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ABSTRACT

This research aimed to evaluate the potential of land resources within the Gadana
watershed for their suitability to support intensive agriculture. Land suitability
assessments for surface irrigation and rain-fed cropping were conducted using
topography and soil physical and chemical properties as primary evaluation criteria.
Surface soil samples from the potentially irrigable segment of the watershed were
collected and analyzed for selected physical and chemical properties using standard
analytical methods. The results showed highly variable soil textures, ranging from
sandy loam to clay loam. The soil pH values ranged from 5.4 to 6.2; electrical
conductivity (ECe) from 0.08 to 0.14 dS/m; organic carbon (OC) from 0.27 to 0.82%;
total nitrogen (TN) from 0.10 to 0.22%; available phosphorus (AP) from 0.70 to 4.55

gﬁfti;tﬁ;ﬁty mg/kg; and cation exchange capacity (CEC) from 4.42 to 8.81 cmol (+) kg™'. Results
Watershed. revealed that a significant portion of the watershed, measuring up to 687.0 ha and 700.8

ha, falls under flat (47.19%) and gentle (48.14%) slopes, respectively, which are
considered suitable for surface irrigation. The identified textural classes include sandy
loam (SL) covering 174.74 ha (36.41%), sandy clay loam (SCL) covering 7.89 ha
(1.60%), and clay loam (CL) covering 297.40 ha (61.98%). Only a small portion of the
watershed was marginally suitable or unsuitable for intensive cropping. Therefore, the
soils of the study area would require careful management to enable sustainable
cropping. The main limitations are slope, soil texture, and fertility, which can be
addressed through nutrient recycling and proper soil management practices.

Contribution/Originality: The study evaluated the potential of the Gadana watershed in northeastern Nigeria
to support intensive, year-round cultivation of both rain-fed and irrigated crops. Favorable segments of the
watershed were identified based on topographical criteria and selected soil physicochemical properties. The findings
underscored the importance of climate-smart soil and water conservation strategies to address challenges related to

slope, soil texture, and fertility.

1. INTRODUCTION

Yobe State, which is located within the Lake Chad basin's catchment area, has experienced over a decade of
conflict, leading to the large-scale displacement of people, significant human, social, and economic losses, and high
levels of food insecurity. The armed conflict between the Nigerian government and Boko Haram insurgents has
severely impacted local and regional food security by destroying agricultural production and food trade, reducing
investments, and causing deterioration of land and infrastructure (Chiroma & Alhassan, 2021; Food and Agriculture
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Organization of the United Nations, 1985). The crisis is intensifying the challenges faced by vulnerable farmers, who
are increasingly exposed to natural hazards associated with climate variability, including recurrent dry spells and
floods over the past decades. This variability leads to frequent crop failures and food insecurity in the region. The
impacts of climate change in the drier northern areas are alarming and pose life-threatening risks, as many farming
households have abandoned agriculture and shifted to non-farming activities due to declining crop yields caused by
adverse environmental conditions (Akomolafe, Awoyemi, & Babatunde, 2018; Apata, Ogunyinka, Sanusi, &
Ogunwande, 2010). A World Bank report indicated that the overall impact of the conflict on agriculture is
estimated at USD 3.7 billion (Food and Agriculture Organization of the United Nations, 2018). Many affected
populations face severe restrictions on access to their farmlands. In contrast, the few who gain access often lose
their farm products to terrorists, who, on many occasions, set them ablaze, killing farmers and destroying their
crops (Babagana et al., 2018).

Yobe State, located in northeastern Nigeria, is characterized by arid and semi-arid climates with low and
variable rainfall amounts, averaging 300 mm per year (Abdullahi, Fullen, & Oloke, 2016). Analysis of long-term
climatic data from 1981 to 2016 in this state has revealed anomalies in rainfall, temperature, and evaporation,
particularly in the northern and eastern regions of the state (FAO-ICRISAT, 2019). The assessment indicates an
upward trend in average annual rainfall, accompanied by higher average temperatures between 1999 and 2016 in
the Potiskum area, located in the eastern part of the state where the present study was conducted. These changing
climatic events have significant implications for crop and pasture production within the state and other parts of the
sub-region (Nigerian Meteorological Agency (NIMET), 2017). In Yobe State and other parts of the sub-region, the
consequences of climate change trigger a series of adverse outcomes, including the loss of crops due to drought and
bushfires, uncontrolled deforestation, land degradation, and insecurity, all leading to declining agricultural yields
(FAO-ICRISAT, 2019). Despite these challenges, Yobe State places a high premium on developing its agricultural
potential. The state is blessed with a total land area of approximately 47,153 km? Of this land, about 70%, or
roughly 83,007.1 km?, is classified as arable land. Additionally, 10% of the land is covered by forests, 11.9% is under
permanent crop production, and 8.15% consists of permanent meadows (FAO-ICRISAT, 2019). The climatic
condition in the state is conducive for both lowland and upland rain-fed cultivation of various crops such as maize,
sorghum, cowpea, groundnut, rice, and soybean (FAO-ICRISAT, 2019) and diverse types of vegetables.

In recognition of the numerous challenges posed by climate change to agriculture and food security, the federal
government of Nigeria has implemented several policies and strategies aimed at addressing key issues in
agricultural development within the country. One notable policy initiative is the introduction of the National
Fadama Project, which is funded by the World Bank. The Fadama project aligns with the Government's
Agricultural Transformation Agenda (ATA) and has been implemented in several northeastern states, including
Yobe State. It was initially introduced on a pilot scale in 1993 to assist Nigerian rural farmers by providing
necessary funds to enhance their agricultural productivity. The implementation of the project in selected beneficiary
states was coordinated through the Agricultural Development Programmes (ADPs), supported by the World Bank,
in various states. The services provided to farmers include, among others, access to finance for small-scale farmers
to drill shallow tube wells, credit facilities, marketing support, and other essential services (Khan, 2020). The
project specifically targets the development of irrigation for small-scale farmers, especially in low-lying areas. It has
witnessed spectacular successes by increasing productivity, income, and living standards for many rural farmers
who earn their livelihood through Fadama farming (Khan, 2020). In this and other similar areas in Sub-Saharan
Africa (SSA), where the threat of climate change is most pronounced, steps towards prioritizing irrigation
development are key to attaining food security. The establishment of small and medium irrigation schemes,
particularly in those parts of the region characterized by extreme weather variability, will, besides helping farmers
to stabilize yields, also help create jobs for the growing population, especially the youth (Chiroma & Alhassan,

2021). The history of irrigation practices in northern Nigeria dates back to a time when it was realized that, in
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many areas characterized by low rainfall and high evaporation rates, rain-fed cultivation of crops is no longer
sustainable in the absence of supplementary irrigation. (Shanono, Nasidi, & Usman, 2022).

North-eastern Nigeria, where Yobe State is situated, has a river system network that drains the region. Notable
among them are Kumadugu Yobe, Kumadugu Gana, River Yedzeram, River Ngadda, River ElBeid, River Hawul,
and River Ngeji. These rivers and their tributaries have large or small floodplains supporting all-year-round
cereals, pulses, and vegetable cultivation. These floodplains, locally called Fadama in northern Nigeria, refer to low-
lying, relatively flat areas either in streamless depressions or adjacent to seasonally or perennially flowing
streams/rivers (Garba & Amir, 2019). They are primarily found in lowland areas underlain by shallow aquifers,
often along major river systems. The floodplains in this region have diverse soil types characterized by a range of
properties, varying from medium to fine texture with reasonably good hydraulic properties, thus providing farmers
with several options for cultivating different types of crops (Graham, 2000). Despite the potential of these important
soil resources, information regarding their productive potential and constraints to management is limited. Apart
from a few preliminary localized studies, no other major characterization of this region's soil resources, particularly
the eastern part of the state where the present study was cited, has been carried out. It is, therefore, essential to
conduct detailed scientific investigations of the soil resources of the potentially irrigable floodplains in Gadana,
Yobe State, to fill the information gap. The output of such investigations allows the identification of major limiting
factors for agricultural production. Additionally, it enables decision-makers to support the development and
implementation of management strategies that facilitate the sustainable exploitation of scarce environmental
resources for increased crop productivity. On this premise, a soil survey of the potentially irrigable segments of the
floodplains in Gadana, Yobe State, was undertaken to assess their productive potentials and constraints for growing

upland and irrigated crops.
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Figure 1. A map showing the location of the study area.
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2. MATERIALS AND METHODS
2.1. Description of the Study Area

This study was conducted in Gadana village, Nangere Local Government Area Council of Yobe State, Nigeria.
The area lies within the geographical bounds of 11.19° and 11.84°, with an altitude of 288 meters above mean sea
level (Figure 1). The climate of the area is characterized by three distinct seasons: the cool, dry harmattan season
(November to February), the hot, dry season (March to May), and the rainy season (June to October). The region is
generally hot and dry for most of the year, although the southern part experiences slightly milder conditions. The
rainy season varies geographically, lasting from June to September in the north and from May to October in the
south, with relative humidity ranging from 45% to 50%. The annual mean temperature is approximately 37°C,
peaking around April, while minimum temperatures are typically recorded from November to February. Rainfall in
this region is generally low and variable, with annual totals ranging from 400 mm to 600 mm. Droughts are
common, and the dry harmattan winds, which carry dust from the north, exacerbate the desiccating effects of high
temperatures during the long dry season. The main soil types in the Gadana watershed include Entisols,
Inceptisols, and Alfisols. Small-scale farmers in this area cultivate a diverse range of crops, with maize, sorghum,
cowpea, and groundnut being the primary crops grown during the rainy season. Additionally, crops such as rice,

tomato, pepper, and onion are cultivated with irrigation.

2.2. Data Source

Research data for this study were obtained from both primary and secondary sources. Primary data were
collected directly from the field during the survey, and locations for field observations and data collection points
were georeferenced using the Global Positioning System (GPS) instrument. Secondary data, such as satellite
images, were obtained from United States Geological Survey (USGS) sources for use in analyzing the slope and

elevation of the watershed.

2.8. Study Methods
2.8.1. Soil Survey Methods
Satellite images and Digital Elevation Model (DEM) data were analyzed to define the catchment size of the

Gadana watershed.
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Figure 2. Map showing the Gadana watershed (A) and sub-watershed (B) of the catchment area.
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The watershed delineation showed that the Gadana sub-watershed covers a total area of 1,455.9 ha (Figure 2).
Satellite imageries with a resolution of 30 m were used to derive the DEM of the area, which was later utilized as
input data in ArcGIS to delineate watersheds and to generate a slope map of the study area for irrigation suitability
analysis (Mideksa & Temesgen, 2020; Winchell, Srinivasan, Di Luzio, & Arnold, 2008). The slope map of the
watershed was derived using the “Spatial Analysis” tool in ArcGIS. The slope derived from the DEM was classified
based on the classification system of FAO (1996) using the “Reclassification” tool, an attribute generalization
technique in ArcGIS. The data on soil texture was generated based on field data. Field investigations were carried
out for ground truthing to verify satellite image interpretations, in-situ measurements, and soil sampling for

laboratory analyses.

2.3.2. Soil Sampling and Laboratory Analytical Methods

A hand-held Garmin GPS was used to geo-code the samples. A total of 15 soil samples were collected from a
depth of 0-30 cm in a regular grid of 150 m. In each grid cell, a composite of multiple random samples was collected
in a zigzag pattern using a 5 cm diameter auger. One composite sample covered a minimum of 2.25 ha. The cores
were thoroughly mixed, and a 1 kg sub-sample was returned to the laboratory for analysis. Soil samples were
analyzed for particle size distribution (PSD), soil pH, organic carbon (OC), total nitrogen (TN), available
phosphorus (AP), exchangeable bases (Ca, Mg, K, and Na), and cation exchange capacity (CEC) at the Department
of Soil Science, University of Maiduguri, Borno State, Nigeria. Following the sieving of the air-dried soil samples
using a 2 mm mesh, particle-size fractions were determined using the Bouyoucos hydrometer method (Gee &
Bauder, 1986). Soil pH and electrical conductivity (ECe) were determined potentiometrically with a digital pH-EC
meter in a 1:2.5 (soil: water) supernatant suspension, as described by Van Reeuwijk (2006). Soil organic carbon (OC)
content was determined by the wet digestion method as described by Nelson and Sommers (1982). Total nitrogen
(TN) was analyzed using the Macro-Kjeldahl method, following digestion, distillation, and titration procedures
described by Bremner and Mulvaney (1982). Soil available phosphorus was determined by the Bray 1 method as
outlined by Page, Miller, and Keeney (1982). Exchangeable bases were extracted with 1 M NH,OAc at a pH of 7.0.
The contents of calcium and magnesium in the ammonium acetate were determined titrimetrically. Simultaneously,
the exchangeable potassium (K) and sodium (Na) in the extract were measured using a Flame Photometer. Cation
exchange capacity (CEC) was estimated by the summation method, while exchangeable sodium percentage (ESP)
was calculated as the proportion of the CEC (NH.OAc) occupied by exchangeable sodium, using the formula: ESP =
(exchangeable sodium x 100) / CEC (NH,OAc).

2.4. Statistical Analysis

Statistical parameters such as mean and coefficient of variation, generally considered indicators of central
tendency, were analyzed using SAS statistical software (SAS Institute Inc., 1991). The Pearson correlation
coefficients were estimated for paired combinations of selected response variables to measure the strength and

direction of their relationships. These statistical parameters were calculated using Excel® 2007 and SPSS 15.0.

3. RESULTS AND DISCUSSION
3.1. Watershed Analysis

The total Gadana watershed catchment area is estimated at 175,400 ha (Figure 2) based on USGS satellite
imagery with 30 m resolution. ALOS Palsar Digital Elevation Model with 12.5 m spatial resolution satellite
imagery was used to demarcate a sub-watershed of 1,455.9 ha, which was used for a more detailed analysis. A linear
model (Audu, 1999) was used to estimate an average annual runoff of the Gadana watershed catchment at 206 mm,
which yields an estimated 861,324,000 m® volume of water over the whole watershed and 1,528,520 m? volume of

water over the sub-watershed. These water volumes can be harvested for both human and agricultural
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development. Therefore, when the entire watershed is considered, an estimated 69,086 ha of maize and 64,753 ha of
tomato can be irrigated comfortably. Similarly, if only the sub-watershed is considered, only an estimated 292 ha of
maize and 274 ha of tomato can be irrigated, based on their modeled crop water requirements of 523 mm and 558

mm for maize and tomato crops, respectively.

3.2. Particle Size Distribution (PSD) of Souls of the Study Area

Considerable variation was observed in the PSD of the surface soils from the study area (Table 1). The texture
of the topsoil varied from sandy loam to clay across the sections of the study area. The sand and silt size fractions
dominated up to 66.6% of the sampling locations. The sorting of soil materials initiated by biological activities,
downward clay movement, water runoff, and erosion or a combination of the aforementioned pedological processes
were among the factors often cited as being responsible for the dominance of coarse-size fractions of sand and silt in
the soil of Northern Nigeria (Malgwi, Ojanuga, Chude, Kparmwang, & Raji, 2000; Voncir, Mustapha, Tenebe,
Kumo, & Kushwaha, 2008). The predominance of coarse-size fractions in some of the soils also implies ease of
leaching of nutrients as well as susceptibility to erosion by wind and water (Ihem et al., 2014; Onweremadu, 2008)
especially considering the low organic matter contents of these soils (<2%) (Figure 4a). The short-duration high-
intensity rainfall events characteristic of the study area can also increase the risk of surface crusting, thereby
resulting in reduced infiltration and accelerated runoft and soil erosion (Ekwue, 1994). The resulting increase in

runoff and soil erosion caused by such intense rainstorms.

Table 1. Physical properties of the surface 0-30 cm soil samples at Gadana.

Auger sample ID Particle size distribution (%) Textural class
Sand Silt Clay
Al 49.90 25.70 24.40 SCL
A2 47.40 20.70 31.90 SCL
A3 22.40 45.70 31.90 CL
A 4 22.40 45.70 31.90 CL
Asb 42.40 20.70 36.90 CL
A6 27.40 45.70 26.90 CL
A7 32.40 40.70 26.90 CL
A8 42.40 20.70 36.90 CL
A9 37.40 28.20 34.40 CL
A 10 67.90 16.20 15.90 SL
A1l 58.40 22.20 19.40 SL
Al12 62.40 20.70 16.90 SL
A1 58.40 22.20 19.40 SL
A 14 52.40 28.20 19.40 SL
A 15 52.40 28.20 19.40 SL
Mean 45.07 28.77 26.17 -
CvV _ 41.09 37.75 27.52 -
Note: CV = Coefficient of variation; SL. = Sandy loam; SCL = Sandy clay loam; CL = Clay loam.

This, in turn, negatively impacts important soil chemical properties such as pH, organic matter, and soil

nutrients (Lal, 1990; Pieri & Steiner, 1997).

3.8. Soil Reaction (pH) and Electrical Conductivity (ECe)

Soil reaction (usually expressed as pH value) affects important soil and crop attributes such as nutrient
availability and toxicity, microbial activity, and root growth. Thus, it is considered one of the most important
chemical attributes of the soil solution since higher plants and microorganisms markedly respond to their chemical
environment. The pH of the surface soil samples from the study area varied markedly, ranging from 5.4 to 6.2, with
a mean of 5.8 (Figure 3a). Based on the ratings of soil pH, these soils are classified as strongly acidic to slightly
acidic in pH. The lower soil pH observed in the present study may indirectly affect plant growth by influencing
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vital processes such as transformation, solubility, and the availability of essential plant nutrients (Bolan, Adriano, &
Curtin, 2003; Tiruneh et al., 2023). Elements such as iron, aluminium, and manganese may become toxic to some
plants' growth. Some sections of the field, representing up to 26% of the total land area, were strongly acidic, which
may be attributed to several factors, including nutrient mining, loss of buffering capacity arising from the loss of
soil organic matter, leaching of plant nutrients, and the loss of soil through wind erosion as suggested in similar
studies (Bielders, Bielders, & Bationo, 2002; Elias, 2017; Yeneneh, Elias, & Feyisa, 2022). Other reasons often cited
in related studies include the nature of the soil mineralogy (Hlaing, Mar, Lwin, Oo, & Ngwe, 2021; Rawal, Acharya,
Bam, & Acharya, 2018) and frequent soil disturbance from tillage coupled with indiscriminate use of inorganic
nitrogenous fertilizers (Tellen & Yerima, 2018). ECe values ranged from 0.03 to 0.14 dS m™ (Figure 3b), which is
far lower than the critical limit for soil salinity (< 4 dS m™) per the rating of Landon (2014). The low ECe values
obtained in this study align with the findings of Egwu, Okunola, and Ugwoke (2018) and Salem, Ibrahim, and Sani
(2020). The observed low EC content of these soils is characteristic of most coarse-textured soils with low organic
carbon, as is the case in the study area, which indicates a low level of nutrients and the non-saline nature of the soils
(Alhassan, Dogo, Abdu, Mahmud, & Hegarty, 2023; Chaudhari, Desai, Chaudhari, & Rabari, 2018). The soil
properties' variability in pH and ECe was 9.14% and 154.59%, respectively. These values are rated low (CV < 15%)
and high (CV > 75%) according to the guidelines provided by Warrick (1954) for the variability of soil properties.
Other researchers have also documented minor variation in soil pH compared to other soil properties (Khan, Islam,
Salam, & Ray, 2021; Prieto-Méndez, Prieto-Méndez, Prieto-Garcfa, Acevedo-Sandoval, & Aquino-Torres, 2021).
This may be attributed to the fact that pH values are a logarithmic scale of proton concentration in soil solution;
there would be much greater variability if soil acidity were directly expressed in terms of proton concentration

(Reza, Baruah, Sarkar, & Singh, 2016).

(A)
6.4
6.2
6.0
S5 5.8
E 5.6
54
1 M
5.0
Al A3 A4 AS A6 A7 Al10 A1l Al12 Al13 Al4 A1S
Auger sample ID
(B)
0.16
0.14

0.12
0.10

0.08
0.06
0.04
I | 11 I BR I ]
0.00

Al10 All A12 A13 Al4 A1S

ECe (dS/m)

Auger sample ID

Figure 3. Distribution of soil pH (A) and electrical conductivity ECe (B) in the surface 0-30 cm depth at Gadana.
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3.4. Organic Carbon (OC) Total Nitrogen (T'N) and Available Phosphorus (AP)

The total amount of organic carbon (OC) in the soil, often regarded as a measure of stored organic matter,
reflects the net balance between ongoing accumulation and decomposition processes in the soil. It is thus greatly
influenced by crop management and productivity. The contents of OC, total nitrogen (TN), and available
phosphorus (AP) in the soils of the study sites are presented in Figure 4 a, b, c. Significant variation was observed in
the content of these three important soil fertility indicators. The content of OC (Figure 4a) in the study area falls
under a very low category, ranging from 0.27% to 0.82%. The lower organic matter content in these soils can be
attributed to poor management practices such as intensive cropping, the complete removal of crop residues, and the
lack of addition of organic fertilizer sources (Gebreselassie, 2002; Hlaing et al., 2021). Other reasons include the
removal of the top fertile soil, limited application of fertilizers, faster organic matter mineralization, and the
shortage of nutrients (Laekemariam, Kibret, Mamo, & Gebrekidan, 2016; Panday, Maharjan, Chalise, Shrestha, &
Twanabasu, 2018). The declining trend in soil organic matter can be reversed through the adoption of good
agronomic practices such as reduced frequency of cultivation, better cropping patterns that include growing cover
crops, mulching, and incorporation of plant and animal sources of manure (Tiruneh et al., 2023).

The results indicate a variable distribution of soil total nitrogen, ranging from low (0.10%) to medium (0.22%).
The majority of the soils, representing about 78% of the total area, were low in total nitrogen content (0.05% -
0.15%) (Figure 4b). Similar previous studies have reported low levels of total soil nitrogen in some soils of the
Sudan Savanna region of northeastern Nigeria (Egwu et al., 2018; Salem et al., 2020; Salem, Musa, & Askira, 2017).
The low nitrogen levels in most areas could be a result of continuous cereal-based cropping, lower external organic-
N inputs (such as plant residues, animal manures, etc.), and nitrate ion leaching, as suggested in numerous previous
studies Patil, Patil, and Al-Gaadi (2011) and Salem et al. (2020).

Soil TN followed the pattern of soil OC distribution in all studied soils. This is because most of the nitrogen is
organic and becomes part of the soil organic matter (Alemu, Mulugeta, & Tadese, 2017; Yeneneh et al.,, 2022). The
results of the correlation analysis showed that OC is positively correlated with TN (r = 0.93). A similar study in the
same region also showed a strong positive correlation between TN and soil OC (Chiroma, Folorunso, & Alhassan,
2006a). The existence of similarity in the distribution pattern between TN and OC implies that the OM is the
primary source of total N in the soils investigated, thus emphasizing the importance of soil organic matter in
improving the fertility status of these coarse-textured soils. This result also indicates a variable distribution of soil-
available phosphorus, ranging from very low (0.70 mg/kg) to low (4.55 mg/kg). In general, the entire study area is
deficient in phosphorus (Figure 4c).

The reason for low soil phosphorus levels may be due to several factors, including intensive cropping systems,
low pH (acidic) soils, use of imbalanced fertilizers, and nutrient mining (Hlaing et al., 2021). Others attributed the
low phosphorus content of intensely cultivated soils to organic matter's intense uptake and mineralization (Hlaing
et al., 2021; Tiruneh et al., 2023).

In general, the low fertility level of the soils could be explained by the nature of the farming system, which is
characterized by intensive cultivation, total removal of crop residues for use as animal feed, and limited use of
manures and fertilizers. Other workers in the same region have also observed a progressive decline in soil quality
following continuous cropping in the absence of organic amendment input (Bielders et al., 2002; Chiroma et al.,
2021). This underscored the need to restore the productive potentials of the fragile soils for optimum and

sustainable crop production in the area.
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Figure 4. Distribution of soil organic carbon (OC), total nitrogen (TN), and available phosphorus (AP) in the surface 0-30
cm depth at Gadana.

3.56. Exchangeable Bases, Exchangeable Sodium Percentage (ESP) and Cation Exchange Capacity (CEC)

The distribution of exchangeable bases (Table 2) ranged from very low to low (1.80 to 4.80 cmol (+) kg™') for
Ca, low to high (0.60 to 3.80 cmol (+) kg™') for Mg, very low to high (0.09 to 0.74 cmol (+) kg™') for K, and low to
medium (0.11 to 0.52 cmol (+) kg™") for Na. This variability in exchangeable bases could be attributed to differences

in texture, mineralogy, and pH.

Table 2. Chemical properties of the surface 0-30 cm soil samples at Gadana.

Auger Exchangeable bases (cmol (+) kg™) CEC (cmol ESP
sample ID Ca Mg K Na (+) kg")*

A1l 3.80 1.20 0.09 0.11 5.20 2.12

A2 4.00 2.40 0.10 0.17 6.67 2.55

A3 3.40 0.60 0.19 0.48 4.62 9.31

A 4 2.60 2.40 0.51 0.20 5.71 3.560

Asb 1.80 5.20 0.28 0.21 7.44 2.82

A6 2.20 2.80 0.61 0.52 6.13 8.48

A7 3.40 0.60 0.22 0.20 4.42 4.52

A8 3.60 1.60 0.26 0.20 5.66 3.53

A9 2.60 2.60 0.49 0.38 6.67 5.70
A 10 4.20 3.60 0.24 0.20 8.24 2.48

A1l 2.00 3.00 0.50 0.48 5.93 7.25

A 12 2.20 1.20 0.60 0.48 4,48 10.71
A 13 2.40 3.80 0.77 0.61 7.58 8.05

A 14 4.80 2.80 0.69 0.52 8.81 5.90
A 15 3.20 3.80 0.74 0.52 8.26 6.30
Mean 3.08 2.51 0.42 0.35 6.39 5.54
CV 29.23 51.96 55.83 47.97 22.45 49.74

Note:  *CEC = Cation exchange capacity; ESP = Exchangeable sodium percentage, CV = Coefficient of variation.
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In general, the low content of exchangeable bases in most sections of the study area might be due to excessive
leaching of these basic cations from the surface soil, favored by the high-intensity rainfall characteristic of the study
area. Firm soil acidity in the study area does not favor the retention of exchangeable bases in the soil exchangeable
complex (Yeneneh et al., 2022). This study's results agree with that of Uzoho and Ekeh (2014), who reported that
the nature of parent materials, land use systems, types of fertilizer applied, and their leaching rate determine the
availability and distribution of soil nutrients in soils. The Na content is found to be low to medium, with ESP less
than 15, which is usually taken as the critical limit for the classification of sodic soils (Brady & Weil, 2013). This
finding suggests that sodicity is not a potential problem in these soils. The CEC in these soils ranged from 4.42 to
8.81 cmol (+) kg™!, with a mean of 7.59 cmol (+) kg™'. Landon (2014) states that this range is below the satisfactory
value (15 to 25 cmol kg™) for agricultural lands. The low CEC values of these soils indicate their poor potential to
retain plant nutrients. These soils could be made productive by the combined use of nutrient-rich organic manures
and mineral fertilizers. Regular additions of organic materials such as animal manures and crop residues to soils can
reduce erosion and nutrient runoff losses, improve soil structure, increase water-holding capacity, lower soil

temperatures, and provide a source of plant nutrients (Alhassan, Chiroma, Kundiri, Bababe, & Tekwa, 2021).
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Figure 5. Slope map of Gadana watershed.

137
© 2025 Conscientia Beam. All Rights Reserved.



International Journal of Sustainable Agricultural Research, 2025, 12(2): 128-146

3.6. Land Suitability Evaluation
3.6.1. Slope Evaluation for Surface Irrigation

The slope has been considered one of the evaluation parameters for land suitability for irrigation purposes. A
higher slope gradient is known to cause less infiltration of rainwater and higher water runoft, leading to less water
entering the topsoil to recharge the groundwater (Mohammad, Jahan, Arefin, & Mazumder, 2017). Elevation is
another important criterion for predicting the rate and magnitude of erosion in a given area. The interactions of
elevation with precipitation and lithology type profoundly affect rainfall erosivity and runoft erosivity, the two most
important determinants of water erosion (Jiang, Gao, Yang, Wu, & Dai, 2021). Different slope ranges also impact
soil quality factors, such as depth, moisture, texture, and nutrients (Sathiyamurthi, Sivasakthi, Saravanan, Gobi, &
Karuppannan, 2024). Studies have shown that as slope steepness increases, the use of machinery to carry out field
operations becomes more challenging, and establishment and management costs increase as more erosion
prevention measures become necessary (Wong, 1986). Generally, slopes less than 8% are considered suitable for
irrigation development (Labiso & Yagaso, 2021). Based on the slope derived from DEM 30-meter resolution by Arc
GIS 10.2 spatial analyst tool, the slope of the study area was classified into four categories for surface irrigation
(FAO, 1996): 0-2% is highly suitable (S1) 2-5% is moderately suitable (S2), 5-8% is marginally suitable (S3) and
>8% is not suitable (N 2) (Figure 5, Table 8). The slope map of the watershed derived from the DEM using GPS
was analyzed to evaluate the watershed for surface irrigation. Based on this analysis, a significant portion of the
watershed measuring up to 687.0 ha and 48.14 ha, fell under the category of flat (92.5%) and gentle (6.57%) slopes,
respectively, and can be classified as a suitable category for surface irrigation (Ibrahim, Ibrahim, Elhag, & Dafalla,
2015; Weldeabzgi, Ketema, Gashu, & Deressa, 2021). Areas with slopes ranging from 0 to 2% and 2 to 5% were
considered highly suitable (S1) and moderately suitable (S2) classes because they effectively infiltrate water to reach
the crop root zone. Areas with slope percentages greater than 8% were deemed unsuitable because they tend to run
off rather than reach the crop root zone. Only an area covering 4.51 ha (0.61%) and 2.39 ha (0.32%) are classified as

marginally suitable and not suitable for irrigation farming in the entire Gadana watershed, respectively (Table 3).

Table 3. Slope class of Gadana watershed and rating for surface irrigation.

Area (ha) Percent of total area | Slope class (%) | Definition Rating
687.00 49.2 0-2.0 Highly suitable S1
700.88 50.3 2.1-5.0 Moderately suitable Se

4.51 0.42 5.1-8.0 Marginally suitable S3
2.39 0.17 > 8.1 Not suitable N2

Table 4. Criteria (Reclassification) for land suitability rating of field crops in Gadana watershed.

Crop type Land Suitability class Source
Highly Moderately Marginally Not suitable
suitable Suitable suitable N)
(S1) (S2) (S3)
Maize Slope (%) 0-2 4-8 8-16 >16 Ahukaemere, Ekpe,
Soil texture SCL', CL, L, SL, LS LCS CS and Unachukwu

(2015) and Kefas et
al. (2020)

Sorghum Slope (%) 0-3 3-8 8-16 >16 Tadesse and Negese
(2020)
Soil texture SiCL, SCL, CL. SiC, C SL, LS S Wen  (1997) and
Tadesse and Negese
(2020)
Cowpea Slope (%) 0-4 4-8 8-12 >12 Ogunwale, Udo, Ibia,
Ano, and Esu (2009)
Soil texture LS, SL SC SCL Any [gomu and Idoga
(2017)
Groundnut Slope (%) 0-2 2-5 5-8 >8 Ahukaemere et al.
Soil texture SL, SiL, LS CL, SiCL S, SC, SiC C (2015)

Note: ‘CL = Clay loam, L = Loam, SL = sandy loam, LS = Loamy sand, LCS = Loamy coarse sand, CS = Coarse sand, SCL = Sandy clay loam, SiCL = Silty
clay loam, S = Sand, C = Clay.

138
© 2025 Conscientia Beam. All Rights Reserved.



International Journal of Sustainable Agricultural Research, 2025, 12(2): 128-146

3.6.2. Slope Evaluation for Field Crops

The slope, just like other environmental factors such as climate, soil, temperature, etc., places a limit on which a
given crop thrives in a given landscape. Topography and slopes generally impact the overall characteristics of
agricultural land in various ways, including the soil's ability to retain moisture, susceptibility to erosion, ease of
machinery deployment, and intercultural operations (Ahukaemere et al,, 2015; Nguyen, Chou, Chen, Hoang, &
Tran, 2021). Rain-fed agriculture is the predominant agricultural activity in the study area. The major crops grown
in and around the Gadana watershed catchment include maize, sorghum, cowpea, and groundnut, with very little
rice and vegetable cultivation by farmers near the river. Based on the analysis of the slope of the study area, these
crops were evaluated for suitability for rain-fed agriculture. The results presented in Table 4 show that up to 99.8%
of the Gadana watershed fell under the slope category (0-8%) rated as highly suitable to moderately suitable for
growing maize, sorghum, cowpea and groundnut. The remaining area of 0.16% (2.39 ha) is rated marginally
suitable to unsuitable (N) for producing the field crops evaluated in the present study. Ramamurthy, Reddy, and
Kumar (2020) reported that higher slopes with shallow soil depth have a low rate of suitability for cereal crops,
especially maize. Many studies have shown that the risk of erosion hazard associated with cultivation on higher
slope positions can be overcome by planting cover crops with specific characteristics, such as shrub species that are
fast-growing, resistant to pests and diseases, and tolerant to various soil types, as well as preserving biodiversity
(Komariah, Ariyanto, & Rachmawati, 2020; Suheri, Mujiyo, & Widijanto, 2018). Bench terracing is often
recommended for much higher slope categories, such as 20-30% slope (Marhendi, 2014).

3.7. Soil Texture Suitability Evaluation
3.7.1. Sotl Texture Evaluation for Surface Irrigation
Soil texture is among the most important land characteristics for determining the optimum land management

practices, such as irrigation and fertilizers (Sathiyamurthi et al., 2024.).
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Figure 6. Soil texture map of Gadana watershed.
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The texture of the plough layer, 0-80 cm depth where disturbance by tillage is most pronounced, was
determined to assess its suitability for surface irrigation. The findings of this study showed that the soil texture of
the watershed in Gadana comprises sandy loam, sandy clay loam, and clay loam covering 174.74 ha (86.41%), 7.89
ha (1.60%), and 297.40 ha (61.98%), respectively (Figure 6). Areas with sandy clay loam and clay loam topsoil
textures that are deep and fall under the slope category of 0-2% are rated highly suitable for surface irrigation as
per the Food and Agriculture Organization of the United Nations (1976) guideline. However, a significant portion
of the sub-watershed is covered by a sandy loam texture (174.74 ha), representing approximately 36.4% of the total
land area. This section of the watershed was rated moderately suitable for surface irrigation due to the loose nature
of the soils. The high sand content of the topsoil in this section of the watershed indicates that illuviation has
occurred over time, reducing the level of fine particles in the soil and leaving them susceptible to erosion and
disaggregation (Agbai, 2022). Improving the suitability of these soils for surface irrigation would require adopting
land management practices that prioritize organic matter addition, green manuring, mulching, and cover crops to

enhance the soil's water-holding capacity, soil structure, and aggregate stability.

3.7.2. Soil Texture Evaluation for Field Crops

The three dominant soil textural classes identified in the study area were evaluated for their suitability for
growing major crops commonly cultivated in the locality. These crops include maize, sorghum, cowpea, and
groundnut. The two soil textural classes with the most extensive coverage are sandy loam and clay loam. Findings
from previous studies indicate that sandy loam texture is highly suitable for the production of cowpea and
groundnut and moderately suitable for maize production (Table 4). Groundnuts are exceptionally well suited to
light-textured soil (Sathiyamurthi et al., 2024).

Nevertheless, similar studies indicate that soils with higher amounts of coarser size fractions, such as loamy
sand and sandy loam, are classified as moderately suitable (S2) for maize cultivation (Kefas et al., 2020). The
significant limitations of coarse-textured soils like sandy loam, as they relate to cereal production particularly maize
are that these soils are inherently low in available water-holding capacity and, consequently, are prone to drying
out quickly at the onset of the dry season (Nketia, Adjadeh, & Adiku, 2018). On the other hand, clay loam is highly
suitable for producing maize and sorghum, but they are moderately suitable for producing groundnut. Sandy clay
loam texture is highly suitable for producing maize and sorghum, but it is marginally suitable for producing
cowpeas. Overall, the study revealed that only an insignificant portion of the Gadana watershed was marginally
suitable or unsuitable for cultivating the four selected crop species. The limiting factors for some of the land

mapping units were slope, soil texture, and fertility, which can be remedied through nutrient recycling.

3.8. Policy Implication of the Study

Sustainable crop production in the Nigerian Sudan Savanna agroecological zone requires a good understanding
of the soil's fertility status to develop appropriate nutrient management strategies (Shehu, Jibrin, & Samndi, 2015).
The region has a large expanse of arable land with enormous potential for producing a wide range of grain crops
such as maize, sorghum, millet, cowpea, groundnut, rice, and wheat (FFD, 2012). However, farmers in this region
perceived a steady decline in crop yields over the last few decades due mainly to edaphic and climatic constraints
(Chiroma, Folorunso, & Alhassan, 2006b). In this region, low and variable rainfall coupled with high evaporative
demand caused by supra-optimal temperatures often exposes plants to varying degrees of stress even during normal
rainfall (Chiroma et al.,, 2006b; ICRISAT, 1987). In addition to climatic constraints, soil nutrient depletion and
degradation have been reported as among the most bio-geophysical constraints to agricultural productivity in SSA,
including Nigeria's Savanna Zone (Henao & Baanante, 2006). According to an FAO report, soil degradation in SSA
is expanding at an alarming rate, accompanied by the lowest agriculture and livestock yields of any region in the

world (FAO, 2015) and unless the process of soil degradation is controlled, many parts of the continent will suffer
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increasingly from food insecurity (Lal, 1990; UNEP, 1982). The threat to food security in this region is further
heightened by climate change. If the present pace of climate change continues unabated in the coming years, an
estimated reduction in the global yield of crops like maize and wheat will occur by 3.8% and 5.5%, respectively
(Yadav, Hegde, Habibi, Dia, & Verma, 2019). It has been widely acknowledged that to ensure future food security
with minimal adverse environmental outcomes, there is an urgent need to consider the impact of global climate
change together with the degree to which food production systems can adapt (Raj, Roodbar, Brinkley, & Wolfe,
2022; Subhash et al., 2023; Yadav et al., 2014).

The problem of soil degradation in SSA, including northeast Nigeria, is further accentuated by inappropriate
management of agroecosystems, thereby making the already fragile natural resource base increasingly vulnerable
and prone to rapid degradation. To reduce capital outflows from the economy, the Federal Government of Nigeria,
through the Agricultural Transformation Agenda, called for increased crop production by resource-poor farmers by
bringing in more floodplains under cultivation. Despite the potential of these floodplains to support yields of arable
crops, the soil morpho-physico-chemical dynamics of most floodplain soils in Nigeria are poorly understood, which
has limited their use and productivity (Ande et al., 2016). Thus, as a first step toward sound land use planning, the
present study sought to characterize the soils of the Gadana watershed to identify their potential and constraints to
management. The results showed that soil chemical properties are mostly below their threshold values in all studied
soil samples in this area. Findings from the study also revealed that the studied samples were free from salt
deposits, and therefore, neither salinity nor sodicity is a potential constraint to cropping for now. The results also
suggest a trend toward a progressive decline in soil quality across the study area. Hence, to ensure sustainable crop
production, there is a need to consider site-specific soil management strategies, primarily focusing on improving the
content of soil organic matter and addressing the problems of soil acidity. The evaluation of land suitability for
cropping has long been recognized as critical for effective resource management through sound policies and

planning, which eventually lead to improvements in long-term land resource management (Hagos et al., 2022).

4. CONCLUSION

This study assessed the agronomic potential of land resources within the Gadana watershed in north-east
Nigeria. Based on the soil physico-chemical and topographical attributes of the study area, the study highlights the
potential suitability of the Gadana watershed for both surface irrigation and rain-fed cropping of selected cereal
crops. Findings from the study revealed that a large segment of the watershed area, particularly those on flat and
gentle slopes, provides a conducive environment for the sustainable cultivation of crops such as maize, sorghum,
cowpea, and groundnut. Besides the texture of the soils in the watershed being variable, ranging from sandy loam
to clay loam, the fertility status also exhibits some variability, and these can be effectively exploited by
implementing appropriate soil and water conservation practices, including nutrient recycling, to enhance
sustainability. The study also emphasizes the need for climate-smart practices that effectively address the identified
potential limitations, such as slope, soil texture, and fertility, all of which can impact the success of long-term
agricultural productivity in the study area. Overall, the Gadana watershed presents a vast potential for intensifying
agricultural activities, provided that the identified challenges are adequately addressed through sustainable land

management practices.
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