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Abstract

Soil spatial wvariability strongly influences agricultural productivity in semi-arid savanna
environments, yet it is often insufficiently incorporated into land-use planning and soil fertility
management. This study assessed the variability of soil physical and chemical properties and their
implications for agricultural land use at the Federal University Dutse Teaching and Research Farm.
Soils were delineated into four mapping units (FUD1, FUD2a, FUD2b, and FUD3) based on depth,
drainage, texture, slope, and landscape position. Descriptive statistics, coefficients of variation (CV),
and ANOVA were used to evaluate spatial variability within and among units. Significant spatial
heterogeneity was observed across the study area. Sand content exhibited low to moderate variability
(CV = 9.88-25.35%), while clay content showed moderate to very high variability (CV = 22.22 -
53.62%) with highly significant differences among mapping units (p < 0.001). Soil pH varied
significantly among mapping units (p = 0.0504), although electrical conductivity and exchangeable
sodium percentage did not differ significantly (p > 0.05), confirming uniformly non-saline and non-
sodic soil conditions. Organic carbon displayed high to very high spatial variability (CV= 49.57-
78.04% ) with significant differences among mapping units (p = 0.0152), while total nitrogen showed
moderate to very high variability (CV = 24.80-57.38% ) and strong statistical significance (p = 0.0021).
Cation exchange capacity exhibited moderate to high variability (CV = 26.91-40.74% ) with significant
spatial differences (p = 0.0033), reflecting heterogeneity in nutrient-holding capacity across the
landscape. However, available phosphorus exhibited extremely high coefficients of variation (CV = 87~
146%) despite non-significant mean differences (p > 0.05), indicating pronounced micro-scale
variability. Higher fertility potential was observed in FUD1 and FUD3, whereas FUD2a and FUD2b
were constrained by coarse texture and low nutrient-holding capacity. Integrating soil variability into
land-use planning provides a scientific basis for sustainable resource use, minimizes nutrient runoff
risks, and supports long-term agricultural productivity.
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INTRODUCTION

Soil variability is a fundamental characteristic of terrestrial ecosystems and a critical
determinant of agricultural productivity. Variations in soil physical, chemical, and biological
properties influence water availability, nutrient dynamics, root development, and ultimately
crop performance (Delgado and Gémez, 2024). In agro-ecological zones characterized by
fragile environments, such as the Sudan Savanna of Nigeria, spatial heterogeneity of soil
properties poses significant challenges to sustainable land use and effective soil management
(Aliyu et al., 2024). The Sudan Savanna zone is characterized by semi-arid climatic conditions,
high evapotranspiration rates, and a short rainy season, which together intensify soil
degradation processes and limit organic matter accumulation. Soils in this zone are often
coarse-textured, weakly structured, and low in essential nutrients, making them highly
sensitive to land-use practices and management interventions. Even within relatively uniform
landscapes, soil properties such as texture, pH, organic carbon, total nitrogen, and available
phosphorus can vary considerably due to differences in parent material, topography, erosion,
and historical land use (Eneji et al., 2025). Spatial variability of soil properties has important
implications for agricultural land use planning. Uniform management practices applied
across heterogeneous soils often result in inefficient use of inputs, reduced crop yields, and
increased risk of land degradation. Recent studies in northern Nigeria have demonstrated that
key soil fertility indicators exhibit moderate to high spatial variability, emphasizing the need
for site-specific soil management strategies rather than blanket recommendations (Aliyu et
al., 2024). Delineation of management zones based on soil properties has therefore emerged
as a practical approach to improving fertilizer efficiency, enhancing crop suitability, and
promoting sustainable land use in savanna agro-ecosystems (Eneji et al., 2025).

Beyond soil fertility, variability in soil physical properties such as texture, bulk density, and
structural stability directly affects water infiltration, retention, and erosion susceptibility. In
semi-arid environments, these properties are particularly critical because water availability is
often the primary limiting factor for crop production (Shwetha and Varija, 2015). Studies
conducted in similar savanna settings have shown that differences in texture and organic
matter distribution significantly influence soil structural stability and land productivity,
underscoring the importance of detailed spatial soil assessments for effective land
management (Sani et al., 2025). The Federal University Dutse Teaching and Research Farm,
located within the Sudan Savanna zone of Nigeria, represents a typical savanna agricultural
landscape where soil variability might strongly influence land use decisions and research
outcomes. Despite its importance as a teaching and experimental facility, comprehensive
information on the spatial variability of soil properties within the farm is limited. Such
information is essential for guiding crop selection, soil fertility management, and long-term
land use planning, as well as for supporting precision agriculture and sustainable farming
practices. This study therefore, seeks to evaluate the spatial variability of selected soil physical
and chemical properties within the Federal University Dutse Teaching and Research Farm
and to examine their implications for agricultural land use. These will contribute to improved
land management strategies and sustainable agricultural production in the Sudan Savanna
zone of Nigeria.
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MATERIALS AND METHODS

Description of the study area

The Federal University Dutse (FUD) Research Farm is located within Dutse Local Government
Area of Jigawa State, northwestern Nigeria. The research farm covers an area of 357.22
hectares. Geographically, it lies approximately at latitude 11°40'N and longitude 9°20'E, with
an average elevation of about 420 m above sea level. The area is situated within the Sudan
Savanna ecological zone. The Research Farm serves as a critical site for soil investigations,
agronomic trials, and land evaluation studies in support of sustainable land management and
food security.
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Figure
1: Location map of the study area in Dutse, Jigawa State, Nigeria, showing the study site boundary overlaid on
satellite imagery with inset maps indicating its position within Jigawa State and Nigeria.

Climate (Rainfall Trend and Temperature)

The climate of the survey area is tropical continental and is strongly influenced by the annual
oscillation of the Inter-Tropical Convergence Zone (ITCZ). Rainfall is unimodal and highly
seasonal, commencing in late May and ending around September to early October. The mean
annual rainfall ranges between 600 mm and 1,000 mm (Abubakar et al., 2019), with significant
inter-annual variability (Figure 2). August typically records the peak rainfall, often exceeding
250 mm in a single month. The distribution of rainfall is uneven, with occasional mid-season
dry spells that may hinder crop establishment and productivity. Temperature remains high
throughout the year, with mean daily values ranging between 21-24°C during the coolest
months (December-January) and rising to 38-42°C during the hottest months (March-May)
(Mustapha et al., 2018).
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Figure 2: Monthly Rainfall and Temperature Trends in Dutse, Jigawa State (2025)
Source: NASA POWER Climate Database (Langley Research Center), processed by the author.

Geology and Geomorphology

The geology of the area is underlain predominantly by deeply weathered Basement Complex
rocks (granite, migmatite, and gneiss), producing coarse-textured, quartz-rich soils with low
natural fertility and poor nutrient retention (JARDA, 2006; JCDF, 2016). Colluvial and alluvial
deposits in valleys add some soil variability and higher fertility. The terrain is gently
undulating (400-500 m elevation, 0-5% slopes), which limits severe erosion, though sheet and
rill erosion occur where vegetation cover is inadequate (Gambo et al., 2025).

Soils and Land Use

The soils of the FUD Research Farm are predominantly sandy loam to loamy sand, generally
well-drained to moderately well-drained, and moderately deep to deep, except in low-lying
areas where imperfect drainage is evident, with weak structure, and prone to crusting.
Organic matter, nitrogen, and phosphorus are low, with pH ranging from slightly acidic to
neutral. Fertility is higher in valley bottoms than uplands. Land use within the FUD Research
Farm is predominantly agricultural, supporting teaching and research, with cereals and
legumes as major crops and limited irrigated vegetable production in low-lying areas. The
surrounding communities practice mixed crop-livestock farming.

Vegetation

The natural vegetation of the study area is classified as Sudan Savanna, characterized by a
mixture of perennial grasses, scattered shrubs, and drought-tolerant trees. Dominant grasses
include Andropogon gayanus, Hyparrhenia spp., and Sporobolus spp., which form the main
ground cover. The area also hosts parasitic weeds such as Striga hermonthica, commonly
associated with cultivated fields. Tree species include native species like Parkia biglobosa
(African locust bean), Diospyros mespiliformis (Jackal berry) (Boffa, 1999), and various Acacia
spp., as well as introduced species such as Azadirachta indica (neem), often planted for shade,
soil protection, and agroforestry purposes. Anthropogenic activities such as cultivation, fuel-
wood harvesting, and grazing have greatly modified the natural vegetation, leading to a
mosaic of farmland, fallows, and secondary vegetation. Scattered multipurpose trees within
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fields provide shade, fodder, and soil-enriching litter, thereby enhancing the ecological
balance of the agro-ecosystem.

Field Studies

A reconnaissance survey was conducted at the Federal University Dutse Teaching and
Research Farm to gain a general understanding of soils and landscape features, identify major
soil units, and select locations for soil profile pits. During the visit, boundaries and coordinates
were recorded using Locus Map, and satellite imagery and digital elevation model (DEM)
were processed in GIS to analyze topography, landforms, vegetation, land use, and soil-
landscape relationships. A geo-referenced base map (1:12,500 scale) was created and used in
the field via Avenza Maps on Android device, with printed copies also provided for effective
navigation. Following the reconnaissance survey, detailed soil survey activities were carried
out using a grid-based approach. The study area was divided into grids at 200 m intervals to
guide soil observations and auger sampling. Auger borings were made along the grid points
to depths of 100 cm or until an impenetrable layer was encountered. These observations were
used to verify the interpretation of satellite imagery and DEM outputs and to refine the soil
mapping legend. Soil boundary lines were delineated based on changes in soil morphological
characteristics observed along traverses, and soil mapping unit polygons were established.
The final soil map was produced at a scale of 1:15,000, while the base map at 1:12,500 was
used strictly for fieldwork. Four major soil mapping units were identified and delineated
within the study area and designated as FUD1, FUD2a, FUD2b, and FUD3. Their spatial
distribution reflects variations in topography, drainage, and soil-forming processes across the
farm.

Delineation of Soil Mapping Units

A soil mapping unit is defined as an area of land containing soils with similar morphological,
physical, and chemical properties, including depth, texture, structure, and drainage
characteristics. Each mapping unit represents a distinct segment of the soil-landscape
continuum and is differentiated from adjacent units by observable field features and analytical
results.
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Figure 3: Satellite Imagery (base map) for FUD Research Farm Survey Area Showing Auger Observation Points

Although some degree of variability exists within each mapping unit particularly in surface
texture, colour, and horizon thickness the classification and delineation of units were based
on dominant and recurring soil characteristics that define their pedogenic expression and
spatial extent. Based on the detailed soil survey, four major soil mapping units were
delineated: FUD1, FUD2a, FUD2b, and FUD3, as shown on the Soil Map (Figure 4).

Soil sampling and preparation

A total of 56 soil samples were collected for the study; 17 samples were from FUD1, 26 samples
from FUD2a, 5 samples from FUD2b and 8 samples from FUD3. Undisturbed soil samples
were also collected from the field. The soils were sampled following standard procedure as
described in the USDA Soil Survey Manual (2017).

Soil Analyses

Soil physical analysis

The particle size distribution was determined using the Bouyoucos hydrometer method as
described by Jaiswal (2003). Soil bulk density (pb) was determined using the core method as

described by Blake and Hartge (1986). The bulk density of the soil was calculated thus;

Pb = % Where: p, = bulk density (g cm3), Ms = Mass of soil solids (g), Vi = nrzh, V= total

volume (solids and pore) (cm?3), m = 3.142, r = radius of core = diameter of the core/2, h =
height of core.

Soil chemical analyses

Soil pH was determined at a 1:2.5 soil/water ratio according to the procedure described by
Uyovbisere et al. (2013). Electrical conductivity was measured in a 1:2.5 fresh soil-water
suspension with a glass electrode meter according to the procedure described by Jackson
(1962). Organic carbon was determined using the Walkley-Black procedures (Walkley, 1947).
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Available Phosphorus was determined calorimetrically by using Bray- 1 extraction method
(Bray and Kurtz, 1945). Total Nitrogen was determined using the Kjeldahl procedure as
described by Bremner (1996). The exchangeable bases (Ca, K, Mg, and Na) were determined
using the ammonium acetate extract from the cation exchangeable capacity (CEC)
determination. A flame photometer was used to determine the potassium and sodium
content. While Calcium and magnesium were determined using EDTA, the CEC was
determined by neutral ammonium acetate method buffered at pH7 (Thomas, 1982). The soil
was leached with a 1M KCl solution. Total exchange acidity (H*+Al3*) was determined by
titration of the extract with a standard NaOH solution as described by Uyovbisere et al. (2013).
The exchangeable sodium percentage was calculated as the proportion of CEC (NH4OAc)
occupied by sodium cations as described by Uyovbisere et al. (2013).

ESP = Exchangeable sodium x 100

CEC (NH4OAc)
The base saturation percentage was calculated for both CEC (NH4OAc) using the formula
below as described by Uyovbisere et al. (2013).

% B.S = Total exchangeable bases x 100
CEC or ECEC

Statistical analysis

Data obtained from laboratory analyses were subjected to descriptive statistics (mean,
minimum, maximum, standard deviation, and coefficient of variation) using Statistix 10
software. Variations in soil physical and chemical properties among the soil mapping units
were analyzed using one-way analysis of variance (ANOVA).

RESULTS AND DISCUSSIONS

Soil Fertility Status

The descriptive statistics summarizing the soil physical and chemical properties of the study
area are presented in Tables 1 and 3. Soil reaction varied from slightly acidic to neutral, with
pH values ranging between 6.34 and 7.13 (Table 3), indicating generally favorable conditions
for nutrient availability and crop growth (Hazelton and Murphy, 2016). Electrical
conductivity (EC) values were consistently below 2 dS m™, while exchangeable sodium
percentage (ESP) remained below 15% across all soil mapping units, classifying the soils as
non-saline and non-sodic. These conditions imply the absence of salinity or sodicity
constraints to agricultural production within the Federal University Dutse Teaching and
Research Farm. Despite favorable pH conditions, other fertility indicators such as organic
carbon (OC: 3.12-7.68 g kg 1), total nitrogen (TN: 0.63-1.19 g kg ™), available phosphorus (AvP:
4.76-9.38 mg kg ), and cation exchange capacity (CEC: 3.56-6.33 cmol(+) kg ') were generally
rated low across all soil mapping units (Enwezor et al., 1989; Esu, 1991). However, marked
spatial variation was evident, with relatively higher values consistently recorded in FUD1 and
FUD3, while FUD2a and FUD2b had the lowest fertility levels (Table 3).

This fertility pattern closely reflects differences in soil depth, drainage condition, texture, and
landscape position among the delineated FUD mapping units. FUD1 consists of very deep,
moderately well to well-drained sandy clay loam to sandy loam soils overlying sandy clay to
loam subsoils, occurring on lower to upper slope positions (0-4%). These conditions favor
balanced aeration, moderate moisture retention, and the accumulation of finer particles and
organic residues, which collectively enhance nutrient retention and cation exchange capacity
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(Schaetzl and Anderson, 2005). Similarly, FUD3 soils, developed on valley floor positions, are
deep to very deep and characterized by very poor drainage with loam to sandy loam surface
horizons over sandy clay subsoils. The depositional nature of this landscape position
promotes the accumulation of organic matter and base-forming cations transported from
upslope areas. In addition, periodic waterlogging reduces organic matter decomposition
rates, leading to enhanced carbon preservation and relatively higher OC and CEC values
observed in this unit (Reddy and DeLaune, 2022).

In contrast, FUD2a soils are very deep, well-drained sandy loam soils occurring on lower
slope to crest positions with gentle slopes (0-2%). Although good drainage minimizes
waterlogging stress, the dominance of coarse textures limits nutrient adsorption and promotes
leaching losses, particularly of nitrogen and basic cations. These characteristics explain the
consistently low OC, TN, and CEC values observed in FUD2a, despite its favorable
topographic position for cultivation (Sanchez, 2019). Moreover, FUD2b soils present a distinct
fertility constraint, being very deep but poorly drained sandy loam soils over sandy clay loam
subsoils, occurring on mid-slope positions with a shallow water table encountered at
approximately 190 cm. The combination of poor drainage and coarse surface texture restricts
both microbial activity and nutrient retention. Periodic saturation may limit aerobic
decomposition and root respiration, while the sandy matrix provides limited exchange sites
for nutrient retention, resulting in persistently low fertility status (Bronick and Lal, 2005).

Table 1: Soil Variability in some Physical Properties across mapping units

Sand Silt Clay SCR Bulk Density

Soil Mapping Units (g kg?)

FUD1 Mean 552.00 208.00 242.00 1.45 1.66
FUD1 SD 139.90 148.23 129.77 1.85 0.10
FUD1 C.V. 25.35 71.27 53.62 127.78 5.89
FUD1 Minimum 380.00 80.00 80.00 0.25 1.53
FUD1 Maximum 780.00 480.00 400.00 6.00 1.80
FUD 2a Mean 689.60 196.80 113.60 2.38 1.55
FUD 2a SD 68.10 80.35 40.30 2.30 0.09
FUD 2a C.V. 9.88 40.83 3547 96.54 5.94
FUD 2a Minimum 500.00 60.00 40.00 0.60 1.27
FUD 2a Maximum 840.00 360.00 180.00 9.00 1.67
FUD 2b Mean 668.00 152.00 180.00 0.90 1.62
FUD 2b SD 17.89 3347 40.00 0.33 0.09
FUD 2b C.V. 2.68 22.02 2222 36.52 5.40
FUD 2b Minimum 660.00 100.00 140.00 0.42 1.55
FUD 2b Maximum 700.00 180.00 240.00 1.14 1.77
FUD 3 Mean 600.00 244.00 164.00 2.13 1.55
FUD 3 SD 87.43 88.34 79.33 1.94 0.14
FUD 3 C.V. 14.57 36.21 48.37 91.11 9.27
FUD 3 Minimum 460.00 140.00 60.00 0.70 1.23
FUD 3 Maximum 740.00 400.00 300.00 6.33 1.74
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Table 2: Ranking of means of some physical properties of soils of the study area

Soil Mapping Units  Sand Silt Clay SCR Bulk Density
(8 kg (Mg m?3)

FUD1 564.75¢ 204.25 232.252 1.51 1.662

FUD 2a 702.35a 193.05 103.85> 2.44 1.55b

FUD 2b 680.75ab 148.25 170.25ab 0.96 1.62ab

FUD 3 612.75bc 240.25 154.25b 2.19 1.55b

P-Value 0.0006 0.363 0.0004 0.3998 0.0289

LOS o NS - NS *

Note: LOS (P): NS > 0.05, * < 0.05, ** < 0.01 *** < 0.001. SCR = Silt clay ratio

The result from analysis of variance (Table 4) revealed significant differences (p < 0.05) among
mapping units for soil pH, OC, TN, exchangeable bases, and CEC, confirming the strong
influence of spatial variability on soil fertility distribution within the farm. Soil pH was
significantly higher in FUD1 (7.07) and FUD3 (7.01) compared to FUD2a (6.70) and FUD2b
(6.28), reflecting greater accumulation of base-forming cations in lower slope and valley floor
positions through lateral and vertical translocation processes (Pennock et al., 1987). Organic
carbon was significantly higher (P = 0.0152) in FUD3 (7.52 g kg 1), indicating enhanced organic
matter preservation under hydromorphic conditions, while total nitrogen was significantly
higher (P = 0.0021) in FUD1 (1.24 g kg™), reflecting more favorable conditions for organic
matter turnover and nitrogen cycling. Exchangeable calcium and magnesium also varied
significantly among mapping units, with higher concentrations in FUD1 and FUDS3,
contributing to their comparatively higher base saturation and buffering capacity.
Conversely, EC and ESP did not differ significantly among mapping units (p > 0.05) and
remained uniformly low, indicating that neither salinity nor sodicity poses a current threat to
soil productivity across the FUD mapping units. This implies that prevailing climatic
conditions and drainage regimes are sufficient to prevent salt accumulation, even in poorly
drained units such as FUD3 and FUD2b.

The coefficients of variation (CV) further show the degree of fertility heterogeneity within and
between mapping units. Organic carbon and total nitrogen showed a very high variability
(CV > 35%), particularly in FUD2a and FUD2b, indicating pronounced spatial heterogeneity
and localized nutrient depletion. Available phosphorus also showed very high variability
across all mapping units, despite non-significant differences in mean values, suggesting
strong micro-scale control by management practices, residue distribution, and phosphorus
fixation reactions. In contrast, base saturation show low CV values (<15%) across FUD1-
FUD3, indicating relative stability of exchangeable base status despite differences in absolute
nutrient levels. According to the variability classification proposed by Wilding (1985), these
patterns show the dominance of spatial variability over uniform fertility trends within the
farm. The soils of the Federal University Dutse Teaching and Research Farm are of low to
moderate in fertility status, with clear differentiation among the identified soil mapping units.
FUD1 and FUD3 had relatively higher fertility potential due to favorable pedo-landscape
conditions that promote nutrient accumulation and retention, while FUD2a and FUD2b are
inherently constrained by coarse texture, drainage limitations, and landscape position.
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Spatial Variability among Soil Mapping Units

Spatial Variability of Soil Physical Properties

The spatial variability among soils, expressed as differences across the soil mapping units
(FUD1, FUD2a, FUD2b, and FUD3), was generally more pronounced than variability within
individual units for most soil physical properties. The result from analysis of variance
revealed a significant differences (p < 0.05) among the mapping units for particle size fractions
and bulk density (Table 2), confirming strong landscape-scale control over the spatial
distribution of soil physical characteristics within the study area. Particle size distribution
showed highly significant variation (p < 0.001) among the soil mapping units, indicating
marked spatial heterogeneity in soil texture. Sand was the dominant particle fraction across
all units, with significantly higher (p = 0.0006) mean sand contents recorded in FUD2a and
FUD2b compared to FUD1 and FUD3 (Table 1 and 2). The coefficient of variation (CV) for
sand content ranged from low to moderate (2.68-25.35%), implying relative uniformity within
some mapping units but appreciable spatial heterogeneity at the farm scale.

Silt content show no significant difference (p>0.05) but displayed the highest degree of
variability among the particle size fractions, with CV values reaching very high levels of up
to 71.27% in FUD1. This pronounced variability indicates strong spatial redistribution of silt-
sized particles across the landscape. Such extreme heterogeneity reflects the combined effects
of selective erosion, surface runoff, and lateral translocation along slope gradients, processes
that are intensified under the seasonal rainfall regime and sparse vegetation cover typical of
the Sudan Savanna agro-ecological zone.

Table 3: Soil Variability in Chemical Properties across mapping units

Soil Mapping pH ECe OC TN AP Na K Ca Mg TEA TEB CEC BSP ESP
Units HO dSm?! g kgl mg kg1 (€110 [ R — (%)
FUD1 Mean 7.13 0.15 3.65 119 876 0.20 021 361 168 070 567 633 8345 281
FUD1 SD 072 013 2.85 030 818 0.19 008 089 113 013 193 194 548 2.33
FUD1 (GAY) 10.03  85.89 78.04 2480 93.36 92.75 3733 2477 6752 1879 34.04 3059 6.19 82.78
FUD1 Minimum 6.30 0.05 0.40 0.70  2.00 0.03 013 240 020 050 278 356 7698 0.70
FUD1 Maximum 8.50 0.41 10.00 1.75 27.00 0.53 036 480 310 083 783 860 9531 7.11
FUD 2a Mean 6.77  0.03 443 0.70 558 0.03 013 239 088 060 350 414 8236 067
FUD 2a SD 0.31 0.02 2.30 035 4.86 0.04 008 1.05 064 021 168 169 774 0.66
FUD 2a cVv 4.56 89.56 51.84 50.00 87.24 14056 59.85 4395 7249 3579 4794 4074 9.40 97.38
FUD 2a Minimum 6.06 0.01 0.80 0.35 0.66 0.01 004 090 020 010 147 202 6390 0.11
FUD 2a Maximum 7.30 0.11 8.80 140 2030 0.21 031 510 260 100 789 889 9531 350
FUD 2b Mean 6.34 0.03 312 091 938 0.02 012 212 064 066 289 356 7880 0.66
FUD 2b SD 0.09 0.01 1.55 047 12.88 0.00 004 112 033 017 118 111 1048 024
FUD 2b cv 141 51.60 4957 51.60 13729 17.59 29.21 5299 5203 2485 4071 3115 1330 3579
FUD 2b Minimum 6.20 0.01 1.40 0.70  2.00 0.02 006 070 030 050 115 181 6352 048
FUD 2b Maximum 6.40 0.04 5.20 1.75 3230 0.03 015 380 1.00 083 437 487 8973 1.05
FUD 3 Mean 707 032 7.68 0.63 4.76 0.12 014 338 1.04 051 468 516 9157 262
FUD 3 SD 1.13 0.88 5.10 036 697 0.24 006 111 062 027 113 139 561 5.16
FUD 3 cVv 1598 280.67 6635 57.38 14636 19582 40.03 3294 59.73 5197 2423 2691 6.12 196.94
FUD 3 Minimum 5.70 0.00 2.00 0.35 1.00 0.03 004 195 030 016 351 339 8289 050
FUD 3 Maximum 9.81 2.83 19.00 1.40 24.00 0.81 020 530 225 100 683 766 10354 17.20
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Table 4: Ranking of means of Chemical properties of soils of the study area

Soil Mapping pH EC O.C TN  AvP Na K Ca Mg TEA TEB CEC BSP ESP
Units dS m~? g kg mg kg Cmol(+) kg (%)
FUD1 7072 013 349> 124> 1055 0.8 0212 346 1670 073 548 6170 8728 254
FUD 2a 6.70® 0 427> 075>  7.36 0.01> 012> 225> 087> 0.63 331> 398> 8119 041
FUD 2b 628> 0 296>  0.96® 11.17  0.00° 012> 197> 063> 069 270c 3.3% 77.64> 0.39
FUD3 7012 029 7522 068> 654 011> 014> 323+ 1.03*® 054 449® 499> 90.40° 235
P-Value 0.0504 0.2641 0.0152 0.0021 0.3639 0.0082 0.0193 0.004 0.0293 0.2398 0.002 0.0033 0.0017 0.0655
LOS * NS *k *k NS *% * *% * NS *% *% *% NS

Note: LOS (P): NS > 0.05, * < 0.05, ** < 0.01 *** < 0.001.

Clay content show moderate to very high variability (CV = 22.22-53.62%) and differed
significantly among mapping units (p < 0.001). Higher clay contents were consistently
observed in FUD1, reflecting the influence of lower slope positions that favor the
accumulation of fine particles through eluviation-illuviation processes and depositional
mechanisms. Conversely, the comparatively lower clay contents in FUD2a and FUD3 are
attributable to their upland, crest, and mid-slope positions, where erosion, limited weathering
intensity, and weak horizon development constrain clay enrichment. This systematic textural
differentiation along topographic gradients is characteristic of savanna landscapes and has
been widely documented in similar environments (Eneji et al., 2025).

Bulk density also differed significantly among the mapping units (p < 0.05), with low CV
values ranging from 5.40 to 9.27%, indicating both spatial and vertical variability. Higher bulk
density values were generally observed in FUD1 and FUD2b, which might be attributed to
lower organic matter content and higher clay content which led to compaction. The mean bulk
density values across the mapping units were rated moderate (1.3-1.72 Mg m-?) for coarse
textured soils as documented by FAO (2006).

Spatial Variability of Soil Chemical Properties

Spatial variability among soils was also pronounced for chemical properties across the soil
mapping units (FUD1, FUD2a, FUD2b, and FUD3). Analysis of variance revealed significant
differences (p < 0.05) among mapping units for organic carbon (OC), total nitrogen (TN),
exchangeable bases, and cation exchange capacity (CEC), confirming strong landscape-scale
heterogeneity in soil chemical characteristics within the Federal University Dutse Teaching
and Research Farm. Organic carbon (OC) content showed a highly significant variation
among the mapping units (p < 0.01), with coefficients of variation ranging from high to very
high (38-69%), indicating pronounced spatial heterogeneity in organic matter distribution.
Relatively higher OC values were recorded in FUD3, followed by FUD2a, reflecting the
combined influence of drainage regime, landscape position, and texture on carbon
stabilization. The very poorly drained valley floor setting of FUD3 promotes organic residue
retention and slows decomposition, while the lower slope-crest position of FUD2a allows
periodic inputs and partial carbon accumulation despite its sandy loam texture. Recent studies
emphasize that landscape position and hydrological processes are major controls on SOC
spatial patterns, with lower positions generally accumulating more SOC due to lateral
transport and reduced decomposition (Li et al., 2024; Odebiri et al., 2024). In contrast, FUD1
and FUD2b consistently recorded lower OC values. In FUD1, moderately well to well-drained
conditions on lower to upper slopes enhance aeration and microbial activity, accelerating
organic matter mineralization and increasing susceptibility to erosion losses. In FUD2b,
despite poor drainage, the mid-slope position, coarse surface texture, and shallow water table
at ~190 cm limit effective organic matter accumulation and increase lateral carbon
redistribution. Global syntheses also show that coarse-textured and well-drained soils
typically have lower organic carbon content compared with finer, wetter positions within
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landscapes (Doetterl et al., 2025). This uneven spatial distribution of OC shows the
vulnerability of upland savanna soils to organic matter depletion under continuous
cultivation (Sanchez, 2019).

Total nitrogen followed a spatial pattern similar to that of organic carbon, showing significant
differences among mapping units (p < 0.01) and very high CV values exceeding 40%. This
confirms strong spatial heterogeneity and widespread nitrogen limitation across the farm. The
close correspondence between OC and TN distributions reflects the dominant role of soil
organic matter as the principal reservoir of nitrogen in tropical soils, particularly within
savanna agro-ecosystems characterized by low inherent fertility and rapid nutrient turnover
(Bationo et al., 2018).

Available phosphorus did not differ significantly among mapping units (p > 0.05); however,
it show extremely high coefficients of variation (87.24-146.36%), indicating intense localized
variability. This pattern implies that phosphorus availability is governed more by micro-scale
factors than by broad landscape position. Localized fertilizer placement, uneven residue
distribution, and strong phosphorus fixation by iron and aluminum oxides common in
tropical soils likely explain this high variability (Hinsinger, 2001, Margenot et al., 2016).
Despite the insignificant mean differences, the magnitude of variability implies that
phosphorus management should be site-specific rather than uniform. Exchangeable calcium
(Ca?) and magnesium (Mg?") differed significantly among mapping units (p < 0.05) and
showed moderate to very high variability (CV = 24.77-72.49%), with higher concentrations
generally observed in FUD1 and FUD3. These elevated base levels are consistent with higher
clay contents and greater nutrient retention capacity in these units. Exchangeable potassium
(K*), however, show moderate to very high variability (CV = 29.21-59.85%), reflecting its high
mobility and susceptibility to leaching and crop uptake in coarse-textured soils, particularly
in FUD2a and FUD2b (Syers et al., 2008).

Cation exchange capacity varied significantly among mapping units (p < 0.05) and displayed
moderate to high variability (CV = 26.91-40.74%), closely mirroring the spatial distribution of
clay and organic carbon. Higher CEC values in FUD1 and FUD3 indicate greater nutrient-
holding and buffering capacity, while the lower CEC observed in FUD2a and FUD2b confirms
their limited capacity to retain applied nutrients and their higher susceptibility to nutrient
losses (Ciri¢ et al., 2023). Base saturation did not differ significantly among mapping units (p
> (0.05) and show low CV values (<15%), indicating relative stability of exchangeable base
dominance across the landscape. This stability implies limited leaching of base-forming
cations despite seasonal rainfall and supports the generally slightly acidic to neutral soil
reaction observed across all mapping units, consistent with reports for savanna soils of
northern Nigeria (Sani et al.,, 2025). The very high CV values recorded for available
phosphorus and exchangeable potassium, even in the absence of significant differences in
mean values, show the presence of localized zones of nutrient enrichment and depletion
within the farm. This level of chemical heterogeneity show the importance of spatially explicit
soil assessment and the delineation of soil management zones for improved fertilizer-use
efficiency (Cambardella et al., 1994; Eneji et al., 2025).
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Figure 4: Soil Map of FUD Research Farm

Implications for Agricultural Land Use and Management

The pronounced spatial heterogeneity observed among soil mapping units at the Federal
University Dutse Teaching and Research Farm show the limitations of uniform soil fertility
management in semi-arid savanna landscapes. The statistically significant differences (p <
0.05) coupled with high coefficients of variation in key soil fertility indicators observed among
the soil mapping units including organic carbon, total nitrogen, available phosphorus,
exchangeable potassium, and cation exchange capacity indicate that blanket fertilizer
application and soil management strategies are unlikely to optimize crop productivity or
resource-use efficiency in the study area.

Soil mapping units FUD2a and FUD2b, characterized by coarse textures, low organic carbon,
reduced cation exchange capacity, and high nutrient variability, require targeted management
interventions. Regular incorporation of organic amendments such as compost, farmyard
manure, green manures, and crop residues, combined with cover cropping, mulching, and
split or controlled-release fertilizer applications, could improve soil structure, enhance
nutrient retention, reduce leaching losses, and increase soil resilience. Such approaches have
proven effective in enhancing fertility and productivity in coarse-textured savanna soils with
low buffering capacity (Vanlauwe et al., 2001; Palm et al., 2014; Isbell, 2015). In the same vein,
their low water-holding capacity also increases vulnerability to drought stress, calls for the
need for supplemental irrigation or water-conservation practices to sustain crop growth.
Moreover, shallow rooted crops tolerant to periodic waterlogging and low fertility are
recommended for FUD2b, which is further constrained by shallow water tables and poor
drainage.

In contrast, FUD1 and FUD3 possess higher clay content, organic carbon, and cation exchange
capacity, reflecting greater fertility potential, buffering capacity, and nutrient retention. These
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units are suitable for nutrient-demanding crops and more intensive cropping systems,
provided that organic matter and soil structure are maintained. The finer textures and higher
nutrient-holding capacity in these soil units reduce susceptibility to erosion, enabling flexible
crop rotations, intercropping, and the potential adoption of perennial crops. Nonetheless,
moderate to high within-unit variability indicates that fertilizer recommendations should still
be calibrated to local micro-environmental conditions rather than applied uniformly.
Precision nutrient management and crop zoning based on soil mapping units would enhance
fertilizer-use efficiency and reduce unnecessary input costs (Pierce and Nowak, 1999; Mulla,
2013). Extremely high variability in available phosphorus and exchangeable potassium across
all mapping units further reinforces the need for site-specific nutrient management. Even
where mean differences were not statistically significant, localized nutrient imbalances might
lead to suboptimal crop performance.

CONCLUSION

The soils of the Federal University Dutse Teaching and Research Farm show pronounced
spatial variability in both physical and chemical properties, driven primarily by differences in
texture, drainage condition, soil depth, and landscape position across the delineated soil
mapping units. Although soil reaction and salinity indicators are generally favorable for crop
production, the overall fertility status of the soils is low to moderate, with organic carbon,
total nitrogen, available phosphorus, and cation exchange capacity constituting major
constraints. FUD1 and FUD3 possess comparatively higher fertility potential due to finer
textures and nutrient accumulation in lower slope and valley floor positions, while FUD2a
and FUD2b are inherently limited by coarse texture, low organic matter content, and reduced
nutrient retention capacity. The very high coefficients of variation observed for key nutrients
show the inadequacy of uniform soil management practices across the farm. The integration
soil variability studies into land-use planning enhances sustainable resource use, reduces
environmental risks from nutrient runoff, and improves long-term agricultural productivity.
The findings also advocate for mapping-unit-based management, precision fertilizer
application, organic amendments, and crop zoning tailored to soil properties to achieve
sustainable intensification in Sudan Savanna agro-ecosystems.
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