Characterization of cultivation practices and soil fertilization methods in sorghum (Sorghum bicolor L. Moench) cropping systems in Karakoro, Northern of Côte d'Ivoire
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Abstract
In Côte d’Ivoire, soil fertility is a major challenge for the sustainability of agricultural systems. The progressive degradation of arable land is exacerbated by the intensive use of chemical fertilizers, resulting in declining crop yields and increased environmental risks. This study, conducted in Karakoro (Northern of Côte d’Ivoire), aimed to contribute to the development of a soil fertility management strategy for sorghum-based systems by characterizing cropping practices and soil fertilization methods. Data were collected through individual surveys, focus group discussions, and semi-structured interviews. A total of 175 sorghum producers were surveyed regarding cultivated varieties, cropping techniques, constraints, and fertilization practices. The results revealed a strong predominance of red-grained sorghum (99.3%), mainly used for local beer production, household consumption, and marketing. The dominant cropping practices were animal-drawn ploughing and furrow sowing (98%). The main constraints identified included soil infertility (71.7%), climate variability, high input costs, and pest pressure. Fertilization practices relied primarily on mineral fertilizers (NPK and urea), applied in microdoses, while compost use was entirely absent across the study area. However, farmers expressed increasing interest in compost derived from plant residues due to its local availability. These findings highlight the need for simple and context-adapted solutions. The integration of organic fertilizers with agroecological practices could enhance soil restoration and improve the sustainability and resilience of sorghum-based cropping systems in northern Côte d’Ivoire.
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INTRODUCTION
Cereals constitute the foundation of global food and feed systems, playing a key role in food security and socio-economic development, particularly in tropical regions. Among these crops, sorghum (Sorghum bicolor (L.) Moench), an annual cereal belonging to the Poaceae family, occupies a strategic position in agricultural systems in warm climates (Akata, 2017). Approximately 70% of global sorghum cultivation occurs in developing countries, notably in Africa, South Asia, and Central America (Agossadou and Sêgla, 2018). Sorghum is consumed in various forms, including grains, flour, porridge, and fritters, while its residues are widely used as livestock feed (Kouakou et al., 2024). It also represents an important source of energy, protein, and essential micronutrients for rural populations.
Globally, sorghum ranks as the fifth most cultivated cereal after maize, rice, wheat, and barley (Rouabah and Khamadj, 2021). Its production was estimated at nearly 59 million tonnes in 2023 (FAO, 2023) and increased to 61.3 million tonnes in 2024, representing a 4.3% rise (Sorghum ID, 2024). Despite this relatively high production level, only about 16% is exported, highlighting its importance as a subsistence crop, particularly in Africa and Asia (Boy and Guillaumin, 2021).
In Africa, sorghum is the second most widely cultivated cereal after maize, accounting for approximately 22% of the total cereal area (Ajeigbe et al., 2021). However, yields remain low, often below one ton per hectare, mainly due to poor soil fertility and increasing climatic variability (Diallo, 2025).
In Côte d’Ivoire, sorghum (Sorghum bicolor [L.] Moench) is the third most important cereal crop and remains strategically significant, contributing about 3% of national cereal production, with an estimated annual output exceeding 70,000 tons. Production is primarily concentrated in the northern savannah zones, between the 8th and 11th parallels (Kouakou et al., 2024). Historically, cultivated areas have declined from nearly 200,000 ha in the 1980s (N’Guessan et al., 1985) to 88,752 ha in 2017 (FAO, 2017), and further to less than 20,000 ha in 2023 (CNRA, 2023). This decline is attributed to multiple factors, including increasing land pressure, low productivity of traditional varieties (Dede et al., 2020), inadequate adaptation to evolving climatic conditions (Chadalavada et al., 2021), soil fertility degradation, and various biotic and abiotic stresses (Akanvou et al., 2006).
Among these constraints, declining soil fertility remains the most critical, as it significantly limits crop productivity. To address this issue, farmers increasingly rely on mineral fertilizers, which, although effective in the short term, are often costly and not readily accessible to smallholder farmers (Useni et al., 2013). Moreover, their excessive and uncontrolled use can lead to adverse environmental impacts, including soil and water pollution, soil acidification, and greenhouse gas emissions (Ju et al., 2006; Zhang et al., 2012; Blumenberg et al., 2013). Consequently, the exclusive use of mineral fertilizers does not ensure the long-term restoration of soil fertility in tropical agroecosystems (Useni et al., 2013).
In this context, the present study was undertaken to contribute to the development of sustainable and environmentally friendly soil fertility management strategies aimed at improving sorghum productivity. Specifically, the study focused on the Poro region and sought to: (i) characterize the different sorghum varieties cultivated and their socio-economic uses; (ii) identify the main agronomic and socio-economic constraints affecting sorghum production; and (iii) assess current fertilization practices and evaluate the potential for compost adoption as an alternative to mineral fertilizers.

1. Material and Methods
1.1. Study area
The study was conducted in Korhogo department, the capital of the Poro region in northern Côte d’Ivoire (Figure 1). The area is located between longitudes 5°36′ and 5°54′ West and latitudes 9°24′ and 9°36′ North (Assemian et al., 2023). Vegetation is dominated by Sudanian savannah, characterized by grasses and woody species such as shea tree (Vitellaria paradoxa) and African locust bean (Parkia biglobosa) (Missa et al., 2021).
The region experiences a tropical Sudanian climate, with a rainy season from May to October and a dry season marked by the Harmattan wind. Annual rainfall ranges from 1,200 to 1,400 mm, which is favorable for rainfed cereal production, including sorghum and maize (Soro et al., 2022). Temperatures vary between 21°C and 35°C, with an annual average of approximately 27°C (Coulibaly et al., 2022).
Soils are predominantly ferruginous and sandy-clayey, generally low in organic matter but suitable for crop production when supported by appropriate fertilization practices (Koné et al., 2022).
1.2. Study materials
1.2.1. Plant material
The study focused on sorghum (Sorghum bicolor), a cereal crop of major importance in local farming systems. Both local and improved varieties were considered, reflecting the diversity of genetic resources cultivated by farmers.
1.2.2. Data collection tools
Data were collected using structured survey questionnaires, including both closed- and open-ended questions, as well as semi-structured interview guides. The questionnaires were designed to obtain quantitative information on farmers’ practices and perceptions, while the interviews provided more detailed qualitative insights. These tools were administered to sorghum producers in Karakoro and surrounding villages.

1.3. Methods
1.3.1. Selection of study sites
The selection of survey sites was based on several criteria, including the importance of sorghum production, village accessibility, and the predominance of agricultural activities. Based on these criteria, seven villages were selected: Djelokaha and Dossoulokaha (north), Dopinakaha and Pokaha (south), Tawolokaha and Loyérikaha (east), and Karakoro (west of Korhogo) (Figure 1).
1.3.2. Sampling procedure
A total of 175 sorghum producers were surveyed, with 25 respondents per village. A convenience sampling approach was adopted, targeting individuals actively involved in sorghum cultivation. Respondents were selected with the assistance of local guides appointed by village authorities, based on their experience and relevance to the study objectives.
Data collection
Data collection was conducted over a seven-week period, from April 1 to May 20, 2025, with approximately one week spent in each village. Individual semi-structured interviews were the primary method used, complemented by informal discussions to gain deeper insights into specific topics.
The questionnaire covered several key aspects:
· cropping practices (land preparation, varieties cultivated, and selection criteria such as drought tolerance, yield potential, growth cycle, adaptability, and marketability);
· fertilization management (types of fertilizers used, application frequency, and methods of application, including compost use);
· farmers’ knowledge and perceptions (understanding of composting techniques, experiences, perceived benefits, and constraints).
Due to linguistic diversity, interpreters were used when necessary to ensure effective communication and accurate data collection. To enhance data reliability, survey results were cross-checked with field observations and existing literature from the study area.
1.4. Statistical analysis
Quantitative data were collected using KoboToolbox software (version 2.025.03b) and analyzed using SPSS software (version 26) to generate descriptive and comparative statistics.
Qualitative data from interviews were analyzed using thematic content analysis to identify key patterns in farmers’ perceptions and experiences.
Microsoft Excel was used to produce tables and figures for data presentation.
2. Results and discussion
2.1. Results
Varietal distribution of sorghum in Poro region
The distribution of sorghum varieties cultivated in the Poro region is presented in Figure 2. The results indicate a strong predominance of red-grained sorghum, cultivated by 99.3% of the surveyed farmers, compared to only 0.7% for white-grained sorghum.
Uses of sorghum according to variety
The different uses of red- and white-grained sorghum are summarized in Table 1. All respondents (100%) for local beer production used Red-grained sorghum. It was also widely used for household consumption (65.28%) and market sales (78.45%), with a smaller proportion allocated to animal feed (12.36%).
In contrast, white-grained sorghum was not used for local beer production (0%). Its use was primarily oriented toward animal feed (87.64%), followed by household consumption (34.72%) and market sales (21.55%).
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Figure 1: Map of the location of Karakoro and surrounding localities in Poro region
Source: GPS field surveys, cartographic processing under QGIS (2025)
Comparative advantages of sorghum varieties
The perceived advantages of red- and white-grained sorghum are illustrated in Figure 3. According to farmers, red-grained sorghum offers several benefits, including desirable taste for beverage production (72.35%), high drought tolerance (74.33%), high productivity (86.38%), and strong cultural value (92.55%).
Conversely, white-grained sorghum was associated with lower scores across these criteria, with 27.65% for taste, 25.67% for drought tolerance, 13.62% for productivity, and 7.45% for cultural value.
Cropping practices in sorghum production
The main cropping practices adopted by farmers are presented in Table 2. Two types of ploughing were identified: manual and animal-drawn ploughing. Animal traction was overwhelmingly dominant (98%), whereas manual ploughing accounted for only 2%, and no use of mechanized ploughing was reported. Regarding sowing methods, the vast majority of farmers (98.6%) practiced furrow sowing. Flat sowing and ridge sowing were rarely used, each representing only 0.7% of cases.
In terms of weed management, more than half of the farmers (59.3%) combined mechanical and chemical weeding methods. Chemical weeding alone was practiced by 27.3% of respondents, while 13.3% relied exclusively on mechanical weeding using hand tools.










Figure 2: Proportion of red grain sorghum and white sorghum grown in the Poro region



Table 1: Comparative uses of red and white grain sorghum
	
	Proportion of use (%)

	Areas of use
	Red sorghum grains
	White sorghum grains

	Local beer
	100
	0

	Porridge and family meals
	65.28
	34.72

	Animal feed
	12.36
	87.64

	Market sales
	78.45
	21.55
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Figure 3: Comparison of the benefits of red and white sorghum

Table 2: Cultural practices and their application
	Cultivation practices
	Application methods
	Proportion (%)

	Ploughing
	Harnessed
	98

	
	Manual
	2

	
	Mechanics
	00

	Sowing
	Furrow
	98.6

	
	Main course
	0.7

	
	Board
	0.7

	Weeding
	Chemical + Mechanical
	59.3

	
	Chemical
	27.3

	
	Mechanics
	13.3



Constraints related to sorghum cultivation
The main agronomic and socio-economic constraints encountered by farmers are presented in Table 3. Poor soil fertility was the most frequently reported agronomic constraint (35.2%), followed by climate variability (28.5%). Other constraints included the unsuitability of improved varieties (13.5%), low productivity of local varieties (12.1%), and pest and disease pressure (10.7%).
Among socio-economic constraints, the high cost of agricultural inputs was the most frequently cited (40.3%), followed by land pressure (30.5%). Limited financial resources were reported by 18.2% of respondents, while the ageing farming population represented 11%.
Fertilization practices adopted by sorghum farmers
Types of fertilizers used
The types of fertilizers used by farmers are presented in Table 4. Mineral fertilizers were predominant, with NPK being the most widely used (60%), followed by urea (34.87%) and foliar fertilizers (5.13%).
Among organic fertilizers, cow dung was the most commonly used (56.62%), followed by poultry manure (43.38%). Notably, compost was not used at all by the surveyed farmers (0%).

Table 3: Agronomic and socio-economic constraints in sorghum cultivation
	Type of constraints
	Causes of stress
	Use proportion (%)

	Agronomics
	Climate
	28.5

	
	Poor soils
	35.2

	
	Pest and disease pressures
	10.7

	
	Low production of local varieties
	12.1

	
	Unsuitability of improved varieties
	13.5

	Socio-economic
	High cost of inputs
	40.3

	
	Land pressure
	30.5

	
	Ageing population
	11

	
	Lack of financial means
	18.2



Mineral fertilizer application methods
The methods used for mineral fertilizer application are summarized in Table 5. Microdosing was the dominant method, used by 80% of farmers for NPK and 75% for urea. Broadcast application and side placement were less common.
Foliar fertilizers were mainly applied through spraying (80%), while other application methods remained marginal

Table 4: Sorghum fertilization practices by producer
	Types of fertilizers
	Fertilizer Names
	Proportion (%)

	Chemical fertilizers
	NPK
	60

	
	Urea
	34.87

	
	Foliar Fluid
	5.13

	Organic fertilizers
	Cow dung
	56.62

	
	Poultry droppings
	43.38

	
	Compost
	00



Mineral fertilizer application methods
The methods used for mineral fertilizer application are summarized in Table 6. Microdosing was the dominant method, used by 80% of farmers for NPK and 75% for urea. Broadcast application and side placement were less common.
Foliar fertilizers were mainly applied through spraying (80%), while other application methods remained marginal.

Table 5: Proportions of mineral fertilizer application methods in sorghum cultivation
	
	Proportion of use (%)

	Method of supply
	NPK
	Urea
	Foliar fertilizer

	Microdose
	80
	75
	7.3

	Stolen
	5
	7
	2.7

	Side
	10
	15
	10

	Spraying
	5
	3
	80



Timing of mineral fertilizer application
The timing of fertilizer application is presented in Table 6. NPK was generally applied early, mainly during the first and second weeks after sowing. In contrast, urea was applied later, with peak application occurring in the fourth week.
Foliar fertilizers were applied as a complementary input, with application increasing from the third week and reaching a maximum in the fourth week before declining slightly thereafter.
Frequency of fertilizer application
The frequency of mineral fertilizer application is illustrated in Figure 4. Most farmers applied NPK (70%) and urea (85%) only once per cropping cycle. Foliar fertilizers were almost exclusively applied once (98%). Multiple applications remained limited across all fertilizer types.
Quantities of mineral fertilizers applied
The quantities of NPK and urea applied per planting hole are presented in Table 7. NPK was most commonly applied at a rate of 50 g per planting hole (53%), followed by 40 g (31%) and 30 g (16%).
Urea was predominantly applied at 30 g per planting hole (69%), with smaller proportions applying 40 g (20%) and 50 g (11%).
Foliar fertilizers were mainly applied at a rate of 2 L/ha (67%), followed by 3 L/ha (20%) and 1 L/ha (13%) (Figure 5).

Table 6: Distribution of mineral fertilizers by application period
	
	Proportion of use (%)

	Periods of application
	NPK
	Urea
	Foliar fertilizer

	1 SAS
	30
	7
	1.3

	2 SAS
	20
	13
	5.7

	3 SAS
	40
	10
	28

	4 SAS
	5
	50
	40

	5 SAS
	5
	20
	25



                                  SAS = Week After Sowing
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	Figure 4: Distribution of application frequencies of mineral fertilizers

Table 7: Quantities of NPK and urea per pocket
	
	Proportion of use (%)

	Quantities (g/pocket)
	NPK
	Urea

	30
	16
	69

	40
	31
	20

	50
	53
	11







	


         Figure 5: Foliar fertilizer rates per hectare

Characteristics of organic fertilizer inputs in sorghum cultivation
Organic fertilization practices
Application methods of organic fertilizers
The application methods for organic fertilizers are shown in Figure 6. Cow dung was mainly applied by broadcasting (68%), followed by side placement (22%), while microdosing remained limited (10%).
Poultry manure was predominantly applied by side placement (82%), with microdosing (12%) and broadcasting (6%) being less common.
Timing of organic fertilizer application
As shown in Table 8, all organic fertilizers were applied before sowing. Cow dung was mainly applied four weeks before sowing (65%), followed by three weeks before sowing (25%).
Poultry manure was primarily applied three weeks before sowing (52%) and two weeks before sowing (30%).
Frequency of organic fertilizer application
Most farmers applied organic fertilizers only once per cropping cycle. Cow dung was applied once by more than 98% of respondents, while poultry manure was applied once by 80% of farmers, with a minority splitting applications into two or more doses (Figure 7).
Method of supply



	



Figure 6: Methods of application of organic fertilizers by sorghum producers
Table 8: Distribution of organic amendments by period of application
	
	Proportion of application (%)

	Period of application
	Cow dung
	Poultry droppings

	2 SVS
	10
	30

	3 SVS
	25
	52

	4 SVS
	65
	18


SVS = Week Before Sowing







Figure 7: Preponderance of a single application of organic amendments
Quantities of organic fertilizers applied
The quantities of organic fertilizers applied are presented in Table 9. Cow dung was most commonly applied at 10,000 kg/ha (59%), while poultry manure was mainly applied at 8,000 kg/ha (45%). Lower application rates were less frequently reported.
Table 9: Differences in the quantities mobilized between cow dung and poultry manure
	
	Proportion of use (%)

	Quantity (kg/ha)
	Cow dung
	Poultry droppings

	2500
	6
	11.5

	5000
	15
	13.5

	8000
	20
	45

	10000
	59
	30



 Perception and adoption potential of compost
The perception of compost use among farmers is presented in Table 10. The results indicate a complete absence of compost production and use (100%) across the study area.
However, nearly all respondents (99.67%) expressed willingness to adopt composting practices, provided they receive adequate training and technical support.

Factors influencing compost adoption
The main factors encouraging compost adoption are presented in Figure 8. The absence of specific fertilizers for sorghum was the most frequently cited factor (44.3%), followed by the high cost of mineral fertilizers (37.7%) and the availability of organic materials (18%).

Table 10: Sorghum producer’s perception of compost use
	
	Producers perception
	Proportion (%)

	Compost production
	Yes
	0

	
	No
	100

	Usage
	Yes
	0

	
	No
	100

	Fit to use
	Yes
	99,67

	
	No
	0,33








 Factors



Figure 8: Evolution of the factors favorable to the use of composts

2.2. Discussion
The agronomic and socio-economic analysis of sorghum cultivation in Karakoro (Poro region) revealed a strong predominance of red-grained sorghum. This dominance (99.3%) can be explained by its cultural and dietary importance, particularly its use in traditional beer production, as well as its agronomic advantages, including drought tolerance, high productivity, and desirable taste. These characteristics make it well adapted to local environmental conditions and farmers’ needs.
These findings are consistent with those of Oberline (2022), who reported that red-grained sorghum is particularly suited to the dry conditions of West Africa due to its tolerance to water stress. The high cultural value attributed to this variety (92.55%) also supports the conclusions of Adeoluwa and Ssebunya (2021), who emphasized the central role of sorghum in African traditions, both as a staple food and as a socio-cultural resource.
In contrast, white-grained sorghum remains marginal (0.7%) and is mainly used for animal feed. It is generally perceived as less efficient in terms of productivity, drought resistance, and taste. However, studies such as Waongo et al. (2018) have shown that certain white-grained varieties may exhibit improved resistance to pests, suggesting that their limited adoption may depend on specific agroecological conditions.
The results also showed that farmers predominantly rely on animal-drawn ploughing (98%). This practice can be attributed to the availability of draft animals, ease of use, and its effectiveness in expanding cultivated areas while reducing labor constraints. Kouadio and Yao (2022), who highlighted the importance of animal traction in improving productivity and labor efficiency in sorghum systems, reported similar observations.
Regarding sowing practices, the predominance of furrow sowing (98.6%) may be explained by its efficiency in water management and its ability to ensure uniform crop establishment. Adeoluwa and Ssebunya (2021) also recommended row or furrow sowing in African agricultural systems, as it facilitates weeding operations and enhances productivity.
In terms of weed management, the combined use of mechanical and chemical methods by 59.3% of farmers reflects a strategy aimed at maximizing weed control efficiency and securing yields. The exclusive use of either chemical (27.3%) or mechanical (13.3%) weeding may be linked to financial or technical limitations. These findings align with those of Sall et al. (2021), who demonstrated that integrated weed management significantly reduces weed pressure and improves crop performance.
Beyond cropping practices, farmers face several agronomic and socio-economic constraints that influence their production strategies. Poor soil fertility emerged as the most critical agronomic constraint (35.2%), which is characteristic of savannah ecosystems where soils are generally low in organic matter. Ouédraogo et al. (2019) similarly identified soil fertility decline as a major limitation to cereal production in West Africa.
Climate variability, reported by 28.5% of respondents, highlights the increasing impact of climate change on agricultural systems. Sultan and Gaetani (2016) confirmed that rainfall variability significantly affects sorghum yields. Pest and disease pressures (10.7%) were less frequently mentioned, possibly because farmers have developed local management strategies or because other constraints are perceived as more critical. However, Ngugi et al. (2015) emphasized that pests such as Striga remain major threats to sorghum production in Africa.
From a socio-economic perspective, the high cost of agricultural inputs (40.3%) was identified as the main constraint. This reflects the growing dependence on fertilizers and herbicides, which are often unaffordable for smallholder farmers. Ba et al. (2020) similarly highlighted input costs as a major barrier to agricultural intensification in sub-Saharan Africa.
Land pressure (30.5%) further illustrates increasing competition for arable land, driven by population growth and urban expansion. This observation is consistent with Boserup’s (1965) theory linking population growth to agricultural intensification. Limited financial resources (18.2%) and the ageing farming population (11%) also reflect structural challenges affecting the sustainability of agricultural systems. According to FAO (2021), generational renewal remains a critical issue for the future of agriculture in Africa.
In response to these constraints, fertilization strategies play a crucial role in maintaining sorghum productivity. The results indicate a strong reliance on mineral fertilizers, particularly NPK (60%) and urea (34.87%). The timing of application reflects an adaptation to crop nutrient requirements, with early NPK application supporting crop establishment and later urea application meeting nitrogen demands during vegetative growth. These findings are consistent with those of Tabo et al. (2007) and Fatondji et al. (2019).
The predominance of single fertilizer applications may reflect a cost-minimization strategy aimed at reducing financial risks. This is in line with the observations of Sissoko and Lebailly (2019), who reported that Sahelian farmers tend to adopt low-cost and risk-averse practices. The use of microdosing (e.g., 50 g of NPK and 30 g of urea per planting hole) further supports this strategy, as it allows for efficient fertilizer use while minimizing losses. Similar conclusions were drawn by Bationo et al. (2007), who demonstrated the effectiveness of microdosing in improving nutrient use efficiency in low-input systems.
In addition to mineral fertilizers, organic amendments such as cow dung (56.62%) and poultry manure (43.38%) play a significant role due to their availability and low cost. Vanlauwe et al. (2015) emphasized the importance of organic inputs in improving soil fertility and ensuring the sustainability of cropping systems.
The application methods of these organic inputs reflect practical adaptations. Cow dung is mainly applied by broadcasting, which is a simple and traditional method, whereas poultry manure is more frequently applied by side placement, likely due to its higher nutrient concentration. Localized application improves nutrient availability and uptake efficiency, as highlighted by Vanlauwe et al. (2015).
The timing of organic fertilizer application, typically two to four weeks before sowing, reflects an agronomic strategy aimed at enhancing soil structure and nutrient availability prior to crop establishment. This is particularly important given the slow nutrient release associated with organic amendments. The relatively high application rates observed are consistent with the low nutrient content of these materials and the need to compensate for poor soil fertility, as noted by Giller et al. (2009).
Despite the widespread use of organic inputs, the complete absence of compost use remains a notable finding. However, the overwhelming willingness of farmers (99.67%) to adopt composting practices suggests significant potential for its integration. The lack of adoption may be attributed to limited technical knowledge, insufficient extension services, and the labor-intensive nature of compost production. These observations are consistent with those of Ayuke et al. (2011) and Vanlauwe et al. (2015).
Finally, the main factors encouraging compost adoption include the lack of sorghum-specific fertilizers, the high cost of mineral inputs, and the widespread availability of organic materials. These factors highlight the potential of compost as a locally adapted, cost-effective, and sustainable alternative for improving soil fertility and enhancing the resilience of sorghum-based cropping systems.

Conclusion
In Karakoro (northern Côte d’Ivoire), sorghum cultivation is dominated by the red-grained variety, valued for its agronomic and cultural qualities. Farmers’ cropping practices reflect pragmatic adaptations to local conditions, yet declining soil fertility remains the most critical constraint, exacerbated by climate variability and high input costs.
Fertilization strategies combine mineral fertilizers applied through microdosing, which are effective in the short term, with organic amendments that contribute to sustainable soil fertility. The integration of these two approaches, within an integrated soil fertility management framework, appears promising for reconciling productivity and sustainability.
The absence of compost uses highlights gaps in extension services and farmer training. Promoting compost adoption, alongside improved access to appropriate inputs, is essential to enhance soil fertility, strengthen system resilience, and ensure the long-term sustainability of sorghum cultivation under changing climatic conditions.
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