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ABSTRACT

Land valuation is essential for developing land use planning and achieving efficient land use,
food security, and poverty reduction. This study aimed to assess land suitability for cassava
and bean production using the multicriteria decision analysis AHP technique and GIS. Land
suitability analysis considers factors affecting crop growth and development, particularly in
producing beans and cassava. The Analytical Hierarchy Process (AHP) model was used to
determine the importance of main and sub-criteria parameters. ArcGIS software was used to
create crop suitability distribution maps for bean and cassava production. Each parameter was
subjected to pair-wise comparison by employing the Analytical Hierarchy Process (AHP). The
study found that the southern region displayed a vastly suitable level of 38% and 46% for
beans and cassava, respectively. Farmers can use the comprehensive data to decide whether
to plant beans and cassava on their lands, increasing revenue while preserving soil quality
management. The GIS-AHP integration approach was suggested to determine optimal
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decisions based on chosen criteria.

1. Introduction

Population growth, agricultural technique advance-
ments, and the introduction of new diversity with
economic benefits have all contributed to the rapid
development of agricultural production management
systems in various countries (Mazahreh et al.,, 2019;
Seyedmohammadi et al., 2019a). Since time in memo-
ria, humanity has always considered how to use
resources as efficiently as possible, and it has come
a long way toward accomplishing this goal (Mwendwa
et al,, 2019; Nungula et al., 2024). Soil is one of the
most significant natural resources that humans use
because it forms the foundation of all agricultural
activities and natural resources, depends on proper
management for the survival of human and animal
life, and can be destroyed by improper management.
Thus, it is important to use soil in a way to maxi-
mizes production without destroying this priceless
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resource for future use (Everest & Gur, 2022; Safwan
et al, 2022). Additionally, the scarcity of arable land
in many nations worries agricultural managers greatly
(Navidi et al., 2022; Seyedmohammadi et al., 2019b).
As a result, determining whether a piece of land is
suitable for growing crops, especially beans and cas-
sava is crucial. However, it is a significant challenge
that needs to be evaluated concurrently due to
numerous factors, such as location, climate, soil
properties, and their interaction (Luan et al, 2021;
Nungula et al., 2023; Seyedmohammadi et al., 2018;
Zhang et al, 2015). Consequently, efforts must con-
centrate on evaluating the possibilities and limita-
tions of land for sustainable crop production.

Land evaluation is one of the key steps in reduc-
ing human impact on the depletion of natural
resources and determining the most suitable options
for sustainable land use (Nungula et al., 2023). By
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identifying the primary factors limiting the specified
agricultural production, this type of analysis enables
decision-makers to implement the best land man-
agement practices and increase land productivity
(Achoki & Gichaba, 2015). It is the information
obtained through the land evaluation process that
guides decisions on the best utilization of land
resources by giving out the constraints and opportu-
nities for specific land use, therefore this process is a
necessary prerequisite in the development of land
use planning (Ritung et al, 2007; Verheye et al,
2020). To achieve appropriate land use and lessen
pressure and competition on uses of the same land,
land evaluation is best approached as a long-term
integrated approach. To help land users and farmers
achieve high land use efficiency, increase food secu-
rity, and reduce poverty, the adaptation of land eval-
uation will ensure the availability of soil information
that will provide a picture of the physical and chem-
ical properties of the soil as well as ecological condi-
tion characteristics (Nungula et al, 2024; Zabihi
et al., 2015).

Selecting a high-quality, precise algorithm for
determining land suitability has a significant influ-
ence on both present and future scenarios. Methods
like the land suitability assessment with the square
root parametric methods and the FAO land assess-
ment framework (Food & Agriculture Organization
[FAO], 1976), and the traditional methods used to
assess land suitability in previous years, such as Rabia
and Terribile (2013), and Mathewos et al. (2018), are
examples of such cases for proper land management.

With these techniques, crop requirements are
compared with land characteristics and soil, climatic,
and landscape characteristics are used to determine
the degree of suitability for target crops. Assessing
the weight of soil, climate, and landscape features
that affect land suitability is a crucial and necessary
step in determining whether or not a piece of land
is suitable for producing crops (Maitra et al., 2023;
Musakwa, 2018). This is because different features
have different effects on the production of different
crops (Elsheikh et al., 2013; Luan et al., 2021; Maitra
et al,, 2024; Mwendwa et al., 2019).

AHP is among the best methods for determining
the effect of multiple and heterogeneous parameters
when determining the characteristic weight
(Pramanik, 2016; Torrieri & Bata, 2017). When com-
bined with GIS, the AHP approach is a suitable, supe-
rior method for controlling multiple, heterogeneous
features (Zabihi et al., 2015). AHP-modelling frame-
work is widely accepted and has been extensively
applied for multi-criteria decision analysis (MCDA)

purposes and utilized in many decision-making prob-
lems regarding land suitability evaluation at a
regional level (Widiatmaka, 2016; Zabihi et al., 2015;
Zolekar & Bhagat, 2015). In addition, the assessment
and planning of land suitability for major crops, local
foods, and agricultural land use have recently made
use of GIS and AHP tools (Zolekar & Bhagat, 2015).
The integrated use of GIS and AHP offers a lot of
advantages including criteria related to vegetation,
weather parameters, and topographic features as
used in land suitability analyses.

Currently, in Tanzania, there are some studies
done on the appraisal of land and its suitability for
various crops (Kaaya et al., 1994; Kimaro & Hieronimo,
2014). However, it is important to highlight that
these studies primarily concentrated on gathering
data on soil and creating maps of suitability, with
little regard for other factors like topography, cli-
mate, and socioeconomic characteristics, all of which
are crucial for determining suitability (Kimaro &
Hieronimo, 2014). Furthermore, the studies were
conventional in that they focused primarily on
expert judgments based on empirical data, with less
emphasis on computer-based (GIS-based) land eval-
uation, which generates a database that can be uti-
lized anywhere, regardless of farm size (Kimaro et al,,
2001; Msanya et al,, 2018; Otieno et al., 2022). Thus,
land suitability analysis for different criteria related
to ecological conditions or optimizing bean and cas-
sava production at the regional scale in Tanzania
can be done using GIS, and AHP (Nungula, 2024)

Bean and cassava are among the most signifi-
cant, high-consumption, and strategic crops in
Tanzania since they grow in a variety of environ-
mental conditions. As a result, they need to be
studied using new, improved techniques while tak-
ing into account local factors like soil, climate, and
landscape features (Chappa, 2023). This study’'s
objectives were to accurately assess whether a
piece of land is suitable for growing beans and cas-
sava and present an accurate method by combining
GIS technique, and AHP multi-criteria method. It is
anticipated the study’s findings will provide insight
into the best places to grow beans and cassava and
any restrictions that may apply. Furthermore, the
outcomes can help stakeholders and the govern-
ment plan strategically for the development of sus-
tainable agriculture. This will assist in meeting the
region’s need for a green economy by maximizing
yields, which raises the crop’s potential for produc-
tion, through mapping appropriate areas for crop
cultivation. This will assist in meeting the region’s
need for a green economy.



2, Methodology
2.1. Study area description

The study was carried out on Tungi Farm in Tanzania’s
Morogoro District, which is located at latitude
6°44'15" and longitude 37°42'07" which is approxi-
mately 2000 hectares in size (Figure 1). The region
experiences two distinct seasons of rainfall annually.
The first, shorter and less intense, lasts from
November to January, while the second, longer and
heavier, lasts from early March to May and peaks in
April (Kihoro et al, 2013). Data from the Tanzania
Meteorological Agency (TMA) station from 1991 to
2021 shows that the average annual temperature is
22.6°C and there is an average of 892 mm of rainfall
annually (Figure 2).

The topography of the area is mostly character-
ized by a plain and sloping land extending from
(459m a.s.l.) to (554m a.s.l.). It was divided into six
landforms as; LOL (459-469m) = Lower Land, MFL
(501-506 m) = Middle Flat Land, UPL (523-554m) =
Upper Land, UFL (506-511m) = Upper Flat Land, LFL
(489-501m) = Lower Flat Land, and SPL (469-489m)
= Slopping Land landforms (Figure 3). The major
land-use patterns of the study area comprise culti-
vated land (84%), and grazing land (16%). Grass,
shrubs, shrubs, lower forest cover, and scattered
woodlands are the most prevalent vegetation types

Figure 1. Study area.
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on the farm. The study area was dominated by the
following soil types: Rhodic Umbric Ferralsols (Eutric,
Arenic), Haplic Vertsols (Aric, Orchric), Rhodic Eutric
Cambisols (Arenic, Aric), Haplic Arenosols (Aric,
Orchric), and Umbric Ferralsols (Eutric, Arenic)
(Nungula et al., 2024).

2.2. Data collection

2.2.1. Terrain distribution parameters data

Digital elevation models (DEM) downloaded from the
USGS Earth Explorer in the ArcGIS environment and
the original Shuttle Radar Topography Mission (SRTM)
were used to calculate the slope and elevation. Using
the Universal Transverse Mercator (UTM) projection
and the WGS 84 datum (WGS 84 46N) in the ArcGIS
environment, topographical maps were created and
the projection was adjusted. By figuring out the
maximum rate of change between each cell and its
neighbors, the slope was found. Each cell in the out-
put raster had a value for the slope. Whereas a
higher slope value denotes a steeper terrain, a lower
slope value indicates a flatter terrain. Because of
their smooth surface, flat fields were better for crop
cultivation because they allowed for more equitable
and even water distribution. Figure 4a,b shows that
the study area’s altitude varies from 459 to 554
meters and its slope spans from zero to 4.5%. Rainfall
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Figure 2. Mean monthly rainfall and temperatures (1991-2021) for the study area.

Figure 3. Mapping units and their respective composite samples.



Figure 4. Digital elevation map (a) and slope map (b).

Figure 5. Rainfall map (a), and temperature map (b).

and temperature raster data were obtained for the
entire nation from https://worldclim.org, and then
the data for the study area was extracted using a
mask in ArcGIS to facilitate additional reclassification.
The raster has been resampled before being reclassi-
fied to achieve the desired cell size, which is consis-
tent with the cell size of other criteria (Figure 5a,b).

2.2.2. Soil sampling

Before the study during the experiment, each soil
mapping unit composite soil samples (Figure 3) were
taken at a depth of 0-0.3m using a soil auger for
disturbed samples and stainless-steel core rings with
a 5cm diameter for undisturbed samples, as per
Pennock and Yates (2008) instructions. Following
their packaging in polythene bags, the samples were
transported to the laboratory to undergo physical
and chemical analyses. Cation Exchange Capacity
(CEC), exchangeable K, pH, available P, soil organic
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carbon (SOC), and total N were among the chemical
characteristics taken into consideration. Bulk density
and particle size determination were included in the
physical characterization. Information on soil type
soil depth and drainage was determined and
recorded during the characterization of soil.

2.2.3. Laboratory analysis

The hydrometer method was used to analyze soil
texture for physical properties (Gee & Bauder, 1979).
From the undisturbed samples, the bulk density of
the soil was calculated using the method outlined
by Doran and Mielke (1984). For chemical analyses,
the disturbed soil samples were allowed to air dry
before being sieved through a 2mm sieve. A pH
meter at 1:2.5 (soil: water) ratio was used for pH
determination (Ryan et al, 2001). The modified
Walkley and Black method (Yeomans & Bremner,
1988) was used to analyze organic carbon, and the
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modified micro-Kjeldahl digestion method (Bremner,
1996) was used to analyze total nitrogen. An Atomic
Absorption Spectrophotometer (AAS) was used to
determine the exchangeable K (Jackson, 1967). A
spectrophotometer was used to measure the avail-
able phosphorous from the soil extract (Murphy &
Riley, 1962). Cation Exchange Capacity (CEC) was
measured by the Ammonium acetate method
(Bremner, 1996).

2.3. Reclassification criteria

According to the FAO suitability guideline (FAO, 1976)
(Table 1), terrain parameters raster layers were reclas-
sified using the reclassify function in ArcGlIS into four
classes: vastly suitable (S1), relatively suitable (S2),
minimally suitable (S3), and currently unsuitable (N)
for both beans and cassava (Table 2 and 3). Base
map vector data for soil physical and fertility param-
eters, including topsoil texture, soil type, soil pH, soil
depth, drainage, organic carbon, topsoil nitrogen,
available phosphorous, potassium, and CEC were
imported into ArcGIS 10.8. With the extract-by-mask
function, the study area is extracted. These data were
georeferenced and projected to WGS 1984 UTM 37N
through the projected coordinate system in ArcGlS,

Table 1. Suitability classes.

Corresponding

transformed into raster data followed by reclassifica-
tion into different classes following the FAO suitabil-
ity class guidelines for bean and cassava (Tables 2
and 3). Ultimately, a corresponding score was allo-
cated to every class for every parameter. The reclas-
sified criteria show how the different suitability levels
of the criteria are distributed both spatially and
geographically.

2.4. Criteria weighting using AHP

Assigning weights to the various criteria was done
using the Analytic Hierarchy Process (AHP) method of
the Multi-Criteria Evaluation (MCE), which compares
one criterion to another using a pair-wise preference
matrix as explained by Saaty (2014) (Table 4). A crite-
rion’s weight value indicates how much weight it is
given to other criteria that are being considered; the
criterion with the highest weight is therefore given
more weight than the others (Kumar et al,, 2019).

The AHP was computed using the following math-
ematical model (Equation 1).

wl/wl wl/w2 ...wl/wn
A=(aij)nxn=|wl/w2 w2/w2 ..w2/wn

wl/wn wn/w2 ..wn/wn

m

Where A is the consistent matrix, having a set of

Suitability level Percentage(%) score Symbol n objects with weights w1, w2 ...... wn (Equation 1).
Currently unsuitable 0-25 1 N A consistent matrix is one in which for each entry aij
Minimally suitable 25-50 2 S3 (the entry in the ith row and jth column), aij=akj=aki.
Relatively suitable 50-75 3 S2 . ... R . .
Vastly suitable 75-100 4 1 Note that the ratio in entry ajj is the ratio of wi to wj
Source: FAO (1976). (Equation 2)
Table 2. Criteria requirement for bean production.

Factor rating
Criteria Unit S1 S2 S3 N
Terrain distribution parameters
Temperature °C 20-25 20-18 18-15 <15
Rainfall mm/year 500-800 800-1000 1000-1500 >1500
Elevation m 460-560 560-760 760-1100 >1100
Slope % 0-3 3-8 8-16 >16
Soil physical parameters
Textural class SL, L, LS SCL CL S, SC
Soil drainage Class Well drained Moderately drained Imperfectly drained Poorly drained
Soil depth cm >120 50-120 30-50 <30
Soil type Cambisols Ferralisols Arenosols Vertisols
Soil fertility parameters
Soil reaction pH 6.0-7.2 5.6-6.0, 5.2-55, <5.2, >7.2
oC % >0.2 0.1-0.2 0.05-0.10 <0.05
Topsoil N % >0.2 0.1-0.2 0.02-0.1 <0.02
Topsoil Av. P mg kg™ >40 10-40 10-5 <5
Extractable K C mol(+) kg™' >0.5 0.2-0.5 0.1-0.2 <0.10
CEC C mol kg~ >25 13-25 12-6 <6

Modified (Kaaya et al., 1994). Key: SL=Sandy Loam, L=Loam, LS=Loam Sand, SCL=Sand Clay Loamy, C=Clay, CL=Clay Loam, S=Sand, SC=Sand

Clay.



Table 3. Criteria requirement for cassava production.
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Factor rating

Criteria Unit S1 S2 S3 N
Terrain distribution parameters

Temperature °C 25-18 18-16 16-14 <14
Rainfall mm/year >750 750-600 600-550 <550
Elevation m 0-100 100-300 300-700 >700
Slope % 0-8 8-15 15-25 >45
Soil physical parameters

Textural class L, SL SCL, LS SC, S C
Soil drainage Class Well drained Moderately drained Imperfectly drained  Poorly drained
Soil depth cm >100 50-100 20-50 <20
Soil type Cambisols Ferralisols Arenosols Vertisols
Soil fertility parameters

Soil reaction pH 5.0-6.0 6.0-6.9 4.0-5.0 <5.0
oC % >0.15 0.08-0.15 0.05-0.08 <0.05
Topsoil N % >0.2 0.1-0.2 0.02-0.1 <0.02
Topsoil Av. P mg kg™’ >30 15-30 15-5 <5
Extractable K C mol kg™ >0.5 0.2-0.5 0.1-0.2 <0.10
CEC C mol kg™’ >16 16-10 10-5 <5

Modified (Kaaya et al., 1994). Key: SL=Sandy Loam, L=Loam, LS=Loam Sand, SCL=Sand Clay Loamy, C=Clay, CL=Clay Loam, S=Sand, SC=Sand

Clay.

Table 4. The Saaty’s rating scale.

Intensity of

importance Definition Explanation

1 Comparable Both elements equally contribute to
significance the goal

3 Little more Experience and judgment favor one
significant over the other slightly

5 Very important Experience and judgment strongly
favor one over the other

7 Extremely One’s judgment and experience greatly
significant favor one over the other

9 Incredibly The strongest possible validity supports
significant one over the other in the evidence

2,4, 6 and 8 Intermediate When a compromise is required
values

Source: Saaty (2014).

wl/wl wl/w2 ..wl/wn || wl wi
wl/w2 w2/w2

wl/wn wn/w?2

.w2/wni|w2|=n|lw2
..wn/wn || wn wn

)
A reciprocal matrix is one in which for each entry

aij, aji=1/aij because all consistent matrices are
reciprocal matrices (Equation 3)

1 al2 ...1/aln
A=(aij)nxn=|1/a12 1 ...1/a2n
1/alin 1/a2n ... 1

(3)

Note that for a standard scale ratio matrix Amax=n

1 al2 ...1/aln || wil wi
1/al2 1 A/ a2n || w2 | = Amax| w2
1/ain 1/a2n ... 1 wn wn

The eigenvector corresponding to Amax in this
equation is essentially the underlying standard scale
and thus gives the ranking of each element in the
ratio matrix. The last step includes the eigenvalue
estimation and matrix (A) creation which finalizes the
vector W (Equation 5)

AW = AmaxW (5)

Consistency Ratio (CR) was calculated using
(Equation 6). During the judgment, the judgment
matrix is only considered consistent if the ratio is <
(0.1). A CR of 0.1 or less is more reasonable
(Triantaphyllou & Mann, 1995).

_a

CR=
RI

(6)

Where Cl=Consistency Index; RlI=Random Index.

The Consistency Index (Cl) value was calculated
using the eigenvalue (Amax) value obtained in the
AHP calculator and the number of criteria (n) in the
AHP calculator using Equation 3 and Random Index
was simply obtained from Random Consistency Index
table postulated by Saaty (2014) (Table 5).

Cl— Amax —n 7)
n-1

2.5. Weight overlaying and crop suitability map

In coming up with a crop suitability map for beans
and cassava the reclassified layers for the three
criteria: terrain distribution, soil physical, and soil
fertility parameters were determined by weights
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Table 5. Random Consistency Index (RCI).

No 1 2 3 4 5

RI 0 0 0.58 0.9 1.12

1.24 132 1.41 1.45 1.51

Source: Saaty (2014).

Figure 6. Methodological flowchart for bean and cassava suitability assessment.

produced by the AHP process and were integrated
into the ArcGIS environment. Weighted layers for
each criterion were then overlayed using the
weighted overlay analysis tool, which was created
using the raster calculator tool in the spatial analysis
tool extension of ArcGIS 10.8 (Equation 8) as
explained by Tashayo et al. (2020). The overall suit-
ability map was categorized as vastly suitable (S1),
relatively suitable (S2), minimally suitable (S3), and
currently unsuitable (N).

S=" Wixi (8)
i=1
Where S = Suitability score; Wi = Weight of the jth
criteria; Xi = Weight of the ith sub-criteria; n = Total
number of criteria.
The overall process of producing a suitability map
is summarized in Figure 6.

3. Results
3.1. Pair-wise comparison and parametric weights

3.1.1. Bean

Following AHP, fourteen parameters chosen to assess
the physical suitability of bean production were
compared; the findings are shown in Table 6, where
precipitation and temperature had the highest
weights among the Terrain distribution parameters of
0.37 each while slope had the lowest value (0.12).
Topographically, elevation (with a weight of 0.14)
was the main contributor to slope. Precipitation and
temperature contribution were equally significant in
influencing terrain distribution. Soil texture and soil
drainage were highly influencing soil physical param-
eters with weightage of 0.38 and 0.35 respectively
with soil depth scoring the lowest weight of 0.12 in
this group. For the soil fertility group soil pH score



high weight of 0.3 and the available phosphorous
score lower weight of 0.09 (Table 6).

3.1.2. Cassava

Similarly, AHP was used to compare fourteen param-
eters selected to evaluate the physical suitability of
cassava production; the results in Table 7, where
temperature (0.41) and precipitation (0.36) had the
highest weights among the terrain distribution
parameters and slope (0.09) had the lowest. In terms
of topography, elevation (0.14) was more important
than slope. With weights of 0.36 and 0.33, respec-
tively, soil texture and drainage had a significant

Table 6. AHP pairwise comparison matrix for bean production.
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impact on soil physical parameters. In this group, soil
type received the lowest weight of 0.15. Regarding
the soil fertility group, the exchangeable potassium
score was lower at 0.11 and the soil pH score was
high at 0.25 (Table 7).

Weighting main criteria for beans shows that the
soil fertility criterion was ranked first, scoring 0.44,
then soil physical (0.39), and the lowest priority was
for terrain distribution with a score of 0.17 (Table 8).
Soil fertility criterion ranked first among other criteria
for growing beans as it provides essential nutrients
and creates a conducive setting for the growth of
beans. Soil fertility including pH, OC, TN, Av. P, K, and
CEC are important due to their limiting habit in bean

Terrain distribution parameters

Precipitation Temperature Elevation Slope Weightage CR< 01 cl
Precipitation 1.00 1.00 3.00 3.00 0.37 0.02 0.02
Temperature 1.00 1.00 2.00 4.00 0.37
Elevation 0.33 0.50 1.00 1.00 0.14
Slope 0.33 0.25 1.00 1.00 0.12
Soil physical parameters
Texture Soil drainage Soil type Soil depth Weightage CR <01 cl
Texture 1.00 1.00 3.00 3.00 0.38 0.04 0.04
Soil drainage 1.00 1.00 3.00 2.00 0.35
Soil type 0.33 0.33 1.00 2.00 0.15
Soil depth 0.33 0.50 0.50 1.00 0.12
Soil fertility parameters
pH ocC N Av. P K CEC Weightage CR < 0.1 cl
pH 1.00 1.00 3.00 5.00 2.00 2.00 0.30 0.03 0.04
0oC 1.00 1.00 1.00 3.00 2.00 1.00 0.21
N 0.33 1.00 1.00 2.00 1.00 1.00 0.14
Av. P 0.20 0.33 0.50 1.00 1.00 1.00 0.09
K 0.50 0.50 1.00 1.00 1.00 1.00 0.12
CEC 0.50 1.00 1.00 1.00 1.00 1.00 0.14

Terrain distribution parameters; eigenvalues = 4.05 and Eigen vectors = 9.4x 108, Soil physical parameters; Eigen values = 4.12 and Eigen vectors =
3.3x107° and soil fertility parameters; Eigen values = 6.21 and Eigen vectors = 3.4x 1078,

Table 7. AHP pairwise comparison matrix for cassava production.

Terrain distribution parameters

Precipitation Temperature Elevation Slope Weightage CR< 01 cl
Precipitation 1.00 1.00 3.00 5.00 0.41 0.02 0.02
Temperature 1.00 1.00 3.00 3.00 0.36
Elevation 0.33 0.33 1.00 2.00 0.14
Slope 0.20 0.33 0.50 1.00 0.09
Soil physical parameters
Texture Soil drainage Soil type Soil depth Weightage CR <01 cl
Texture 1.0 1.0 3.0 2.0 0.36 0.01 0.01
Soil drainage 1.0 1.0 20 20 0.33
Soil type 0.3 0.5 1.0 1.0 0.15
Soil depth 0.5 0.5 1.0 1.0 0.16
Soil fertility parameters
pH ocC N Av. P K CEC Weightage CR < 0.1 cl
pH 1.00 2.00 3.00 1.00 2.00 1.00 0.25 0.07 0.07
oC 0.50 1.00 2.00 2.00 2.00 1.00 0.20
N 0.33 0.50 1.00 2.00 2.00 1.00 0.15
Av. P 1.00 0.50 0.50 1.00 1.00 2.00 0.15
K 0.50 0.50 0.50 1.00 1.00 1.00 0.1
CEC 1.00 1.00 1.00 0.50 1.00 1.00 0.14

Terrain distribution parameters; Eigen values = 4.05 and Eigen vectors = 5.3 107%, Soil physical parameters; Eigen values = 4.02 and Eigen vectors
= 6.0x107% and Soil fertility parameters; Eigen values = 6.48 and Eigen vectors = 1.07X 1078,
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production accompanied by continuous cultivation
without adding fertilizer, which decreases the pro-
duction potential of the land (Chikuvire et al., 2007).
Similarly weighting the main criteria for cassava
shows that soil physical criterion was ranked first by
scoring 0.41, then soil fertility (0.33), and the lowest
priority was for terrain distribution with a score of
0.26 (Table 8). Soil physical criterion ranked first
among other criteria for growing cassava as it cre-
ates conducive soil conditions for cassava tuber for-
mation, especially soil texture, drainage, and soil
type. Soil fertility criteria are also important due to
their limiting habit in cassava crops.

3.2. Terrain distribution suitability

Soil properties and crop productivity are primarily
influenced by terrain variability (Nungula et al., 2023).
Terrain distribution affects the physical, chemical, and
biological properties of soil and the distribution of
nutrients, all of which are factors that contribute to
crop growth and development. Soil is the foundation
for crop growth and yield, with topography affecting
soil qualities greatly (Achoki & Gichaba, 2015). Precise
elevation information, along with the topographic fea-
tures it yields, are highly useful for precision farming
(Safwan et al, 2022). This includes managing and
organizing soil and water conservation initiatives for
increased profitability, as well as applying seed, fertil-
izer, and water at the site specifically.

Rainfall and temperature are an important param-
eter under the terrain group that governs when and
how fast a crop will grow and develop in line with
precipitation and solar radiation (Nungula et al,
2024). Other factors that restrict the growth and
development of crops are slope and altitude. Most
agricultural practices, irrigation techniques, and rates
of erosion are impacted by the slope factor (Safwan
et al., 2022). The temperature of the soil and micro-
biological activity are impacted by altitude (Everest &
Gir, 2022). According to the data the elevation range

was 523-550 masl with 100% of the region (S1),
which was extremely suitable for beans and cassava.
Also, the slope varied according to the results of the
digital elevation model, with ranges varying from 0
to 4.5% with 4.5 and 95.6% of the area deemed to
be relatively suitable (S2) and vastly suitable (S1),
respectively for both crops.

The distribution parameters of the terrain can be
a major factor in restricting the yield of particular
kinds of crops (Nungula et al., 2023). For the bean
crop, the precipitation and temperature parameters
had the same weightage value of 0.37 followed by
temperature, elevation, and slope (Table 6). To ascer-
tain the importance of these elements in the total
farm plot-based suitability, the climate and topo-
graphic parameters were also examined. The study
area’s terrain distribution parameters suitability map
revealed that approximately 87.6% of the area falls
under the vastly suitable (S1) and 14.3% under rela-
tively suitable (S2) classes (Table 9; Figure 7a). In the
same way, for the cassava crop, the terrain distribu-
tion parameters’ CR value was 0.01. Table 5 shows
that the precipitation and temperature parameters
scored highest based on AHP weightage. Nearly
100% percent of the study area falls under the vastly
suitable (S1) class, less than 0.001 percent under the
minimally suitable (S3) class according to the terrain
distribution parameters of the cassava suitability map
(Table 9; Figure 7b).

3.3. Soil physical suitability

The degree of soil cultivation and the amount of bio-
logical activity that the soil can support are deter-
mined by the physical characteristics of the soil. The
physical characteristics of the soil also have a major
impact on how well plants can absorb water and air
from it (Nungula, et al., 2024). Changes in the land
use and management system affect many physical
properties of the soil, including the type of land, the
intensity of cultivation, and the tool used (Mwendwa

Table 8. Main Criteria Pairwise comparison matrix and ranking for bean and cassava production.

Bean crop

Main criteria Soil fertility Soil physical Terrain distribution Weightage Ranking CR< 0.1
Soil fertility 1.00 1.00 3.00 0.44 1 0.02
Soil physical 1.00 1.00 2.00 0.39 2

Terrain distribution 033 0.50 1.00 0.17 3

Cassava crop

Main criteria Soil physical Soil fertility Terrain distribution Weightage Ranking CR < 0.1
Soil physical 1.00 1.00 2.00 0.41 1 0.06
Soil fertility 1.00 1.00 1.00 033 2

Terrain distribution 0.50 1.00 1.00 0.26 3

Bean; Eigen values = 3.02 and Eigen vectors = 1.9x 107'° and Cassava; Eigen values = 3.06 and Eigen vectors = 9.2x 107,
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Table 9. Area percent coverage of the main parameter for land suitability assessment of bean and cassava crop.

Vastly suitable (S1) Relatively suitable (S2) Minimally suitable (S3) Currently suitable (N) Total
Main parameter Bean (%) Cassava (%) Bean (%) Cassava (%) Bean (%) Cassava (%) Bean (%) Cassava (%) (%)
Terrain distribution 87.55 100.00 14.25 0.00 - - - - 100.00
parameters
Soil physical 63.51 45.06 30.36 23.40 6.31 31.54 - - 100.00
parameters
Soil fertility - - 54.23 18.49 45.76 81.51 - - 100.00
parameters

Figure 7. Terrain distribution suitability map for bean (a) and cassava (b).

et al, 2019). Exposing the less permeable soil to run-
off and erosion losses to meet the food demands
under cultivation. In this study, the soil texture, soil
drainage, soil type, and rooting depth of the soil
were observed to affect the production of beans and
cassava (Elsheikh et al., 2013; Luan et al, 2021).
Where by the soil texture was significantly seen to
affect the crop production in this group. Analysis
showed that the soil texture ranged from sand to
loam. Soil drainage was in the form of poorly drained
soils for the vertisols which cannot support bean and
cassava production whereas others were well drained
in the case of the Arenosols, Cambisols, and
Ferrallisols which are minimally, relatively, and vastly
suitable for bean and cassava respectively. But also,
the soil depth ranges from 90m up to 130+ m deep
which is relatively vastly suitable for bean and cas-
sava production.

For the bean production, soil texture is the most
influential parameter for bean crop production, with
the highest weightage of 0.38 and soil depth with
weightage of 0.12 and CR at 0.04. The vastly suitable
class (S1), according to the soil physical parameters,
covered about 63.5% of the area, while the relatively
suitable (52) and minimally suitable (S3) classes cov-
ered 30.4% and 6.3% of the area, respectively (Table
9; Figure 8a). In a similar context, for cassava

production, the soil texture parameter had the high-
est weight value (0.35) while soil type had the lowest
value (0.15) for the cassava crop. Regarding the soil
physical parameters, Table 9 and Figure 8b show that
the vastly suitable (S1) class accounted for about
45.1% of the total area, while the relatively suitable
(52) and minimally suitable (S3) class covered about
23.4% and 31.5% respectively.

3.4. Soil fertility suitability

The chemical properties of soil are utilized as a
gauge to determine the soil’s quality in relation to
crop yields, environmental quality, and nutrient avail-
ability (Mugo et al.,, 2016). The pH of the soil has a
significant impact on the nutrients that are available
in the soil and how well they are absorbed by plants
(Aden, 2023; Ochieng; 2021). It also indicates whether
a given area is suitable for producing crops (Cheptoek,
2022; Elsheikh et al., 2013). The mean pH of the soil
in the current study was 6.3, which is fairly acidic.
The pH level was largely and reasonably appropriate
for the production of cassava and beans. The most
crucial factors in choosing the most suitable land are
provided by organic carbon (OC), which serves as a
bank to store nutrients and gradually release them
to the plants (Haile et al, 2023). It also provides
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Figure 8. Soil physical parameters suitability map for bean (a) and cassava (b).

nutrients and energy to the soil microbes (Nungula
et al.,, 2024). The farm's average OC was 0.35%, which
is extremely ideal for crops like cassava and beans.
Comparably, the average levels of available phospho-
rus and total nitrogen were 6.28mg kg~ and 0.35%,
respectively, which are vastly appropriate for crops
like cassava and beans. Average values for potassium
and CEC were 0.44 and 6.67 cmol kg™, respectively,
and were deemed to be minimally suitable for the
production of beans and cassava. Additionally, low
CEC soil indicates low organic matter content, which
indicates low water-holding capacity and necessi-
tates the addition of more fertilizer due to its suscep-
tibility to leaching and eventual low yield (Nyawade
et al., 2019).

For the bean crop in the soil fertility group, the
soil pH parameters had the highest weight (0.25)
(Table 6). The maximum area falls under the rela-
tively suitable (S2) class for bean land suitability
assessment followed by minimally suitable with cov-
erage of 54.1% and 45.8%. For the cassava crop,
topsoil K has the lowest weight (0.11) and soil pH
has the highest weight (0.25) among the soil fertility
group (Table 5). Based on the parameters of soil fer-
tility parameter, 18.5% of the land was classified as
relatively suitable (S2), and 81.5% as minimally suit-
able (S3) for cassava LSA (Table 9; Figure 9a,b).

3.5. Overall suitability

3.5.1. Bean

Following the integration of all parameter weights
from the AHP matrix, the final map estimating the
bean crop status was created (Figure 10a). According
to Table 8, the soil fertility parameter had the high-
est weight (0.44), while the terrain distribution

parameter had the lowest weight (0.17). The ultimate
bean suitability map was created by superimposing
the weighted values into four levels, with sigma max
and CR values of 5.05 and 0.01 under the allowable
bounds, respectively (Table 8; Figure 10a). According
to the final bean crop suitability, the maximum area
was classified as vastly suitable class (37.9%) mini-
mally suitable class (31.8%), and relatively suitable
class (30.4%) in that order. Currently, the southern
portion of the study area has a higher level of farm
mechanization than other parts, making it home to
the vastly suitable class (S1) (Table 10; Figure 10a).

3.5.2. Cassava

In a similar vein, the final cassava suitability assess-
ment result showed that the local variation parame-
ter delineated with the lowest weight and the terrain
distribution parameters had the highest weight. The
AHP weighted technique was used to create the final
potato crop estimation status. The final potato crop
suitability assessment result showed that the vastly
suitable class made up the largest percentage of the
study area, accounting for 46.1% of the total. On the
other hand, the region’s identified areas fall into two
categories: approximately 41.0% under the relatively
suitable, and 12.9% under the minimally suitable.
When compared to other study areas, the northern
portion of the area had low soil fertility and acidic
soil conditions, which led to the finding of the rela-
tively suitable class (S1) (Table 10; Figure 10b).

4, Discussion

Land suitability analysis is essential for crop produc-
tion because it feeds the ever-expanding population.
By giving various parameters weights, the AHP
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Figure 9. Soil fertility parameters map for bean (a) and cassava (b).

Figure 10. Suitability map for bean (a) and cassava (b).

Table 10. Suitability and area coverage of Tungi Farm for bean and cassava production.

Bean Cassava
Suitability level Symbol Hectare (%) Hectare (%)
Vastly suitable S1 757.20 37.86 922.00 46.10
Relatively suitable S2 607.00 30.35 819.20 40.96
Minimally suitable S3 635.80 31.79 258.80 12.94
Currently not suitable N 0 0 0 0
Total 2000 100 2000 100

technique is a powerful tool for efficient land suit-
ability analysis that enables users to determine the
consistency of various parameters. Users can decide
on the proper weighting for each parameter during
the analysis by involving GIS-AHP integration. Since it
finally plans for the supply of vital nutrients and fos-
tering a growth-friendly environment. Optimal condi-
tions for crop suitability management for beans and
cassava are provided by implementing GIS-AHP and
incorporating biophysical variables. This improves
crop management efficiency and helps farmers

create effective fertilizer application plans (Ranjan
et al, 2023). By using the AHP approach, users can
calculate the consistency of different parameters by
assigning weights to them. When using mapping
techniques, GIS becomes a contemporary tool for
managing and creating comprehensive analyses of
land suitability (Otieno et al., 2022, 2023; Nungula
et al.,, 2024).

The GIS-AHP approach’s integration enables users
to determine the appropriate weighting for each
parameter during the Land Suitability Analysis.
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Precision agriculture achieves greater success when
such an integration technique is used to perform
land suitability analysis. Implementing GIS-AHP and
incorporating various biophysical variables offers
optimal conditions for crop suitability management
by assessing the biophysical parameters, such as soil,
climate, and topography. Utilizing this technique
improves crop management efficiency on the farm
by offering a biophysical assessment that enables
farmers to choose and implement effective crop and
soil management techniques to attain high yields.
Additionally, it will support farmers and extension
personnel in creating efficient fertilizer application
plans that will boost crop performance and maxi-
mize potential yield.

Soil fertility criterion ranked first among other cri-
teria for growing beans as it provides essential nutri-
ents and creates a conducive setting for the growth
of such crops. Soil fertility including pH, OC, TN, Av.
P, K, and CEC are important due to their limiting
attributes in crop production accompanied by con-
tinuous cultivation without adding fertilizer, which
decreases the production potential of the land
(Chikuvire et al, 2007; Jena et al, 2022; Mirriam,
2023; Mwakidoshi, 2023). The results show that there
are differences in elevation ranges and variations in
altitude in the study area. Six topographic landforms
were identified in the area based on slope and ele-
vation characteristics: low land, slopping land, upper
land, medium flat land, and lower flat land. A slightly
plain area with 2g kg=' of soil organic matter, a pH
range of 6.0-6.5, a texture class of loamy to sandy
loam, favorable levels of N, P, and K, and optimal
average temperatures between 25 and 30°C the
ideal range for the crops was highlighted. Upon inte-
gration of the three criteria (soil, climate, and topog-
raphy) in ArcGIS, this southern region displays a
vastly suitable level of 37.9% (757.2ha) and 46.1%
(922ha) for beans and cassava, respectively. Aside
from this, the suitability analysis shows that 20.4%
(607 ha) and 41.0% (819.2ha) of the land had a rela-
tively suitable level for bean and cassava while 31.8%
(635.8) and 12.9 (258.8) of the land were minimally
suitable land for bean and cassava, which is defined
by pH ranges of 5.5-6.0, and low available potassium
and phosphorus as a result of leaching and nutrient
washing by rainwater.

According to the study’s findings, regular soil
analysis is essential for tracking the amount of
accessible nutrients in the soil at a given time and
location. This allows for the proper application of
management practices at the appropriate time,

location, and quantity. The goal is to achieve high
land productivity. Since this study used a qualitative
approach to analyze soil data, more research based
on quantitative measures of soil suitability is
required. Based on the study’s results, farmers will
also be able to use the comprehensive data to
decide whether to plant beans and cassava on their
lands, as it presents an opportunity to increase rev-
enue while preserving soil quality management. By
incorporating several criteria to determine which
decisions are optimal based on the chosen criteria,
the GIS-AHP integration approach was suggested.
Based on actual field conditions, the criteria might
show which choice was made. The goal of the study
was to thoroughly analyze the many variables influ-
encing bean and cassava growth and yield in the
research region. Additionally, the sub-criteria were
confirmed as a crucial requirement that could be
utilized in agricultural production planning.

6. Conclusion

The goal of land suitability is to take into account
every factor that could affect crop growth and devel-
opment, especially in the case of producing beans
and cassava. The final land suitability analysis was
conducted using a model based on the Analytical
Hierarchy Process (AHP), which was utilized to deter-
mine the relative importance of the main criteria and
sub-criteria parameters. Using the ArcGIS software
environment, crop suitability distribution maps were
created for bean and cassava production based on
this analysis. AHP is a better technique for weighing
many factors, and in the presence of conflicting cri-
teria, its consistency can be monitored and managed.
However, GIS is an effective tool that can be used to
define the study area, gather and handle geographic
data, and display the findings of a land suitability
analysis. Given that the results of the integration of
GIS and AHP offer precise and potent combinations
for land suitability analysis, better management
approaches for land use efficiency and better man-
agement for bean and cassava production are
assured.
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