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Most emerging economies rely on agriculture, yet over 90% of the sector remains 
rainfed, which is characterised by low productivity and is highly susceptible to 
climate change. The focus now is to increase the irrigated area to boost crop-water 
productivity under climate change. However, there is varied information on actually 
irrigated areas and no consensus on the factors that should be used to delineate 
areas suitable for irrigation. This study defined the factors required to delineate 
areas suitable for irrigation, including rainfall, landuse, closeness to waterbodies, 
soil characteristics, and groundwater depth. These physical factors were used to 
delineate irrigation suitability areas in Monze District, Zambia, applying an integrated 
geospatial technique and the Analytic Hierarchy Process (AHP), a multi-criteria 
decision method, in ArcGIS. Socio-economic factors were excluded in this instance 
as they are only ideal for indicating optimal areas to initiate irrigation projects 
under a set of given conditions, including crop-specific conditions. Accuracy was 
assessed by overlaying field points of currently irrigated lands obtained during 
fieldwork on geospatially delineated irrigation suitability areas created in this study. 
All the fieldwork points matched the modelled irrigation suitability areas, providing 
the best possible accuracy of 100%. However, there are vast lands that were also 
mapped as suitable but are not being irrigated, highlighting the underutilisation 
of the irrigation potential in the study area. The results are significant for policy 
decisions on irrigation expansion and development.
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1 Introduction

Land is one of the resources that drive economies and its sustainable management 
promotes resource security, as well as socio-economic and ecological sustainability 
(Lambin and Meyfroidt, 2011). This is critical in that sustainable land management 
promotes holistic management of land resources to balance economic, social, and 
environmental aspects to meet the needs of present and future generations (Ruiz et al., 
2020). Land quality is often defined by agricultural development and how it contributes 
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to food and water security (Viana et  al., 2022). This is why 
sustainable agricultural production is key in formulating food and 
water security and rural development policies (Nhamo et al., 2022; 
Pawlak and Kołodziejczak, 2020). However, land resources have 
been subjected to degradation and erosion due to overuse (Barbier 
and Hochard, 2018). As a key resource, land allocation and 
distribution are generally influenced by the need to meet socio-
economic and food security needs (Nhamo et  al., 2022). The 
increasing pressure on land resources for different land uses 
requires integrated, cross-sectoral, efficient, and sustainable land 
management practices (Calicioglu et  al., 2019) to guarantee 
resource security for the present and future generations and avoid 
irreversible consequences (Lampert, 2019). Recognising the impact 
of land degradation amidst increasing population, climate change, 
and diminishing food and water resources, among other 
compounding challenges, resulted in the formulation of the 2030 
Sustainable Development Goals (SDGs) in 2015 with the aim of 
saving the planet and people (UNGA, 2015).

Therefore, irrigation has been identified as key to increased 
crop-water productivity and is a catalyst for agricultural 
sustainability and economic development for most developing 
countries (Uhlenbrook et  al., 2022). However, sustainable 
agriculture has been elusive, particularly in emerging economies 
where crop production remains rainfed and under traditional 
methods that are environmentally unsustainable (Ahsan et  al., 
2021; Nhemachena et al., 2020). In the Global South, in particular, 
where economies are generally dependent on agriculture, the call 
to increase the land under irrigation is even more pronounced 
(AU, 2014; Pawlak and Kołodziejczak, 2020), as irrigated 
agriculture is regarded as a climate change adaptation strategy 
(Magidi et al., 2021a; Mango et al., 2018). Where climate change 
adaptation strategies are lacking, there are noted reductions in the 
quantity and quality of crop yields, crop damage, and even loss of 
entire harvests and livestock (Raza et al., 2019; Serote et al., 2021). 
With the increasing demand for water and food resources, agro-
food systems need to produce more with less water and, at the 
same time, meet the rising food demand of a growing population 
(Uhlenbrook et  al., 2022). Thus, irrigated agriculture is being 
prioritised as a pathway for water use efficiency, increased crop 
productivity and enhanced resilience and sustainability of the 
agriculture sector (AU, 2014; NEPAD, 2003), thereby the need to 
provide empirical evidence that supports policies on 
irrigation development.

However, the transition from a rainfed to an irrigated agricultural 
system in developing countries where it is needed the most is stalled 
by the lack of (a) accurate spatial information on current irrigated 
areas (Cai et al., 2017; Magidi et al., 2021b), (b) appropriate tools and 
approaches that can be used to delineate irrigation suitability areas 
(Akpoti et al., 2022; Cai et al., 2017; Hagos et al., 2022; Mugiyo et al., 
2021), and (c) consensus on the factors to consider when defining 
irrigation suitability areas (Magidi et al., 2021b; Mugiyo et al., 2021; 
Yohannes and Soromessa, 2018). Yet, this information is fundamental 
for informing strategic policy decisions on irrigation expansion and 
development (Magidi et al., 2021b). Previous studies have generally 
failed to distinguish the separate roles of physical and socio-economic 
factors when delineating irrigation suitability areas (Akpoti et al., 
2022; Mandal et al., 2018; Mugiyo et al., 2021; Sebnie et al., 2020). Yet, 
there are huge differences between physical and socio-economic 

factors that need to be  recognised when delineating irrigation 
suitability areas. The main argument is that an area cannot 
be classified as unsuitable for irrigation just because it is far from a 
road or a market yet meets all the physical conditions (FAO, 1976). 
Therefore, only physical factors should be used to delineate areas 
suitable for irrigation, regardless of socio-economic factors (Girma 
et al., 2020; Hagos et al., 2022; Mabhaudhi et al., 2022; Yohannes and 
Soromessa, 2018). Previous studies that consider only biophysical 
factors have a limitation in blending the factors and weighing them 
differently. Socio-economic factors are essential for identifying 
optimal areas to initiate new irrigated projects under a set of given 
economic conditions, including closeness to market or road (Kaini 
et al., 2020).

This study proposes the physical factors that should be considered 
in delineating irrigation suitability areas and clarifies the role of socio-
economic factors in identifying optimal areas to initiate new irrigation 
projects. The defined physical factors were then applied in an integrated 
geospatial-based and multi-criteria decision method (MCDM) approach 
to map irrigated areas. The aim was to provide an assessment of the 
effectiveness of the selected physical factors in providing accurate spatial 
information on irrigated areas in place of socio-economic factors as most 
previous studies combined both physical and socio-economic factors. 
An area far away from a road or market could be suitable for irrigation, 
but it could be eliminated when initiating a new irrigation project where 
economic factors are considered. Knowledge of areas suitable for 
irrigation and their accurate spatial information, distribution and extent 
is critical for formulating coherent strategies and policy decisions on 
irrigation development, design, expansion, and implementation.

2 Materials and methods

2.1 The study area

The geospatial irrigation suitability approach was demonstrated 
in Monze District (Figure 1), a semi-arid district in the Southern 
Province of Zambia. The district has a total land area of about 
6,700 km2 and is predominantly savanna grassland. It is close to the 
Barotse wetland, the source of the Zambezi River and has abundant 
surface and groundwater resources, offering great irrigation 
development potential, which is yet to be tapped. It is often affected 
by extreme weather events such as prolonged drought periods, severe 
heatwaves, cyclones and floods, which often contribute to total crop 
failure (Mwale et al., 2016). These extreme weather events resulted in 
Zambia declaring a state of emergency due to widespread crop failure 
caused by the 2022–2023 El Niño induced drought, yet the country is 
endowed with abundant surface-and ground-water resources.

The semi-arid climate is characterised by low seasonal annual 
rainfall of about 800 mm, mostly during summer, and an annual mean 
temperature of about 22°C (Mwale et  al., 2016). Potential 
evapotranspiration oscillates between 600 mm and 1,000 mm, 
exceeding the available water supply (Foster, 1992). The aridity index 
oscillates between 0.2 and 0.5, classifying the district as an arid area 
(Foster, 1992). The harsh climatic conditions compound the food and 
water insecurity challenges, making irrigation development a priority 
as the district has abundant freshwater resources. Irrigation 
development could play a significant role in building the resilience and 
adaptation to climate change of smallholder farmers.
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2.2 Methodological framework

The overall modelling flowchart (Figure 2) is a stepwise process 
followed to delineate irrigation suitability areas, a replicable procedure 
at any spatial scale. The five steps of the framework include: (1) 
Selecting the variables needed to classify land into irrigation suitability 
areas and the preparation of input data layers, including the digital 
elevation model (DEM), soil data, surface water, and land-use/cover 
datasets. (2) Selecting the criteria from the variables, data cleaning, and 
pre-processing, including conversion of the input data layers into a 
uniform spatial resolution. (3) Reclassifying the criteria layers and 
assigning suitability classes according to the FAO classification criteria 
(S1, S2, S3, and N). (4) Applying the Analytic Hierarchy Process (AHP) 
as a multi-criteria decision method (MCDM), including the use of the 
pairwise comparison matrix (PCM) and the weighting of the criteria. 
The weighting of input layers is based on their unique influence on 
irrigation suitability. (5) Integrating the MCDM in a Geographic 
Information System (GIS) to produce an irrigation suitability map. 
These steps are further detailed in the proceeding sections.

2.3 Criteria/factors for irrigation suitability 
mapping

Seven biophysical factors were identified to delineate irrigation 
suitability areas: slope, rainfall, soil texture, soil drainage, soil depth, 

closeness to water source (both surface and groundwater), and land 
use/land cover (Hagos et al., 2022; USDIBR, 2005). The selection of 
the aptest biophysical factors was based on previous studies that also 
considered only physical factors, however, applying varying factors 
including those that should be  considered to assess crop-specific 
irrigation suitability areas (Table 1). However, these previous studies 
considered only biophysical factors that were fundamental at the time 
of selecting the aptest factors for a general irrigation suitability 
mapping. For example, factors that include pH and organic matter 
content, among others, should be excluded in a general irrigation 
suitability mapping as the requirement of such factors by crops varies 
from crop to crop. Some crops require high organic matter content, 
yet others do well in low organic matter sandy soils, and vice versa. 
Therefore, if such factors are considered in a general irrigated 
suitability mapping, the output map will not be  representative of 
all crops.

The selected factors (also known as criteria) are key in irrigation 
suitability mapping in any given landscape, regardless of economic 
factors which are considered to indicate optimal areas to initiate 
irrigation projects from those identified using the biophysical factors 
(García-Llorente et al., 2015; USDIBR, 2005). Socio-economic factors 
that include population density, closeness to markets, and proximity 
to roads, among others, are excluded at this initial stage as they are 
useful for indicating priority areas for implementing irrigation 
projects (Elliott et al., 2014; USDIBR, 2005). Economic factors are, 
therefore, applied to already identified irrigation suitability areas, and 

FIGURE 1

Location of Monze District in Zambia.
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do not determine an area’s suitability for irrigation potential (Baker 
and Capel, 2011; Elliott et al., 2014; USDIBR, 2005). Thus, socio-
economic factors are only essential during the second phase of 
irrigation development and expansion, which is informing policy and 
decision-makers on optimal areas for immediate irrigation 
development but do not determine an area’s suitability for irrigation 
(Elliott et al., 2014; Rossiter, 1996; USDIBR, 2005).

2.3.1 Edaphic factors
Edaphic characteristics required to delineate general irrigation 

suitability areas include texture, drainage, and depth (USDIBR, 2005). 
Soil depth anchors plant nutrients and promotes plant growth 
(Galindo-Castañeda et al., 2022), whereas soil texture, together with 
drainage determines the rate at which water infiltrates through and 
runs off causing erosion. Water moves more freely through sandy soils 
than it does through clayey soils (Bhattacharya et al., 2021; FAO, 1976; 
Sarwar et  al., 2021). Soil texture is also critical for regulating the 
quantity of water available to the plant and the period it remains in the 
soil (Schoonover and Crim, 2015). Clay soils have greater water-
holding capacity than sandy soils (Leenaars et al., 2018; Schoonover 
and Crim, 2015). On the other hand, drainage ensures that the soil is 
properly aerated, an important requirement for root growth and crop 
health (FAO, 1976).

Other factors related to soil properties such as pH and soil 
salinity, among others, are excluded in a general irrigation 
suitability mapping as some crops do well with high pH values 
whilst others favour low values (Neina, 2019). The same with 
salinity, some crops do well under saline conditions, while others 
do not survive at all (Egamberdieva et al., 2019). However, salinity 
will be considered in future studies. Specific soil properties are 
applicable when assessing optimal areas for the cultivation of 
particular crops, as crop growth conditions vary from crop to crop 
(Tesfahunegn and Gebru, 2020).

2.3.2 Topographic factors
Slope is a key factor in irrigation suitability mapping as it 

determines the irrigation method, soil erosion susceptibility, soil 
tillage, and management (USDIBR, 2005). The slope dataset was 
derived from the 30 m resolution Digital Elevation Model (DEM) 
from the Terra Advanced Spaceborne Thermal Emission and 
Reflection Radiometer (SRTM).1

1 https://lpdaac.usgs.gov/products/ast14demv003/

FIGURE 2

Overall conceptual flowchart to delineate areas suitable for irrigation.
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2.3.3 Hydrologic factors
Closeness to water sources (surface and groundwater) is vital for 

irrigation development as it determines availability (Paul et al., 2020). 
The Euclidean distance tool of ArcGIS was used to provide the distances 
from surface water bodies. The accessibility of groundwater was assessed 
through a groundwater depth dataset (metres below ground level—
mbgl) acquired from the British Geological Survey (BGS) (MacDonald 
et al., 2012). For example, groundwater has become an important source 
of water for irrigated agriculture in South Africa, particularly during the 
dry seasons (Nhamo et al., 2020; Siebert et al., 2015).

2.3.4 Landuse/cover
Landuse/cover is considered in irrigation suitability mapping as it 

eradicates unsuitable areas like built-up areas, waterbodies, and nature 
reserves, but also optimising the most suitable areas like cultivated 
lands. The landuse dataset was obtained from the ESRI Land use/cover 
map created at a spatial resolution of 10 m,2 which was used to map 
landuses that include cultivated areas, grassland, shrubland, forest 
land and built-up areas.

2.3.5 Climatic factors
Rainfall recharges waterbodies that are used as sources of water 

during the dry season. Rainfall is also critical harvested water that will 
be used later for irrigation purposes during intra-seasonal dry periods 
(Scanlon et al., 2012; Siebert et al., 2015). Nevertheless, rainfall is 
weighted the lowest as irrigation is only necessary when there is 
moisture deficiency during periods. Therefore, the source of water is 
the waterbodies and not necessarily from rainfall.

2.4 Data collection and sources

The acquired input datasets (Table 2) were resampled to a uniform 
spatial resolution, reclassified, and weighted in ArcGIS Pro using the 

2 https://livingatlas.arcgis.com/landcover/

Weighted Overlay tool. The soil dataset was acquired from the Soil and 
Terrain (SOTER) Digital Database, groundwater depth from BGS, 
slope and river networks from ASTER GDEM, landuse/cover from the 
Global Land Cover and rainfall from the Food and Agriculture 
Organization (FAO). The weights for each of the factors were 
determined through the pairwise comparison matrix PCM of the 
AHP (Hagos et al., 2022; Saaty, 1977; Worqlul et al., 2017).

2.5 Application and accuracy assessment

The selected biophysical factors were then applied in an integrated 
geospatial approach to delineate irrigation suitability areas in Monze 
District in Zambia, to assess the efficacy of the factors. Fieldwork was 
conducted in the study area to assess the accuracy of the identified 
irrigation suitability areas. The accuracy assessment was verified by 
comparing the generated dataset with six ground truth points 
obtained from fieldwork, as well as from the 15 m resolution Google 
Earth images. This was further improved by combining ground-truth 
points derived from Google Earth with observed field points that 
enhanced the accuracy assessment of the delineated points. The visual 
interpretation, coupled with the fieldwork points enhanced the 
accuracy assessment procedure.

2.6 Criteria/factor classification for 
irrigation suitability

The land suitability classes proposed by the Food and Agricultural 
Organization (FAO) describe four levels of the suitability of a given 
type of land for specific use (FAO, 1976; Rossiter, 1996). The FAO 
classes are highly suitable (S1), moderately suitable (S2), marginally 
suitable (S3), and not suitable (N) (Table 3).

Criteria layers (maps) are then standardised according to the FAO 
classes (S1, S2, S3 and N), representing the degree of suitability. Each 
class is ranked according to its significance in relation to class S1 and 
its contribution to the final goal of identifying optimal irrigation 
suitability areas.

TABLE 1 Previous studies on irrigation suitability evaluation using biophysical factors.

Authors Irrigated crop type Factors considered

Hagos et al. (2022) General irrigation suitability mapping
Slope, altitude, drainage class, soil depth, texture, available water storage capacity, distance from water 

sources and landuse/cover

Attia et al. (2022) General irrigation suitability mapping Distance from water sources, landuse/cover, soil type, slope, and rainfall

Kassaye et al. (2020) General irrigation suitability mapping

Soil (pH, type, drainage, texture, organic carbon classes, depth), available water storage capacity, 

impermeable layer, electrical conductivity, cation-exchange capacity, obstacle to root, landuse/cover, 

slope, and distance from water source.

Girma et al. (2020) General irrigation suitability mapping Landuse/cover, soil type, slope, and closeness to the water source.

Özkan et al. (2020) General irrigation suitability mapping Soil (depth, erosion, parent material, texture, pH, organic matter, lime content) and slope.

Nasir et al. (2019) General irrigation suitability mapping Slope, Soils (texture, depth, drainage), landuse/cover, and distance from water source.

Yohannes and 

Soromessa (2018)
Barley & Wheat

Soil (depth, texture, fertility, pH, cation-exchange capacity, electrical conductivity, organic matter, 

available phosphorus, total nitrogen, calcium carbonate, drainage, erosion), slope (aspect, altitude), 

climatic subfactors (temperature, rainfall) and distance from road and water source

Akıncı et al. (2013) General irrigation suitability mapping
Soil class, land use capability class, soil depth, slope (aspect and elevation) and soil (erosion and other 

properties).

https://doi.org/10.3389/fsufs.2024.1469474
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2.7 Categorising the irrigated area 
suitability mapping factors

The selected factors, subfactors and the suitability classes allocated 
to each of the sub-factors are given in Table 4, which also provides the 
weights assigned to each of the contributing factors, together with 
their classes (S1, S2, S3, and S4).

The weights derived from a PCM were assessed through the 
consistency ratio (CR), which is an indicator of the consistency of the 
matrix judgments (Saaty, 1977).

2.8 Factor weighting

As the sub-factor layers differ in importance, they are compared 
with each other through weights and then ranked according to those 
weights representing their importance to irrigation suitability 

mapping (Table 5). The calculated weights are then used as input data 
to the sub-factor layers.

The distance from surface water sources (surface and 
groundwater) is weighted the highest (Table 5) as closeness to and 
presence of water source is key to irrigation development. Adequate 
water supply and availability determine the success of an irrigation 
system (Levidow et al., 2014). Distance from rivers is ranked the 
highest as it has less abstraction costs as compared to groundwater. 
Groundwater depth is assigned the second ranking as it is a major 
irrigation water source, although it is more expensive to abstract as 
compared to open water sources (Cai et al., 2017; Magidi et al., 
2021a). The third ranking was assigned to the soil depth factor as it 
gives root anchorage and accessibility to water and nutrients for the 
crop. The slope factor was given the fourth ranking as it is a 
determinant of the type of irrigation to be practiced in an irrigated 
area (Hagos et al., 2022; Worqlul et al., 2017). Soil texture and its 
drainage are ranked fifth and sixth, respectively, as they are key to 

TABLE 2 Data sources, resolution, and derived layers.

Data type Data format Spatial resolution Source Derived layers

Soil map Vector 0.25 km SOTER Soil texture, drainage, and depth

DEM Raster 30 m Aster GDEM Slope and altitude

Rainfall Raster 5 km FAO Annual rainfall

Groundwater Raster 5 km BGS Groundwater depth

Landuse/cover Raster 30 m Sentinel Global Land Cover dataset

Surface waterbodies Vector 0.5 km FAO Waterbodies

TABLE 3 Land suitability classes.

FAO symbol Suitability class Description

S1 Highly suitable
Land without significant limitations. This is the best possible land that does not reduce productivity or require 

increased inputs.

S2 Moderately suitable
Land that is suitable but has some limitations that either reduce productivity or require an increase of inputs to sustain 

productivity compared with those needed on S1 land.

S3 Marginally suitable
Land with limitations so severe that benefits are reduced and/or the inputs required to sustain production need to 

be increased so that this cost is only marginally justified.

N Not suitable Land that cannot support the particular land use on a sustained basis or land on which benefits do not justify inputs

TABLE 4 Irrigated area suitability mapping factor classifications.

Factors Sub-factor Factor classifications Source

S1 S2 S3 N

Topographic Slope (%) 0–2 2–5 5–8 >8 Mandal et al. (2018)

Climatic Av. annual rainfall (mm) >800 600–800 600–400 <400 FAO (1976)

Edaphic

Drainage class Well Moderately well Imperfectly Poor Mandal et al. (2018)

Nachtergaele et al. 

(2010)

Depth (cm) >100 (Very deep) 50–100 (Moderately deep) 10–50 (Shallow) <10 (Very shallow)

Texture L–SiCL, C SiL, SCL, CL SL LS, Si–L

Hydrologic

Groundwater depth 

(mbgl)
<50 50–75 76–100 >100

MacDonald et al. 

(2012)

Distance from rivers (m) 0–721 721–1,442 1,442–2,163 Hagos et al. (2022)

Landuse LU/LC Cropland Grassland
Barren & 

shrubland

Constraints (Forest, 

built-up, water, wetland)

Yohannes and 

Soromessa (2018)
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plant growth, aeration and water-holding capacity. Landcover/use 
is ranked seventh as it is only critical for identifying and discarding 
unsuitable areas like nature and games reserves, waterbodies, and 
settlements, but also for optimising land areas that are suitable for 
irrigation such as cultivated lands. The rainfall factor is the least 
ranked as rainfall is applied only in the absence of rainfall or when 
there is insufficient crop moisture, However, rainfall is critical for 
recharging both surface and groundwater sources.

3 Results

3.1 Irrigation suitability area

According to the developed map of Monze District (Figure  3) 
irrigation suitability areas are shaped by proximity to surface water and 
groundwater depth. Hydrologic factors have the greatest impact in 
delineating irrigation suitability areas as they are ranked the highest. The 

TABLE 5 Pairwise comparison matrix to assess the relative significance of eight sub-factors.

Dist. 
from 
rivers

Groundwater 
depth

Soil 
depth

Slope Soil 
texture

Drainage 
class

LU/
LC

Rainfall Average 
weights

Weights (%)

Dist. from rivers 1 0.5 0.33 0.25 0.2 0.17 0.14 0.12 0.331 33.1

Groundwater 

depth

0.5 1 0.5 0.33 0.25 0.2 0.17 0.14 0.231 23.1

Soil depth 0.33 0.5 1 0.5 0.33 0.25 0.2 0.17 0.157 15.7

Slope 0.25 0.33 0.5 1 0.5 0.33 0.25 0.2 0.106 10.6

Soil texture 0.2 0.25 0.33 0.5 1 0.5 0.33 0.25 0.071 7.1

Drainage class 0.17 0.2 0.25 0.33 0.5 1 0.5 0.33 0.048 4.8

LU/LC 0.14 0.17 0.2 0.25 0.33 0.5 1 0.5 0.033 3.3

Rainfall 0.12 0.14 0.17 0.2 0.25 0.33 0.5 1 0.024 2.4

CR = 2.9% (0.029)

FIGURE 3

Irrigation suitability areas in Monze Districts, Zambia.
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FIGURE 4

Ground truthing points (in red) in some of the wards in Monze District, Zambia.

further an area is from waterbodies, the greater the possibility of 
becoming unsuitable for irrigation as the other factors were weighted 
less, as well as the influence of constraints depicted as not suitable (N) 
in input layers. As can be noticed in Figure 3, highly suitable areas (S1) 
are shaped by the river network. Where the shape does not follow the 
rivers, it indicates that the groundwater table is close to the surface. As 
areas along rivers are generally irrigated in practice today, this also 
indicates the accuracy of the mapped irrigated areas, also resulting 
from fieldwork.

Although the district has a huge nature reserve, it still offers 35.8% 
of the surface area classified as highly suitable (S1) (Table 6). Even 
though the district is dry, it has great irrigation potential as it is 
endowed with abundant surface and groundwater resources. Because 
of its endowments in surface and groundwater resources, Monze has 
no area classified as marginally suitable (S3) for irrigation as most of 
the land area is classified as either S1 or S2. The land that is not suitable 

(N) is only 8.5% of the total district area, and this is the land area 
covered by the nature reserve and is excluded from the classification. 
Thus, 91.5% of the land area is suitable for irrigation.

3.2 Accuracy assessment

Accuracy was assessed by overlaying ground truthing points 
collected during fieldwork on the delineated irrigation suitability 
areas, and all the field points were in S1 class, providing the best 
possible accuracy of 100%. The ground-truthing points were found to 
be in the S1 classification category (Figure 4).

The accuracy assessment was enhanced by the use of high-resolution 
Google Earth images, where some of the mapped irrigatable areas were 
found to be already irrigated areas. However, there is some land mapped 
as suitable for irrigation but was not actually irrigated, indicating the 

TABLE 6 Area by irrigation suitability classification category in Monze Districts.

Class Area (Ha) Percentage (%)

S1 172,772.84 35.75

S2 269,336.92 55.73

S3 0.00 0.00

N 41,155.86 8.52

Total 483,265.63 100
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irrigation potential of Monze District. The land mapped as irrigable, but 
not actually irrigated, is the land that can be developed for irrigation.

4 Discussion

Although the land classified as S3 is the least suitable for 
irrigation, it can be transformed to become important for irrigation 
by adopting novel land management practices and using correct 
irrigation types and technologies (Irmak et  al., 2011; Reinders, 
2011). Recent technological advances in irrigation have been used 
to transform areas formerly deemed unsuitable for irrigation into 
viable irrigation enterprises (Koech and Langat, 2018; Levidow 
et  al., 2014). This has been enhanced by land restoration and 
reclamation, which have been beneficial in regions where land is 
extensively degraded or scarce to support agricultural development 
(Vera et al., 2021; Zinkernagel et al., 2020). This has been one of the 
goals of the geospatial irrigation suitability approach used in this 
study as it has facilitated an assessment of the long-term impacts of 
land suitability analysis on potential land productivity.

An irrigation suitability assessment is useful for strategic policy 
decisions on irrigation development and for guiding the efficient use 
and management of scarce water resources (Borsato et  al., 2020). 
Although irrigated agriculture has important socio-economic and 
ecological benefits including increasing crop water productivity, 
ensuring food and water security, enhancing climate change 
adaptation and resilience, and improving rural livelihoods, it also has 
some known trade-offs. If not well planned and managed, irrigation 
could result in adverse human and environmental health consequences 
including disturbing the terrestrial water cycle and causing the spread 
of vector-borne diseases (Magidi et al., 2021b).

Knowledge of the distribution and extent of irrigation, together 
with irrigation water requirements, is critical for modelling and 
allocating irrigation water, and quantifying the impact of irrigation on 
regional climate, river discharge, and groundwater depletion (Borsato 
et  al., 2020). Therefore, knowledge of irrigated areas provides the 
required information on irrigation development strategies and is a 
climate change adaptation strategy. However, the unavailability of 
input data for irrigation suitability mapping has been a major challenge.

Equally important in irrigation suitability mapping is the 
selection of the appropriate factors. It is essential to understand 
the role of each of both physical and socio-economic factors in 
irrigation suitability mapping. Physical factors qualify the 
suitability of an area for irrigation, whereas socio-economic 
factors form part of conditions set to indicate optimal areas to 
implement irrigation projects under a set of given economic 
conditions (FAO, 1976; USDIBR, 2005). This study identified 
irrigation suitability areas under a set of biophysical factors 
regardless of whether it is close or far from markets and roads, and 
economic factors that are considered for initiating irrigation 
projects (USDIBR, 2005).

The availability of good and high-resolution data is the biggest 
challenge when conducting such a study. However, the emergence of 
cloud-based big data platforms like the Google Earth Engine (GEE), 
coupled with machine learning algorithms like the XGBoost and the 
Random Forest are facilitating the application of such methods and 
the acquisition and processing of complex data.

Irrigation investment is identified as key to enhancing and 
maintaining sustainable food security as it improves agricultural 
production, which is the foundation for southern Africa’s economic 
growth, food security, and sustainable development. Sustainable 
irrigation development and policies should consider the following to 
achieve the desired outcomes:

 • The actual implementation of irrigation projects needs to 
acknowledge the interlinkages between suitability constraints 
that include water quality, human and environmental health, 
and economic and social factors with sustainable development.

 • Advances in GIS and remote sensing are facilitating systematic 
land suitability assessment over time, as well as the delineation of 
updated land use and irrigation land suitability for sustainable 
resource planning and management.

 • Policy-makers should be  aware that accurate spatial 
information on irrigation statistics is not only important for 
irrigation development, management, and planning but is 
also beneficial for economic growth and for informing future 
needs including meeting future land, water, and 
food demands.

5 Conclusion

Irrigation suitability classification is important for landuse 
planning in relation to agricultural potential and is required for 
conserving natural resources to meet the needs of future 
generations. Accurate delineation of irrigation suitability areas 
and other land suitability classifications is only possible through 
the understanding and selection of appropriate land characteristics 
of the suitability theme being reviewed. In the case of irrigation 
suitability mapping, only physical factors were used as input layers 
to delineate the most apt areas suitable for irrigation. The method 
used distinguished biophysical and socio-economic factors as the 
two sets of factors contribute differently to land suitability 
mapping. Physical factors are critical for identifying land parcels 
that are suitable for irrigation in space and time, however, socio-
economic factors are important for pin-pointing optimal irrigable 
areas to start irrigation projects under a set of given socio-
economic conditions. The results of this study and the selection 
of ideal physical factors for delineating irrigation suitability areas 
have improved the identification of areas that are suitable for 
irrigation. Distinguishing physical and socio-economic factors has 
facilitated the use of each of the set of factors in their real use in 
irrigation development and expansion. The procedure has 
improved irrigation suitability mapping as past studies combined 
both factors in a general irrigation suitability mapping. Most areas 
that are suitable for irrigation were eliminated or classified as 
unsuitable as a result. The current approach is applicable at any 
spatial scale. Accurate mapping of irrigation suitability mapping 
is essential for guiding strategic policy decisions on sustainable 
irrigation planning. The adopted approach and the results are 
essential for designing and initiating new irrigation projects by 
providing a reliable technique that informs future irrigation 
development. The approach used is replicable at any spatial scale 
and is adaptable to suit the data availability of any area.
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