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G R A P H I C A L A B S T R A C T
� There is need for variable agricultural
input application in farms.

� Field spatial variability is a panacea to
economically sound soil management.

� Precision agriculture is recommended
for profits and environmental
protection.
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This study aimed to evaluate spatial variability of selected soil parameters as a smart agricultural technology
guide to precise fertilizer application. A farm designated as Field 3 which is under Arabica coffee within a bigger
Soil Mapping Unit (SMU) was selected for a more detailed soil observation at a scale of 1:5000. Soil samples were
taken at depths of 0–15 and 15–30 cm across 20 sample locations in grids and selected properties analysed in the
laboratory. Kriging interpolation method was used to estimate the accuracy of interpolation through cross-
validation of the top soil parameters. In 0 to 15 and 15–30 cm depth, soil reaction, percentage organic carbon
and percent nitrogen showed low variability of 5.1% and 5.8%, 10.4% and 12.7%, 14.5% and 17.6% respectively.
Phosphorus was deficient in both depths and showed moderate variability of 36.2% and 42.3% in 0–15 and 15–30
cm respectively. Calcium and Magnesium ranged from sufficient to rich and showed moderate and low variability
in top and bottom depths, respectively. All micronutrients were sufficient in the soil. The soils were classified as
Mollic Nitisols. Results showed that soil parameters varied spatially within the field therefore, there is need for
variable input application depending on the levels of these elements and purchasing of fertilizer blends that are
suitable for nutrient deficiencies. Precision agriculture is highly recommended in the field to capitalize on soil
heterogeneity.
1. Introduction

Agriculture is the most important economic activity in Kenya
(Bauer, 2014) and also specifically in the study area but low soil
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et al., 2007). Sustainable Development Goals (SDGs) of the United
Nation are aimed to combat poverty, reduce desertification, curb
climate change and ensure global prosperity which are related to the
natural environment and agriculture (World, 2007). The importance of
soils in achieving these goals has been highlighted by Keesstra et al.
(2016). Soil maps may lead to better understanding of existing
nutrient limitations thus allowing easy maintenance of soil fertility
through precision agriculture. The major cause of differences in yield
or response to inputs is a function of spatial differences within the
field. Basso et al. (2011), Muschietti-Piana et al. (2018), Ny�eki et al.
(2021) and Ny�eki et al. (2022) recommended that variable input
application in fields has the ability to increase yields and reduce
environmental impact.

Spatial variability of soil parameters is paramount in the explanation
of the influence of the factors of soil genesis and land use on soils. It
permits the use of different tracks of land for different purposes and is the
central concept in soil mapping. A study by Franzluebbers and Hons
(1996) compared the distribution of available soil nutrients in fields
under different farming systems and recommended the importance of
having soil information as a guide to soil management. Farming decisions
should always be based on soil management zones in support of precision
agriculture (Kathumo, 2007; Ali et al., 2022). Management zones
delineate farms on basis of soil attributes to guide fertilizer application
(Fridgen et al., 2004; Bao-wei et al., 2018; Ali et al., 2019; McEntee et al.,
2020; Ali et al., 2022).

Other than the factors of soil genesis, management history is also
crucial in determining the productivity of a given soil (McBratney et al.,
2003; Pendleton and Jenny, 1945). Soil variability results mainly from
complex interactions among topography, geology and climate coupled
with land use (Behera et al., 2016; Liu et al., 2015) therefore soils
exhibit marked spatial variability at macro and micro-scale (Shukla
et al., 2016). Field operations including fertilization, tillage and manure
application are also sources of variability at various scales of distance
and time (Kathumo, 2007) therefore awareness of this heterogeneity
for sustainable agricultural production and increasing profitability is
paramount.

Spatial variability is the combined effect of chemical, physical and
biological processes occurring at different spatiotemporal scales coupled
with anthropogenic activities (Goovaerts, 1998). It can help to correct
nutrient deficiencies (Brevik and Miller, 2015) and to determine pro-
duction constraints related to soil fertility. Spatial variability of soils can
also act as a guide in suggesting variable remedial measures for opti-
mum production and appropriate land use practises sustainable in the
long run (H�albac-Cotoar�a-Zamfir, 2019; Panday et al., 2018). Spatial
variability of soil properties is assessed effectively by geostatistical
techniques (Emadi et al., 2016; Liu et al., 2014; Moosavi and Sepaskhah,
2012; Moradi et al., 2016; Shahabi et al., 2016) which can explain the
extent of soil variability. Soil heterogeneity has been studied under
different management systems (Behera and Shukla, 2015).
Spatio-statistical tools predict the values for unsampled locations by
factoring in the geographical association between sampled and pro-
jected points and reducing variance of assessment error and costs
(Behera and Shukla, 2015).

Developments in computing techniques and remote sensing tech-
nology provide opportunities for more data-driven applications in
farm management. This approach is referred to as smart farming
(Wofert et al., 2017) or precision agriculture. Remote sensing and GIS
helps to manage in-field variability, a technology known as precision
agriculture (Robertson et al., 2012) that uses information tools
including the Global Positioning System; GPS (Aubert et al., 2012;
Llewellyn and Ouzman, 2014). This technology requires an enabling
institutional, technical and social environment, high skill, competent
interpretation and judgement therefore posing a challenging adoption
scenario.

Precision Agriculture (PA) technology has undisputable benefits in
agriculture as it can improve the efficiency of farm operations by
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applying exactly what the crops require and saving on the excess
(Eastwood et al., 2017; Smith et al., 2013). It can improve water quality
and conserve the environment (Lundstr€om and Lindblom, 2016).
Recognition of field variation enables the application of variable rate
treatments with fine degrees of precision than it would be without point
based soil information (Lindblom et al., 2017), therefore representing a
paradigm shift in farm practises. PA technology considers a field as a
heterogenous entity eligible for selective treatment (Aubert et al.,
2012). Spatial variability for PA studies have been done in many parts
of the world using different approaches (Castaldi et al., 2017; Kandagor,
2015; Morari et al., 2018).

Increasing population has been shown to decline agricultural pro-
ductivity (Muyanga and Jayne, 2014) therefore there is need to utilize
the remaining land appropriately for maximum agricultural production.
Blanket application of agricultural inputs is a common practise in the
study area. There is no consideration of soil heterogeneity as a guide to
variable fertilizer application. This practice presents a major agricul-
tural challenge and therefore a research gap. Despite the area having
favourable climate for production of coffee and other crops, coupled
with favourable soil conditions for agriculture, harvests are usually
subpar. This is due to inappropriate management of the farms, more
specifically the failure to understand the nexus between crop nutrient
requirements and soil properties. The key objective of this study was to
evaluate the spatial variability of selected soil parameters in the study
area so as to guide decisions on input application. This was driven by
the existence of within-field variability in nearby fields (Kandagor,
2015) and also in other parts of the world. It was also motivated by the
potential for better crop productivity with knowledge on point-based
soil information.

Coffee production in Kenya in smallholder and also in plantations has
declined in the last 30 years both in terms of quality and quantity. This
could be due to minimal or lack of proper soil management as reflected in
Upper Kabete Campus coffee farms. Assessing the spatial variation of
selected soil properties will determine the soil management practices to
be undertaken. This study will help to improve the floral integrity of the
coffee, thereby improving on production.

2. Materials and methods

2.1. Description of the study site

This study was done in a selected farm (Figure 1; 5.87 ha) in upper
Kabete campus field, University of Nairobi. The farm (Field 3) lies
between 248599 longitude, latitude 9861349 latitude and 1842 alti-
tude (Universal Transverse Mercator; UTM) according to Mwendwa
et al. (2019) and Mwendwa et al. (2020). It is part of the Loresho
Ridge which is an upland characterized by slopes ranging from 0 to
32% (Mwendwa et al., 2020) and categorized under Agro-Climatic
Zone III. The rainfall is bimodal in distribution and the climate is
typically sub-humid (Jatzold and Kutsch, 1982). The geology com-
prises the Kabete grey-green porphyritic trachyte of middle division of
tertiary age (Mathu and Mwea, 2014; Onyancha et al., 2011) overlying
the Nairobi trachyte and Kirichwa valley tuffs. These rocks are over-
lain elsewhere by the Limuru-Karura trachytes and are equivalent in
age to the Ruiru dam trachyte. The farm is under arabica coffee
therefore most of the discussions were based on coffee crop manage-
ment. It was selected as an ideal site for soil characterization at a
detailed level and because various seasonal crops are usually planted
at different sections of the coffee field, a practise hypothesized to
induce soil heterogeneity.

2.2. Soil sampling

The key goal of soil sampling was to accurately characterize the
nutrient status of the soil. Sample locations in Field 3 were geo-refer-
enced using a GPS to allow correlation of soil test results with spatial



Figure 1. Study area (Field 3) showing sampling points.
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details of the soil sample (Figure 1). Samples were collected at 0 to 15
and 15–30 cm depths in twenty (20) sampling points across the farm at a
distance of approximately 50 m from one observation to the other in
grids. This constituted 20 samples per depth, totalling to 40 samples for
chemical analysis. A soil auger was used to scoop soil samples from both
depths and there were two buckets for the two depths. Non-typical sec-
tions of the farm were not sampled including near the edges. A composite
soil smple was collected whereby at every sampling point, five samples
were taken from each depth within a radius of three metres, thoroughly
mixed and only half of a kilogram sample was taken from the mixture.
The sample was well labelled and taken to the laboratory for preparation
which included airdrying and sieving.

2.3. Soil analysis

Sample preparations were done at the departmental laboratory
before analysis. Soil reaction was measured with a glass electrode pH
meter (Baillie et al., 1990). Total organic carbon (C), available phos-
phorus (P) and total nitrogen (N) were determined using the Wal-
kley-Black method as lucidly exposed by Nelson and Sommers (1996),
Molybdenum Blue technique (Baillie et al., 1990) and Kjeldahl steam
distillation (Baillie et al., 1990; Black et al., 1965) respectively.
Exchangeable potassium (K) and exchangeable sodium (Na) were
measured using a flame photometer; exchangeable calcium (Ca) and
exchangeable magnesium (Mg) were analysed using the Atomic Ab-
sorption Spectrophotometer (AAS) at element specific spectral signa-
tures. Manganese (Mn), zinc (Zn), copper (Cu) and iron (Fe) were
analysed in the Atomic Absorption Spectrophotometer (AAS) equipment
from the available P extract after the P aliquot had been taken. These
methods are in Baillie et al. (1990).

Determination of soil reaction involved weighing and shaking of the
samples in solution at the ratio of 1:2.5 (soil:distilled water), calibration
of the pH meter and reading of the samples. Analysis of carbon involved
digesting the samples with potassium dichromate (K₂Cr₂O₇) in the pres-
ence of concentrated H2SO4 and titration using 0.5N of FeSO4. Molyb-
denum blue technique is part of the Mehlich 1 protocol which involves
extracting the phosphorus from the soil using double acid (HClþ H2SO4)
through shaking, development of colour and quantification of the
absorbance using UV. Kjeldahl method involves digesting the sample
using concentrated H2SO4 in the presence of mixed catalyst, steam
3

distillation to obtain the ammonia in 2% boric acid and titration using
0.01N H2SO4. Exchangeable K and Na are measured in flame photometer
after activating the element. The Atomic Absorption Spectrophotometer
(AAS) measures absorbance of Ca, Mg and the selected microelements at
element-specific wavelengths.

2.4. Generation of spatial variability maps

Kriging procedure was used to generate soil variability maps to
guide input management. The software operation procedure for gener-
ation of the maps was according to that in Mwendwa et al. (2020). Maps
for micronutrients were not presented in this study because there were
no management zones required as the elements are sufficiently supplied
in the soil and also because this study was approached from a man-
agement point of view. Maps showing a single zone were also not
presented.

2.5. Cross-validation of the kriging procedure

A semivariogram was not fitted because Kriging requires at least 30
data points to generate the nugget, sill ad range. The root mean square
error (RMSE) was calculated to evaluate the accuracy of the interpolation
method. The following formula (Eq. 1) was used to calculate the RMSE of
the model.

RMSE¼√
PN

i¼1ð0i� SiÞ2
N

(1)

Where, Oi is the observed value, Si is the predicted value and N is the
number of samples.

2.6. Soil classification

The larger area within which this study was done involved digging of
soil profiles, horizon description, soil sampling and analysis and a
detailed characterization of the soils, with Soil Mapping Units (SMUs)
based on slope categories. The IUSS Working Group WRB, 2014 (Schad,
2017) was used in soil classification as the larger area within which this
study was done involved detailed soil survey and classification.

2.7. Statistical analysis

Descriptive statistics was done using SPSS to obtain the coefficient of
variation (%cv). Guidelines used to classify the coefficient of variation (%
cv) were: cv < 25% ¼ low, cv ¼ 25–50% ¼ moderate, cv > 50% ¼ high
variation. Other parameters including the mean, median, standard error,
standard deviation, sample variance, kurtosis, skewness, range, mini-
mum and maximum were also generated.

3. Results and discussion

3.1. Diagnostic horizons and properties

A nitic B horizon and a mollic A horizon were identified through
observation and laboratory analysis. In the study area, only Nitisols were
identified as influenced by climate and geology of the study site. Nitisols
had a nitic horizon with less than 20 percent relative change in clay
content over 15 cm to layers immediately above and below; 30 percent or
more clay; a silt to clay ratio less than 0.4; moderate to strong, subangular
blocky structure breaking to flat-edged or nut shaped elements with
shiny ped faces attributed to clay illuviation, a thickness of 30 cm or more
and gradual, smooth boundary between A and B horizons. Only Mollic
Nitisols were found because of the occurrence of a mollic A horizon; Very
fine, mixed, isothermic Oxic Humiustalf: Soil Taxonomy (Mwendwa
et al., 2020).
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3.2. Cross-validation

Kriging method was cross-validated at each sampling location by
comparing approximated values with actual values (Table 1). The RMSE
was small (<0.5) for pH, organic carbon, nitrogen, potassium and sodium
indicating that the interpolation model was an adequate representation
of the spatial properties of the soil. It demonstrated a lack of logical bias
for forecast spatial distribution therefore the projected maps of the soil
properties and the results were consistent. Values for phosphorus, mag-
nesium, calcium and micronutrients indicate a moderate prediction
quality of the interpolation method.

3.3. Descriptive statistics

The coefficient of variation (cv%) was used to express the extend of
spatial variability of the soil properties. The number of samples in
question was 20 (n ¼ 20). Soil reaction showed the lowest variability
(5.1% and 5.8%) in 0–15 and 15–30 cm respectively. This indicates that
the soil reaction is similar over a large area and therefore a wide sampling
range would be appropriate for soil pH studies in the area. The values of
skeweness and kurtosis were near zero indicating that the data distri-
bution did not deviate largely from the normal distribution. The standard
deviation was used to indicate the shape of distribution in relation to the
mean. Most of the values in this study are near zero indicating that the
data values are concentrated around the mean. The standard error was
used to indicate the reliability of the mean whereby a small SE was
interpreted as a more accurate reflection of the actual population mean.
Most of the values in this study are near zero indicating an accurate
representation of the actual population mean. The maximum and mini-
mum values indicate no evidence of outliers, deviating by slight margins
from the mean. Summary statistics for both depths are presented in
Table 2 and Table 3.

3.4. Spatial variability of selected soil propeties

There was evidence of spatial variability in the selected farm. The
tested parameters were presented alongside their degree of variability
within the farm. Similar spatial variability of soil properties has been
identified by previous studies including: Scudiero et al. (2018), Ny�eki
et al. (2021) and Ny�eki et al. (2022).

3.4.1. Soil reaction (pH H2O)
It determines nutrient availability and the rate of microbial reactions

(Yan et al., 2019). The pH varied from strongly acid to medium acid
(5.1–6.0) with a mean of 5.6 in 0–15 cm and strongly acid to slightly acid
(5.1–6.3) with a mean of 5.8 in 15–30 cm (Figure 2 and Figure 3). It
shows low variability of 5.1 and 5.8% in top and subsoil, respectively. In
the 0–15cm depth, strongly acid covers an area of 2.03 ha while medium
Table 1. Cross-validation results for 0–15 cm depth as a test for the accuracy of
the interpolation model.

Soil Property RMSE

Soil pH 0.260

Organic Carbon (%) 0.319

Nitrogen (%) 0.058

Phosphorous (ppm) 4.485

Potassium (cmol (þ)/kg) 0.485

Sodium (cmol (þ)/kg) 0.086

Magnesium (cmol (þ)/kg) 0.561

Calcium (cmol (þ)/kg) 2.664

Iron (ppm) 13.824

Copper (ppm) 2.731

Manganese (ppm) 23.391

Zinc (ppm) 7.795
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acid covers an area of 3.84 ha while in 15–30 cm depth, slightly acid
covers 0.60 ha, medium acid 4.58 ha and strongly acid 0.69 ha. The
acidic pH of the soil can be attributed to leaching of basic cations under
the humid conditions which is demonstrated by higher pH values in
15–30 cm depth. In a similar study in Nepal, Panday et al. (2018)
attributed moderately acidic soil reaction to leaching of major cations.
Predominantly acidic pH can also be attributed to incessant uptake of
cations by coffee feeder roots in the upper depth and this observation is
consistent with findings of Khadka et al. (2017) who found variable pH in
a single farm in Dhanusha, Nepal. The pH range is favourable for the
growth of Arabica coffee as it is known to grow in soil conditions ranging
from acidic to neutral (pH 4 to 7). This is in accordance with Veedhi
(2008) and Nzeyimana et al. (2020) who documented acidic soil reaction
as appropriate for optimal coffee production.

3.4.2. Organic carbon (%OC)
It is the precursor to organic matter and plays a crucial role in

maintaining the soil structure and binding nitrogen thus improving
infiltration and plant uptake, respectively. The correlation coefficient (r)
for carbon and nitrogen is 0.2 and 0.3 in 0–15 and 15–30 cm, respec-
tively. This observation is consistent with findings of Cheng et al. (2016)
and Lelago and Buraka (2019) who found that organic carbon is essential
for nitrogen availability. It is also consistent with the findings of Ye et al.
(2021) who observed a positive correlation between soil nitrogen and
soil carbon. Organic carbon ranges from 2.12 to 3.18% with a mean of
2.75% in 0–15 cm, showing adequate stutus. It ranges from 1.82 to
3.07% with a mean of 2.40% in 15–30 cm, showing moderate to
adequate status (Figure 4). Both top and bottom depths show low vari-
ability (10.4 and 12.7%), respectively. In 15–30 cm depth, organic car-
bon was moderate in 0.15 ha and adequate in 5.72 ha. Higher organic
matter content in top horizon can be attributed to more litter on the
surface, an observation consistent with findings of Browaldh (1995) who
attributed higher organic matter in top horizons to more litter. Higher
soil carbon in the top soil horizon has also been identified in a previous
study by Madigan et al. (2022), who attributed the phenomenon to
increased decomposition as a result of increased faunal activity compared
to bottom horizons. In terms of coffee production, these values are rated
as low (Table 4) therefore 3–5 tonnes/ha of well-decomposed animal
manure should be added per year to improve nutrient supply. Variability
in soil carbon can be attributed to differences in farm management and
fertilization strategies as different parts of the coffee farm are inter-
cropped with seasonal crops during rainy seasons. This observation
agrees with the findings of Zhao et al. (2021), Li et al. (2021) Jak�si�et al.
(2021) and Wu et al. (2022), who identified heterogeneity of soil carbon
in studied fields.

3.4.3. Total nitrogen (%N)
It is vital for crop nutrition (Farzadfar et al., 2021) and for vegetative

development and is most frequently deficient in soils across the world
(Ullah et al., 2010). In 0–15 cm, it ranges from 0.23 to 0.38%with a mean
of 0.32%. In 15–30 cm, percent nitrogen ranges from 0.21 to 0.35% with
a mean of 0.29%. All samples are in medium category. Both top and
bottom depths show low variability (14.5% and 17.6%), respectively.
These values are relatively lower than the critical levels (0.3–0.6%) for
optimal coffee production as recommended by The Coffee Research
Foundation (CRF). The decline in percent nitrogen levels can be attrib-
uted to continuous cultivation without nutrient replenishment especially
manure. This is consistent to findings of Willy et al. (2019), who attrib-
uted declining soil nitrogen to continuous cultivation. Application of NPK
fertilizer at the rate of 250 g per coffee tree biannually is recommended.

3.4.4. Available phosphorus (P)
It is important in metabolism and transformation of energy in plants

(Rai et al., 2011; Ducousso-D�etrez et al., 2022) and plays a vital role in
coffee in developing the bearing branches. Phosphorus is deficient in the
studied farm, having a mean of 10.65 and 10.31 ppm and showing



Table 2. Summary statistics for 0–15 cm depth in Upper Kabete Campus coffee farm (Field 3).

Soil property Mean SE Median SD SV Kurtosis Skewness Range Min Max

pH (H2O) 5.59 0.064 5.6 0.285 0.081 -1.090 -0.223 0.9 5.1 6

%OC 2.749 0.063 2.85 0.283 0.080 -0.283 -0.606 1.06 2.12 3.18

%N 0.32 0.01 0.34 0.04 0.001 0.211 -0.788 0.15 0.23 0.38

P (ppm) 10.65 0.741 10 3.313 10.976 -0.342 0.641 12 6 18

K (cmol (þ)/kg) 2.185 0.099 2.25 0.444 0.197 -0.862 -0.238 1.5 1.5 3

Na (cmol (þ)/kg) 0.165 0.011 0.2 0.049 0.002 -1.719 -0.681 0.1 0.1 0.2

Mg (cmol (þ)/kg) 2.9205 0.144 3.04 0.646 0.417 0.611 -0.540 2.71 1.5 4.21

Ca (cmol (þ)/kg) 9.81 0.577 9.55 2.580 6.658 -0.548 -0.121 10 4.5 14.5

Fe (ppm) 44.25 3.238 44.5 14.480 209.671 -1.063 -0.159 49 19 68

Cu (ppm) 18.8 0.541 19 2.419 5.853 0.624 -0.285 10 13 23

Mn (ppm) 71.45 5.095 80.5 22.784 519.103 2.499 -2.007 69 17 86

Zn (ppm) 30.3 1.786 31 7.987 63.800 -1.062 -0.016 27 17 44

Table 3. Summary statistics for 15–30 cm depth in Upper Kabete Campus coffee farm (Field 3).

Soil property Mean SE Median SD SV Kurtosis Skewness Range Min Max

pH (H2O) 5.755 0.074 5.75 0.330 0.109 -0.688 -0.221 1.2 5.1 6.3

%OC 2.3975 0.068 2.425 0.304 0.092 0.226 0.166 1.25 1.82 3.07

%N 0.29 0.01 0.305 0.045 0.002 -1.26 -0.39 0.14 0.21 0.35

P (ppm) 10.35 0.979 9.5 4.380 19.187 -0.298 0.268 17 2 19

K (cmol (þ)/kg) 1.74 0.113 1.85 0.504 0.254 -0.208 -0.726 1.8 0.6 2.4

Na (cmol (þ)/kg) 0.165 0.011 0.2 0.049 0.002 -1.719 -0.681 0.1 0.1 0.2

Mg (cmol (þ)/kg) 2.702 0.116 2.88 0.519 0.270 -0.658 -0.757 1.64 1.68 3.32

Ca (cmol (þ)/kg) 10.55 0.615 11.25 2.751 7.570 -0.026 -0.640 10.4 3.8 14.2

Fe (ppm) 48.65 3.937 48 17.605 309.924 -0.002 0.777 61 28 89

Cu (ppm) 15.4 0.600 15 2.683 7.200 -0.742 0.395 9 12 21

Mn (ppm) 74.25 1.196 75 5.350 28.618 -0.416 -0.592 19 63 82

Zn (ppm) 23.8 2.051 24.5 9.174 84.168 -0.344 0.065 34 9 43

Legend: SE ¼ Standard Error; SD ¼ Standard Deviation, Min ¼ Minimum; Max ¼ Maximum.
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moderate variability (36.2 and 42.3%) in 0–15 and 15–30 cm, respec-
tively. These values were below the critical level (20–100 ppm) for coffee
production as per the CRF recommendations. Phosphorus deficiency can
be attributed to its attachment to sediments and subsequent trans-
portation through erosion and also the acidic pH of the soils that could
have led to P fixation. This observation is consistent with findings of
Bakhshandeh et al. (2014) in Lahijan, Iran, who attributed P deficiency to
fixation in acidic soil reaction. This finding also agrees with conclusions
of Nadeem et al. (2022). The aggravations of phosphorus deficiency in
the soil as a result of sediment detachment, transportation and deposition
in other areas is consistent with the observations of Alewell et al. (2020)
and those of Ferreira et al. (2022), who pointed out that erosion induces
phosphorus deficiency in soils. The deficiency could also be due to soil
development from a phosphorus-deficient parent material, an observa-
tion consistent with findings of Porder and Ramachandran (2013),
Ringeval et al. (2017) and Ducousso-D�etrez et al. (2022), who found that
parent materials had a great influence on the amount of phosphorus in
the soil. Phosphorus deficiency in soils is a global issue threatening the
accomplishment of United Nations Sustainable Development Goal
Number Two, Zero Hunger. This statement has been echoed by previous
studies (Hao et al., 2022). Application of 3–5 tonnes/ha of
well-decomposed animal manure is recommended as manure would in-
crease the number of colloids with low phosphate fixation in the like of
organic matter.

3.4.5. Exchangeable potassium (K)
Potassium is vital for maintenance of physiological processes, pro-

tein synthesis and maintaining plant water balance (Sumithra et al.,
2013; de Bang et al., 2021). In 0–15 cm, K varies from 1.5 to 3.0 cmol
5

(þ)kg�1 with a mean of 2.19 cmol (þ)kg�1. It indicates rich supply and
shows low variability (21.7%). In 15–30 cm, K ranges from sufficient to
rich (0.6–2.4 cmol (þ)kg�1) with a mean of 1.74 cmol (þ)kg�1 and
shows moderate variability of 28.9% (Figure 5). These observations
indicate adequate status of potassium enough for coffee nutrition based
on K values between 0.4 to 2.0 cmol (þ)kg�1 which are the recom-
mended rates for optimal coffee production. Soils of the study area were
derived from volcanic activities hence are rich in K and that could have
led to the adequate K in the soils. This finding is consistent with the
review of Swoboda et al. (2022) about remineralizing soils, that
concluded that parent materials exert great influence on the soil K
availability.

3.4.6. Exchangeable calcium (ca)
Calcium regulates how plants respond to endogenous stimuli and

signals of stress (Lecourieux, 2006; Blanco et al., 2020). It ranges from
4.5 to 14.5 cmol (þ)kg�1 with a mean of 9.79 cmol (þ)kg�1 in 0–15 cm.
It ranges from 3.8 to 14.2 cmol (þ)kg�1 with a mean of 10.54 cmol (þ)
kg�1 in 15–30 cm. Both depths indicate sufficient to rich supply (Figure 6
and Figure 7). It shows moderate variability of 26.3% in both depths too.
In 0–15 cm, sufficient covers an area of 3.17 ha while rich covers an area
of 2.70 ha whereas in 15–30 cm depth, sufficient covers an area of 0.17
while rich covers an area of 5.70 ha. Observed values are sufficient for
optimum production of coffee given the critical values (1.6–10 cmol (þ)
kg�1) as per Coffee Research Foundation. Deficiency of phosphorus could
have compromised the uptake of Ca therefore its (phosphorus) remedial
fertilization is encouraged to boost Ca uptake. Slightly higher Ca content
in the 15–30 cm depth could be a result of leaching in the humid envi-
ronment, a suggestion consistent with the findings of Ng et al. (2022) that



Figure 2. Spatial distribution of pH in the 0–15 cm depth in Upper Kabete
Campus coffee farm (Field 3). Figure 3. Spatial distribution of pH in 15–30 cm depth in Upper Kabete Campus

coffee farm (Field 3).

Figure 4. Spatial distribution of %OC in 15–30 cm depth in Upper Kabete
Campus coffee farm (Field 3).
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noted the leaching of base cations in the soil as the reason for higher base
concentrations in bottom soil depths.

3.4.7. Exchangeable magnesium (Mg)
Magnesium plays an array of vital roles in plants including enzyme

catalysis, photosynthesis and synthesis of the genetic material (Tanoi and
Kobayashi, 2015). In 0–15 cm depth, magnesium varies from 1.50 to 4.21
cmol (þ)kg�1 with a mean of 2.92 indicating sufficient status and
showing low variability of 22.1% (Figure 8). In 15–30 cm depth, Mg
ranges from 1.68 to 3.32 cmol (þ)kg�1 with a mean of 2.54 indicating
sufficient supply (Figure 9) and showing low variability (19.2%). In 0–15
cm, sufficient covers an area of 2.05 ha while rich covers an area of 3.82
ha. In 15–30 cm depth, sufficient covers an area of 0.11 while rich covers
an area of 5.76 ha. These values are within the critical values (0.8–4.0
cmol (þ)kg�1) for optimum production of coffee as adopted at CRF.
Higher Mg content in the lower depth can be attributed to leaching in the
humid environment. Magnesium leaching in the soil was also observed in
other studies including Zhang et al. (2021) and Ng et al. (2022).

3.4.8. Exchangeable sodium
It is a monovalent so it can be a substitute for K in plant nutrition but

its excess could be detrimental to the soil structure due to sodicity. All
samples from both depths have sodium values ranging from 0.1 to 0.2
cmol (þ)kg�1 with a mean of 0.2 cmol (þ)kg�1 indicating non-sodicity. It
shows moderate variability (45.3 and 33.6%) in 0–15 and 15–30 cm
depth, respectively. These values are adequate therefore sodium is not a
limitation to coffee production.

3.4.9. Available: iron (Fe), zinc (Zn), copper (Cu) and manganese (Mn)
Iron is the most essential micronutrient for its role in chlorophyll

synthesis and electron transport. It impacts nitrification, respiration and
synthesis of genetic materials (Yadegari, 2014). Iron varies from 19 to 68
6

ppm with a mean of 44.15 ppm in 0–15 cm and 28–82 ppm with a mean
of 48.65 ppm in 15–30 cm. It indicates sufficient status and shows
moderate variability (32.8 and 36.1%) in top and bottom depths,



Table 4. Soil critical ratings for total carbon and total nitrogen.

Rating Total Carbon (%) Total Nitrogen (%)

Very high >20 >1.0

High 10–20 0.6–1.0

Medium 4–10 0.3–0.6

Low 2–4 0.1–0.3

Very low <2 <0.1

Source: NARL

Figure 6. Spatial distribution of Ca in 0–15 cm depth in Upper Kabete Campus
coffee farm (Field 3).
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respectively. The rich iron status across all samples can be attributed to
good drainage and Fe availability in the exchange complex after leaching
of bases. It can be concluded that the soils of Kabete are rich in iron but
the status is not toxic to coffee production. The rich status of iron suggests
high probability of iron-rich minerals including hematite, goethite,
olivine, magnetite and siderite being available. It may also be a function
of Fe complexes with phosphate substances in the soil, inducing limited
chance for leaching losses. Nutrients including P, K, Mn and Zn should be
well managed as their availability is inhibited by high iron availability
(Fageria et al., 2008).

Zinc plays a key function in gene replication and a vital role in plant
metabolism by influencing hydrogenase and carbonic anhydrase activity,
cytochrome synthesis and stabilizing ribosomal fractions (Maleki et al.,
2014). It ranges from 17 to 44 ppm having a mean of 30.23 ppm in 0–15
cm and 9–43 ppm with a mean of 23.76 ppm in 15–30 cm. Both top and
bottom depths are sufficient in Zn and show moderate variability (26.5
and 38.8%), respectively. High zinc status in the soil can be attributed to
the igneous parent material of the study area which is usually rich in Zn.
In a study in Nepal, Panday et al. (2019) observed low Zinc status across
the entire study area and attributed it to the predominantly alkaline soil
pH. This is agreeable based on the fact that most micronutrient elements
are deficient at high pH.
Figure 5. Spatial distribution of K in 15–30 cm depth in Upper Kabete Campus
coffee farm (Field 3).

Figure 7. Spatial distribution of Ca in 15–30 cm depth in Upper Kabete Campus
coffee farm (Field 3).
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Figure 8. Spatial distribution of Mg in 0–15 cm depth in Upper Kabete Campus
coffee farm (Field 3).

Figure 9. Spatial distribution of Mg in 15–30 cm depth in Upper Kabete
Campus coffee farm (Field 3).
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Copper facilitates mitochondrial respiration, hormone signalling,
photosynthetic electron transport and enzyme activation in plants
(Adhikari et al., 2016). It ranges from 13 to 23 ppmwith a mean of 18.76
ppm in 0–15 and 12–21 ppm having a mean of 15.41 ppm in 15–30 cm.
All samples are sufficient in Cu and show low variability (13.3 and
17.3%) in 0–15 and 15–30 cm depth, respectively. The sufficient status of
copper and higher concentration in the top horizon can be attributed to
clay mineral and organic matter, respectively. This is because copper
exists in soil mainly as a divalent Cu2þ ion adsorbed by clay minerals or
associated with organic matter. It can also be attributed to low soil
Phosphorus which is known to be a contradictory factor to copper
availability.

Manganese originates primarily from decomposition of ferromagne-
sian rocks. It is important in photosynthesis, nitrogen assimilation, root
pathogen resistance and enzyme activation (Marschner, 1995; Uthman
et al., 2022). In 0–15 cm, it ranges from 17 to 86 ppm with a mean of
71.33 ppm and shows moderate variability (32%). In 15–30 cm, Mn
varies from 63 to 82 ppm, having a mean of 74.19 ppm and shows low
variability (7.1%). These values indicate sufficient supply of Mn in the
soil and is also not rated as excessive (275ppm).

4. Conclusions

This study concentrated on assessment of top soil parameters as most
coffee feeder roots are found near the surface. Soil properties were found
to be spatially variable especially in the top depth, with the exception of
micronutrients. Across the parameters, the spatial variability was pre-
dominantly moderate. Based on the findings, farm decisions should be
based on the soil management zones to ensure precise input application.
Phosphorus was the most deficient nutrient which can be attributed to
soil genesis from a P-deficient parent material. It could also be due to the
predominantly acidic soil reaction that could have resulted to fixing of P
sources. There is need to apply manure to the soils due to its vital role in
maintaining high organic matter and indirectly maintaining nitrogen and
phosphorus sources in the soil. Micronutrients sufficiency in the studied
farm can be attributed to the predominantly acidic soil reaction as
micronutrient availability increases with increasing soil acidity. There is
need to prevent soil erosion in the farm so as to maintain high soil and
water quality. NPK fertilizer preferably 40:30:40 is recommended, to be
applied in three splits. Input management based on spatial variability of
soil properties is highly recommended so as to get maximum output using
optimum inputs. Training on spatial variability and precision agriculture
in colleges, universities and research institutions is highly recommended
so that it can be included in extension services to farmers. Envisaging
high value crops where they best fit is also recommended.
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