforestation on soil erosion in Sudan using geospatial techniques and the Revised 

Universal Soil Loss Equation (RUSLE) model. 

3.2.1 Land use and land cover (LULC) data: 

Land use and land cover (LULC) data, crucial for understanding land use change and its direct 

influence on soil erosion, were obtained from Esri's Impact Observatory. This dataset, covering 

the period from 2017 to 2023, provides a time-series analysis essential for identifying 

deforestation patterns. The data were georeferenced to the World Geodetic System 1984 

(WGS84) datum and projected using the Universal Transverse Mercator (UTM) projection, with 

a spatial resolution of 10 meters. This high resolution allows for detailed mapping of land cover 

changes. The imagery underwent radiometric and atmospheric corrections to minimize errors, 

ensuring data accuracy. Acquisition dates were carefully selected to maximize data availability 

and minimize cloud cover, crucial for reliable land cover classification. 

3.2.2 Rainfall data: 

Rainfall data, a key factor in determining the erosivity of precipitation (R-factor in RUSLE), 

were acquired from the Sudan Meteorological Authority (www.meteosudan.sd). These data 

provide essential information on rainfall intensity and distribution, directly impacting soil 

erosion rates (Almeida et al., 2021). The significance of this data lies in its ability to quantify 

the erosive force of rainfall across the study area. 

3.2.3 Soil data: 

Soil data, essential for characterizing soil erodibility (K-factor in RUSLE), were downloaded 

from the digital soil map of the Food and Agriculture Organization (FAO) (www.fao.org/soils-

portal/data). The FAO soil data provide detailed information on soil texture, organic matter 

content, and permeability, which are critical for assessing soil susceptibility to erosion 

(Reynolds et al., 2000). This dataset allows for the spatial mapping of soil properties that 

influence erosion rates. 

3.2.4 Digital Elevation Model (DEM): 

A Digital Elevation Model (DEM) with a 30-meter resolution was sourced from the Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER). The DEM is fundamental 

http://www.meteosudan.sd/
http://www.fao.org/soils-portal/data
http://www.fao.org/soils-portal/data
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in understanding terrain variability, which directly influences slope length and steepness (LS-

factor in RUSLE). It enables the derivation of topographic parameters necessary for erosion 

modeling, highlighting areas prone to higher erosion rates due to steep slopes and long flow 

paths (Mitasova et al., 1996). 

3.2.5 Quality Control Measures: 

To ensure the reliability and accuracy of the datasets, several quality control steps were 

implemented during data collection and processing. For the LULC data, radiometric and 

atmospheric corrections were applied to reduce noise and enhance image quality. Cloud cover 

was minimized by selecting images with optimal acquisition dates. The rainfall data from the 

Sudan Meteorological Authority were subjected to standard validation procedures to ensure 

consistency and accuracy. The FAO soil data were utilized in its standard format, which is 

globally recognized and validated. The ASTER DEM was selected for its consistent spatial 

resolution and global coverage, and its accuracy was verified against known elevation points. 

3.2.6 Software and Tools: 

The study utilized ENVI and ArcGIS version 10.8 software for pre-processing, interpretation, 

and analysis of the geospatial data. These tools facilitated the integration of various datasets and 

the execution of the RUSLE model, as outlined in the methodological flowchart of this study. 

 

Figure 10: Methodological flowchart of the study 
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3.3 Data Analysis 

3.3.1 RUSLE Equation 

The Revised Universal Soil Loss Equation (RUSLE) is a widely recognized empirical model 

used to quantify and map soil erosion rates. It integrates key factors influencing soil loss, 

including rainfall erosivity (R), soil erodibility (K), slope length and steepness (LS), land 

cover/management (C), and conservation practices1  (P), to estimate average annual soil erosion 

(A) (Moges & Bhat, 2017). The RUSLE model provides valuable insights into areas most 

susceptible to erosion, enabling the spatial distribution of soil erosion to be mapped using 

Geographic Information System (GIS) techniques. This spatial information is crucial for 

informing decision-makers and land managers in prioritizing and implementing effective soil 

conservation strategies (Moisa et al., 2022). The core equation of the RUSLE model is:  

ὃ Ὑ ὑ ὒὛ ὅ ὖ Eq. 1 

Where:  

A = average soil loss per unit area in ton ù ha ù year. 

R = rainfall-runoff erosivity factor in MJ mm haī1 hī1 yearī1. 

K = soil erodibility factor in ton ha/MJ/mm. 

LS = slope length and steepness (Dimensionless). 

C = cropping and management systems (Dimensionless). 

P = conservation practices (Dimensionless). 

To ensure accuracy in the Sudanese context, we undertook the validation and calibration of the 

Revised Universal Soil Loss Equation (RUSLE) model utilizing local data. Specific datasets 

encompassing rainfall, soil characteristics, and land cover pertinent to the study area were 

systematically collected. Where applicable, observed sediment yield measurements were 

employed to calibrate the model, with particular emphasis on adjusting the cover management 

(C) and support practice (P) factors to align with local land management practices. 

Subsequently, we validated the model through the application of statistical methods and spatial 

comparisons with observed erosion features derived from satellite imagery. Additionally, a 
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sensitivity analysis was conducted to identify the key influencing factors. This comprehensive 

approach ensured that the RUSLE model accurately represented the soil erosion conditions 

prevalent in Sudan. 

3.3.1.1 RUSLE Parameter Estimation 

3.3.1.1.1 Rainfall Erosivity Factor (R)  

Regarding this work, the rainfall erosivity factor for the study area was produced from the 

average annual rainfall (mm) data observations at the level of ten stations between 2017 and 

2023. The Lambordi mothed was used to estimate the rainfall erosivity factor and was used by 

(Sunusi Abubakar Amin1, Abdulaziz Baba Bello2, 2018). 

Ὑ ρȢπσ ὖ Eq. 2 

Where:  

R = Rainfall erosivity factor. 

P = Mean Annual Rainfall (mm). 

 

Figure 11: Rainfall maps of the study area 
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Figure 12: Rainfall Erosivity Factor 

3.3.1.1.2 Soil Erodibility Factor (K)  

K-factor quantifies the susceptibility of soil particles to detachment and transport by rainfall and 

surface runoff- various soil profile characteristics, including permeability, organic content, and 

texture, influence K factor. A small K factor indicates a soil that exhibits a high resistance to 

erosion, thereby demonstrating a reduced likelihood of detachment and transport by water. 

Conversely, a significant K factor signifies a highly susceptible soil to erosion, making it more 

prone to detachment and transport by water (Moges & Bhat, 2017). The K-factor was estimated 

using the equation proposed by William (2000), which is as follows: 

ὑ ὊὥὧὸέὶὊίὥὲὨὊzὧὰὥώὊzέὶὫὅὊzίὭὰὸπzȢρσρ Eq. 3 

ὊίὥὲὨ  πȢς πȢσȢὩὼὴπȢςυφȢὓίὥὲὨȢρ
ὓίὭὰὸ

ρππ
 Eq. 4 

Ὂ ὧὰὥώ 
ὓίὭὰὸ

ὓὧὰὥώὓίὭὰὸ

Ȣ

 Eq. 5 
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ὊέὶὫὧρ
πȢπςυφȢὕὶὫὧ

ὕὶὫὧÅØÐσȢχς ςȢωυȢέὶὫὧ
 Eq. 6 

ὊίὭὰὸρ
πȢχρ

ὓίὥὲὨ
ρππ

ρ
ὓίὥὲὨ
ρππ ὩὼὴυȢυρςςȢωȢρ

ὓίὥὲὨ
ρππ

 Eq. 7 

Where:  

M sand = the proportion (%) of sand content (0.05-2.0 mm diameter particles). 

M site  = the proportion (%) of silt content (0.002-0.05 mm diameter particles). 

M clay = the proportion (%) of clay content (<0.002 mm diameter particles). 

Organic = the amount (%) of the organic carbon content of the layer (%). 

Table 1: Soil types and their corresponding area 

No Soil Types Estimated K Value (t haï1 MJï1 mmï1) 

1 Lithosols 0.0197 

2 Chromic Luvisols 0.0187 

3 Ferric Luvisols 0.0175 

4 Cambic Arenosols 0.0094 

5 Eutric Gleysols 0.0203 

6 Chromic Vertisols 0.0190 

7 Pellic Vertisols 0.0153 
 

3.3.1.1.3 Topographic Factor (LS) 

The topographic factor is the function of slope length (L) and slope steepness (S). It represents 

the effect of topography on erosion. In the present study, the LS factor maps were generated 

from thematic layers of slope and flow accumulation maps derived from DEM using the 

following equation developed by Moore and Burch in 1986 and used by Moges and Bahat in 

2017 (Moges & Bhat, 2017). 

ὒὛ Ὂὰέύ ὃὧὧόάόὰὥὸὭέὲ
ὅὩὰὰ ὛὭᾀὩ

ςςȢρσ

Ȣ ÓÉÎὛὰέὴ

πȢπψωφ

Ȣ

 Eq. 8 

Where: 

Flow accumulation = the contribution of an area accumulated upslope for a given cell,  

LS = the combination of the slope length and slope steepness factor,  

Cell size = grid cell size for this study, the specific DEM is 30 m pixel size.  

Sin slope = the slope degree value in sin. 
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Figure 13: Soil types and K factor of south Kordofan state 

 

Figure 14: LS factor of study area 
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3.3.1.1.4 Crop Management Factor (C) 

Cover management factor (C) accounts for the impact of cropping and other practices on erosion 

rates. It is the most spatiotemporally sensitive because it tracks the dynamics of plant 

development (Ayalew et al., 2021). This factor is a non-dimensional number between 0 and 1 

that compares the comparable loss from continuous bare fallow to the soil loss due to rainwater 

erosion under certain land and vegetation conditions posed by Wischmeier and Smith 1978. The 

study examined seven forms of land use, which were converted from a raster map to a polygon 

using the raster-to-polygon tool and combined into a single class using ArcGIS software (Table 

2). Each land-use example has a C value assigned by reference in the range of 0 to 1, with a 

lower C value signifying no loss and a more considerable C value signifying significant odds of 

soil loss (Moges & Bhat, 2017; Moisa et al., 2022). 

Table 2: C factor of study area 
No LULC Types C Factor Reference 

1 Water 0.00 

(Madhukar et al., 2023) 

2 Tree 0.03 

3 Flooded Vegetation 0.01 

4 Crops 0.21 

5 Built Area 0.70 

6 Bare Ground 0.45 

7 Rangeland 0.03 

 
Figure 15: C factor for study area during study periods 
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3.3.1.1.5 Conservation Support Practice Factor (P) 

The support practice factor indicates the rate of soil loss according to the various cultivated 

lands on the earth. Three techniques are essential to control erosion: contour, cropping, and 

terraces. Table 3) shows the value of the support practice factor according to the cultivation 

methods and slope as posed by Shin in 1999. P values range from 0 to 1, whereby the value 0 

represents an outstanding manmade erosion resistance facility and the value one no manmade 

resistance erosion facility. In general, understanding the P-factor is essential for efficient soil 

erosion estimation and conservation planning within the RUSLE framework (Table 3) (Moges 

& Bhat, 2017; Moisa et al., 2022). 

In Sudan, agricultural practices are profoundly influenced by local conditions and resource 

availability. This study focuses on contour as a principal conservation practice. Contouring is a 

widely utilized method for soil erosion control, particularly in sloped terrain. This technique 

involves tilling and planting crops along contour lines, thereby creating small ridges that impede 

runoff and reduce its erosive potential. Such practices are especially critical in regions 

susceptible to intense rainfall events. 

 

Figure 16: P factor map of the study area 
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Table 3: Conservations Practice in Ahin and Pesaran 1999 

No Slope % P Factor 

1 0 ï 7 0.55 

2 7 ï 11.3 0.6 

3 11.3 ï 17.6 0.8 

4 17.6 ï 26.8 0.9 

5 26.8 > 1 

3.3.2 Land Use Land Cover (LULC) 

This research utilized Land Use Land Cover (LULC) maps for the years 2017, 2019, 2021, and 

2023, provided by NASA, to investigate land cover changes and their implications for soil 

erosion in South Kordofan State. These maps, generated through remote sensing techniques 

involving satellite imagery analysis, employed a classification scheme of seven categories: 

Water, Tree/Forest, Flooded Vegetation, Crops, Built Area, Bare Ground, and Rangeland, with 

a spatial resolution of 10 meters (Table 4). 

While the specific algorithms and processing workflows used by NASA are proprietary, they 

are understood to leverage advanced machine learning techniques for land cover classification 

based on spectral signatures and spatial patterns. To ensure the suitability of these pre-existing 

LULC maps for our study, validation efforts focused on verifying the accuracy of NASA's 

classification through ground truth data. This validation was crucial, as the training data used 

by NASA was originally selected by them. 

Given the constraints of the study, including the ongoing conflict in the region which limited 

extensive fieldwork, the validation process relied on a combination of field surveys and 

supplementary high-resolution imagery from Google Earth. Field surveys were conducted to 

visually assess and document vegetation type, density, and land use in accessible areas.  Rather 

than collecting specific waypoints for quantitative validation, these surveys aimed to provide 

qualitative confirmation of the LULC classifications provided by NASA, particularly in areas 

exhibiting classification ambiguities. For example, observations were made to verify if areas 

classified as "Tree/Forest" indeed exhibited forest characteristics, or if "Crops" areas aligned 

with observed agricultural practices (Figure 40).  The focus was on confirming the general 

accuracy of the classifications rather than conducting a rigorous, statistically based accuracy 

assessment. 
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High-resolution imagery from Google Earth served as a valuable supplementary tool, providing 

broader spatial context and enabling validation in regions rendered inaccessible due to the 

conflict. This was particularly important for confirming the presence of larger land cover 

features like water bodies, built-up areas, and extensive rangelands. 

It is important to note that due to the ongoing conflict, it was not feasible to collect a statistically 

representative sample of ground truth data across all LULC classes.  The validation was 

therefore limited to accessible areas and relied heavily on visual assessment and comparison 

with Google Earth imagery. This limitation is acknowledged, and the study emphasizes the 

qualitative nature of the validation process. 

These validated LULC maps were then used to assess changes in forest cover (afforestation and 

deforestation) and to track land conversion between different LULC classes from 2017 to 2023. 

These maps are instrumental in understanding land cover change's spatial and temporal 

dynamics within the study area, providing valuable insights for environmental monitoring, 

urban planning, and resource management (Table 4). 

Table 4: Description of land use land cover (LULC) classes in the study area. 

Class Descriptions 

Water Areas where water was predominantly present throughout the year. 

Forest 
Any significant clustering of tall (~15 feet or higher) dense vegetation, typically 

with a closed or dense canopy. 

Flooded 

vegetation 

Areas of vegetation with obvious intermixing of water throughout most of the 

year; seasonally flooded area that is a mix of grass/shrub/trees/bare ground. 

Crops Humans planted/plotted cereals, grasses, and crops not at tree height. 

Built Area 

Human-made structures, major road and rail networks, and large homogenous 

impervious surfaces, including parking structures, office buildings, and 

residential housing. 

Bare 

ground 

Areas of rock or soil with very sparse to no vegetation for the entire year; large 

areas of sand and deserts with no to little vegetation 

Rangeland 

Open areas covered in homogenous grasses with little to no taller vegetation, 

wild cereals, and grasses with no evident human plotting (i.e., not a plotted 

field). The mix of slight clusters of plants or single plants dispersed on a 

landscape that shows exposed soil or rock; scrub-filled clearings within dense 

forests that are not taller than trees. 
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CHAPTER 4  

RESULT AND DISCUSSION 

4.1 Result 

4.1.1 Land Use Land Cover (LULC) Change Analysis 

4.1.1.1 Overall Land Use Land Cover (LULC)  

An analysis of seven land use and land cover (LULC) classesðWater, Tree, Flooded 

Vegetation, Crops, Built Area, Bare Land, and Rangelandðbetween 2017 and 2023 reveals 

significant transformations within the study area. Rangeland remains the predominant LULC, 

although it experienced a decline from 82.2% in 2017 to 78.3% in 2023. Conversely, both 

agricultural land and built areas demonstrated considerable growth. Agricultural land increased 

from 4.76% in 2017 to 12.1% in 2023, while built areas expanded from 0.147% to 0.21% during 

the same period. The area classified as bare land exhibited a downward trend. Notably, 

tree/forest cover significantly decreased from 12.3% in 2017 to 9.11% in 2019, followed by a 

slight recovery to 9.26% in 2023. These findings indicate a reduction in forest cover, 

underscoring the urgent need for environmental intervention (Table 5, Figure 17). 

The slight recovery of forest cover between 2019 and 2023 is likely attributed to a combination 

of natural regeneration and reduced human pressure on the land. Given the absence of 

documented reforestation initiatives during this period, natural regeneration due to favorable 

climatic conditions may have played a role. Additionally, the conflict in the Abukrshola locality, 

a border region within the South Kordofan state in last years, led to the displacement of local 

communities and a subsequent decrease in agricultural activities. This decline in human 

intervention likely provided an opportunity for natural forest recovery (Ahmed & Ahmed, 1986; 

Loh et al., 2020). 

The observed reduction in forest cover within the South Kordofan State Forest is robustly 

validated by a convergence of evidence from established research. Specifically, our findings 

consistently align with the documented trends of deforestation reported in studies conducted by 

Budi Mulyana et al. and Rika Widianita (Budi Mulyana et al., 2022; Rika Widianita, 2023). 

This concordance across independent investigations not only reinforces the validity of our 

results but also highlights the persistent and critical nature of forest degradation in this region, 

demanding immediate and sustained intervention.  
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Table 5: Land use land cover of South Kordofan State 

LULC  
2017 2019 2021 2023 

Km2 % Km2 % Km2 % Km2 % 

Water 10.59 0.013 7.07 0.01 7.82 0.01 16.13 0.02 

Forest 9657.65 12.308 7146.32 9.11 7253.06 9.24 7264.06 9.26 

F V 19.59 0.025 13.68 0.02 17.08 0.02 32.25 0.04 

Crops 3736.04 4.761 6837.14 8.71 7284.68 9.28 9491.73 12.10 

Built Area 115.13 0.147 131.63 0.17 152.10 0.19 163.75 0.21 

Bare Ground 368.06 0.469 48.14 0.06 9.20 0.01 7.65 0.01 

Rangeland 64558.12 82.276 64281.20 81.92 63741.24 81.24 61489.64 78.37 

Total 78465.18 100 78465.18 100 78465.18 100 78465.18 100 

*FV= Flooded Vegetation 

 

Figure 17: Land use the land cover (LULC) from 2017 to 2023 
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4.1.1.2 LULC Change Detection and Conversion (2017-2023) 

The land use transfer matrix (LUTM) method was employed to analyze land use and land cover 

changes over the study period from 2017 to 2023, as recently used by (Moisa et al., 2022). 

The results indicate that approximately 4,886.94 km² of forest was converted to rangeland 

during this period, with a particular concentration in the southern and eastern regions. Areas 

surrounding Talawdi, Al Leri, and Ghadeer, along with the vicinities of Abukrshola, the 

southern part of Abu Jubayha, and Heiban, exhibit substantial changes, indicative of significant 

ecological pressures. Other localities also display notable, albeit less pronounced, conversions 

(Figure 18, Figure 23). 

The analysis further indicates that approximately 91.11 km² of forest was converted to 

agricultural land during this period. This conversion is distributed throughout the state, with 

significant changes observed in Habila, Abukrshola, Delami, Heiban, the northwestern part of 

Abu Jubayha, and Abassiya. Other localities experienced less extensive changes, which may 

indicate the central localities of the state are experiencing a widespread phenomenon of 

agricultural expansion (Figure 18, Figure 22). 

Additionally, the results indicate that approximately 6,468.16 km² of rangeland was converted 

to agricultural land during this period. The conversion is pervasive across South Kordofan, with 

all the state experiencing significant conversion except for Al Qaoz, Dilling, Al Leri, the 

boundary of Ghadeer, Rashad, parts of Heban, and the southeastern part of Abu Jubayha, which 

are experiencing less change. This highlights a state-wide trend of agricultural expansion into 

rangelands (Figure 18, Figure 24). 

Despite these changes, stable forest areas continue to persist, primarily concentrated in the 

southern regions of Talawdi, Al Leri, Abu Jubayha, central Abukrshola, western Abassiya, 

northern Habila, and Dilling. In contrast, other localities have exhibited a relatively lower degree 

of forest stability. Similarly, stable cropland areas are predominantly located in the northern part 

of the state, specifically within the localities of Abassiya, Al Tadamon, Abukrshola, and Habila 

(Figure 18, Figure 26). 

Conversely, the conversion of rangeland to forest is also occurring throughout the state, with 

significant changes are observed in the eastern regions of Abu Jubayha and Al Leri. The 

conversion of cropland to rangeland is noted across the northern areas of the state. Finally, the 
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conversion of bare ground to rangeland is primarily concentrated in the northeastern part of the 

state, particularly in Abassiya and Al Tadamon (Figure 18, Figure 25). 

In conclusion, the analysis of Land Use and Land Cover (LULC) changes in South Kordofan 

State reveals a complex interplay of land conversion processes, characterized by significant 

deforestation and agricultural expansion that adversely affect both forest and rangeland areas, 

all these findings are consistent with the results of Budi and El Tahir (Budi Mulyana et al., 2022; 

El Tahir et al., 2010). The spatial distribution of these changes indicates a pressing need for 

targeted interventions, particularly in the northern and southeastern regions, to mitigate potential 

ecological impacts. The extensive conversion of rangeland and forest to cropland underscores 

the necessity for sustainable agricultural practices such as conservation tillage, cover cropping, 

and crop rotation, can contribute to soil conservation. Furthermore, the localized transformation 

of bare ground into rangeland and the maintenance of stable forest and cropland areas illustrate 

the spatial variability of land use dynamics, suggesting diverse drivers that necessitate nuanced 

management strategies. This study provides a critical baseline for the formulation of effective 

mitigation measures. 

 
Figure 18: Distribution of LULC conversion between 2017 and 2023 
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Table 6: Land use land cover (LULC) conversion between 2017 and 2023 

LULC  

2023 

Water Forest F V Crops 
Built 

Area 
BG Rangeland Total 

2
0

1
7 

Water 2.41 0.41 0.82 0.89 0.00 0.57 5.49 10.59 

Forest 2.26 4675.75 1.42 91.11 0.14 0.03 4886.94 9657.65 

F V 3.7 0.15 3.4 1.85 0.00 0.14 10.34 19.59 

Crops 0.22 2.02 0.001 2845.68 16.13 0.005 871.99 3736.04 

Built Area  0.00 0.06 0.00 1.75 109.89 0.00 3.43 115.13 

BG 0.07 0.44 0.002 82.29 0.14 6.66 278.46 368.06 

Rangeland 7.47 2585.23 26.61 6468.16 37.45 0.25 55432.96 64558.12 

Total 16.13 7264.06 32.25 9491.73 163.75 7.65 61489.64 78465.18 

*FV = Flooded Vegetation, BG = Bare Ground 

4.1.1.3 LULC Change Across Slope Ranges (2017-2023) 

Based on the slope gradient classes established by the Food and Agriculture Organization (FOA 

2006), the slopes of South Kordofan State were reclassified, considering significant topographic 

variation and land use and land cover (LULC) dynamics. Accordingly, the slope was categorized 

as follows: flat to almost flat terrain (0ï2%); gently flat to undulating terrain (2ï10%); rolling 

terrain (10ï15%); hilly terrain (15ï30%); and steep dissected to mountainous terrain (> 

30%)(Moisa et al., 2022) . The following areas predominantly characterized the study area: 

19300.62 km², 53828.05 km², 1609.738 km², 2005.588 km², and 1721.188 km², respectively. 

Analysis of land use and land cover (LULC) change from 2017 to 2023 reveals a strong 

correlation between slope and land use conversion. The preferential expansion of agricultural 

land and the maintenance of rangeland on low-lying areas (0-10% slopes) suggests a direct link 

to declining vegetation cover and a consequent increase in soil erosion. This observation is 

crucial, as the clearing of natural vegetation for agricultural purposes and the continued use of 

rangeland can leave the soil more vulnerable to erosion processes. Vegetation typically offers 

protection by intercepting rainfall, reducing runoff velocity, and stabilizing the soil through its 

root systems. The loss of this protective cover directly contributes to increased soil erosion 

(Alebachew et al., 2025). 

Table (7) provides clear evidence of this trend. There is a significant decrease in forest land, 

from 2,722.3 km² in 2017 to 2,088.5 km² in 2023. Additionally, there is a notable reduction in 

rangeland, which decreased from 15,552.4 km² in 2017 to 14,709.4 km² in 2023. In contrast, 
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there is a significant increase in agricultural land, rising from 3,736 km² in 2017 to 9,492 km² 

in 2023, predominantly within the 0-10% slope range. This trend indicates continued pressure 

on vegetation cover in these areas.  

The loss of vegetation cover directly affects the parameters of the Revised Universal Soil Loss 

Equation (RUSLE) model, particularly the cover management factor (C-factor). The C-factor in 

the RUSLE model quantifies the impact of land cover and management practices on soil erosion 

rates (Madhukar et al., 2023). The observed shift towards agricultural expansion and the 

continuation of rangeland on gently sloping terrain would likely result in elevated C-factor 

values in these areas, indicating increased susceptibility to erosion. 

Table 7: Land use land cover change over slope range from 2017 to 2023 

LULC Types year Slope (%) 

0 -2 2 ï 10 10 ï 15 15 - 30 > 30 SUM 

Water 

2017 4.41 5.92 0.12 0.12 0.02 10.59 

2019 3.135 3.785 0.075 0.065 0.01 7.07 

2021 3.47 4.17 0.09 0.07 0.00 7.82 

2023 5.28 10.6 0.13 0.08 0.01 16.1 

Forest 

2017 2722.362 6250.332 170.302 292.802 221.852 9657.65 

2019 2037.412 4612.022 125.942 210.292 160.652 7146.32 

2021 2099.886 4702.216 114.856 191.416 144.686 7253.06 

2023 2088.538 4648.508 125.668 219.278 182.068 7264.06 

Flooded 

Vegetation 

2017 7.35 12.2 0.04 0.00 0.00 19.59 

2019 6.21 7.44 0.03 0.00 0.00 13.68 

2021 7.31 9.73 0.04 0.00 0.00 17.08 

2023 11.61 20.61 0.03 0.00 0.00 32.25 

Crops 

2017 923.922 2738.322 57.012 14.442 2.342 3736.04 

2019 1748.552 4975.662 84.572 22.802 5.552 6837.14 

2021 1857.964 5304.564 91.054 25.434 5.664 7284.68 

2023 2469.526 6878.406 105.696 29.326 8.776 9491.73 

Built Area  

2017 20.84 88.45 3.89 1.55 0.4 115.13 

2019 23.602 101.412 4.382 1.762 0.472 131.63 

2021 26.886 117.096 5.256 2.246 0.616 152.1 

2023 28.638 125.988 5.948 2.488 0.688 163.75 

Bare Ground 

2017 83.127 281.917 2.827 0.17 0.02 368.06 

2019 11.11 36.21 0.75 0.06 0.01 48.14 

2021 1.74 7.04 0.37 0.04 0.01 9.2 

2023 1.68 5.61 0.33 0.03 0.00 7.65 

Rangeland  

2017 15552.48 44564.81 1332.41 1654.48 1453.94 64558.2 

2019 15485.09 44204.34 1351.47 1728.48 1511.82 64281.2 

2021 15317.56 43797.26 1355.25 1743.96 1527.21 63741.2 

2023 14709.47 42252.08 1329.24 1712.08 1486.75 61489.6 



~ 41 ~ 
 

4.1.2 Spatiotemporal Patterns of Deforestation and Afforestation. 

The analysis of afforestation and deforestation was conducted over three distinct study periods: 

2017-2019, 2019-2021, and 2021-2023. The results indicate a significant increase in 

deforestation from the first period (2017-2019) to the last period (2021-2023), with the 

deforestation rate in the last period nearly double that of the former. Although an overall upward 

trend in deforestation is apparent, a slight decrease was observed between 2019 and 2021. 

Conversely, afforestation exhibited a consistent increase throughout the study periods, 

indicating a trend of natural forest regeneration. It is noteworthy that no afforestation initiatives 

were implemented within the study area during the study periods due to political instability and 

previous and ongoing conflict between the farmer and pastoral communities. 

The rate of afforestation, which represents natural regeneration, increased by approximately 

3.30% of the total area from the first (2.27%) to the last period, Furthermore, the changes in 

rainfall patterns may correlate with the rate of natural afforestation as in (Figure 11). The area 

of forest that remains unchanged appears relatively stable, suggesting the presence of certain 

areas resistant to deforestation. Despite the increase in natural afforestation, the overall trend 

indicates a net loss of forest cover, as deforestation consistently outpaces the rate of natural 

regeneration (Table 8; Figure 19). 

The data reveals a concerning trend of increasing deforestation, particularly during the period 

2021-2023. The increase of afforestation is likely attributable to a complex interplay of factors, 

including conflicts between farmers and pastoral communities, war-induced displacement 

leading to abandoned farmlands, and the effects of climate change, which have resulted in 

variable rainfall patterns that influence natural regeneration rates. 

Further investigation into the specific drivers behind deforestation and the ecological factors 

influencing natural afforestation is crucial. Socio-economic surveys are needed to understand 

the impact of conflict and displacement on land use practices. Additionally, analyzing long-term 

climate data will help elucidate the role of rainfall variability in afforestation and deforestation 

patterns. Understanding these complexities is essential for developing effective strategies to 

address the imbalance between deforestation and natural regeneration rates and to ensure 

sustainable land management in the region.  
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Table 8: The rate of afforestation and deforestation under study periods 

Change 

2017 - 2019 2019 ï 2021 
 

2021 ï 2023 2017 - 2023 

Km 2 % Km 2 % Km 2 % Km 2 % 

Afforestation 1785.37 2.28 2510.45 3.20 2497.65 3.18 2589.17 3.30 

Deforestation 4296.59 5.48 2403.44 3.06 2486.71 3.17 4982.44 6.35 

Forest (Un) 5361.32 6.83 4743.25 6.05 4767.31 6.08 4675.78 5.96 

Other land  

use Unchanged 
67021.9 85.4 68808.03 87.69 68713.51 87.57 66217.78 84.4 

Total 78465.18 100 78465.18 100 78465.18 100 78465.18 100 

 

 

Figure 19: Afforestation and deforestation during study periods 
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4.1.3 Soil Erosion Estimation using RUSLE Model 

4.1.3.1 Annual Soil Loss Estimation 

The findings indicate that annual soil loss in the South Kordofan State decreased from 1,070.15 

tons/ha/year in 2017 to 920.477 tons/ha/year in 2019 and declined to 474.443 tons/ha/year in 

2021. However, a significant increase was observed, with soil loss rising to 742.929 tons/ha/year 

in 2023 (Figure 20). 

The rise in soil loss in 2023 can be attributed to several factors. Firstly, a noticeable shift in 

rainfall patterns was observed, with an increase in the intensity and frequency of rainfall events. 

Studies have shown that increased rainfall intensity directly correlates with higher soil erosion 

rates due to enhanced runoff and soil detachment (Ziadat & Taimeh, 2013). Secondly, a decline 

in effective land management practices, such as terracing and contour plowing, was noted during 

this period. The absence or degradation of these practices reduces soil stability and increases 

susceptibility to erosion (Resources, 2024). Furthermore, uncontrolled and unmanaged grazing 

of animals contributed to the degradation of vegetation cover, exacerbating soil erosion. 

Research has consistently demonstrated that vegetation cover plays a crucial role in protecting 

soil from erosion by reducing raindrop impact and enhancing soil infiltration (Bin Weia, 

Zhenwei Lib*, Liangxia Duana*, Zaike Gu, 2023). And these factors collectively underscore 

the complex interplay of environmental and anthropogenic influences on soil loss. 

The primary factors affecting soil erosion are land use, land cover (LULC) change, and ridged 

topography. Consequently, soil and water conservation strategies are essential in areas at risk of 

soil erosion. The decline in vegetation cover due to agricultural expansion on steep slopes has 

been identified as a significant cause of the substantial increase in soil loss rates over time in 

the study area. Mba (2011) confirmed that LULC changes impact soil erosion, highlighting the 

considerable LULC changes in the study area driven by agricultural expansion. 

4.1.3.2 Spatial Patterns of Soil Erosion 

Estimated annual soil loss over varying slope ranges in South Kordofan State, Sudan, spanning 

the period from 2017 to 2023. The data reveals a clear dominance of "Very slight" erosion (0-

2% slope) which consistently accounts for over 92% of the total area throughout the observed 

period (Table 9; Figure 21). This suggests that most of the region experiences minimal soil 

erosion, likely due to the gentle slopes and potentially existing natural vegetation cover that 

helps stabilize the soil.  
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Conversely, areas categorized as "Severe" to "Very severe" erosion (15-30% and more than 30% 

slopes, respectively) represent a minor fraction, consistently below 1% of the total area. This 

indicates that while limited in extent, the steep slope areas are the primary contributors to soil 

loss within the state. The higher erosion rates in these regions are expected due to increased 

runoff velocity and reduced infiltration on steeper slopes, as documented in numerous studies 

(Michael Aliyi Ame 1, 2, Wei Wei 1 & , Shuming Zhang 1, 2, Wen Liu 3 and Liding Chen 1, 

2025) (Table 9; Figure 21). While slight fluctuations are observed in the intermediate categories 

of "Slight" and "Moderate" erosion, the overall trend indicates a relatively stable spatial pattern 

of soil loss distribution. This stability could be attributed to the consistent land use practices and 

the limited expansion of deforestation activities during the study period. 

In South Kordofan State, the primary erosion control method employed in agricultural areas is 

contour plowing. This traditional practice involves tilling and planting crops along the contour 

lines of the land, which helps slow down runoff and reduce soil loss. Contour plowing is known 

to be effective in reducing soil erosion on gentle to moderate slopes (Bhuyan, 2023). However, 

its effectiveness on steeper slopes (15-30% and above) is limited, as evidenced by the persistent 

"Severe" to "Very severe" erosion in these areas. 

It is important to note that reforestation initiatives are currently not a significant component of 

erosion control strategies in the study area. This highlights a potential gap in current 

management practices. Reforestation, particularly in the severely eroded steep slope areas, could 

significantly enhance soil stability, reduce runoff, and improve overall ecosystem health (Jinger 

et al., 2023). The lack of reforestation efforts may be attributed to various factors, including 

limited resources, socio-economic constraints, and potentially a lack of awareness regarding the 

long-term benefits of reforestation. 

The findings of this study are consistent with the general understanding of soil erosion 

processes, where slope gradient is a key factor influencing erosion rates. The dominance of 

"Very slight" erosion in the majority of the region aligns with the relatively gentle topography 

of South Kordofan State. However, the persistent erosion in steeper areas underscores the need 

for targeted erosion control measures. The reliance on contour plowing alone may not be 

sufficient to address the challenges posed by steep slopes. Implementing additional strategies 

such as terracing, gully stabilization, and promoting reforestation could significantly mitigate 

soil loss and enhance the long-term sustainability of land resources in the region. 
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Figure 20: Annual Soil Loss in the study area in 2017, 2019, 2021, and 2023 

Table 9: Estimation of annual soil loss over slope range in South Kordofan State 

Severity 

range 

(ton/ha/yea

r)  

Severity 

classes 

2017 2019 2021 2023 

Area 

(Km 2) 

Area 

(%) 

Area 

(Km 2) 

Area 

(%) 

Area 

(Km 2) 

Area 

(%) 

Area 

(Km 2) 

Area 

(%) 

0 ï 2 % 
Very 

slight 
72056.7 91.83 72734.8 92.697 73146.7 93.22 72734.8 92.69 

2 ï 10 % Slight 4645.55 5.921 4477.1 5.706 4185.71 5.334 4477.09 5.706 

10 ï 15 % Moderate 715.89 0.912 565.51 0.721 474.88 0.605 565.51 0.721 

15 ï 30 % Severe 716.11 0.913 432.41 0.551 433.97 0.553 432.41 0.551 

More 30% 
Very 

severe 
330.98 0.422 255.32 0.325 223.88 0.285 255.32 0.325 

Total 78465.1 100 78465.1 100 78465.1 100 78465.1 100 
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Figure 21: Severity range of annual soil loss over slope range 

4.1.3.3 Soil Loss Rate Per Slope from 2017 ï 2023 

The mean soil loss in the study area exhibited a progressive increase from lowland (0-2% slope) 

to highland (> 30% slope), quantified as 0.712, 1.114, 3.316, 5.179, and 7.125 tons/ha/year in 

2017; 0.889, 1.080, 3.347, 5.076, and 7.126 tons/ha/year in 2019; 0.668, 0.773, 2.381, 3.782, 

and 4.991 tons/ha/year in 2021; and 0.744, 0.859, 2.595, 3.914, and 5.649 tons/ha/year in 2023. 

The primary factor contributing to the increase in soil erosion throughout the study period has 

been the expansion of agricultural activities into highland areas, resulting in a notable decrease 

in vegetation cover (Table 10) , all these findings are consistent with the results of Howard and 

Ayoub (A. L. Howard, 1945; Ayoub, 1998). 

Table 10: Mean soil loss across various slope gradients 

Slope Range (%) 
Mean Soil Loss (t/ha/year) 

2017 2019 2021 2023 

0 ï 2 % 0.712 0.889 0.668 0.744 

2 ï 10 % 1.114 1.080 0.773 0.859 

10 ï 15 % 3.316 3.347 2.381 2.595 

15 ï 30 % 5.179 5.076 3.782 3.914 

More 30 % 7.125 7.126 4.991 5.649 
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4.1.4 Impact of Deforestation on Soil Erosion 

The presented data in (Table 11) demonstrates a robust inverse relationship between vegetation 

cover and soil erosion, a finding consistent with fundamental ecological principles. Forest areas, 

serving as a natural control, exhibited consistently low soil loss rates, averaging below 1 

t/ha/year. This can be attributed to the complex architecture of forest ecosystems. The canopy 

intercepts rainfall, reducing its kinetic energy and minimizing direct impact on the soil surface 

(Suhardi et al., 2024). Furthermore, extensive root systems bind the soil matrix, enhancing its 

structural integrity and resistance to erosion (Zhou et al., 2025). In stark contrast, "Bare Ground" 

areas, representing deforested regions, experienced a dramatic and progressive increase in soil 

loss, culminating in a staggering 25.427 t/ha/year by 2023. This exponential rise in soil loss 

underscores the critical role of vegetation in maintaining soil stability. The removal of protective 

forest cover exposes the soil to the direct impact of rainfall and wind, leading to accelerated 

detachment and transport of soil particles. This process not only results in the loss of valuable 

topsoil, but also contributes to sedimentation of waterways, impacting aquatic ecosystems and 

water quality. 

Other land use categories further illustrate the influence of vegetation cover and human 

intervention on soil erosion. Croplands, often established following deforestation, showed 

moderately high soil loss, although a decreasing trend suggests potential improvements in soil 

management practices. This highlights the importance of sustainable agricultural practices in 

mitigating soil erosion. Built-up areas, characterized by impervious surfaces, also contribute to 

erosion through increased runoff volume and velocity. This phenomenon, known as the urban 

hydrological cycle, exacerbates soil erosion and can lead to flash flooding and infrastructure 

damage. The temporal fluctuations in soil loss across all categories likely reflect variations in 

rainfall intensity and distribution, as well as changes in land management practices. This 

underscores the dynamic interplay between climate, land cover, and human activities in shaping 

soil erosion patterns (Chen et al., 2024). 

Beyond the immediate loss of topsoil, continued deforestation has profound long-term 

implications for soil fertility and agricultural productivity. The depletion of topsoil leads to a 

reduction in soil organic matter, which is essential for nutrient cycling, water retention, and 

microbial activity (Adekiya et al., 2024). This, in turn, can result in declining crop yields, 

increased reliance on chemical fertilizers, and reduced resilience to climate variability. To 
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mitigate these impacts, policy interventions aimed at promoting sustainable land management 

practices are crucial. Agroforestry, the integration of trees into agricultural systems, offers a 

promising approach to enhance soil health and reduce erosion (Pancholi et al., 2023). 

Sustainable farming practices, such as conservation tillage, cover cropping, and crop rotation, 

can also contribute to soil conservation. Incentivizing farmers to adopt these practices, 

implementing stricter regulations on deforestation, and investing in research and extension 

services are essential steps towards promoting sustainable land management. 

Table 11: Impact of Land Use/Land Cover Change on Soil Erosion 

LULC Types 
Mean Soil Loss (t/ha/year) 

2017 2019 2021 2023 

Water 0.000 0.336 0.476 0.000 

Forest 0.979 0.914 0.608 0.601 

Flooded Vegetation 0.099 0.040 0.084 0.073 

Crops 5.056 3.374 2.436 2.301 

Built Area 40.675 13.164 9.679 9.444 

Bare Ground 7.524 5.234 12.567 25.427 

Rangeland 1.007 1.108 0.791 0.882 

 

4.2 Discussion: 

The observed decline in rangeland and the expansion of agricultural land and built areas indicate 

significant anthropogenic pressures on the South Kordofan ecosystem. The reduction in forest 

cover, despite a slight recovery, highlights the vulnerability of the region's natural vegetation. 

The slight recovery of forest cover between 2019 and 2023 is likely attributable to natural 

regeneration resulting from reduced human pressure due to conflict-induced displacement. The 

consistency of deforestation trends with previous studies underscores the critical nature of forest 

degradation in this region. 

The conversion of forest and rangeland to agricultural land, particularly in the southern and 

eastern regions, suggests a direct link between land use changes and ecological pressures. The 

expansion of agriculture into higher slope areas contributes to increased soil erosion, as 

evidenced by the correlation between slope and LULC changes. The observed increase in 

deforestation and the net loss of forest cover, despite natural afforestation, point to an imbalance 
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that requires urgent intervention. The rise in deforestation rates, especially in the 2021-2023 

period, is concerning and highlights the need for effective land management strategies. 

The fluctuations in annual soil loss, with a notable increase in 2023, can be attributed to changes 

in rainfall patterns, declining land management practices, and uncontrolled grazing. The 

dominance of "Very slight" erosion in low-slope areas and the concentration of "Severe" to 

"Very severe" erosion in steep-slope areas align with the expected influence of topography on 

soil erosion. The increasing mean soil loss from lowland to highland areas further reinforces the 

impact of slope on erosion rates. 

The inverse relationship between vegetation cover and soil erosion is clearly demonstrated by 

the low soil loss in forest areas and the high soil loss in bare ground areas. The progressive 

increase in soil loss in bare ground areas highlights the critical role of vegetation in maintaining 

soil stability. The moderately high soil loss in croplands and built-up areas underscores the need 

for sustainable agricultural practices and effective urban planning to mitigate erosion. 

The findings of this study provide a critical baseline for developing targeted interventions to 

address deforestation and soil erosion in South Kordofan State. Implementing sustainable 

agricultural practices, promoting reforestation, and enhancing soil and water conservation 

strategies are essential for mitigating ecological impacts and ensuring long-term environmental 

sustainability (Ayeni et al., 2024; Sarvade et al., 2019). 
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CHAPTER 5  

CONCLUSION AND RECOMMENDATIO NS 

5.1 Conclusion 

The current study successfully quantified the significant impact of deforestation on soil erosion 

in South Kordofan State, utilizing a robust geospatial approach anchored in the RUSLE model. 

By integrating high-resolution spatial data on soil erodibility, rainfall erosivity, land cover 

dynamics, topographic attributes, and conservation practices, the research demonstrated a clear 

and statistically significant correlation between deforestation and heightened soil erosion rates. 

The analysis revealed a direct link between the conversion of natural vegetation to agricultural 

land and other anthropogenic activities, and a corresponding increase in soil vulnerability. Areas 

exhibiting high deforestation rates experienced demonstrably greater soil loss compared to 

regions with intact forest cover. The RUSLE model, when coupled with geospatial techniques, 

proved to be an effective tool for spatially predicting soil erosion patterns and identifying critical 

erosion hotspots. These hotspots, characterized by the highest risk of soil loss, necessitate 

immediate and targeted conservation interventions. 

The findings underscore the urgent necessity for the implementation of sustainable land 

management practices to mitigate the adverse effects of deforestation and soil erosion. 

Specifically, the study advocates for the adoption of agroforestry and conservation agriculture, 

alongside vigorous reforestation initiatives. Concurrently, the promotion of alternative energy 

sources, including fuel-efficient stoves and renewable energy, is essential to reduce reliance on 

firewood. Furthermore, the implementation and enforcement of regulations designed to prevent 

further deforestation and to promote sustainable land use planning are critical for achieving 

long-term environmental sustainability. 

This research contributes valuable, data-driven insights into the intricate relationship between 

deforestation, soil erosion, and environmental degradation within the context of Sudan. By 

providing spatially explicit information on erosion hotspots, the study offers a strong foundation 

for informed decision-making. These findings can directly inform the development and 

implementation of effective conservation strategies, ultimately safeguarding Sudan's vital soil 

resources and fostering long-term ecological resilience. 
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5.2 Recommendations 

Considering the observed increase in deforestation and the consequent soil erosion, the 

following recommendations are proposed to address these pressing environmental challenges: 

V It is recommended that a public awareness and education campaign be prioritized for local 

communities, emphasizing the significance of forests and the detrimental impacts of 

deforestation and soil erosion. This initiative should be implemented through targeted 

workshops, seminars, and campaigns that educate communities on sustainable land use 

practices. Furthermore, it is essential to employ various media channels such as radio and 

Sudanese television to disseminate information and advocate for environmental 

conservation monthly. 

V A comprehensive soil conservation strategy should incorporate precision agriculture, 

agroforestry, contour farming, terracing, cover cropping, and reduced tillage practices. This 

multifaceted approach aims to optimize crop production, protect soil integrity, and enhance 

biodiversity. Implementation details should include structured financial incentives, such as 

grants or subsidies, as well as technical support programs for farmers and land managers. 

V It is recommended that stringent laws be enacted and enforced to protect forest ecosystems 

and to penalize illegal deforestation. To enhance enforcement capabilities, dedicated forest 

ranger units should be established, equipped with modern technologies such as drone 

surveillance and satellite imagery to detect and respond to illegal activities promptly. 

Furthermore, penalties should be substantial, including significant fines and potential 

imprisonment for repeat offenders, drawing inspiration from successful models 

implemented in Algeria. 

V It is recommended that financial incentives and technical support be provided to promote 

sustainable forestry practices. These practices should include harvesting timber at a rate that 

allows for natural regeneration, reforestation and afforestation efforts, protection of old-

growth forestsðwhich are vital for maintaining biodiversity and carbon storageðand the 

implementation of effective fire management strategies. 

V It is recommended that Geographic Information Systems (GIS) be employed to map and 

monitor forest cover, identify erosion-prone areas, and analyze land-use changes. 
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Additionally, remote sensing techniques should be utilized to assess rates of deforestation 

and patterns of soil erosion. To facilitate the successful implementation of these 

technologies, it is essential to integrate them into existing land management systems through 

the establishment of a centralized geospatial database. This database would serve as a 

repository for satellite imagery, GIS layers, and field data, thereby enhancing data sharing 

and analysis among relevant stakeholders, including forestry departments, environmental 

agencies, and local communities. Furthermore, capacity-building programs should be 

developed to train personnel in the use of GIS and remote sensing software, data 

interpretation, and integration with current workflows. This systematic approach will 

enhance the capacity for continuous monitoring and informed decision-making, thereby 

enabling proactive measures to mitigate deforestation and soil erosion. 

V It is recommended that specific forms of community engagement in forest management be 

established, including participatory planning, joint forest patrols, and community-based 

forest monitoring. Furthermore, mechanisms for revenue sharing derived from sustainable 

forest products should be implemented 

V It is recommended that future research focus on correlation and regression between land use 

classes and soil erosion to enhance the robustness of findings. Additionally, further 

investigation into the socio-economic drivers of deforestation and the effectiveness of 

specific conservation interventions is advised. 

Implementing these recommendations makes mitigating the adverse effects of deforestation and 

soil erosion possible, ensuring a sustainable future for the environment and local communities. 
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CHAPTER 7  

APPENDIX  

 
Figure 22: Forest Land Conversion to Cropland in South Kordofan State, 2017-2023 

 
Figure 23: Forest Land Conversion to Rangeland in South Kordofan State, 2017-2023 
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Figure 24: Rangeland Conversion to Cropland in South Kordofan State, 2017-2023 

 
Figure 25: Rangeland Conversion to Forest Land in South Kordofan State, 2017-2023 
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Figure 26: Unchanged Forest in South Kordofan State, 2017-2023 

 
Figure 27: Unchanged Cropland in South Kordofan State, 2017-2023 
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Figure 28: Cropland Conversion to Rangeland in South Kordofan State, 2017-2023 

 
Figure 29: Bare Ground Conversion to Rangeland in South Kordofan State, 2017-2023 
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Figure 30: Erosion control stone walls (1) 

 

 

Figure 31: Erosion control stone walls (2) 
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Figure 32: Control soil erosion in the hilly areas 

 

 

Figure 33: Trees planted along contour lines to stabilize soil on a mountain 
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Figure 34: Contour farming 

 

 

Figure 35: Erosion control planting 
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Figure 36: Tire Terracing for Erosion Control 

 

Figure 37: Tire Terracing for Erosion Control (2) 
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Figure 38: Green firebreaks as a management tool for wildfires (1) 

 

 

Figure 39: Green firebreaks as a management tool for wildfires (2) 

 




