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ABSTRACT

	This study analyzes land cover dynamics in the N’Zi watershed at M’Bahiakro (Central-Eastern Côte d’Ivoire) between 2015 and 2024. Satellite images acquired in 2015, 2020, and 2024 were preprocessed to correct for radiometric and atmospheric effects and then classified into six land cover categories using supervised maximum likelihood classification: bare soil and urbanized areas, dense forests, degraded forests, savanna, cultivated land and fallow land, and water bodies. The classification accuracy, assessed using a confusion matrix, shows an overall accuracy greater than 85% and a high Kappa coefficient, confirming the reliability of the results. The diachronic analysis reveals major transformations. Between 2015 and 2020, savannas (-14.84 ha; -75.64%) and dense forests (-6.19 ha; -35.43%) decreased significantly, while degraded forests (+7.00 ha; +95.37%) and cultivated land (+6.09 ha; +45.58%) increased. Bare soils and urbanized areas declined slightly (-2.71 ha; -12.68%), while bodies of water increased (+10.65 ha; +51.13%).Between 2020 and 2024, the changes are even more pronounced: bare soil and urbanized areas increased significantly (+29.82 ha; +159.72%), while degraded forests (-9.65 ha; -67.29%) and cultivated land (-15.89 ha; -81.70%) decreased. Dense forests (+2.69 ha; +23.85%) and savannas (+1.08 ha; +22.59%) increased slightly, while water bodies decreased (-8.04 ha; -25.54%). These trends reflect increasing human pressure and the ongoing conversion of natural areas into agricultural land. The study recommends the use of predictive models (Markov, CA-Markov, Land Change Modeler, Random Forest) to anticipate future changes and support agricultural planning and environmental sustainability. Limitations include the lack of comprehensive field data, seasonal variations between images, and some classification uncertainties, despite the high Kappa coefficient.
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1. INTRODUCTION 
Land-use dynamics are a major concern for the sustainability of ecosystems and agricultural land worldwide. According to Baiwar et al. (2025), the rapid appropriation of natural resources, driven by population growth, improved living conditions, and the expansion of human activities, is leading to profound and accelerated transformations in land cover.
In West Africa, these changes are particularly pronounced. Under the combined effect of population growth, agricultural expansion, and climate variability, rural landscapes are experiencing a massive conversion of forests into cultivated areas (Kouassi et al., 2021; Kouassi et al., 2024). This transition is accompanied by major environmental impacts: soil erosion and degradation, habitat fragmentation, disruption of hydrological regimes, water pollution, and increased risks of flooding and drought. These changes directly affect the livelihoods of rural populations and exacerbate food insecurity and poverty (Foley et al., 2005).
In Côte d’Ivoire, deforestation is one of the most pressing environmental challenges. Forest areas, estimated at nearly 14 million hectares in 1912, had shrunk to approximately 2 million hectares by 2000 (Assoma et al., 2021). This sharp decline is primarily due to agricultural expansion, logging, and household energy needs (Kouassi et al., 2021).
The N’Zi River basin, a major tributary of the Bandama River, exemplifies these dynamics. Its central region, once considered the “cocoa belt,” has experienced intense deforestation linked to the development of industrial crops. The original forests have been progressively replaced by cocoa plantations, and more recently by cashew, yam, and other agricultural crops (Assoma et al., 2021).
[bookmark: _GoBack]Furthermore, the installation of the country's first inflatable hydro-agricultural dam in this basin, intended to irrigate 450 hectares of rice paddies (Kouassi et al., 2013; Baï et al., 2019), has attracted a significant number of migrants from other regions, leading to a rapid increase in population density (Baï et al., 2025). This increased demographic pressure has intensified the reduction of forest cover and accelerated the conversion of land to cultivated areas, thus contributing to the rapid transformation of rural landscapes.
Several studies have analyzed land cover in the N’Zi River basin (Kouassi et al., 2021; Yao et al., 2023). However, they focus on earlier periods or rely on sectoral approaches that do not fully integrate recent transformations or their implications for sustainable land management. Furthermore, the current dynamics, characterized by agricultural expansion, internal migration, and evolving agricultural practices, remain insufficiently documented.
In this context, the present study aims to complement existing knowledge by providing an updated and detailed analysis of the spatio-temporal dynamics of land cover in the N’Zi River basin between 2015 and 2024. This approach thus contributes to strengthening the understanding of ongoing socio-environmental dynamics and to informing the development of territorial resilience strategies in the face of increasing anthropogenic and climatic pressures.

2. material and methodOLOGY 
2.1. Material
2.1. 1 Presentation of the study area
The N'Zi watershed at M'Bahiakro is located between longitudes 4° and 5° West and latitudes 6° and 9°27' North (Figure 1). This basin is drained exclusively by the N'Zi River, which is the only major watercourse in the study area. The N'Zi rises in northern Côte d'Ivoire in the Ferkéssedougou region at an altitude of 400 m and flows generally in a north-south direction to its outlet at M'Bahiakro. The density of the hydrographic network decreases from south to north. The climate is characterised by a transitional tropical regime (Sudanese-Guinean climate), with annual rainfall less than 1,200 mm in the north. The south of the basin is characterized by a humid tropical regime (Baouléan climate) with annual rainfall between 1200 and 1600 mm/year (Kouassi et al., 2022b). The main soil types are moderately desaturated ferralitic soils (North) and highly desaturated ferralitic soils (Center and South) (Kouassi et al., 2019).
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Figure 1: Presentation of the Study Area

2.2 Methodology
2.2.1 Acquisition of Satellite Images
The Landsat 8 scenes used in this study underwent rigorous preprocessing to ensure their quality and temporal comparability. The images were first subjected to atmospheric and radiometric corrections, an essential step to eliminate atmospheric effects and guarantee the consistency of spectral values across different dates. The data used come from the Landsat 8 sensor (OLI/TIRS), chosen for its 30 m spatial resolution, radiometric stability, and open access—three characteristics offering optimal conditions for reliable diachronic analysis. The scenes (197_055, 197_054, 196_054, and 196_055) were selected based on their low cloud cover (<10%) and their acquisition during the dry season, a period conducive to reducing biases related to seasonal variability. All the images covering the N’Zi watershed were acquired between December 11, 2015 and February 27, 2024, and then uploaded to the USGS Earth Explorer platform.
	Acquisition Date
	Download Date
	Scene ID

	26/01/2024 – 27/02/2024
	20/10/2025
	196_054 et 197_054

	19/12/2024 – 27/12/2024
	20/10/2025
	196_055 et 197_055

	07/01/2020 – 23/08/2020
	22/10/2025
	196_054 et 197_054

	
	22/10/2025
	196_055 et 197_055

	11/12/2015 – 08/09/2020
	27/10/2025
	196_054 et 197_054

	27/12/2015 – 08/09/2020
	28/10/2025
	196_055 et 197_055


Table 1: Main Characteristics of the Images Used

2.2.2 Processing and analysis methods 

2.2.2.1 Preprocessing of Satellite Images
The raw Level-1 images were subjected to preprocessing steps aimed at correcting atmospheric and radiometric effects prior to analysis:
· Radiometric and atmospheric correction performed using the Semi-Automatic Classification Plugin (SCP) in QGIS 3.4.1;
· Conversion to surface reflectance to normalize spectral bands across the different acquisition dates;
· Clipping based on the hydrological boundaries of the study watershed;
· Mosaicking of the scenes to obtain complete and homogeneous coverage of the study area.

2.2.2.2 Image Processing
The various watersheds studied are fully covered by several satellite images. These images will be assembled or mosaicked to obtain images that completely represent the watersheds. Because the scenes (images) are very large, they were cropped at the boundaries of the study site after being mosaicked. Image processing began with the precise delimitation of the study area, corresponding to the N’Zi watershed in the locality of M’Bahiakro. This spatial area was then extracted from the various satellite images. A preliminary visual interpretation was carried out to develop a coherent nomenclature for the land cover units to be mapped. Following this phase, six classes were selected: (1) water, (2) settlement/bare soil, (3) cultivated land, (4) fallow land, (5) savanna, and (6) forest.

2.2.2.3 Color Composite
A color composite is a color image obtained from three bands, each assigned one of the primary colors: Red (R), Green (G), and Blue (B). The bands are chosen to avoid information redundancy and to obtain the maximum amount of information. Initially, the search for the best combination between the different image bands was undertaken. After the color composite, a visual interpretation of the images was carried out based on knowledge of the spectral signatures and the terrain. Generally, in terms of land cover, five types of landscape units can be identified: bare soil and habitats (human habitation areas, roads, rock outcrops), degraded forest, dense forest, savanna, cultivated land and fallow land, and water.
2.2.3. Land Use Classification
Land cover classification was performed for each of the three years (2015, 2020, and 2024) using the supervised maximum likelihood method. The thorough knowledge of the watershed allowed for the use of a supervised approach, well-suited to distinguishing between the different land cover classes. The maximum likelihood algorithm was chosen due to its robustness and widespread use in the scientific literature (Kouamé et al., 2019; Kouassi et al., 2020). Classification validation was carried out using a confusion matrix, overall precision, and the Kappa coefficient, ensuring the reliability of the results and their relevance for the diachronic analysis of land cover dynamics.The classes selected for the land use typology are:
1. Bare soil and settlements
2. Dense forests
3. Degraded forests
4. Savanna
5. Crops and fallows
6. Water

2.2.4. Accuracy Assessment of Classification
The reliability of the classifications was evaluated using a confusion matrix, comparing the assigned classes with independent reference points. Overall accuracy and Kappa indices were calculated to quantify the quality of the classification. An overall accuracy greater than 85% was considered nearly perfect or satisfactory.
Land cover mapping (LCM) of the N’Zi watershed was carried out using supervised classification with the Maximum Likelihood algorithm. The validation of the classification is obtained using the confusion matrix, the overall precision and the Kappa coefficient (Table 2, table 3, table 4). These tables display in the diagonal, the percentage of well classified pixels and off diagonal, the percentage of misclassified pixels. The confusion matrix shows a good classification of the images (McHugh’s 2012; kouassi et al 2020). 
Table 2 : Confusion matrix of the 2015 image classification

	Classes
	Bare soil and settlements
	Degraded forests
	Savanna
	Crops and fallows
	Dense forests
	Water

	Bare soil and settlements
	82.74
	1.29
	4.85
	3
	0.87
	2.52

	Degraded forests
	0.01
	90.63
	0.1
	0.2
	2.56
	0.49

	Savanna
	3.33
	0.04
	94.99
	0.2
	0
	0.01

	Crops and fallows
	2.29
	1.45
	0.03
	96.39
	0.07
	1.63

	Dense forests
	11.6
	6.43
	0.01
	0
	95.09
	3.31

	Water
	0.04
	0.15
	0.01
	0.2
	1.41
	92.04


2015: overall accuracy 91.34%, Kappa 0.8941












Table 3 :  Confusion matrix of the 2020 image classification

	Classes
	Bare soil and settlements
	Degraded forests
	Savanna
	Crops and fallows
	Dense forests
	Water

	Bare soil and settlements
	92.63
	0.08
	0.18
	0.99
	12.75
	0.18

	Degraded forests
	0.03
	98.13
	2.88
	0
	2.33
	0

	Savanna
	0.56
	0
	97.42
	0.19
	0.31
	0.96

	Crops and fallows
	6.69
	1.19
	1.53
	84.73
	0.71
	0.05

	Dense forests
	0.09
	0.56
	0.06
	0
	95.92
	0.02

	Water
	0
	0.04
	0
	0.2
	0
	98.79


2020: overall accuracy 94.27%, Kappa 0.9276


Table 4 : Confusion matrix of the 2024 image classification

	Classes
	Bare soil and settlements
	Degraded forests
	Savanna
	Crops and fallows
	Dense forests
	Water

	Bare soil and settlements
	97.66
	2.19
	4.85
	3.11
	0.27
	0.98

	Degraded forests
	1.17
	89.36
	0.01
	0.09
	5.31
	0

	Savanna
	0.13
	0
	97.71
	0
	0
	0.38

	Crops and fallows
	1.02
	1.36
	0
	96.8
	0
	0

	Dense forests
	0.02
	7.09
	0.05
	0
	94.43
	0.03

	Water
	0
	0
	0
	0
	0
	98.62


2024: overall accuracy 97.09%, Kappa 0.9571


2.2.5. Assessment of land use dynamics
Land cover mapping was performed using supervised classification with the maximum likelihood algorithm. This algorithm was trained on a subset of data with known land cover classes. The classification was then extended to the entire study area to determine the coverage rate of each land cover type. To assess the classification quality, a confusion matrix was generated. The overall accuracy, corresponding to the ratio of correctly classified pixels to the total number of pixels, was calculated. This maximum likelihood method is widely used in supervised classifications and is considered one of the most effective algorithms for producing land cover maps (Konan-Waidhet et al.,2022). The spatio-temporal dynamics were analyzed by comparing maps from different dates (2015–2020; 2020–2024; and 2015–2024) and calculating the rates of change for the classes using the formula (Al-Akad et al.,2019 ; Kouassi et al 2020):



where:
Tg = overall rate of change (%)
Tc = rate of change (%) 
S1 = area of the class at date t1
S2 = area of the class at date t 2 (t 2 > t 1).
t = number of years between the two dates

Analysis of the rate of change values shows that positive values indicate “progression” and negative values “regression”. Values close to zero indicate that the class is relatively “stable”.
2.2.6 Cartographic Production and Interpretation
The final maps were produced using QGIS 3.4.1, incorporating standard cartographic elements: title, legend, orientation, scale, geographic coordinates, and data sources.
The interpretation of results was based on comparing the observed trends, allowing for the assessment of the extent of anthropization and the spatio-temporal dynamics of the ecosystems in the study area.
The interpretation of the maps was based on comparing observed trends across the different years studied, which allowed us to:
· assess the level of human impact and the extent of areas transformed by human activities;
· analyze the spatio-temporal dynamics of the different ecosystems;
· highlight the dominant processes, such as deforestation, the expansion of cultivated land, the fragmentation of natural habitats, and the encroachment of savannas;
· identify the most vulnerable areas or those subject to increasing human pressures.
These cartographic analyses constitute an essential basis for understanding changes in land use and guiding decisions related to the sustainable management of the territory.

3. results and discussion
[bookmark: _Hlk214853298]3.1. Land use patterns from 2015 to 2020
Changes in land cover classes between 2015 and 2020 reveal significant landscape transformations, characterized by a reduction in savanna, dense forest, and bare soil/habitat areasare (Figure 2 and Figure 3).
Bare soil and settlements decreased (from 3357 Km2 to 2931 Km2), suggesting a redistribution of these areas toward other land-cover types. In contrast, degraded forests expanded sharply (from 1152 Km2 to 2251 Km2), revealing intensified anthropogenic disturbance. Savanna cover collapsed over the period, a trend consistent with increasing agricultural pressure (from 3080 Km2 to 750 Km2), reflected in the substantial rise of cultivated and fallow lands. Dense forests continued to decline (from 2743 Km2 to 1771 Km2), confirming persistent deforestation dynamics. Meanwhile, water bodies increased markedly (from 3270 Km2 to 4942 Km2), likely due to hydrological fluctuations or the development of water infrastructures.
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Figure 2. Changes in land cover classes between 2015 and 2020 revealing significant landscape transformations



[bookmark: _Hlk214854100]Figure 3. Evolution of areas of land cover and land use classes between 2015 and 2020

3.2. Land use patterns from 2020 to 2024
The period 2020–2024 is distinguished by rapid changes in the landscape, resulting from agricultural expansion and the modification of natural and anthropized spaces (Figure 4 and Figure 5). Between 2020 and 2024, land-use patterns exhibited substantial shifts indicative of both ecological change and intensifying human pressures. Bare soil and settlements expanded rapidly, rising from 2,931 km² to 7,613 km², a trend consistent with accelerated land degradation, urban growth, or broader anthropogenic encroachment. Conversely, degraded forests declined sharply from 2,251 km² to 736 km², a change that may reflect transitions to ard other land-use categories, progressive canopy loss, or localized vegetation recovery.
Savanna areas increased moderately (751 km² to 920 km²), suggesting an expansion of open vegetation communities potentially linked to forest degradation or altered fire regimes. Crops and fallows contracted markedly, decreasing from 3,054 km² to 559 km², which may indicate extensive land abandonment, conversion to built-up areas, or reduced agricultural suitability due to biophysical constraints.

Dense forests showed a positive trajectory, expanding from 1,771 km² to 2,193 km². This renewal could be associated with natural regeneration processes, targeted restoration efforts, or protection measures that have limited disturbance. In contrast, water bodies diminished from 4,942 km² to 3,678 km², a reduction pointing to possible hydrological modification, declining surface water availability, or interannual variability in water extent.
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Figure 4. Degradation of forests reflecting a strong conversion of the areas to other uses and the continuation of anthropogenic pressures on forest environments 

Figure 5. Evolution of areas of land cover and land use classes between 2020 and 2024

3.3. Land use patterns from 2015 to 2024
Between 2015 and 2024, significant shifts in land cover were observed (Figure 6). Bare soil and settlements experienced a marked increase, rising from 3,357 Km2 in 2015 to 7,613 Km2 in 2024, reflecting intensified urbanization and land degradation. Degraded forests initially expanded from 1,152 Km2 to 2,251 Km2 by 2020 but then sharply declined to 736 Km2 in 2024, indicating partial recovery or conversion to other land uses. Savanna areas decreased dramatically from 3,080 Km2 in 2015 to 750 Km2 in 2020, with a slight recovery to 920 Km2 by 2024. Cultivation and fallows followed a similar trend, peaking in 2020 at 3,054 Km2 before declining to 559 Km2. Dense forests decreased between 2015 and 2020 but partially recovered to 2,193 Km2 by 2024. Water bodies expanded from 3,270 Km2 in 2015 to 4,942 Km2 in 2020, then slightly decreased to 3,679 Km2, reflecting hydrological fluctuations or human interventions.
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Figure 6. Land Use Dynamics in the N’Zi Watershed at M’Bahiakro




Figure 7. Evolution of areas of land cover and land use classes 2015, 2020 and 2024

3.4. Global and local change rates

3.4.1. Land-use change dynamics from 2015 to 2020

Between 2015 and 2020, land-use dynamics reveal contrasting trajectories across the major classes. Bare soil and settlements registered a slight overall decline (Tg = –12.68%; Tc = –2.67%), suggesting limited reductions in exposed surfaces or built-up areas. Degraded forests experienced a marked expansion (Tg = 95.37%; Tc = 14.33%), indicating intensified degradation processes or the conversion of other vegetation types into degraded forest states.
Savanna areas showed a substantial contraction (Tg = –75.64%; Tc = –24.60%), pointing to significant losses of open vegetation, potentially through encroachment by agriculture or degradation into bare soil. Crops and fallows increased moderately (Tg = 45.58%; Tc = 7.80%), reflecting the expansion of agricultural activities during the period.
Dense forests underwent a notable decline (Tg = –35.43%; Tc = –8.38%), consistent with ongoing deforestation or fragmentation pressures. Water surfaces expanded (Tg = 51.13%; Tc = 8.61%), a trend that may be associated with hydrological fluctuations, increased flooding, or changes in wetland extent.


Table 5 . Rate of change of land use classes between 2015 and 2020

	Land use clases
	Tg (%)
	Tc (%)

	Bare soil and settlements
	-12.68
	-2.67

	Degraded forests
	95.37
	14.33

	Savanna
	-75.64
	-24.60

	Crops and fallows
	45.58
	7.80

	Dense forests
	-35.43
	-8.38

	Water
	51.13
	8.61




3.4.2. Land-use change dynamics from 2020 to 2024

The period 2020–2024 is marked by distinct shifts across land-use categories. Bare soil and settlements display a pronounced expansion (Tg = 159.72%; Tc = 26.95%), indicative of intensified human activities, urban growth, or accelerated land degradation. Degraded forests undergo a substantial decline (Tg = –67.29%; Tc = –24.38%), suggesting partial vegetation recovery, conversion into other classes, or continued degradation reducing their extent.
Savanna areas show a modest increase (Tg = 22.59%; Tc = 5.22%), pointing to a limited expansion of open vegetation. In contrast, crops and fallows register a strong contraction (Tg = –81.70%; Tc = –34.59%), reflecting possible agricultural abandonment, declining suitability, or land conversion to non-agricultural uses.
Dense forests experience moderate growth (Tg = 23.85%; Tc = 5.49%), a pattern that may stem from regeneration processes or targeted conservation efforts. Water bodies decline (Tg = –25.57%; Tc = –7.12%), which may signal hydrological changes, reduced surface water availability, or interannual variability in water extent.






Table 6 . Rate of change of land use classes between 2020 and 2024

	Land use clases
	Tg (%)
	Tc (%)

	Bare soil and settlements
	159,72
	26,95

	Degraded forests
	-67,29
	-24,38

	Savanna
	22,59
	5,22

	Cultivation and fallows
	-81,70
	-34,59

	Dense forests
	23,85
	5,49

	Water
	-25,57
	-7,12



3.4.3. Land-use change dynamics from 2020 to 2024

Across the 2015-2024 period, land-use patterns reveal persistent and contrasting trajectories. Bare soil and settlements show a marked expansion (Tg = 126.80%; Tc = 22.72%), pointing to intensified anthropogenic pressures such as urban growth, infrastructure development, or progressive land degradation. Degraded forests register a moderate decline (Tg = –36.10%; Tc = –10.59%), which may reflect partial vegetation recovery, conversion to alternative land uses, or the depletion of degraded forest areas.
Savanna formations decline sharply (Tg = –70.13%; Tc = –26.07%), suggesting substantial losses of open vegetation, likely driven by agricultural encroachment, land conversion, or degradation processes. Cultivation and fallows also contract significantly (Tg = –73.35%; Tc = –28.15%), indicating a widespread reduction in agricultural land, potentially linked to land abandonment, declining soil productivity, or a shift toward other land-use categories.
Dense forests experience a moderate decrease (Tg = –20.03%; Tc = –5.44%), consistent with ongoing deforestation and fragmentation pressures over the decade. In contrast, water surfaces exhibit slight growth (Tg = 12.48%; Tc = 2.98%), a trend that may result from hydrological variability, increased water retention in certain areas, or changes in wetland dynamics.

Table 7 . Rate of change of land use classes between 2015 and 2024

	Land use clases
	Tg (%)
	Tc (%)

	Bare soil and settlements
	126,80
	22,72

	Degraded forests
	-36,10
	-10,59

	Savanna
	-70,13
	-26,07

	Cultivation and fallows
	-73,35
	-28,15

	Dense forests
	-20,03
	-5,44

	Water
	12,48
	2,98



3.2 Discussion
[bookmark: _Hlk214859015]3.2.1 Land use patterns from 2015 to 2020

Between 2015 and 2020, the N’Zi watershed underwent significant land-use changes, characterized by a marked decline in natural habitats and increasing human pressure. Savannas decreased sharply, from 308,034 ha to 75,046 ha (–75.6%), while dense forests shrank from 274,279 ha to 177,096 ha (–35.4%). Bare soils and urbanized areas decreased slightly (–12.7%), while cultivated land and fallow land increased significantly (+46%). Concurrently, the area of degraded forests nearly doubled (+95%), reflecting a process of degradation and progressive fragmentation of natural ecosystems. These observations confirm the trends noted by Koffi et al. (2023) in the Lobo River basin, where extensive agriculture and logging have been identified as the main drivers of deforestation. Angoua (2018) also highlights that the conversion of savannas and forests into agricultural land and habitats results from population growth and increased demand for arable land, while the expansion of cultivated land and fallow land reflects the intensification of food and cash crops, as observed in other rural areas of Côte d’Ivoire (Ruf & Varlet, 2019; Ouattara et al., 2021). The increase in degraded forests further illustrates habitat fragmentation and the progressive degradation of natural environments, consistent with the findings of Traoré et al. (2024), which show that extensive agriculture combined with firewood collection reduces forest connectivity and accelerates fragmentation. Overall, these transformations reflect an increase in human impact and a progressive conversion of natural ecosystems into agricultural land and degraded areas, confirming the vulnerability of the studied landscapes and highlighting the need to implement sustainable management strategies to preserve habitats and ecosystem services, in line with regional observations in Côte d’Ivoire and West Africa.
Water surface areas also increased (Tg = 51.13%; Tc = 8.61%), likely due to hydrological fluctuations and the expansion of local reservoirs. These findings are corroborated by the study of Kouamé et al. (2019), which analyzed land cover changes in the basin between 1988 and 2016. The authors show that water bodies and human-modified land (urban and agricultural areas) increased, while vegetated areas (savannahs, grasslands, forests, and evergreen forests) decreased. According to the same authors, the increase in water surface areas is attributed to the construction of small reservoirs, dams, and dams in the basin, highlighting the significant attention paid to the development of small-scale hydraulic structures for domestic water supply and livestock irrigation in West African basins.

3.2.2 Land use patterns from 2020 to 2024

For the period 2020 and 2024, the N’Zi watershed experienced rapid and contrasting land-use changes, mainly linked to agricultural expansion, the reorganization of human-modified areas, and natural regeneration processes. Bare soils and urbanized areas increased sharply (+159.7%; Tg = 159.72%; Tc = 26.95%), reflecting urbanization, the intensification of human activities, and the conversion of some agricultural or natural areas, in line with the observations of Kouassi et al. (2024), who document a significant expansion of non-forest areas in Côte d’Ivoire (DOI: 10.3846/gac.2024.18724). Concurrently, degraded forests decreased sharply (–67.3%; Tg = –67.29%; Tc = –24.38%), reflecting either partial vegetation recovery in some areas, conversion to other classes, or the persistence of human pressures on forests, consistent with the findings of Traoré et al. (2024).
Savannas registered a slight increase (+22.6%; Tg = 22.59%; Tc = 5.22%), suggesting limited expansion of open spaces, likely driven by agricultural abandonment or natural regeneration. Conversely, cultivated and fallow land experienced a significant contraction (–81.7%; Tg = –81.70%; Tc = –34.59%), reflecting possible land abandonment, decreased fertility, or conversion to non-agricultural uses. This illustrates the fluctuations in agricultural practices and their impact on land use, as also observed by Lambin & Meyfroidt (2011) and Ouattara et al. (2021) in other Ivorian basins.
Dense forests recorded moderate growth (+23.9%; Tg = 23.85%; Tc = 5.49%), likely linked to natural regeneration processes or targeted conservation efforts, thus contributing to improved forest connectivity and reduced habitat fragmentation. 
The results of Yao et al. (2023) show that water surfaces decreased by 64.95% between 2000 and 2020 and by 52.47% between 1986 and 2020, indicating a persistent trend of water body decline in the region. This decline is primarily attributed to the intensification of agricultural activities, land conversion, overexploitation of water resources, and interannual climate variations. These observations corroborate the results obtained in the N’Zi watershed for the period 2020–2024, where water surfaces also declined by 25.5% (Tg = –25.57%; Tc = –7.12%), highlighting the vulnerability of aquatic ecosystems to anthropogenic pressures and hydrological changes.

3.2.3 Land use patterns from 2015 to 2024
Between 2015 and 2024, the N’Zi River basin underwent major land-use transformations, with a marked shift from forests and savannas to agricultural land and urban areas. This dynamic aligns with trends observed in Côte d’Ivoire and West Africa, where deforestation remains high, fueled by cash crops, the expansion of food crops, and population growth (Hansen et al., 2013; Kouassi et al., 2021).
The rise of cash crops, particularly cocoa and cashew, has led to the conversion of wooded savannas and secondary forests into agricultural land, exacerbating fragmentation and the loss of forest continuity (Ruf & Varlet, 2019; Ouattara et al., 2021; Akpa You et al., 2019; Soro et al., 2020 ; Kalischek et al., 2023; Traoré et al., 2024). The process of savannization, characterized by the transformation of forest environments into ecosystems dominated by herbaceous vegetation, is favored by recurrent fires, the decline of woody biomass, and droughts (Beckett et al., 2022; Staver et al., 2020; Abreu et al., 2021). Extreme fires and uncontrolled agricultural practices prevent forest regeneration and accelerate soil degradation, increasing the risk of erosion, particularly on plateaus and in forest-savanna transition zones (Tellen et al., 2020; Abindaw et al., 2023; Saravia-Maldonado et al., 2024; Koffi et al., 2024).
Schwantes Marinho et al. (2022) show that extreme fires, repeated annually, prevent forest regeneration. They subsequently promote the formation of treeless savannas.
Over the entire period, bare soils and urbanized areas increased sharply (Tg = 126.80%; Tc = 22.72%), reflecting urbanization and the intensification of human activities (Kouassi et al., 2024). Degraded forests declined moderately (Tg = -36.10%; Tc = -10.59%), while savannas decreased sharply (Tg = -70.13%; Tc = -26.07%), reflecting the loss of open spaces due to agriculture and slash-and-burn agriculture. Cultivated land and fallow land also decreased (Tg = –73.35%; Tc = –28.15%), reflecting the abandonment of some plots or their conversion to other uses, while dense forests declined slightly (Tg = –20.03%; Tc = –5.44%).
Water bodies increased slightly (Tg = 12.48%; Tc = 2.98%), although other regional studies report downward trends (Yao et al., 2023: Tg = –64.95% for 2000–2020 and Tg = –52.47% for 1986–2020; Tc values: –3.25% and –2.62%, respectively). These variations are explained by hydrological variability, the creation of reservoirs, water withdrawals, and changes in land use (Tellen et al., 2020; Abindaw et al., 2023).
Overall, these dynamics demonstrate a rapid and contrasting transformation of the watershed, with a progressive conversion of natural ecosystems into human-modified and agricultural areas, highlighting the need for sustainable management strategies to preserve habitats and strengthen ecological resilience.

CONCLUSION
The analysis of land-use dynamics in the N’Zi watershed between 2015 and 2024 highlights a rapid and contrasting transformation of landscapes, dominated by the decline of savannas and forests in favor of agricultural land, urban areas, and degraded spaces. The results reveal a marked decrease in both dense and degraded savannas and forests, accompanied by significant variability in cultivated land and water bodies.
The period 2015–2020 was characterized by a massive conversion of savannas and forests into agricultural land and degraded areas, driven by population growth, the expansion of food and cash crops, and increased exploitation of natural resources. In contrast, the period 2020–2024 presents a more contrasting scenario, marked by rapid urbanization, a contraction of cultivated land, a decline in degraded forests, and sporadic signs of forest regeneration.
Over the course of the decade, these dynamics reflect sustained human pressure on the basin's resources, leading to habitat fragmentation, hydrological disturbances, and the progressive degradation of ecosystem services. Despite some signs of resilience, such as a slight increase in water bodies and some vegetation conversions, the overall trend remains one of increasing ecosystem sensitivity to land-use changes.
These results underscore the urgent need to implement sustainable management strategies, including forest protection, control of agricultural expansion, restoration of degraded areas, and integrated land-use planning that considers environmental issues. They provide a solid scientific basis for guiding land-use policies and strengthening the ecological resilience of the N'Zi watershed.

Perspectives and Limitations*

This study provides key insights into land use dynamics and the vulnerability of cultivable lands in the N’Zi watershed, useful for agricultural planning and soil conservation.
However, certain limitations exist: reliance on satellite imagery may introduce classification uncertainties, and local socio-economic factors were only partially considered. The study period (2015–2024) also does not capture some long-term trends.
Future research should integrate predictive models, such as Markov chains, CA-Markov, Land Change Modeler, or machine learning approaches (Random Forest, Gradient Boosting), to anticipate land use changes and assess land vulnerability under different scenarios. Combining these models with field surveys and socio-economic data would provide a more integrated and precise framework for sustainable watershed management.
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