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ABSTRACT

Principal Component Analysis (PCA) was applied to 29 soil physicochemical parameters to
identify the most influential indicators of variability in soils of the Pella district. The first seven
principal components (PCI-PC7) explained 96% of the total variance, with strong
contributions from Cu, K, Porosity, Clay, Effective Cation Exchange Capacity (ECEC), Fe,
and Exchangeable Sodium Percentage (ESP). These variables emerged as key drivers of soil
heterogeneity, thereby reducing the set of parameters required for effective soil
characterization. The component structure highlighted Cu, ECEC, Fe, AvP, and ESP as
dominant contributors across multiple components, underscoring their relevance in soil
fertility assessment. Cluster analysis further classified soils from eleven sampling units (Pella,
Dzuma, Midila, Zhedinye, Mbulinyi, Dagza, Uding, WuroBokki, Fachi, PellaGwaja, and
Holma) into three distinct management zones. Dzuma, Pella, Uding, PellaGwaja, and Holma
formed one similarity group,; Zhedinye and Dagza clustered together, while WuroBokki, Fachi,
Mbulinyi, and Midila constituted a third group. This classification demonstrates that PCA
combined with clustering provides a robust framework for delineating site-specific soil
management zones, enabling precision agriculture strategies that target variability in soil
fertility. By identifying critical soil properties and grouping soils into management units, this
study offers a practical basis for improving crop productivity and promoting sustainable land
management in the Pella district.
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INTRODUCTION

Soils of northeastern Nigeria are often characterized as weak, highly weathered, and fragile,
with low-activity clays (Adekiya et al., 2022). The occurrence of this low-activity clay, coupled
with other climatic factors, has resulted in widespread plant nutrient deficiencies in soils of
Adamawa State, with adverse consequences for crop production and soil fertility maintenance
(Simon et al., 2025). While soil fertility is not always homogeneous, heterogeneity is
influenced by both inherent soil properties and anthropogenic variability across soils with
different management practices (Alhassan et al., 2023).
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Spatial variability of soil properties is an important aspect of soil fertility evaluation. Soils can
vary significantly over short distances due to factors such as topography, land use, and
management practices. Tropical soils are characterized by high spatial variability due to the
combined effects of intrinsic (e.g., biophysical and chemical processes), and extrinsic factors
(e.g., crop management, fertilizer and tillage, among others) operating at different intensities
and on different spatiotemporal scales. Spatial variability in soils and the corresponding
variability of yield response of various crops to nutrient application have already been observed
across Sub-Saharan Africa (Abdulraheem et al., 2022; Akinseye et al., 2020).

The methods and successes in evaluating soil fertility variability have been observed to increase
technical knowledge of soil fertility management. The absence of an effective soil fertility
evaluation method, therefore, strongly diminishes its predictive values. Some methods for
assessing soil properties for soil nutrient determination can be cumbersome and time-
consuming. Consequently, low-complexity techniques are employed to select a subset of key
variables for spatiotemporal soil assessment. In this context, multivariate analysis, such as
principal component analysis (PCA), aims to condense the observed variables into a smaller
set of variables (factors) for soil property assessment without losing much of the necessary
information from large datasets gathered (Abdel-Fattah et al., 2021). One of the major
objectives of cluster analysis is to assign individuals (observations) to homogenous clusters
(groups) so that observations within each group are similar to one another with respect to
variables or attributes of interest (Alhassan et al., 2023). It is then very important to study the
variability of soil properties that are geographically related to develop sustainable site-specific
soil management strategies in the study area. Thus, this study was carried out to evaluate soil
properties of the Pella district using Principal Component Analysis (PCA) and Clustering
Analysis (CA), with the aim of classifying the management units into a dendrogram.

MATERIALS AND METHODS

Study Area

The study was conducted in the Pella district of the Hong Local Government Area, Adamawa
State, North-East Nigeria. It lies between latitudes 9° 58' to 10° 35' N, longitudes 12° 35' to 13°
13'E with an elevation of 305-400m above sea level (Zemba et al., 2020). It has an approximate
land area of 328.25 km? consisting of the Adamawa Mountain with a mixed assemblage of
granite outcrops, dissected surface, steep slopes, and plains (Babayi et al., 2012). The soil in
this area falls into the lithosol category, with parent material of the undifferentiated basement
complex, represented by migmatite-gneisses, schists, quartzites, aplite, medium- and coarse-
grained granites, pegmatite, diorite, and amphibolites (Udo, 1970; Ray, 2020).
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Soil Sampling and Laboratory Analysis

Eleven units, namely Pella, Dzuma, Midila, Zhedinye, Mbulnyi, Dagza, Uding, WuroBokki,
Fachi, PellaGwaja and Holma, were used as sampling units for soil sampling. Eight surface
soil samples were collected from each of the eleven mapping units at random, at a depth of 0-
20cm. Laboratory analysis was performed on the collected samples. Particle analyses of soils
were determined using a Buoyoucous hydrometer method (Jaiswal, 2003). Soil bulk density
was determined from soil cores (Gautam et al.,2023). The total porosity was calculated by
assuming a particle density of 2.65mg using the expression as given by (Childs & Bybordi,
1969). Soil pH and EC were determined in a 1:2 (Soil: Water) suspension using a pH meter
and an EC conductivity meter (Gautam et al., 2023). Soil organic carbon was determined using
the Wet Oxidation method (Walkley & Black 1934). Organic matter was calculated as the
product of the soil's organic carbon content and a factor of 1.724. Total nitrogen was
determined by the Kjeldahl wet oxidation method as outlined by Sabah et al. (2022). Available
phosphorus was determined using the Bray-1 method (Bray and Kurtz, 1945). Exchangeable
cations: Calcium (Ca), Magnesium (Mg), Potassium (K) and Sodium (Na) were determined
from the extract of soil treated with neutral normal ammonium acetate (pH 7.0), [IN neutral
ammonium acetate (NH4O0Ac)]. Calcium and Magnesium were determined by titration,
whereas K and Na were determined using a flame photometer (Gautam et al., 2023). Total
Exchangeable Acidity (TEA) was determined by extracting soil samples with IN KCI and
titrating the extract with 1N Sodium hydroxide (Jaiswal, 2003). Effective Cation Exchange
Capacity (ECEC) was determined by summing the exchangeable cations (Ca, Mg, K, and Na)
and exchangeable Al and H (Jaiswal, 2003). Percentage base saturation was calculated by
dividing the sum of exchangeable bases by the soil's ECEC and expressed as a percentage
(Gautam et al., 2023). Exchangeable sodium percentage (ESP) was calculated as the proportion
of ECEC (NH4OAc) occupied by sodium cations, i.e., dividing the exchangeable sodium
content of the soil by the ECEC (soil) expressed as a percentage (Gautam et al., 2023). Micro
nutrients (Cu, Fe, Mn, Zn, S, and Mo) were extracted using perchloric acid/Nitric acid and
digested on a hot plate at about 200-225°C until the mixture turned yellow or white. The digest
was then dissolved in 0.1M HCI and filtered. Determination of Cu, Fe, Mn and Zn was carried
out by an Atomic Absorption Spectrophotometer. Sulphur (S) was extracted with CaCl, and
determined turbidimetrically using a spectrophotometer, while Molybdenum (Mo) was
extracted with ammonium oxalate and determined by the calorimetric method (Gautam et al.,
2023).

Statistical Analysis

Data were analyzed using descriptive statistics with SAS (2015). Variability levels were
interpreted using coefficient of variation (CV) classes as described by Tabi & Ogunkunle
(2007): most variable (CV > 35%), moderately variable (CV 15-35%), and least variable (CV
< 15%). The suitability of the dataset for factor analysis was confirmed by the Kaiser-Meyer-
Olkin (KMO) statistic, which exceeded the recommended threshold, indicating sampling
adequacy. Principal Component Analysis (PCA) was then used to reduce the dataset. Cluster
analysis was performed using Euclidean distance and Ward’s method to group soils from
eleven samples.
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RESULTS AND DISCUSSION

Soil Physical Properties

The results of the soil physical properties analyzed are presented in Table 1. Most of the units
have high sand percentages, ranging from 62.42 to 69.90%, with a low coefficient of variability
(13.39%). Silt has a moderate CV of 31.39%, with a range of 16.48 to 20.39%, while the clay
fraction has a higher coefficient of variability (40.42%), with a range of 12.53 to 20.01%. The
highest variability in clay may result from deposition via erosion and eluviation (Ray,
2020). The soil bulk densities of the entire unit were low, ranging from 1.46 to 1.54 g/cm;
these values are characteristic of loam and clay loam soils. According to Nam et al. (2021),
soils with a bulk density of less than 2.5 g/cm3 are assessed to have high humus content. The
percentage soil porosity ranged from 41.88 to 44.50 %; these values indicate moderate porosity.
According to Afriawan et al. (2021), soil porosity should be above 50% because it improves
plant growth conditions and boosts soil respiration and microbial activity. Similar findings to
those reported in this study were recorded by Ahmed et al. (2013) in Mubi, South of Adamawa
State, Nigeria.

Table 1: Soil Physical Properties of the Study Area. (0-20cm depth) Pella District

Units Sand Silt Clay BD Porosity
% (g/cm’) (%)
Dagza 66.11 18.53 15.36 1.51 43.12
Dzuma 68.61 16.89 14.50 1.52 42.75
Fachi 62.42 17.57 20.01 1.46 44.50
Holma 68.38 18.98 12.64 1.53 42.25
Mbulinye 65.70 18.74 15.56 1.50 43.50
Midila 69.35 17.22 13.43 1.53 42.38
Pella 69.90 17.57 12.53 1.54 41.88
Pella gwaja 69.27 16.48 14.25 1.53 42.12
Uding 68.86 17.75 13.39 1.53 42.50
Wrobokki 66.53 17.64 15.83 1.51 43.12
Zhedinye 63.91 20.39 15.70 1.50 43.75
SE 4.50 2.81 3.00 0.04 1.33
CV (%) 13.39 31.22 40.42 4.82 6.21

Soil Chemical Properties of the Study Area: Pella District

The mean chemical properties of the study soils are presented in Table 2. The pH in all units was
slightly acidic to neutral, with values ranging from 6.18 to 7.0 and a coefficient of variation (CV)
of 4.63%. Low soil pH may be due to cation depletion during long cultivation and to high use of
inorganic fertilizers (Mulat et al., 2021). Similar, slightly acidic values were also recorded by
Maunde et al. (2016) while evaluating the soil fertility status of the Song Local Government of
Adamawa State, Nigeria. Mean electrical conductivity (EC) values across all units were low,
ranging from 0.027 to 0.975 ds/m, with a very high CV (86.11%). The lower EC values recorded
in the area may be attributed to leaching of salt to much lower horizons, given the light-textured
nature of the soil in the study area.
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A similar result was also reported in the soils of Loko, Adamawa State, by Musa (2015). The
low EC value may also be due to cation depletion during prolonged cultivation (Mulat et al.,
2021). Low mean values of soil organic carbon and organic matter were recorded, with ranges
0f0.01 to 1.10 % and 1.38 to 1.91 %, respectively, and moderate variation (26.29%) for organic
carbon and (26.18%) for organic matter. These low values could be attributed to the sandy-to-
sandy loam texture of the soil, which might facilitate high runoff and depletion of organic
materials by rainfall in the area. The low organic matter can also be linked to a high rate of
organic matter oxidation (Mulat et al., 2021). Mean value of available phosphorus ranged from
7.88 to 11.55 mg/kg and varied within the units (16.2%). These low-to-medium available
phosphorus values could be related to low organic matter recorded in the area. A similar result,
with a lower Available Phosphorus value, was reported by Jamala & Oke (2013) in soils from
some parts of Adamawa State, Nigeria, and attributed to land use and the region's inherent P
deficiency. Low value of Total Nitrogen was also recorded, which could also be attributed to
low organic matter content of the soils and their sandy nature, which can facilitate high
infiltration that can leach down nitrogen (Brady & Weil, 2008).

Table 2 Soil Chemical Properties of the Study Area (0-20cm depth) Pella District

Org. Org.
Units pH EC C M TN AvN AvP
mg/kg
(dS/m) % mg/kg
11.52
Dagza 6.3 0.0275 0.89 1.54 0.075 0.0008 6.32
10.42
Dzuma 6.64 0.0513 1.10 1.91 0.093 0.0006 5.56
9.41
Fachi 6.93 0.0338 0.93 1.60 0.078 0.0009 4.72
9.82
Holma 6.6 0.0325 0.97 1.67 0.083 0.0010 6.33
7.88
Mbulinye 6.18 0.0375 0.79 1.38 0.068 0.0007 6.53
9.88
Midila 6.83 0.0975 1.03 1.79 0.085 0.0008 6.75
10.00
Pella 6.77 0.0413 0.81 1.39 0.069 0.0007 5.14
10.35
Pella gwaja 7.00 0.0287 1.08 1.87 0.090 0.0008 4.60
11.48
Uding 6.42 0.0437 0.98 1.70 0.083 0.0007 5.97
9.65
Wurobokki 6.5 0.0400 1.01 1.75 0.084 0.0012 5.46
11.55
Zhedinye 6.54 0.0275 1.02 1.77 0.085 0.0008 5.36
0.825
SE 0.153 0.018 0.127 0.218 0.011 0.0002 0.76
16.2
CV (%) 4.63 86.11 26.29 26.18 26.81 42.44 26.66
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Soil Micronutrients of the Study Area, Pella District

The results for soil micronutrients in the study area are presented in Table 3. Mean
molybdenum values ranged from 0.29 to 0.71 mg/kg, with the minimum in the Zhendinye unit
and the maximum in the Holma unit. Slightly lower values were reported by Bapetel et al.
(2013) for some soils in Adamawa State. The low to medium content of Mo in the soil might
be a result of nutrient interaction with soil pH; the mean values of copper (Cu) ranged from
0.30 to 0.92 mg/kg, with the least value recorded in Zhedinye unit and the highest mean value
at the Holma unit, with a high coefficient of variability (64.00 %). The iron Fe values ranged
from 3.59 to 6.80mg/kg, with a high coefficient of variability of 42.93%.

Table 3: Soil Micronutrients of the Study area (0-20cm depth) Pella District

Units Mo Cu Fe Mn Zn
mg/kg

Dagza 0.46 0.59 4.82 1.04 1.42
Dzuma 0.41 0.48 4.74 0.63 1.35
Fachi 0.50 0.59 6.80 3.14 1.49
Holma 0.71 0.92 4.82 0.59 1.31
Mbulinye 0.49 0.42 5.57 4.11 1.30
Midila 0.37 0.66 3.59 1.35 1.16
Pella 0.35 0.69 5.62 2.29 1.40
Pella gwaja 0.45 0.53 5.07 3.34 0.80
Uding 0.50 0.70 4.09 0.57 1.73
Wurobokki 0.41 0.89 4.08 1.78 1.53
Zhedinye 0.29 0.30 4.21 1.68 1.00
SE 0.13 0.20 1.04 0.60 0.33
CV (%) 57.57 64.00 42.93 63.88 50.14

Alhassan (2019) also reported adequate levels of Fe in soils of Bade Local Government Area,
North-Eastern Nigeria. The mean manganese (Mn) concentration ranged from 0.57 to 4.11
mg/kg, with a high coefficient of variation (63.88). About 30% of the values fell within the low
rating, while medium and high concentrations had 35% each. High Mn concentrations found
could also be attributed to the slight acidity of the soils in these areas. The soils should therefore
be closely monitored to avoid Mn toxicity. The mean zinc (Zn) concentration ranged from 0.80
to 1.73 mg/kg, with a high coefficient of variation (50.1%). Most units had medium Zn
concentrations, except at Uding and Wurobokki, which showed high concentrations. Lower
values were equally recorded in the Pellagwaja unit. Specific fertilization in these low Zn-rated
areas may be required for crops such as corn, beans, and some deciduous fruit trees. Low Zn
concentrations were also reported by Alhassan (2019) in soils of the Bade Local Government
Area, North-Eastern Nigeria.
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Exchangeable Bases and Acidity, Percent Base Saturation and Exchangeable Sodium
Percentage of the Soils, Pella District.

Table 4 presents the mean exchangeable bases, acidity, percentage base saturation, and
exchangeable sodium. Mean calcium across all units ranged from 5.3 to 66.12 cmol/kg, with
slight variation (CV = 11.75%) that did not differ significantly between units. The recorded
medium calcium value might result from calcium-containing weathered rocks and minerals
such as calcite, apatite, and dolomite, which are dominant in the study area (Ray, 2020). The
values of Magnesium (Mg) ranged from 2.04 to 2.73 cmol/kg, with moderate CV (15.68%),
while Potassium (K) and Sodium (Na) had moderate CV of (19.5) and 22.34% respectively,
these values may be attributed to presence of potassium rich clay mineral like illite and feldspar
as opined by Amadi et al. (2019) that granitic rocks domiciled in Pella Hong local government
showed quartz, feldspar, mica and some accessory minerals. Total exchangeable bases (TEB)
ranged from 8.88 to 9.82cmol/kg, with the minimum value found in the Midila unit and the
maximum mean value at the Wurobokki unit. The TEB varied slightly across the units (CV
8.49). However, total exchangeable acidity (TEA) values range from 1.09 to 2,30cmol/kg, with
a moderate coefficient of variability (33.68%). Mean values of effective cation exchange
capacity (ECEC) also ranged from 10.11 to 12.02 cmol’kg with a slight coefficient of
variability (8.44%), this low ECEC values may be attributed to the low clay and organic
matter contents of the soils (Adamu et al., 2014). The percentage base saturation (PBS)
values were higher across all units, ranging from 80.41 to 87.96%, with a slight coefficient of
variability (5.07%). which might be due to a slight, near-neutral pH recorded in the area. Values
of ESP also ranged from 4.53 to 6.39%, with moderate variation across sampled locations
(21.39%). This shows that the sodium content in the soils is minimal, with the least possibility
of developing into a sodic soil.

Principal Component Analysis (PCA)

Tables 5 and 5a present the principal component matrix and component structure summary of
the study area, which identified seven (7) factors that explain the major variations in the soil.
The Seven (7) principal components (PCs) were obtained with eigenvalues greater than 1. The
scree plot shows a sharp drop after PC3—PC4, then a gradual flattening. That indicates that the
first three to five components capture most of the meaningful variance, while later ones
contribute little (Fig. 1). PC1-PC3 explain 66.7% of total variance, PC1-PC5 explain 85.7%,
PC1-PC7 explain 96.0% (Table 5a). PC1 reflects soil texture and cation properties (Sand, Clay,
K, Cu, Porosity); PC2 captures exchangeable bases (OrgC, TN, Ca, Na, ECEC); PC3 relates to
fertility and micronutrients (Fe, Mn, Mo, EC); PC4 highlights soil acidity and nutrient balance
(S, Ca, Mn, Na, pH); while PC5 emphasizes Phosphorus and soil reaction (AvP, EC, Mg, PBS).
However, this number was reduced to the first five (5) axes, as they explained at least 5% of
the variance (Martin-Sanz et al., 2022).
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Table 4: Exchangeable Cations, Total Exchangeable Bases and Acidity, Percent Base Saturation and Exchangeable Sodium Percentage
of the Soils (0-20cm depth), Pella District.

Units Ca Mg Na K TEB Al H TEA ECEC PBS ESP
cmol/kg (%)
Dagza 5.88 2.67 0.561 0.604 9.71 1.29 1.01 2.30 12.02 80.87 4.66
Dzuma 5.65 2.69 0.534 0.626 9.51 1.32 0.98 2.30 11.81 80.41 4.53
Fachi 5.87 2.51 0.618 0.654 9.65 0.70 0.67 1.37 11.02 87.65 5.62
Holma 5.65 2.37 0.641 0.733 9.39 0.67 0.64 1.31 10.71 87.84 5.99
Mbulinye 5.64 2.53 0.638 0.561 9.38 0.56 0.53 1.09 10.48 89.61 6.14
Midila 5.31 2.35 0.641 0.573 8.88 0.63 0.60 1.23 10.11 87.96 6.39
Pella 5.62 2.68 0.549 0.585 9.43 0.95 0.67 1.62 11.06 85.22 4.97
Pella gwaja 5.82 2.04 0.484 0.555 8.89 0.79 0.76 1.54 10.44 85.38 4.60
Uding 6.12 2.28 0.549 0.643 9.60 0.59 0.56 1.16 10.75 89.21 5.09
Wurobokki 5.88 2.73 0.543 0.656 9.82 0.90 0.87 1.78 11.59 85.16 4.73
Zhedinye 5.79 2.39 0.569 0.661 9.41 1.32 0.73 2.05 11.46 82.03 4.96
CV (%) 11.75 15.68 22.34 19.5 8.49 35.34 41.13 33.68 8.44 5.07 21.39

130



International Journal Of Agricultural Economics, Management And Development (IJAEMD) 14(1); 2026

The results in Table 5 showed that the seven principal components (PC1, PC2, PC3, PC4,
PC5, PC6, and PC7) accounted for 96% of the total variation in the selected soil properties
with Eigenvalues greater than one. Among the 29 soil properties examined, the first
principal component (PC1) captured 25.8% of the total variation between the units. This
component included potassium (K), total porosity, clay content, hydrogen (H), total
exchangeable acidity (TEA), and aluminum (Al), and on a lighter note, silt fraction,
indicating their significant contributions to the observed variation. The second principal
component (PC2) accounted for 23.6% of the total variation between units. It consisted of
soil effective cation exchange capacity (ECEC), total exchangeable bases (TEB), calcium
(Ca), total nitrogen (TN), organic matter (OM), organic carbon (OC) and magnesium (Mg),
suggesting their influence on the observed variation.

The third principal component (PC3) accounted for 17.2% of the total variation between
units. It consisted of iron content (Fe), electrical conductivity (EC), manganese (Mn) and
clay content. The fourth principal component (PC4) accounted for 10.6% of the total
variation between units. It consisted of soil Sulphur concentration (S) and sodium (Na) on
a lighter note. The fifth principal component (PCS5) accounted for 8.5% of the total variation
between units. The variance was mainly due to electric conductivity (EC). The sixth
principal component (PC6) accounted for 5.9% of the total variation between units. It
consisted of soil available nitrogen (AN) content. The seventh principal component (PC7)
accounted for 4.4% of the total variation between units. It consisted, to a lesser extent, of
soil available nitrogen (AN) content, potassium (K), molybdenum (Mo), and zinc (Zn). The
principal component analysis (PCA) has shown that soil properties can be reduced from 29
to 7 components. This should guide the farmer in managing the soil of the Pella district. The
analysis accounts for about 96% of the variability and identifies PC1 as the variable with
the highest eigenvalue (7.49), followed by PC2 (6.84), PC3 (5.00), PC4 (3.06), PC5 (2.46),
PC6 (1.70), and PC7 (1.28), indicating the relative importance of these elements in
managing the soil of the Pella district. A similar PCA analysis was conducted by Menge et
al. (2024) on the mean values of soil chemical properties.
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Table 5: Principal Components

Matrix.
Components
PC PC PC PC PC PC

Variables PC1 2 3 4 5 6 7
Sand -.84 -.33 -.05 =27 31 .06 .06
Silt 40 -.02 -.85 .01 -.17 =22 .08
Clay .68 .36 .50 28 -.24 .05 -.11
BD =72 -.40 -.36 -.34 26 -.03 .07
Porosity 72 37 41 33 -.25 00 -.06
PH 26 42 26 -.26 -.53 44 -.10
EC .10 31 75 .19 52 -.05 -.04
oC .55 .62 -.13 38 .05 35 .05
TN -.56 -.63 -.11 .39 .06 34 -.05
AvN -.24 =22 -22 00 -.14 72 43
Av P -.26 -.05 -.6 15 -.64 18 -.02
Ca -41 .64 29 -.53 -.07 12 .02
Mg 27 .59 -.14 37 -.50 .04 33
Na 28 =72 22 42 12 -.10 33
K .79 .03 27 15 33 00 41
TEB -.19 .81 26 -.30 -.25 15 23
Al .54 44 -47 -.37 26 -.07 .29
H .68 33 -.10 -.09 34 -40 -28
TEA .67 44 -.35 -28 33 15 .05
ECEC 12 .87 .08 38 -.08 -.06 22
PBS =71 A2 44 20 -.46 -.12 .02
ESP 13 -.86 A2 43 .10 -.08 .09
S -.58 15 .14 .56 37 -.12 15
Mo -.37 38 .66 22 A1 .06 41
Cu -.87 18 24 -.33 .04 -.13 A2
Fe .08 -.09 .89 -.32 -.09 -.13 -.12
Mn 17 -32 .64 -.49 -21 40 -.15
Zn .07 -.75 25 -.12 -.02 25 40

Values>0.5 represent chosen parameters for the variations
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Table Sb: Component Structure Summary

PC1 PC2 PC3 PC4 PCS5
Cu ECEC Fe S AvP
Sand ESP Silt Ca pH
K TEB EC Mn EC
Porosity Zn Mo ESP Mg
BD Na Mn Na PBS
PBS Ca AvP

H TN Clay

Clay oC Al

TEA Mg PBS

S TEA Porosity

™ Al

oC pH

Al

Ca

Silt

Scree Plot

Figure 1 presents the scree plot, showing the percentage of variance explained by each
principal component plotted against the eigenvalues. Any eigenvalues not up to 1 either did
not contribute or contributed less to the variability of the data. As shown in the scree plot
(Graphical visualization of Eigenvalues), PC1 has 7.49, PC2 has 6.84, PC3 has 5.00, PC4
has 3.06, PC5 has 2.46, PC6 has 1.70, PC7 has 1.28, and zero for PCS8, respectively. The
percentage of variance explained by each principal component, as shown in the graph
between eigenvalues and principal components, accounts for the major portion. Principal
components with eigenvalues larger than 1 are more informative than the original variable.
Thus, from the graph, the maximum variation was observed for PC1, which decreased
gradually compared to the other PCs. At PC 8§, the eigenvalue is almost less than 1, therefore
contributing less to the component's variability.

Scree Plot

EigenValue

T T T T T T T T T T
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PCS PC10

Component

Fig 1: Scree Plot of eigenvalues and principal components.
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Clustering

Cluster analysis of 29 soil physicochemical parameters across eleven sampling units in the
Pella district revealed three distinct management zones. The dendrogram grouped Dzuma,
Pella, Uding, Pella Gwaja, and Holma into Cluster 1, Zhedinye and Dagza into Cluster 2,
and Wuro Bokki, Fachi, Mbulinyi, and Midila into Cluster 3. These clusters reflect spatial
variability in soil properties, consistent with the dimensional reduction achieved through
Principal Component Analysis (PCA), where the first seven components explained 96% of
the total variance. The variability among clusters was driven by different sets of soil
parameters. Cluster 1 was characterized by Sand, Clay, Bulk Density (BD), Porosity, Mg,
K, Al, H, TEA, PBS, and Cu, indicating that soil texture and cation exchange properties are
critical for management in these units. Cluster 2 was influenced by Silt, pH, Electrical
Conductivity (EC), Organic Carbon (OrgC), Total Nitrogen (TN), Available Phosphorus
(AvP), Sulfur (S), Mo, Fe, Mn, and Zn, highlighting the importance of nutrient availability
and organic matter dynamics. Cluster 3 was defined by Ca, Na, Total Exchangeable Bases
(TEB), Effective Cation Exchange Capacity (ECEC), and Exchangeable Sodium Percentage
(ESP), suggesting that base cation balance and sodicity are the dominant factors. These
findings underscore the utility of PCA and clustering in simplifying complex soil datasets
and identifying site-specific drivers of fertility. By delineating management zones, the study
provides a framework for precision agriculture strategies that tailor nutrient inputs to
localized soil conditions. Similar approaches have been reported by Alhassan et al. (2023)
in Yobe State, Nigeria, and by Menge et al. (2024), who demonstrated the effectiveness of
PCA in identifying significant contributors to soil variability and establishing nutrient
management zones. Collectively, these results reinforce the role of multivariate statistical

tools in guiding sustainable land management and improving crop productivity.
Dendrogram using Agglomerative Clustering Method
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Figure 2: Classification of 3 Management Zones in a Dendrogram.
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CONCLUSION

Spatial variability in some soil properties was observed across units within the study sites.
These variations were contributed by variables such as sand, clay, BD, porosity, Mg, K, Al,
H, TEA, PBS, and Cu, and are considered likely indicators of the different soil groupings in
the study area. PC1 to PC7 explained 96% of the total variance of soil physico-chemical
properties. Clustering analysis showed that Cluster 1 includes: Dzuma, Pella, Uding, Pella
gwaja and Holma units, Cluster 2 includes Zhedinye and Dagza, and Cluster 3 includes
Wauro bokki, Fachi, Mbulinye and Midilla. Cluster 1 is strongly influenced by copper (Cu),
potassium (K), porosity, clay, TEA, and OrgC. Management in this zone should focus on
improving organic matter retention with organic amendments such as compost or manure.
Copper levels should be carefully monitored to avoid toxicity, and Porosity can be enhanced
and bulk density reduced through conservation tillage. Cluster 2 is driven by effective cation
exchange capacity (ECEC), calcium (Ca), sodium (Na), exchangeable sodium percentage
(ESP), and zinc (Zn). Management practices here should address sodicity by applying
gypsum or organic amendments to improve soil structure and help stabilize nutrient
retention. Cluster 3 is characterized by iron (Fe), manganese (Mn), available phosphorus
(AvP), sulfur (S), magnesium (Mg), and soil pH. Management in this cluster should
prioritize correcting soil acidity with lime application where needed to optimize nutrient
uptake. Phosphorus availability can be improved through localized fertilization. Drainage
improvements and pH control are critical in this regard. Finally, sulfur and magnesium
inputs should be balanced to support crop nutrition effectively.
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