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Abstract

:

Evaluating climate change impacts and the suitability of potential land resources is crucial for sustainable irrigated agricultural systems. This study applied a multi-criteria analysis supported by the Geographic Information System (GIS) application to produce irrigation suitability maps for the Anger River basin’s (Ethiopia) irrigation command area to optimize its irrigation system. Six irrigation suitability factors, such as distance to water sources (rivers), slope, land use/land cover, soil texture, drainage, and depth, including climate change impacts, were used. These factors were spatially analyzed using a comparison matrix and overlying the factors with 30 m resolutions to estimate the potential irrigable area. About 40% of the study area was classified as moderately to highly suitable for surface water irrigation systems. Moreover, we found that a large proportion of the study area is suitable for surface irrigation system, suggesting the relevance of implementing an enhanced irrigation system for improving the surface irrigation water productivity of the basin. However, future climate change is predicted to negatively affect the irrigation suitable area due to water scarcity. Therefore, this study provides useful information on the irrigation suitability and potential of the study area that could be used to facilitate the water resource development and food security plans.
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1. Introduction


The worldwide growth of the population has noticeably increased the demand for natural resources, such as water, land, and food [1,2]. On the other hand, climate change, caused by an increase in greenhouse gas emissions and global warming [3,4,5], has created an overall decline in rainfall and thus drought problems. This is further exacerbated by anthropogenic activities, such as over-farming, excessive irrigation, deforestation, and the over-exploitation of available water resources [6,7,8]. Consequently, climate change and the aforementioned anthropogenic activities may result in a reduction in freshwater resources that will, in turn, adversely affect the irrigation water availability and carrying capacity of the ecosystem [9,10,11].



Agriculture is the backbone of the Sub-Saharan economy and has been mostly practiced under a rain-fed system that is rarely supplemented with irrigation. In such systems, irrigation plays a significant role in alleviating poverty and facilitating sustainable development [12,13]. While water is one of the main factors that contribute to sustainable agricultural productivity, it also crucially contributes to the financial generation and economic growth of society [14]. Consequently, developing an irrigation system and enhancing its efficiency would improve crop productivity, thereby reducing dependence on rain-fed agriculture [4]. Several studies have proven that identifying the irrigation potential of an area could be a key factor to increase agricultural crop productivity [4,15]. Intensive irrigation water use and the demand for crop production are also expected to alter the microclimate of the irrigated areas [15]. Thus, alleviating poverty by practicing and enhancing irrigation systems, especially in developing countries (e.g., Ethiopia), is urgently needed.



Ethiopia has twelve major rivers that have significant water resource potential (about 122 Bm3 annual surface runoff and 2.9 Bm3 groundwater) [16,17,18]. Despite this fact, the country remains insufficient for agricultural food production due to its dependence on the rain-fed system. Moreover, the rivers are characterized by uneven spatial and temporal distributions [19]. Most of these rivers have trans-boundaries and flow to neighboring countries, such as Sudan and Egypt [20,21]. Ethiopia’s Ministry of Water Resources (MoWR) has highlighted that irrigation should be optimized to its maximum potential in terms of both utilizing existing resources and expanding cultivable land areas [22,23]. As a result, the total irrigated land of the country has increased from 160,000 ha (3%) to 250,000 ha (4.1%) for the period between 1990 and 2002 [16,24]. Ethiopia has shown fast growth in the economy and is targeted to achieve food security by 2030.



Moreover, agriculture production, which is practiced by more than 80.5% of the population of the country (approximately about 80 million), has significantly contributed to the country’s economy [22,25,26]. Furthermore, 65% of Ethiopia’s land is suitable for irrigation systems. However, much potential land has not yet been developed. Therefore, assessing the irrigation potential and land suitability for irrigation water use is vital for the development of irrigated agricultural planning and the improvement of agricultural productivity. According to the agricultural development of the country, irrigation technology and management practices play a significant role in economic growth [27].



In Ethiopia, the current traditional agricultural production system and the progressive degradation of available natural resources, particularly in highly susceptible areas of the country, together with climate change, have increased the pervasiveness of poverty and food insecurity [16,28]. This has been the main challenge in the country’s agricultural production sector. Therefore, understanding climate change’s impacts on land-use suitability and agricultural production, including assessing irrigation potential, plays a vital role in the irrigation development plan [29]. Several studies have also documented the importance of multi-criteria evaluations on land decision making for a different type of irrigation system [30,31,32,33]. Moreover, understanding the dynamics of land cover characteristics is a crucial factor to select an appropriate irrigation system for achieving sustainable water resources and irrigated agricultural production [2,34,35]. This study employs Geographic Information System (GIS) and Multi-Criteria Evaluation techniques to estimate the irrigation potential and land suitability of the Anger River basin (Ethiopia) as a case study for enhancing irrigation systems under different climate conditions. The basin is one of the tributaries to the Abbay River basin. This study mainly aims to understand and estimate the potential land suitability of the basin for irrigation-based agriculture development by considering the different factors affecting land suitability. This study will help pave the way for further investigations and analyses of water resource potential and possibly required interventions for the study area.




2. Materials and Methods


2.1. Description of the Study Area


This study was carried out in the Ager River basin, which is located between a latitude of 9°35′00′′ N and a longitude of 36°2′00″ E in the west-central part of Ethiopia. The basin is one of the tributaries of the Abbay River basin (Figure 1) that ultimately contributes to the Blue Nile River. This Anger basin consists of two regional zones and covers seventeen rural villages, into which an area of approximately 7902 km2 drains. The elevation of the basin ranges from 860 to 3210 m above the mean sea level. Generally, the land-use coverage of the basin covered by agricultural production (52.5%), forestland (10%) and about 37.5 covers wetland and settlements (Figure 1).



The study area experiences a unimodal rainfall pattern with a rainy season from June to September. The annual rainfall of the area is between 1280 mm and 2030 mm. The annual maximum temperature of the Anger basin ranges from 20 °C to 32 °C. While the yearly minimum temperature (June to September) of the basin ranges from 6 °C to 17 °C, its maximum temperature (January to March) ranges from 29 °C to 32 °C [36]. The annual potential evapotranspiration (PET) of the basin is generally between 1360 mm and 1925. The highest PET is observed in the low land areas of the Anger basin with an annual value of ≥1800 mm/year; however, the annual PET drops to 1600 mm/year in the highlands of the basin.




2.2. Land Suitability Assessment


The suitability of land is used to identify the irrigation productivity of an area [31,37,38,39]. The factors affecting the land suitability of the study area were determined using a survey and consulting the literature. Then, the major factors that affect agricultural land suitability were mapped using the Geographic Information System (GIS) Tools. According to the FAO framework, land suitability for irrigation is classified into four classes [37,40]. These classes range from highly suitable (Class S1) to less suitable (Class S4). In this study, the land suitability assessment is based on four individual suitability factors: land use, slope, soil type, and available water source [41,42,43]. These suitability factors were derived using the spatial analysis tool in Arc GIS. The data availability and factors considered as inputs for the tool are detailed in Kalogirou [38] and summarized in Table 1.



2.2.1. Soil Factor


Soil is a key factor for determining the suitability of an area for both agriculture and irrigation. The soil map for the study area is presented in Figure 2a and summarized in Table 1. The soil data set was developed by Africa Soil Information System (AfSIS) to bridge the gap of soil information. AfSIS collected soil samples from more than 28,000 locations throughout 40 African countries [44]. This study also used relevant secondary information for the preparation of soil maps at the administrative level. Spatial information about each soil at an administrative scale was obtained from the geomorphology map of Ethiopia [45] at a scale of 1:1,000,000 and from a topographic map of 1:50,000 obtained from the Ethiopian Mapping Authority. The AfSIS soil data had 250 m by 250 m resolutions with six layers (i.e., 0–5 cm, 5–15 cm, 15–30 cm, 30–60 cm, 60–100 cm, and 100–200 cm). Each soil layer contains the soil texture, organic carbon content, bulk density, drainage class, and fertility status (soil pH and organic matter). A total of 46 samples were characterized across the seventeen villages of the Anger basin. For each soil sample collected, the physicochemical properties were analyzed in the laboratory using the standard guidelines for soil profile descriptions [46,47]. This was performed at the Haramaya University’s Soil Chemistry and Physics laboratories. For the analysis, the soil samples were air-dried and crushed with mortar to allow them to pass through a 2 mm diameter sieve. The soil physicochemical properties were used as input data for land suitability evaluation and classification.



The soil texture values of the six layers, representing the maximum root depth of the major crops grown in the area, were aggregated using a weighted average approach. The soil texture was classified into representative classes using the USDA soil texture classification method [48,49,50]. Soil depth refers to the thickness of the soil materials that provide structural support, nutrients, and water for plants. The depth to the next soil layer can also affect irrigation management decisions. Accordingly, a shallow soil depth reduces the plant rooting depth and available soil water for plants. The soil depth of the study area considerably varies across the different topographic positions. For example, soils on the steep slopes and in the drier parts of the Anger basin are generally shallow and/or stony. This suggests that such soils may not store adequate water and nutrients for sustainable crop production. In the sample characterized, the root depth varied from 58 to 240 cm. Deeper soils can store sufficient moisture and nutrients for crop production. As a result of this, most agricultural activities are concentrated in areas where such deep soils persist.




2.2.2. Climate


The climate factors of the study area, such as PET and long term rainfall data, can be used to estimate future changes in the climate [15,50]. Daily rainfall data of the study area were gathered from the Ethiopian Metrological Agency (EMA), and the PET data were obtained from MODIS global evapotranspiration. Two major agro-ecological zones were classified for the study basin based on the altitude, soil moisture, and physiographical characteristics of the area. These agroecological zones include low lands locally called “Kolla”. Kolla mainly exists at an altitude of 500 to 1500 m.a.s.l and are relatively drier and warmer. The second zone is locally known as “Woina Dega”, which are areas with an altitude of 1500 to 2400 m.a.s.l that feature relatively colder and wetter climate conditions. The evapotranspiration rate can be affected by changes in temperature, which has a direct relationship to the PET [51]. The future annual PET was computed using the Hargreaves–Samani method [52]. The annual temperature in the basin varies from 6 to 32 °C. The long-term changes in historical temperature and PET data were used to predict future climate change in the basin using the station data and based on GIS-tools application.




2.2.3. Land Use


The land use data for this study were collected from the Ethiopian Ministry of Water and Energy (MOWEI), global Landsat, and satellite image classifications with a 30 m resolution. The Landsat 8 satellite images of the basin were downloaded from http://glovis.usgs.gov/ or http://earthexplorer.usgs.gov/ and used for the classification (Figure 2b). The land use was grouped using a 30 m spatial resolution. Followed by the image enhancement, rectification, and classification were also applied to the raw images. The land cover conditions for the two different periods were spatially compared (1985 to 2000 and 2000 to 2014). Then, the rate and quantity of change were calculated. Image classification was only used for the extraction of distinct classes or land use/land cover categories from satellite imagery. A ground survey was used to cross-check some of the features identified from the satellite imagery. The land use data were used to ascertain the potential of suitable land for irrigated agriculture. Woodlands and forests dominate the Anger basin, which is about 40% coverage of the area. Other land-use types include pastoral, bare, shrub, and cultivated lands. The land use data show that agricultural land comprises the largest proportion of the basin (58%), followed by bare land (27%) and shrublands (14%). The remaining land use areas were grouped as water bodies and built-up areas.




2.2.4. Slope Factor


The suitability of an irrigation area can be affected by the slope of the land, which plays a major role in irrigation efficiency and land preparation for surface water irrigated agriculture [38]. The Anger basin has an undulating topography that ranges from 860 to 3210 m above mean sea level (m.a.s.l) with a considerably varied slope. The slope of the study area was estimated using 30 m resolution Digital Elevation Model (DEM) data obtained from the Shuttle Radar Topography Mission (SRTM). A 30 m resolution DEM is freely available at http://earthexplorer.usgs.gov/. The slope factor was processed on a pixel-by-pixel basis using the slope calculated from the DEM. The results of the Anger basin indicate that about 65% of the area has a slope of 0 to 3%. The majority of this range is below 2%, which is considered suitable for surface irrigation systems (Figure 3a). Overall, the average slope of the basin is considered moderately appropriate for surface irrigated agriculture.




2.2.5. Water Source Factor


The distance from perennial rivers determines the suitability class of a land parcel, which is a plot of land used for irrigation based on land access and river proximity. Figure 3b shows the distance from the water source to the land parcel. The distances were calculated by projecting the locations to a Mercator (UTM) Zone 37 N. The distance map was categorized into four classes based on previous studies [53,54]. In this study, the farthest distances were categorized as class S4 (>4000 m), while the closest distances were classified as S1 (<200 m), which is highly suitable. Class S2 (2000–3000 m) and S3 (3000–4000 m) are classified as a moderate and marginally suitable distance, respectively. The surface and groundwater potentials of the basin were obtained from the Ethiopian Ministry of Water Resources. Additional data include a survey on the potential of groundwater yield, storage, and groundwater depth for further information on low flow conditions for the application of irrigation.





2.3. Irrigation Optimization


The Multi-Criteria Decision Analysis (MCDA) approach was also utilized in this study. This approach provides a procedure for structuring decision problems by designing, evaluating, and prioritizing alternative decisions (Figure 4). MCDA also supports complex decision making when multiple, conflicting factors are involved during the decision-making process. We used a GIS processing tool combined with geospatial data and value judgments to obtain information for decision making. The MCDA approach aids decision making at any stage of the decision making processes, such as design, choice, and visualization [41,55]. The GIS-based Multi-Criteria Evaluation (MCE) was used for the identification of potentially suitable land areas for irrigated agriculture. MCE is a fully continuous variable that contains factors and expresses the varying degree of suitability for the decision under consideration. A combination of numerous criteria to a single indexed output of MCE was implemented in a GIS environment. The process for converting data to such numeric scales is called standardization [56]. Standardized factors were used to produce weighted linear combinations, and each factor was multiplied by weight according to the relative importance of each factor to summarize the results. Hence, the characteristics of the weighted value fit to the class of each factor and range between the intervals 0–1 such as distance to water body weighted 0.216 and slope weighted to 0.12. The obtained data, such as soil, land use, evapotranspiration, and elevation were then formatted in a grid. The rainfall and potential groundwater yield data were obtained from the Ethiopian Agricultural Transformation Agency (ATA) [2,57]. The factors affecting land suitability and irrigation optimization were analyzed using MCDA, whereby the factors were reclassified, weighted, and overlaid to identify the areas most suitable for surface irrigated agriculture. The land suitability analysis framework is presented in Figure 4.




2.4. Multi-Criteria Evaluation


The Multi-Criteria Evaluation (MCE) using the spatial Analytical Hierarchy Process (AHP) approach allows one to use a range of different criteria for evaluations [58]. This method facilitates the use of multiple water resource development and management scenarios, especially in ranking the remainders in terms of water resource development impacts (Figure 5). The AHP procedure was applied for criteria, sub-criteria, and suitability class analyses [59]. The relationship between objectives and their attributes has a hierarchical structure [55]. At the highest level, one can distinguish the objectives, and at a lower level, the attributes can be decomposed.




2.5. Suitability Mapping and Preliminary Land Suitability for Irrigation


A suitability model was created using a model builder in the Arc GIS toolbox. The consistency ratio was used, and the pair-wise matrix consistency was evaluated to increase the reliability. Then, the suitability of the land for irrigation was determined. An equal interval technique for weighing factors was spread to the levels of different suitability classes [62]. The reclassified datasets were combined to find the most suitable location. Mapping of the preliminary suitability of the irrigated land was computed using the weighted overlay analysis function of the ArcGIS spatial analysis tool.



Land Suitability and Climate Change


The rainfall deficit and slope of the land are the most critical factors for determining irrigation suitability. The land use, soil properties, water resources, and topography of the area were evaluated to determine the suitability of the land with respect to climate change. The impacts of climate change on land suitability for irrigated agriculture were determined. A comparison of the potential evapotranspiration (PET) and rainfall in the area indicates that the proportion of rainfall is higher than PET during the rainy season [63]. Hence, the average historical PET and precipitation value considered for the year 2050 based on the International Panel on Climate Change (IPCC) model and seasonal differences [64]. Various inter-related factors dominate the climate in the study region, but the main factors are the area’s near-equatorial location and altitude. The year is divided into three seasons: a primary rainy season (Kiremt) from July to mid-September, a dry season (Bega) from October to February, and a “small rainy” season (Belg) in March and April. The small amount of rain in the latter season originates from the Indian Ocean and is brought by Northwest winds, while the heavy rains in the wet season come from the Atlantic Ocean with north-east winds. Agricultural production in the sub-basin is highly exposed to climate change, as farming activities directly depend on climatic conditions.





2.6. Survey and Historical Irrigation Data


A survey was conducted using a semi-structured questionnaire involving about 340 households (HH), of which 20 households were located in each of the seventeen villages. The households were sampled based on purposive sampling [59,60,61]. The questionnaire took about one and a half hours for each household. In addition, secondary data were collected from the Ethiopian Ministry of Water Resources, Irrigation, and Agricultural Offices [21]. Further, focus group discussions were undertaken for three hours, which involved critical informants from each village using the local language while considering the opinion of the respondents. All data collection processes were performed for two months (Supplementary Materials).




2.7. Weighing Land Suitability Factors


The identification technique for the land suitability factors was weighted using pairwise comparison. The comparison technique was used to identify the vital matrix for comparison. The weighting factors were compared one-on-one using a comparison matrix and assigned to each element based on the factor’s relative importance. The consistency ratio was employed to evaluate the pair-wise consistency comparison [65]. The highest value corresponds to absolute importance, and the lowest value indicates the reciprocal in the comparison matrix. The normalized eigenvector of the factors was used to compute the weighting factors through the cumulative sum [22,66]. A preliminary map of land suitability was collected and finally overlaid using the weighted factor overlay tool of the Arc GIS spatial analysis tool. Equal interval range techniques were distributed from the suitability classes to the overall weights of the factor. Moreover, the land-characteristic suitability is based on slope, land use, and soil type. The slope map was computed from a 20 m resolution DEM and was divided into four suitability classes for surface irrigation suitability assessment [37,67]. The potential irrigation areas and land suitability were analyzed using Arc GIS integrated with multi-criteria analyses. These criteria reflect the key focus of the scenarios and methods for measuring the consequences. The criteria measured using “indicators” cover a wide range of different thematic areas that are measurable.




2.8. Preliminary Suitability Mapping and Creating a Toolbox Model


A toolbox (suitability analysis toolbox, tbx) was initially created to design the model, after which the model was created to perform the spatial analysis tasks. The model was built by stringing tools together in the model builder using Arc GIS. The collected data were classified into two different formats to analyze the preliminary suitability (a vector format and grid format). Suitability mapping was followed by reclassifying the factors summarized in Figure 5. Agricultural land suitability was classified into four levels according to the FAO framework [40,65]. We used the FAO land use classification framework (Table 2) of highly suitable (S1), moderately suitable (S2), marginally suitable (S3), and not suitable (S4).




2.9. Land Suitability Based on Proximity to River and Slope


The appropriateness of land for development was analyzed using factor determining the suitability of the land for irrigation. Following this, the vicinity to river classified into four classes, such as highly suitable (0–256 m), moderately suitable (257–953 m), marginally suitable (954–1100 m), and not suitable/Currently not suitable (1101–1537 m). The results are presented in Table 3. The land-characteristic suitability based on slope classified into four classes, such as class S1 (0%–10%), class S2 (5%–8%), class S3 (8%–15%) and class N (>15%).





3. Results and Discussion


3.1. Suitability of the Land for Irrigation Versus Climate Change


The survey results suggest that irrigation has greater importance during the dry season than during the rainy season (Supplementary Materials). Supplementary irrigation is needed under such conditions. Further analysis indicates that the average daily PET of the area from MODIS global evapotranspiration (ET) ranges between 7 and 10 mm/day during the crop growing season [65,66]. Moreover, the PET in the basin ranges between 113.3 to 160.4 mm monthly. The mean monthly rainfall during the same period varies from 12.3 mm in December to 134.7 mm in August. In the lowland areas, characterized by high temperatures, the PET is higher than 1800 mm/year. The PET and rainfall results also indicate the importance of applying irrigation to compensate for the water deficit during the crop growing season.



3.1.1. Proximity to River


The proximity to the river for the suitability classification was divided into four groups based on a map of river proximity (Figure 6a). Each suitability class and percentage of proximity to the river are presented in Table 3. The findings indicate that more than 71% of the basin is highly suitable, with about 19% of the basin’s area being moderately ideal for surface irrigation purposes (Table 3).




3.1.2. Soil Suitability Class


The soil texture of the Anger basin was divided into two (moderately and marginally suitable). The soil suitability classes were determined based on the soil textural classes of the study area (Table 4). The land suitability classes were determined based on soil depth (Table 5) and soil drainage suitability (Table 6).



Approximately 90% of the basin’s soil texture is marginally suitable for irrigation (Table 4). While more than 77% of the basin’s soil depth is highly suitable for irrigation (Table 5), only about 11% of the area is highly suitable for drainage (Table 6). Therefore, the soil of the area is generally good for irrigated agriculture development.




3.1.3. Slope Suitability Class


The land suitability based on slope classes is presented in Figure 6f. About 3680 km2 (46%) of the Anger basin’s area is characterized with slopes ≤5%, which are classified as highly suitable for irrigation. Only about 3% of the river basin area (223 km2) with a slope value of >15% is less suitable for irrigation (Table 7). Overall, based on slope, more than 70% of the basin is classified as moderately to highly suitable for irrigation (Table 7). This means the irrigation potential of the land in the study area could be affected by other factors, such as soil drainage and climate change. The topography and soil condition of the study area also encourages high surface runoff. Thus, water conservation and harvesting systems are highly recommended. Hence, about half of the study area is generally ideal for surface irrigation systems.




3.1.4. Agricultural Land Suitability


The land suitability coverage of the Anger basin for surface irrigation was then identified (Table 8). The use of highly efficient irrigation systems (sprinklers and drips) are also encouraged in the basin as the finding indicates that the land is suitable for surface irrigation system (Table 8) and helps to optimize water productivity. Generally, about 40% of the area is highly to moderately suitable for surface water irrigation (Figure 7).





3.2. Impact of Climate Change on Land Suitability for Irrigated Agriculture


The data analysis and survey results indicate that the rainfall in the area is unreliable and that the temperature increased by 21% from the baseline period of 2007. This may cause water scarcity in agricultural production and thus reduce the potentially suitable surface irrigation areas of the basin. On the other hand, approximately 77% of the available water in the basin can be used to meet the communities’ domestic water demands. Only 12% of the available water is used for crop production. The undulating topography of the Anger River basin encourages high runoff, and the total precipitation received in the basin leaves the basin boundary with short residence time. There is a need to conserve and harvest the rainwater through different water harvesting structures to improve water availability in the basin. The survey results indicate that developed springs and hand-dug wells are the major sources of drinking water for the communities in the Anger river basin. From the secondary data collected, we found that 90% of families access drinking water from developed springs and hand-dug wells. In contrast, the remaining families mostly rely on other sources, such as shallow wells, deep wells, and motorized springs. Based on the reports of the basin water, minerals, and energy offices, more than 95% of the families in this basin are dependent on a river and a developed spring water source for their livestock drinking water. About 77% of the sources of water for domestic use comes from undeveloped springs. Most of the irrigated land in the basin depends upon traditional methods of irrigation, with very few crop varieties. Of the total irrigable land of the area, about 61,711.25 hectares of the land were cultivated using traditional irrigation. Such systems use water diverted from the river to irrigate farmland at the household level. About 2746 hectares of the land area was cultivated under small scale irrigation, which is practiced by farmers with support from the agricultural office (Supplementary Materials). This indicates the limited scope of irrigation supported agricultural activities within the basin. On the other hand, the land cover distribution and the survey results indicate that about 88% of the Anger basin’s community depends on agricultural activities, indicating the importance of having an expansive, enhanced surface irrigation system to improve the agricultural productivity of the basin and thus the livelihood of the communities.





4. Summary and Conclusions


This study assessed the irrigation suitability of the Anger River basin (Ethiopia) based on six irrigation suitability factors (distance to water resources or river, slope, land use/land cover, soil texture, drainage, and depth), including climate change impacts. Based on these multi-evaluation criteria and matrix, supported with GIS-tools application, the study successfully mapped the irrigation suitability and identified the potential irrigable areas of the basin for an optimized irrigation system [68].



It is concluded that approximately 40% of the basin’s area can provide moderately to highly suitable conditions for surface irrigation systems. However, it is expected that future climate change may reduce the available water resources of the basin due to increases in temperature and evapotranspiration rate, and thus decrease in the estimated potential irrigable areas of the basin. This indicates the importance of implementing climate change mitigation measures, including enhanced surface irrigation systems to optimize the use of available water resources and irrigation water efficiency and improve the agricultural crop productivity of the basin. Therefore, this study could provide useful information for future water resources development and irrigated agricultural land plans of the basin whereby more than 85% of the basin’s communities depend on agricultural crop productivity.
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Figure 1. Location of the study area. 
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Figure 2. Soil type (top a) and land use land cover (bottom b) of the study area. 
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Figure 3. Slope (a) and proximity to a water source (b). 
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Figure 4. Flow diagram method of land suitability and irrigation potential mapping. 
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Figure 5. Hierarchical organization of criteria [60,61]. 
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Figure 6. Land suitability map of the Anger River basin, Ethiopia: (a) river proximity; (b) soil type; (c) soil texture; (d) soil depth; (e) soil drainage; (f) slope. 
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Figure 7. Agricultural land suitability of Anger Sub-basin. 
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Table 1. Summary of the data sources and factors for the land suitability analysis.
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	Data Type
	Source of Data
	Spatial Resolution





	Soil (depth, texture, and drainage)
	Africa Soil Information System (AfSIS);

Ethiopian Ministry of Water and Energy, Irrigation (MOWEI);

Digital Soil Map of the World;

Field Sampling.
	250 m by 250 m



	Land use
	Ethiopian Ministry of Water, Energy and Irrigation (MOWEI);

From Landsat-8 Satellite Images (4th and 5th bands of Landsat 8 satellite images for Satellite Image Classification);

Freely Downloaded http://glovis.usgs.gov/ and/or http://earthexplorer.usgs.gov/.
	30 m by 30 m for classified image



	Topography (Slope)
	A 20 m Digital Elevation Model (DEM) of the Shuttle Radar Topography Mission (SRTM)
	20 m by 20 m



	Distance to water sources
	Radar Topography Mission (SRTM)
	20 m by 20 m
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Table 2. Classification of the land suitability framework of FAO.
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	Class
	Suitability
	Weights
	Land Description





	S1
	Highly suitable
	4/4
	The land is excellent without significant limitations and does not require increased inputs or have reduced productivity.



	S2
	Moderately suitable
	3/4
	The land is suitable with limitations that either reduce productivity or require increased inputs to sustain productivity compared with those needed on S1 land.



	S3
	Marginally suitable
	2/4
	This land has severe limitations whose benefits are reduced and whose required inputs to sustain production need to be increased. The cost to increase productivity is only marginally justified.



	S4 (N1)
	Currently not suitable
	1/4
	The land does not support the particular land use on a sustainable basis or the benefits do not justify the inputs.
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Table 3. Land suitability based on proximity to the river.
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	Suitability
	Description
	Area (km2)
	Percentage (%)





	Class S1
	Highly suitable
	5653.78
	71.55



	Class S2
	Moderately suitable
	1509.36
	19.10



	Class S3
	Marginally suitable
	671.54
	8.50



	Class N
	Not suitable
	66.85
	0.85
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Table 4. Suitability classes based on soil texture.
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	Texture
	Suitability
	Description
	Area (km2)
	Percentage (%)





	Clay loam
	S2
	Moderately suitable
	767.82
	9.72



	Clay
	S3
	Marginally suitable
	7133.19
	90.28
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Table 5. Suitability based on soil depth.
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	Soil Depth
	Suitability
	Class
	Area (km2)
	Percentage (%)





	0–10
	Highly suitable
	S1
	6138.875
	77.692



	10–50
	Moderately suitable
	S2
	332.511
	4.208



	50–100
	Marginally suitable
	S3
	764.333
	9.673



	>100
	Not suitable
	N
	665.790
	8.426
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Table 6. Land suitability based on drainage.
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	Soil Drainage
	Description
	Class
	Area (km2)
	Percentage (%)





	Well
	Highly suitable
	S1
	901.9824
	11.415



	Imperfect
	Moderately suitable
	S2
	320.6144
	4.058



	Poor
	Marginally suitable
	S3
	764.333
	9.673
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Table 7. Land suitability based on slope classes.
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	Suitability
	Class
	Area (km2)
	Percentage (%)





	Highly Suitable
	S1
	3680.072
	46.574



	Moderately Suitable
	S2
	2906.502
	36.784



	Marginally Suitable
	S3
	1090.987
	13.807



	Not Suitable
	N
	223.956
	2.834
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Table 8. Land suitability for surface irrigation in the Anger basin.
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	Land Suitability
	Area (km2)
	Percentage (%)





	Highly suitable
	1616.479
	20.458



	Moderately suitable
	1589.456
	20.116



	Marginally suitable
	4564.314
	57.765



	Not suitable
	131.261
	1.661
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