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Three decades of vegetation dynamic in the Fathala classified forest of the Delta du Saloum National Park, Senegal
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ABSTRACT

Vegetation degradation and deforestation are major threats to biodiversity conservation, particularly in tropical ecosystems. Senegal, like many African countries has experienced substantial changes in vegetation cover due to increasing anthropogenic and environmental pressures. This study aimed to: (i) assess land cover dynamics in the Fathala classified forest between 1992 and 2022, and (ii) to identify the main drivers of these changes. Land cover dynamics were analyzed using Landsat satellite images acquired in 1992, 2000, 2010 and 2022, complemented by household surveys to identify the underlines causes of vegetation changes. Five major vegetation types were identified: degraded gallery forest, woodland, woody savannah, tree savannah and shrub savannah. All vegetation formations experienced a decline over the30 years study period. Gallery forest showed the most pronounced decline, nearly disappearing between 1992 and 2000, whereas wooded savannah expanded after 2000. Overall, 2,179.89 ha of vegetation remained stable, 1,541.69 ha were converted to non-vegetation land uses, and 3,470.37 ha experienced degradation while remaining within the same vegetation class. Household surveys identified logging, bush fires and mining activities as the principal drivers of vegetation degradation. These findings highlighted the urgent need to strengthen conservation and forest management strategies of the Fathala classified forest by integrating remote sensing into long-term monitoring programs and promoting communities participation in forest restoration and sustainable resource management.  
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1. INTRODUCTION	Comment by Reviewer1: The author should clarify certain aspects, such as: 
What is the land tenure system in the study area? 
What role do government institutions play in land-use planning?

Forest degradation is one the most environmental challenges worldwide, driven largely by the growing demand for natural resources (Koïta & Bodian, 2000). Extensive forest loss  affects forests irrespective of their conservation and management status (Niang et al., 2024). As a result, forest ecosystems are undergoing substantial functional and structural changes (Ortega et al., 2019).
Spatiotemporal changes in vegetation cover are among the key indicators used to assess the conditions of forest ecosystems (Arouna et al., 2016). However, the high cost and logistical challenges of field surveys limits the regular collection of botanical data needed for large scale monitoring of forest ecosystems dynamics (Migolet, 2022). Satellite data have become indispensable for monitoring forest dynamics, detecting land cover changes and supporting future ecosystems trajectories under different environmental scenarios (Agbanou, 2018). 
Changes in vegetation formations are closely associated with anthropogenic disturbances (Diop et al., 2026). In West Africa, particularly, unsustainable exploitation of forest resources combined with weak enforcement of environmental regulations has accelerated vegetation degradation and biodiversity loss (Romijn et al., 2015). Senegal, like many Sahelian countries, is experiencing severe impacts from anthropogenic disturbances, including overgrazing, deforestation and bushfires, which are often associated with logging activities (Darwich et al., 2015). In the Sine-Saloum region, the central western Senegal, increasing soil salinization has modified vegetation composition, often promoting the expansion of herbaceous species at the expense of woody vegetation (Tine et al., 2023). Alongside these anthropogenic pressures, climate change is exacerbating ecosystem degradation through rising temperatures, increasing rainfall variability across the Sine-Saloum region (Ba et al., 2023).
In this context, a long-term assessment of vegetation cover dynamics and the drivers of forest degradation and deforestation is essential for improving forest conservation and management. Such an assessment is particularly timely given the limited scientific information available on the long-term dynamics and fragmentation of the Fathala Classified Forest. This study addresses two main research questions: (i) How has land cover changed in the Fathala classified forest between 1992 and 2022? and (ii) what are for the main drivers of these changes? We hypothesized that (i) all vegetation formations declined between 1992 and 2022, with a common expansion human-modified land cover, and (ii) these changes were primary driven by anthropogenic disturbances including bushfires, logging and other forms of natural resource exploitation. Accordingly, the objectives of this study were to (i) assess the spatiotemporal dynamics of land cover in the Fathala classified forest from 1992 to 2022 and (ii) identify the main ecological and anthropogenic factors responsible for the observed changes.

2. material and methods 
2.1. Study Area
The study was conducted in the Fathala Classified Forest and its surroundings, specifically between latitudes 13°36’ and 13°42’N and 16°26’ and 16°30’W. This forest is an integral part of the Delta du Saloum National Park (DSNP) (Fig. 1). The Fathala Forest covers 7,600 hectares, of which 2,000 hectares have been fenced and managed as a wildlife reserve since 2000. The climate of the area is of the northern Sudanese type, characterized by two seasons: a wet season (May to November) and a dry season (December to May). The average rainfall for the period 1991-2020 is 595 mm. The average monthly relative humidity is 57.2%. The forest is largely composed of sandy soils with outcrops of lateritic layers in some areas. 
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Fig. 1. Geographic location of the Fathala classified forest

2.1.1. Data collection
2.1.1.1. Satellite image acquisition
Land cover is analyzed using Landsat satellite imagery, images from 1992, 2000, 2010, and 2022. The year 1992 was chosen as the starting year, as it corresponds to the period when extensive and complex work was carried out by Lykke (1996) in the Delta du Saloum National Park in general. The year 2000 was chosen to study the state of the forest at the time of the establishment of the Fathala wildlife reserve, whose boundaries were fenced. Ten years later, in 2010, an analysis of the evolution of forest cover is planned to assess the impact of the reserve's establishment on the vegetation. Ultimately, to obtain current spatial data on the vegetation of the Fathala forest, 2022 was chosen as the reference year. For the four selected dates, the path row 250-050 scene was used. Satellite images from the Landsat 5 (Thematic Mapper sensor) of December 21, 1990, Landsat 7 of March 23, 2000, and Landsat 5 (Enhanced Thematic Mapper Plus sensor) of April 16, 2010, as well as from Landsat 9 (OLI-2 and TIR-2 (Operational Land Image and Thermal Infrared Sensor) sensors) of February 28, 2022, were selected. These images were downloaded from the United States Geological Survey (USGS) database.

2.1.1.2. Survey Data Collection
Surveys were conducted to complement the spatial data used in the 30-year forest dynamics study. A questionnaire was administered to household heads in localities located within a one-kilometer radius of the forest boundary. These localities are Bakadadji, Bandiagara, Boutilimit, Dassilame Soce and Santhie, Mansarinko, Samé, Santhie El Mané, Saroudia, and Taiba. This study population of 100 household heads was selected based on a sampling method defined according to Slovin's formula (n) for a sampling rate (e) of 10% (Assalé et al., 2020). n=N/((1+N×e^2)  )   N = total population size.

2.1.2. Data Processing and Analysis
2.1.2.1. Satellite Data Processing
Atmospheric corrections were applied to the images in order to enhance their quality and minimise uncertainty in the data caused by atmospheric disturbances and satellite movements in orbit (Tine et al., 2023). Following the division of the study area, a false-colour composite was created using bands 408 (1990) and 543 (2000, 2010 and 2022) to better highlight the vegetation. The ten training classes were determined based on knowledge of the terrain: degraded gallery forest, woodland, tree savannah, woody savannah, shrub savannah, water, mangrove, cropland, habitat and bare soils. However, it is important to note that despite the presence of mangrove and water in the images used, our study focuses exclusively on the terrestrial part of the park, which is the Fathala classified forest. A supervised classification was then carried out using the maximum likelihood algorithm.
For validation operations, 97 GPS points were distributed across the different land cover classes in the 2022 classification to verify the conformity of the land cover classes with the field data. Confusion matrices for the four images were developed to evaluate the performance of the classifications. The Kappa index based on this performance is the most widely used because it is used to estimate and validate the accuracy of a vegetation classification (Pontius, 2000). Its formula is: K=(PO-Pc)/(Pp-Pc)  where: P0 is equivalent to the actual percentage given by the classification of land use elements; Pc represents the estimated probability of obtaining a correct classification; Pp is equal to the percentage obtained when the classification is considered perfect (100% accurate). 
The rasters obtained from the validated classification were exported to a Geographic Information System (ArcGIS 10.8) and then vectorised, which made it possible to calculate the areas of the different land cover units. 
2.1.2.2. Spatial data analysis
· Transition Matrix
Land cover transfers between 1990, 2000, 2010, and 2022 were studied using a transition matrix. This matrix allows us to observe and quantify changes in terms of conversions and modifications (within the same stratum category) that occurred in the different cover units during the periods studied. The transition matrix consists of rows representing the number of strata at an initial time 0, and columns representing the number of cover units at the final time t1. 
· Land cover conversion
The conversion rate was calculated using the method proposed by Ayena et al. (2017). This ratio represents the degree of transformation experienced by a land cover class as it converts into other classes of a different nature between 1992 and 2022, including the intervening periods. It is obtained from the transition matrix based on the formula below: Cr=(Ait-Ais)/Ait .  Tc: Conversion rate; Sit: Area of the occupancy unit i at the initial date t; Sis: Area of the same stable occupancy unit at date t1.
2.1.2.3. Analysis of Survey Data
The socioeconomic data were organized and classified into sub-themes. Statistical analyses were then performed using R, specifically by creating a word cloud with the "tm", "SnowballC", "RColorBrewer", and "Wordcloud" packages. This analysis aimed to highlight key information regarding community perceptions of forest dynamics and associated factors. Chi-square tests were also conducted to demonstrate the relationship between forest dynamics, their underlying causes, and their reversibility.

3. results
3.1. Evolution of vegetation cover between 1992 and 2022
The results revealed substantial temporal variation in the extent of vegetation formations between 1992 and 2022 (Fig. 2). In 1992, shrub savannah was the dominant vegetation type, covering 2,960.22 ha (41.16% of the study area). Tree savannah ranked second, with 2,888.61 ha, followed by woodland, which occupied 960.51 ha. Woody savannah was absent in 1992. Degraded gallery forest covered only a small proportion of the study area (0.25%), while bare soil, mangroves, and water represented 3.67%, 0.76%, and 0.64%, respectively. Overall, vegetation formations occupied 94.93% of the study area. Cropland and settlements could not be reliably distinguished in the 1992 imagery because of the spatial resolution of the Landsat images and the lack of sufficiently detailed historical imagery available through Google Earth. Between 1992 and 2000, the Fathala classified Forest experienced marked changes, characterised by an overall decline in the extent of most vegetation formations. Woodland decreased from 13.36% to 10.87% of the study area, representing a loss of 2.49 % (Fig. 2). The woody savannah experienced the most pronounced decline, decresing from 40.16% to 11.81%, equivalent to a loss of 28.35% over the eight years period. Shrub savannah also decline, loosing 7.17% of its original extent. In contrast, woody savannah emerged as the dominant vegetation formation by 2000, covering 2,853.22 ha (39.75% of the study area). Cropland and habitat remained limited, occupying only 13.37 ha and 1.31 ha, respectively (Fig. 2).
Between 2000 and 2010, gains and losses in vegetation cover were relatively balanced among the different vegetation formations. As showned in Fig. 2, tree savannah increased by 18.25% while woodland expanded by 1.2%. In contrast, shrub savannah experienced the greatest decline, loosing 15.51% of its area, followed by woody savannah, which decreased by 402.83 ha (5.54%). During the same period, the areas occupied by bare soil, croplands and settlements also increased, indicating a continued expansion of human-modified land cover.
Between 2010 and 2022, all vegetation formations decline in area except tree savannah, which increased by 7.81%. Shrub savannah and woodland decrease by 3.65% and 1.62%, respectively. Meanwhile, croplands and settlements continue to expand, with cropland increasing from 2.1 ha to 4.08 ha and settlements from 27.19 ha to 77.99 ha (Fig. 2). In contrast, the area of bare soils has decreased from 2.85 ha to 1.20 ha. 
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[bookmark: _Toc195632192]Fig. 2. Summary map of land use between 1992 and 2022 
3.2. Major changes by vegetation unit 
The most significant changes observed in the vegetation formations of Fathala classified forest are reflected in substantial vegetation transformations and land cover conversions (Fig. 3). 
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Fig. 3. Map of land use changes between 1990 and 2022
The results indicated a progressive process of vegetation degradation, characterized by the replacement of denser vegetation formations with increasingly open ones. A notable example is the gallery forest present in 1992, of which 19.37 ha had transitioned to woodland by 2022 (Table 2).  Indeed, one of the most striking findings is the complete disappearance of the gallery forest between 1992 and 2000. 
Similarly, tree savannah underwent marked structural changes, with 29.20% of its area converting to wooded savanna and 28.60% to shrubby savannah. These transitions suggest a gradual opening of the vegetation structure and highlight the ongoing degradation of forest ecosystems over the study period.
Land cover conversion represents an advanced stage of vegetation degradation, characterized by the transition from vegetated to non-vegetated land cover classes (Table 1). Between 1992 and 2022, such conversions affected 1,541.69 ha, representing 21.44% of the study area. During this period, tree savannah (67.52 ha), shrub savannah (31.69 ha), woodland (5.76 ha) and gallery forest (7.04 ha) were converted primarily into croplands and bare soils. In contrast conversion to built-up areas remained limited, reflecting the relative low level of human settlement within the Fathala classified forest. 
[bookmark: _Toc195632193]Despite these changes over 30-year study period, a substantial proportion of the forest cover remained stable, accounting for 2179.89 ha (30.31% of the study area). This stability was most evident in tree savannah, woody savannah, woodland and shrub savannah, indicating that these vegetation formations persisted in large parts of the forest despite ongoing anthropogenic pressures (Table 1).
Table 1. Matrix of land use changes in the Fathala classified forest between 1992–2000, 2000–2010, 2010–2022 and 1992–2022
	
	
	2022

	1992
	 
	Wat.
	Mg.
	Degr.gal.
for.
	Wo.
	Tr. sav.
	Wo.
sav.
	Sh
.sav
	Crop.
	Hab.
	Ba. 
so
	Losses

	
	Wat
	25.70
	0.30
	0
	0
	19.16
	0
	0
	0.32
	0
	0.18
	19.96

	
	Mg
	7.63
	45.87
	0
	0
	1.14
	0.09
	0.09
	0.00
	0.00
	0.00
	47.20

	
	Degr.gal. for
	0.21
	0
	0
	135.12
	57.78
	109.18
	14.72
	5.57
	0.53
	0.94
	323.85

	
	Wo.
	0
	0.27
	0
	182.51
	154.98
	284.64
	55.48
	4.71
	0.06
	0.99
	683.63

	
	Tr.sav
	57.39
	4.05
	0
	29.88
	1436.72
	796.83
	489.79
	30.86
	0.63
	42.54
	2831.31

	
	Wo.sav
	0.00
	0.00
	0
	0
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	Sh.sav
	0.81
	0.00
	0
	389.97
	962.58
	1086.05
	459.77
	17.14
	1.44
	13.11
	2930.06

	
	Crop.
	0.00
	0.00
	0
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	Hab.
	0.00
	0.00
	0
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	Ba. so.
	1.54
	0.00
	0
	5.81
	60.28
	113.78
	32.69
	19.38
	1.42
	29.32
	262.69

	
	Gains
	93.28
	50.49
	0.00
	743.29
	2692.64
	2390.57
	1052.54
	77.99
	4.08
	87.08
	 


	Changes
	Conversion
	Satble




Wa: water; Mg: Mangrove; Degr.gal. for: Degraded gallery forest; Wo: Woodland; Tr.sav: Tree savannah; Wo.sav: Woody savannah; Sh.sav: Shrub savannah; Crop: Cropland; Hab: Habitat; Ba. So: Bare soils.
3.3. Drivers of degradation in the Fathala Classified Forest 
To complement the cartographic analysis of vegetation dynamics, household surveys were conducted to document local perceptions of changes in vegetation cover in the Fathala Classified Forest between 1992 and 2022. Overall, 37% of respondents reported that the forest had undergone significant degradation, with the word “degraded” emerging as the most frequently cited descriptor of its current state (Fig. 4).
[image: ]
Fig. 4. Word cloud of people's perceptions of factors contributing to the degradation of the Fathala forest
This regressive trend is significantly influenced by several degradation factors (p-value = 0.05) and the irreversible nature of these disturbances (p-value = 0.05). Most respondents (57.2%) identified anthropogenic activities as the primary drivers of vegetation degradation. Among these, timber harvesting (24.6%), targeting high-value species such as Khaya senegalensis, Pterocarpus erinaceus and Cordyla pinnata was the most frequently cited disturbance (Fig. 5 A and 5B). Bush fires (24.1%) were also identified as a major driver, promoting canopy opening and the expansion of the herbaceous layer (Fig. 5 C)
A
C
B

Fig. 5. Felled Khaya senegalensis tree (A, B) and vegetation formation marked by the passage of fire (C)
In addition, root harvesting (12.3%) and bark stripping (10.7%) for traditional medicine purposes are widespread practices that contribute to the degradation of forest vegetation.
In addition to anthropogenic pressures, local communities identified climate change, through declining rainfall and increasing water stress, as contributing to vegetation degradation. Analysis of climatic data from ANACIM (2022) supports this perception, showing a decline in rainfall over recent decades that has contributed to the drying of valleys and seasonal watercourses. 

4. DISCUSSION	Comment by Reviewer1: The author must specify whether the absence of government authorities responsible for forestry or environmental matters is also considered a driving force, and whether forest restoration programs exist.
4.1. Dynamics of the Fathala classified forest vegetation
The use of remote sensing enabled the reconstruction of vegetation dynamics in the Fathala Classified Forest over the period 1992–2022.
Between 1992 and 2000, all major vegetation formations, including woodland, wooded savannah, and shrub savannah, declined markedly. This overall regression is consistent with previous studies documenting forest degradation in central-western Senegal and other West African dry forests (Solly et al., 2022). This period coincided with severe rainfall deficits recorded in the Fatick region, which likely reduced vegetation productivity and regeneration (Cissé, 2016). Climatic stress may also have indirectly intensified pressure on forest resources by reducing agricultural yields and increasing local dependence on forest products (Malagnoux et al., 2007). Similar patterns have been reported elsewhere in West Africa, where prolonged drought and population movements toward more productive savannah ecosystems have accelerated forest degradation (Nacoulma et al., 2011; Youl et al., 2008; Khouma et al., 2017).
Vegetation degradation continued between 2000 and 2022, with further declines in woodland and savannah formations. Forest ecosystem recovery is often slow because resilience depends on disturbance intensity, recovery rates, and the cumulative effects of anthropogenic pressures (Blondel, 2015). In the Fathala forest, the establishment of the wildlife reserve may also have modified the spatial distribution of human activities. While access to the reserve became more restricted, resource exploitation appears to have intensified along the forest margins, where accessibility remained high. Similar edge effects have been reported in protected areas across West Africa, where human pressure is concentrated along reserve boundaries despite legal protection (Ouattara et al., 2022).
4.2. Degradation of gallery forests
One of the most striking findings is the complete disappearance of the gallery forest between 1992 and 2000. Already restricted to the northern part of the forest in 1992, this ecosystem had previously been identified as undergoing severe degradation since the mid-1990s (Lykke, 1996). Earlier studies based on aerial photographs and long-term monitoring also documented the progressive collapse of gallery forests, including the former "Mare du Dragon" forest (Galat-Luong et al., 1998; Lykke, 1996).
This decline is likely driven by the combined effects of climatic and anthropogenic factors. Reduced rainfall has lowered soil moisture and groundwater recharge (ANACIM, 2020), while gallery forests depend strongly on permanent water availability (Cuthbert et al., 2019; MacDonald et al., 2021; Schulte to Bühne et al., 2025). In addition, recurrent bush fires and other human disturbances have accelerated habitat degradation (Lykke, 1996). The disappearance of characteristic species such as Anthostema senegalensis and Erythrophleum spp. further illustrates the ecological collapse of this ecosystem. Similar transitions from closed forests to savannah formations have recently been reported elsewhere in Senegal (Barry et al., 2025; Sougou et al., 2021).
4.3. Transition from forest to savannah ecosystems
Three major landscape trajectories were identified over the study period: persistence, degradation within vegetation classes, and conversion to non-vegetated land uses.
The transformation of woodland and gallery forests into increasingly open savannah formations reflects progressive ecosystem degradation. Besides recurrent drought, increasing soil salinity in the Saloum Delta likely contributes to this process by reducing tree establishment and promoting herbaceous vegetation (Ba et al., 2023; Tine et al., 2023).
The conversion of forests and savannahs into cropland, settlements, and bare soils occurred mainly along the forest periphery, highlighting the importance of anthropogenic pressures. Similar land-use changes have been widely documented in protected areas throughout West Africa, where agricultural expansion, population growth, and timber extraction continue to drive habitat loss (Brou et al., 2018; Zanh et al., 2018; Sambou et al., 2015).
4.4. Drivers of forest degradation
The observed degradation of the Fathala Classified Forest results from multiple interacting disturbances. Household surveys identified illegal logging, bush fires, bark harvesting, root extraction for traditional medicine, and grazing as the principal drivers.
Illegal logging was identified as the most important threat. High-value timber species, including Khaya senegalensis and Pterocarpus erinaceus, are particularly targeted because of their commercial value. Similar pressures have been documented throughout Senegal and neighbouring countries, where increasing international demand for rosewood has intensified illegal timber harvesting (Solly et al. 2020; Baldé & Baldé, 2023). Besides reducing adult populations, excessive harvesting compromises natural regeneration and alters forest structure (Bastide & Ouédraogo 2009).
Bush fires were identified as the second major driver of degradation. Recurrent fires reduce tree cover, promote the expansion of herbaceous vegetation, and limit forest regeneration (Arbonnier & Gueye, 2010). Annual fires can destroy a large proportion of dry biomass in Sahelian ecosystems (Mamadou, 2023), thereby maintaining open savannah landscapes.
Livestock grazing also contributes to forest degradation by limiting seedling establishment and accelerating vegetation degradation, particularly where livestock densities have increased substantially over recent decades (Souleymane et al., 2016).

5. Conclusion

The analysis of Landsat imagery over a 30-year period revealed substantial changes in the vegetation structure of the Fathala Classified Forest. Although savannah ecosystems continue to dominate the landscape, all major woody vegetation types declined during the study period, confirming the initial hypothesis of widespread vegetation regression. The complete disappearance of gallery forests represents the most dramatic ecological change, illustrating the vulnerability of these ecosystems to combined climatic and anthropogenic pressures.
Vegetation degradation was primarily driven by illegal logging, bush fires, the unsustainable harvesting of forest products and climate change effects. Together, these disturbances have promoted the replacement of closed vegetation by increasingly open savannah formations.
These findings highlight the need to strengthen forest management through improved law enforcement, restoration of degraded habitats, and greater involvement of local communities in sustainable resource management. Integrating long-term remote sensing with field-based ecological monitoring would also improve understanding of vegetation dynamics and support adaptive conservation strategies under increasing human pressure and climate change.
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