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ABSTRACT 
	Similar to other Ivorian protected forests, the Téné Protected Forest (TPF), located in the Centre-West of Côte d’Ivoire, is experiencing unprecedented anthropogenic pressure, leading to the degradation of its forest cover and changes in land use. This study aims to analyse and predict the spatio-temporal dynamics of land use within the TPF. Land use analysis was conducted using the ENVI 5.1 software over the period 1986–2017, employing Landsat satellite imagery (TM 1986, ETM+ 2000, and OLI 2017). These data were combined with field observations to classify land use in 1986, 2000, and 2017. The classified images were exported to QGIS 2.18, where the MOLUSCE plugin was used to generate a transition matrix. This matrix facilitated modelling via a first-order Markov chain to predict the progression of anthropogenic impacts up to 2029. The results reveal a drastic decline in dense forests, dropping from 20.30% in 1986 to 0% in 2017, replaced by perennial crops, fallow lands, and bare soils. Land use classes exhibited high instability, with an overall stability index below 0.50, indicative of intense anthropogenic pressure. Modelling forecasts a continued decline in the TPF’s forest cover by 2029, with complete disappearance of dense forests and an increase in fallow and bare soils. The findings of this study underscore the urgent need to implement the country’s newly adopted policies for forest preservation, rehabilitation, and expansion in this area, with the aim of safeguarding remaining forest ecosystems and restoring degraded zones. 
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1. INTRODUCTION 
Forest ecosystems provide indispensable ecological services that underpin human well-being and survival (Nasi et al., 2011; Diaz et al., 2019). However, these ecosystems face intensifying pressures from rapid population growth and climate change. Land use and land cover (LULC) changes both drivers and consequences of global environmental shifts (Lambin et al., 2003; Ellis et al., 2021) profoundly alter the Earth’s surface planète (Rindfuss et al., 2004; Ouedraogo et al., 2010; Zabel et al., 2019). In tropical regions, a critical outcome of these transformations is biodiversity loss (Balmford & Bond, 2005; Newbold et al., 2020), despite these areas harbouring the planet’s highest species richness (Puig, 2001; Gillet et al., 2016). Anthropogenic activities driving this devastating biodiversity decline include unsustainable agricultural practices, overgrazing, vegetation fires, and unregulated exploitation of woody and non-timber forest products (N’Guessan et al., 2022). In Côte d’Ivoire, forest ecosystems, particularly protected forests, endure significant anthropogenic pressures, resulting in marked forest cover reduction. For instance, the country’s forested area declined by 4.25 million hectares between 1986 and 2015 (SEP-REDD+ & FAO, 2017). In the Centre-West of Côte d’Ivoire, protected forests are forests in name only, as nearly all of them face regular anthropogenic pressures that have led to a 97% loss of its dense forest cover between 1960 and 2000 (Koné et al., 2014; Traoré, 2018; N’Guessan et al., 2022). To address the threats facing these protected forests, the Ivorian government, through the Société de Développement des Forêts (SODEFOR), has initiated multiple management projects for protected forests. However, these efforts are undermined by continual agricultural encroachment into protected zones (N’Guessan et al., 2019). Addressing current and future environmental challenges necessitates transforming agricultural policies and practices (Tamburini et al., 2020). This transformation relies on a precise understanding of the conservation status of forest ecosystems and the influence of factors impacting these natural resources. However, the Téné Protected Forest (TPF) is among the forests for which there is a lack of scientific data on land-use dynamics. This study, aimed at addressing this gap, seeks to analyse and predict the spatio-temporal dynamics of land use in the Téné Protected Forest (TPF), which is subject to anthropogenic activities. It will provide essential data to inform decisions on sustainable management and conservation of this forest.
2. METHODOLOGY
2.1 Study Area and Data Selection
The Téné Protected Forest (TPF) is located in the Gôh region, specifically in the Oumé department, in the Center-West of Côte d’Ivoire, on the eastern edge of forested zones transitioning to the central savannahs. Geographically, it lies between longitudes 5°20' and 5°38' West and latitudes 6°27' and 6°37' North (Figure 1). Established by ministerial decree on June 30, 1973, it covers an area of 29,812.77 hectares. The Oumé department is bordered to the east by the Bandama River, whose main tributary is the Téné River. This river, which gives the TPF its name, is the most significant watercourse within the forest and forms part of its southern boundary. The department experiences a tropical subequatorial climate with four seasons and high climatic variability (Kassin et al., 2008). Annual rainfall ranges between 1,200 and 2,000 mm, and the average annual temperature varies from 26 to 28°C. The terrain of Oumé is characterized by low-elevation domes, plains, and predominantly plateaus, with average altitudes ranging between 160 m and 400 m. The soils are weakly desaturated ferrallitic types, overlying granite bedrock. These soils are clayey and deep in low-lying areas. The TPF belongs to the mesophilic sector of the Guinean domain, where vegetation is characterized by semi-deciduous forests dominated by Celtis spp. and Triplochiton scleroxylon K. Schum. (Guillaumet & Adjanohoun, 1971). However, the current vegetation in Oumé is heavily anthropized, consisting of fragmented, degraded forest patches, extensive fallows dominated by Chromolaena odorata (L.) R.M.King & H.Rob. (Asteraceae), coffee and cocoa plantations, and artificial forest plantations established by SODEFOR (OIBT, 2004). The population comprises indigenous groups (Gagou or Gban), Ivorian migrants (Baoulé, Malinké, Senufo, etc.), and non-Ivorians (Burkinabè and Malians). Key economic activities include agriculture (employing over 80% of the population), logging (highly developed), fishing, livestock rearing, and seasonal grazing by transhumant herds from northern regions.
As part of this study, three Landsat satellite images from respective sensors Thematic Mapper (TM) from 16 January 1986, Enhanced Thematic Mapper Plus (ETM+) from 31 January 2000, and Operational Land Imager (OLI) from 23 December 2017 were utilised. These images, with a 30-metre resolution each and well-suited for monitoring land cover changes (Wilder et al., 2022), were downloaded from the Earth Explorer platform (http://earthexplorer.usgs.gov) using the study area’s coordinates (Path 197 and Row 055). All images were acquired during the dry season, a period when biases caused by atmospheric interference are minimal (Oszwald et al., 2010). During fieldwork, a Global Positioning System (GPS) was employed to record the geographical coordinates of control plots. The study also utilised several software tools, including, including ENVI 5.1 (Environment for Visualizing Images) for digital processing of satellite images, QGIS (Quantum Geographic Information System) and IDRISI Selva (Integrated Digital Radar Imaging and Spectrometry Interface) for Geographic Information System (GIS) applications and cartographic outputs.
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Fig. 1: Map of the study Area
2.2 Pre-processing of Landsat Images
The pre-processing primarily involved radiometric correction of the images (Girard & Girard, 1989; Song et al., 2001; Roy et al., 2016) and extraction of the study window centred on the Téné protected forest. The radiometric correction entailed converting the calibrated digital numbers of each pixel into radiance and luminance using the FLAASH model (Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes) (Guo & Zeng, 2012; N’Guessan, 2021). These operations corrected errors caused by atmospheric effects on the satellite imagery (Oszwald, 2005). The study area was extracted from the full scene using the boundary of the Téné protected forest, implemented via the “Resize Data” tool (spatial/spectral) in the ENVI 5.1 software.
2.3 Classification of Landsat Imagery
A false colour composite was generated for each selected date by assigning the mid-infrared, near-infrared, and blue bands to the red, green, and blue colour channels, respectively. Subsequently, contrast enhancement was applied to improve image sharpness and facilitate change detection (Tabopda & Fotsing, 2010). This process involves redistributing pixel values more uniformly across the image. The combined analysis of multispectral bands and colour composites enabled the identification and mapping of seven land use and land cover (LULC) for each composite image using a supervised classification approach. This method involves defining training areas as pixel polygons, which serve as input for a neural network algorithm (N’Guessan et al., 2022). This non-parametric classification algorithm was selected due to its demonstrated higher accuracy and generalisation capabilities (Hosni, 2002). The final LULC retained were: dense forests, degraded forests, forest plantations (primarily Tectona grandis), crops (perennial and subsistence), fallow land (old and recent), lowlands, and bare soils (exposed surfaces and rocky outcrops). Notably, Tectona grandis plantations exhibit spectral signatures similar to fallow land during the dry season due to leaf shedding. Consequently, these plantations were merged with fallow land into a single class termed “fallow land”.
Classification accuracy was assessed using confusion matrices, from which overall accuracy and Kappa coefficients were derived (Congalton, 1991). Kappa values were interpreted as follows: values below 50% indicated poor classification, values between 50% and 75% indicated acceptable classification, and values above 75% indicated excellent classification (Bogaert et al., 2014). A minimum of 70 sample points per land cover class were used for validation. To refine the thematic classification, a 3×3-pixel filter (applied via the Frost Filter tool in Spatial Analysis Tools) was used to eliminate isolated pixels and homogenise the output. The classified images were then vectorised and exported as shapefiles for compatibility with QGIS 2.12 and IDRISI Selva. After editing, these files were used to generate land cover maps for 1986, 2000, and 2017.
2.4 Development of the Transition Matrix
A transition matrix is a square matrix that describes state changes of land cover elements within a given site over a specific period (Schlaepfer, 2002). It is generated by overlaying two land cover maps using the MOLUSCE plugin in QGIS 2.18. This matrix quantifies transitions from a land use/land cover (LULC) type i at time t to type j at time t+1 (Cousins, 2001; Zanini et al., 2006). The transition matrix displays the frequency and magnitude of all changes between LULC types over the study period. Diagonal values represent the proportion of each class that remained unchanged, while off-diagonal values indicate the percentage of areas converted from one class to another relative to the original class area. Row totals reflect the total loss of a class, whereas column totals represent gains in class area (Zanini et al., 2006; Bogaert et al., 2014). In this study, transition matrices were developed to analyse changes in land cover composition between 1986–2000 and 2000–2017. Changes were further assessed using a stability index, calculated as the ratio of the sum of diagonal values to the sum of off-diagonal values in the transition matrix (Bogaert et al., 2014).
2.5 Modelling Land Use/Land Cover Dynamics Using a First-Order Markov Chain
Land use/land cover (LULC) modelling was performed using a first-order Markov chain based on transitions observed between 2000 and 2017 land cover states. This approach employed transition matrices (Bell, 1974) and first-order Markov chain principles (Barima et al., 2010; Toyi et al., 2013). Transition matrices were used to derive annual probability matrices (APM), which quantify the likelihood of a land cover class transitioning to another within a one-year period. The areal proportions of land cover classes at the initial time step were encoded into a vector denoted TS (Transition State). This vector was then multiplied by the annual probability matrix to predict the land use composition at time t+1 (CP t+1) using the first-order Markov model (Rakotondrasoa et al., 2017), as outlined in Equations 1 and 2:


In these equations, 𝑃𝑖 (𝑡) represents the proportion of the area belonging to class i at time t, 𝑃𝑖. 𝑖 denotes the probability that a pixel in class i at time t transitions to class j at time t+1 and m is the total number of land cover classes (Barima et al., 2010).
3. results and discussion
3.1 Results
3.1.1 Land Use and Land Cover Status of the Téné Protected Forest
The accuracy assessment of the supervised classifications revealed overall accuracy values of 95.83%, 88.60%, and 86.48%, with Kappa coefficients of 0.95, 0.86, and 0.84 for the years 1986, 2000, and 2017, respectively. These performance metrics indicate excellent classification quality across all three years, validating the reliability of the land cover maps. Visual analysis of the 1986 land cover map highlights an agriculturally dominated landscape. Large swathes of cropland and fallow systems formed a mosaic across the forest periphery. Dense and degraded forests occupied a central rectangular strip within the classified forest, with additional gallery forest fragments along low lying areas. Bare soils were concentrated in the eastern sector, appearing as broad rectangular patches. By 2000, cropland and fallow systems remained the dominant land cover. However, dense forest cover had sharply declined, persisting only in a small central area (approximately 3 km²), now termed the “Experimental Perimeter”. The land cover matrix remained unchanged in 2017, but all land cover classes exhibited notable reductions in area, particularly dense forests, which had completely disappeared. The former Experimental Perimeter transitioned to degraded forest, while bare soils and degraded forests expanded significantly.
3.1.2 Dynamics of Land Use and Land Cover Composition, 1986–2017
The results of land use/land cover (LULC) composition dynamics during the study period (1986 to 2017) are summarised in Table 1. This table details land cover transitions via transition matrices for 1986 to 2000 and 2000 to 2017. Overall, the table reveals low global stability indices (<0.50), reflecting intense land transformation dynamics and limited persistence of initial land cover classes. This underscores significant anthropogenic pressure, marked by deforestation and agricultural expansion. 1986 to 2000 Period, fallow (JA) dominated, covering 38.50% of the total area. It expanded significantly, particularly into perennial crops (12.95%) and dense forests (3.27%). Perennial Crops (CP) occupied 31.83% of the total area, with most conversions to fallow (13.53%). 
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Fig. 2: Land Use and Land Cover of the Téné Protected Forest for the Years 1986, 2000, and 2017
Dense Forests (FD), representing 20.30% of the area, experienced severe degradation, primarily transitioning to fallow (7.13%) and perennial crops (5.29%). 2000 to 2017 Period, the stability index (0.36) indicates ongoing transformations, though some classes (e.g., fallow and perennial crops) began stabilising. Fallow (JA) remained dominant at 39.32% of the total area, showing relative stability compared to the earlier period. Perennial Crops (CP) covered 25.65% of the landscape, confirming their central role. Gains were driven by conversions from fallow (10.73%) and degraded forests (1.39%). Dense Forests (FD) were nearly eradicated as an initial class (0%), reflecting near total conversion to other uses, primarily fallow and perennial crops.
Table 1: Land Use/Land Cover (LULC) Transition Matrix and Stability Indices for the Téné Protected Forest, 1986–2000 and 2000–2017
FD_ Dense Forest, Fd_ Degraded Forest, PF_ Forest Plantation, JA_ Fallow Land, CP_ Cropland, BF_ Lowland et SN_ Bare Soil.
	1986 to 2000 Period
	FD
	Fd
	PF
	CP
	BF
	JA
	SN
	Totals

	
	
	
	
	
	
	
	
	

	FD
	2,92
	0,52
	2,96
	5,29
	1,44
	7,13
	0,04
	20,30

	Fd
	1,21
	0,19
	0,05
	0,02
	0,13
	0,13
	0,00
	1,74

	PF
	0,29
	0,02
	0,11
	0,00
	0,24
	0,06
	0,00
	0,72

	CP
	5,97
	0,51
	2,18
	4,53
	4,95
	13,53
	0,17
	31,83

	BF
	0,13
	0,02
	0,21
	0,12
	0,31
	0,24
	0,00
	1,03

	JA
	2,67
	0,59
	3,27
	12,95
	1,92
	16,93
	0,18
	38,50

	SN
	0,11
	0,10
	0,17
	3,95
	0,21
	1,30
	0,06
	5,89

	Totals
	13,30
	1,94
	8,94
	26,86
	9,19
	39,32
	0,45
	100

	Stability Index: 0,27

	2000 to 2017 Period
	FD
	Fd
	PF
	CP
	BF
	JA
	SN
	Totals

	
	
	
	
	
	
	
	
	

	FD
	0,00
	5,08
	1,14
	2,35
	0,05
	3,96
	0,71
	13,30

	Fd
	0,00
	0,67
	0,12
	0,38
	0,00
	0,61
	0,14
	1,94

	PF
	0,00
	2,54
	1,63
	2,61
	0,12
	1,30
	0,75
	8,94

	CP
	0,00
	1,39
	0,80
	6,37
	0,07
	10,73
	7,50
	26,86

	BF
	0,00
	1,08
	1,80
	3,56
	0,24
	1,50
	1,00
	9,19

	JA
	0,00
	4,29
	2,27
	10,23
	0,23
	17,67
	4,64
	39,32

	SN
	0,00
	0,02
	0,03
	0,14
	0,00
	0,15
	0,11
	0,45

	Totals
	0,00
	15,07
	7,79
	25,65
	0,71
	35,91
	14,86
	100

	Stability Index : 0.36




[bookmark: _Toc94694189]Fig. 3: Evolution of Land Use/Land Cover Class Proportions in the Téné Protected Forest from 2017 to 2029, Based on Markov Chain Simulation
3.2 Discussion
3.2.1 Effectiveness of the Adopted Methodology
The assessment of human-driven land use transformation in the Téné Protected Forest required analysis of 30 m resolution Landsat imagery combined with field observations. Supervised classification using a neural network algorithm yielded excellent accuracy (overall accuracy and Kappa coefficient), underscoring the importance of in-depth knowledge of the study area to optimise image processing quality, despite the relatively coarse spatial resolution (Toyi et al., 2013; Mama et al., 2014; N’Guessan et al., 2022). The simulation of land use anthropisation in this study aims to enhance understanding of LULC dynamics rather than precisely predict future trends. Its primary objective is to support policymakers in adopting proactive strategies to anticipate and mitigate accelerated degradation of natural resources. The first-order Markov chain model was selected for its simplicity and flexibility, enabling adaptation to historical land use patterns (Ladet et al., 2005). The model assumes constant transition probabilities (2000–2017), implying no significant shifts in socio-economic or environmental drivers during this period. While effective for temporal projections, the Markov chain lacks spatial explicitness. Integrating spatially explicit models—incorporating socio-environmental variables such as demographics, policy frameworks, and climate change—would refine projections and target interventions more effectively. In-depth socio-economic studies are needed to understand local stakeholders’ motivations and constraints, informing context-specific management strategies. Combining Markov chains with spatially explicit drivers (e.g., distance to roads, population density) could improve predictive accuracy and policy relevance. Despite its limitations, the first-order Markov chain remains a valuable tool for exploratory analysis and scenario illustration. Observed trends provide a robust overview of land cover dynamics, highlighting irreversible forest loss and agricultural encroachment. These findings align with broader regional studies on West African deforestation (Bogaert et al., 2014; Oszwald et al., 2010) and underscore the urgency of conservation interventions.
3.2.2 Anthropogenic Activities and Land Use Dynamics
The analysis of spatial dynamics reveals that deforestation is the dominant process, leading to the near disappearance of dense forest in favour of agricultural systems and fallow lands. The primary drivers of this transformation are vegetation fires and agricultural expansion, particularly perennial crops such as cocoa. Additionally, the uncontrolled exploitation of woody forest resources including firewood, service wood, and non-timber products derived from bark stripping and the gathering of fruits and leaves intensifies pressure on forest ecosystems. This is compounded by intensive grazing by transhumant herds from the north, which contributes to gradual degradation. These factors stem from a mass influx of agricultural migrants from various regions within Côte d'Ivoire and neighbouring countries (Burkina Faso and Mali). The primary motivation for migration to the Téné Protected Forest (TPF) is the depletion of agricultural land in migrants’ regions of origin. Consequently, the demand for land driven by crop cultivation, forestry, grazing, and the production of timber and non-timber forest products by both indigenous and migrant populations (Ivorian and non-Ivorian) has profoundly altered land use patterns in the protected forest. These findings reflect the broader trend of land use dynamics in Côte d'Ivoire, particularly in the Oumé Department, where economic, demographic, cultural, and environmental factors underpin social changes that also impact forest cover (Sagne 2009; N’Guessan et al. 2019, N’Guessan et al 2022). Similar trends have been observed in other African regions (Bogaert et al. 2008; Barima et al. 2009; Brink & Eva 2009; Mama et al. 2014; Abdou et al. 2019).
[bookmark: _GoBack]Over a 31-year period, anthropogenic pressure on TPF’s land use dynamics has resulted in an increase in the stability index and a notable expansion of fallow lands, which dominate in both study periods. This rise in stability may indicate land-use saturation, a consequence of human interventions promoting the establishment of perennial agricultural systems. The predominance of fallow lands suggests unsustainable land management, with insufficient fallow periods to enable effective forest regeneration. This phenomenon could also be linked to forest plantations, primarily of Tectona grandis, whose dry-season leaf drop gives this species a spectral signature similar to fallow land. Simulations of land use changes by 2029, based on trends observed between 2000 and 2017, indicate that dense forests already nearly absent by 2017 will disappear entirely by 2029. This loss is driven by intense anthropogenic pressure, including the expansion of perennial crops (cocoa, coffee) and unsustainable exploitation of forest resources. This aligns with Kouassi et al. (2021), who highlight the large-scale conversion of classified forests into cocoa and rubber plantations. Fallow lands, already dominant, will continue to expand, reflecting inadequate crop rotation for soil regeneration, while bare soils will increase slightly, signalling fertility loss and accelerated erosion. These observations corroborate Tondoh et al. (2015), who found that nearly 40% of Ivorian soils are degraded, particularly in cocoa-producing areas. These trends have major implications for biodiversity and ecosystem services. The loss of dense forests destroys habitats for numerous species, threatening biological diversity. Soil degradation and reduced vegetation cover disrupt hydrological cycles, heightening risks of floods and droughts. Finally, the decline in ecosystem services such as carbon sequestration has local and global repercussions. Historically a carbon sink, Côte d'Ivoire has become a net CO₂ emitter due to deforestation (FAO 2021). Key drivers include the influx of agricultural migrants drawn to fertile lands, exerting growing pressure on forest resources. These migrants, often from Burkina Faso and Mali, practice extensive agriculture that accelerates deforestation and soil degradation. Unsustainable practices, such as monoculture and excessive chemical use, deplete soils, while illegal resource exploitation exacerbates the crisis.
4. Conclusion
This study has highlighted the growing human encroachment and accelerated degradation of the Téné Protected Forest (TPF) between 1986 and 2017 through remote sensing and Geographic Information System (GIS) analysis. The results reveal a profound transformation in land cover, characterised by the near-total disappearance of dense forests and their replacement with perennial crops, fallow lands, and bare soils. This dynamic is primarily driven by vegetation fires, agricultural expansion, unsustainable exploitation of forest resources, and intensive grazing, all exacerbated by the influx of agricultural migrants. Prospective modelling up to 2029 confirms the persistence of these trends, projecting a complete absence of dense forests and a further increase in perennial crops, fallow lands, and bare soils. These projections underscore the urgent need to reverse this trajectory. Our findings emphasise the necessity of sustainable land management, integrating environmentally friendly agricultural practices, restoration of degraded areas, and protection of remaining forest relics to safeguard biodiversity and ecosystem services.
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