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Food demand in Africa continues to outstrip local supply, and the continent currently spends over US$35 billion annually on food imports to supplement local deficits. With the advances in agronomy and breeding, commercial crops like maize (Zea mays) and soybean (Glycine max) in the region are under threat from climate change, decreasing rainfall and degraded lands. Unlike commercial crops that are generally adapted from other regions, underutilized indigenous crops are uniquely suited to local environments and are more resilient to climatic variations and tolerant to local pests and diseases. This study, done in Limpopo Province, South Africa, identifies optimal areas for cultivating Bambara groundnuts (Vigna subterannea), an indigenous crop suitable for arid and semi-arid regions. The aim is to promote the production of underutilized indigenous crops at a large scale with fewer resources, while still meeting local demand and reducing the food import budget. Suitability maps are delineated using a multicriteria decision method in a Geographic Information System (GIS). The procedure is important for diversifying farming systems, making them more resilient (to biotic and abiotic stresses and climate change) and more successful at enhancing water, food and nutritional security. With the province's limited water and land resources for agriculture expansion, promoting indigenous underutilized crops is a pathway to reduce water allocated to agriculture, thereby enhancing drought resilience and ensuring water, food and nutritional security. Large tracts of degraded agricultural land deemed unsuitable for adapted crops, and which may require costly land reclamation practices, can be used to cultivate underutilized crops that are adapted to extreme local conditions.
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Introduction

Underutilized indigenous crops are locally produced crop species primarily grown in particular native communities but have been losing their popularity as they have not been mainstreamed into the main food system (Mabhaudhi et al., 2019a; Jahanshiri et al., 2020). They cover a limited area that is neglected in terms of research and are consequently underfunded due to their limited importance in the global food market (Chivenge et al., 2015; Akinola et al., 2020). However, they are often characterized by their resilience and adaptation to extreme climatic and edaphic conditions and have local significance (Padulosi et al., 2011; Stamp et al., 2012; Akinola et al., 2020). Indigenous crop varieties are best-suited to local environmental conditions, and farmers' needs in marginal agricultural situations (Mabhaudhi et al., 2016). Their low input requirements give them an economic advantage over commercial crops like maize (Zea mays), soybean (Glycine max), rice (Oryza sativa) and wheat (Triticum aestivum) (Chibarabada et al., 2017). Current changing environments in southern Africa, characterized by extreme droughts and a shortening rain season, favor indigenous crops (Mabhaudhi et al., 2019b; Nhamo et al., 2019). Historically, they have always helped ensure food and nutrition security as part of a balanced diet, when adapted crops fail, or in between harvests (Tadele and Assefa, 2012; Mabhaudhi et al., 2019b). They provide important vitamins, proteins, and micronutrients and contribute to alleviating the challenges of growth stunting in children in developing countries (Chivenge et al., 2015; Akinola et al., 2020). Examples of priority indigenous underutilized crops suitable for southern Africa are shown in Table 1 (Mabhaudhi et al., 2017).


TABLE 1 Examples of underutilized crops suitable for arid and semi-arid areas.
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Unlike commercial crops that require costly agronomic practices and a lot of water for their cultivation, underutilized indigenous crops are uniquely suited to local environments, are generally more resistant to certain climatic variations and more tolerant to local pests (Chivenge et al., 2015; Keleman Saxena et al., 2016). Therefore, focusing on the cultivating of indigenous crops is an alternative climate change adaptation strategy (Mabhaudhi et al., 2019b). Furthermore, the consumption of indigenous crops provides nutritional diversity for communities, provides crop rotation options for farmers, creates niche markets in local economies, harnesses and enhances local knowledge (Chivenge et al., 2015; Massawe et al., 2015; Lin Tan et al., 2020). They further provide opportunities to enhance agro-biodiversity at the field level, promote nutritional diversity, disrupt pest and disease cycles (Kahane et al., 2013; Kimani-Murage et al., 2021), and reduce water share allocated to agriculture (Mabhaudhi et al., 2018a). Thus, harnessing and mainstreaming local knowledge and traditional crop species and developing underutilized crop breeds have enormous potential to improve water, food and nutrition security (Padulosi et al., 2013; Adhikari et al., 2017; Gerrano et al., 2021).

Regional and national policies in developing countries aim to increase the area under irrigation as a remedy to meet the food requirements of a growing population and ensure food and water security (CAADP, 2009; NDP, 2011). The increase in the irrigated area mainly targets commercial crops as they require more water than indigenous crops (Shelef et al., 2017; Fernández García et al., 2020). Although such initiatives of promoting commercial crops through the expansion of irrigation sound noble, the main challenges are water scarcity and land unavailability for an expanded irrigated area (Mancosu et al., 2015; Chibarabada et al., 2017). In South Africa, it is estimated that 98% of available water resources are already allocated, with over 60% of available water resources allocated to agriculture (Blignaut and Van Heerden, 2009; Von Bormann and Gulati, 2014). In southern Africa, more than 70% of available freshwater resources are used for agriculture, yet the region is regularly devastated by recurring food insecurity challenges (Nhamo et al., 2018; Ngcamu and Chari, 2020). Under such a changing environment, more emphasis should be on promoting the production of indigenous crops as they are suited to harsh local conditions (Stamp et al., 2012; Chivenge et al., 2015; Mabhaudhi et al., 2016). Indigenous crops are generally acceptable and appealing to local communities as they promote the preservation of culture and improve food selection and preparation concerning local people's needs and cultural values (Baldermann et al., 2016; Mabhaudhi et al., 2019b). Identifying suitable areas for cultivating underutilized crops is the initial step for their promotion, commercialization and mainstreaming into the main food system.

Cropland suitability mapping is an assessment of land performance when used to produce specific crops (Jahanshiri et al., 2020). It is a prerequisite to achieving optimum utilization of the available land resources for sustainable agriculture production (FAO, 1976; Li et al., 2010; Hagos et al., 2022). Adaptation of crop growth to local agro-ecological conditions' capabilities and constraints is a key principle of sustainable land management (Pretty and Bharucha, 2014; Viana et al., 2022). Identifying optimum land for cultivating indigenous crops is critical for the conservation of environmental resources while at the same time achieving maximum yields (Eastman, 1999; Mabhaudhi et al., 2019b). Thus, cropland suitability mapping provides information for growing potential crops and deriving maximum economic benefits with lower production costs (Kihoro et al., 2013). It also facilitates better water and land management. As indigenous underutilized crops are the ‘future food' (Baldermann et al., 2016), this study used relevant agro-ecological factors in a Geographic Information System (GIS) to delineate optimum areas for cultivating Bambara groundnut [Vigna subterannea (L.)] in Limpopo Province, South Africa. The objective is to provide a procedure to delineate optimum areas for cultivating indigenous crops as a first step to promoting and mainstreaming underutilized crops into the main food system, focusing on the Bambara groundnut.


An overview of the Bambara groundnut

Bambara groundnut (Figure 1) is an indeterminate annual crop that grows close to the ground with seeds being produced underground (DALRRD, 2011; Gerrano et al., 2021; Khan et al., 2021). Being a highly adaptable legume, Bambara groundnut is grown in diverse agroecosystems and generally grows well under drought conditions (Mabhaudhi et al., 2013; Khan et al., 2021). Bambara groundnut has a low water requirement (Mabhaudhi and Modi, 2014), and has been identified as exhibiting all three categories of drought adaptation strategies which are escape, avoidance and tolerance (Mayes et al., 2019; Khan et al., 2021). However, the crop has a low tolerance for waterlogged soils and grows best in well-drained soils (Khan et al., 2021). Some varieties of Bambara groundnut exhibit tolerance to salinity (Mayes et al., 2019). Also, the presence of variation in photoperiod and temperature sensitivity among Bambara groundnut genotypes is a good indicator that there is room for improvement in varieties for adaptation in broad agroecological farming zones (Kendabie et al., 2020). Bambara groundnut has been identified as a potential future crop under climate change (Mabhaudhi et al., 2019b; Khan et al., 2021). In South Africa, Bambara groundnut yield and water productivity are projected to increase by ~ 37.5% and 33% under climate change (DALRRD, 2011; Mabhaudhi et al., 2018a).
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FIGURE 1
 Bambara groundnut in leaf and the seeds.


The Bambara groundnut seeds are rich in carbohydrates, proteins, fiber, ash, fat, and micronutrients, making them a valuable source of nutrition for resource-poor farmers (Lin Tan et al., 2020; Khan et al., 2021). However, limited genetic improvement, poor milling characteristics, long cooking time, and anti-nutritional factors have resulted in the crop being underutilized (Lin Tan et al., 2020; Gerrano et al., 2021). Even though the crop is underutilized, the Bambara groundnut plays a key role in both food, and cultural practices of farmers in Africa and Asia and has been integrated into intercropping systems (Mayes et al., 2019; Lin Tan et al., 2020; Khan et al., 2021).




Materials and methods


Description of the study area

The Limpopo Province of South Africa is the northernmost province, sharing international boundaries with Botswana, Mozambique, and Zimbabwe. The province (Figure 2) covers 125,755 km2, comprising 10.4% of the total national area. It has a population of about 6 million people (StatsSA, 2021). It has a varied topography, ranging from lowlands dominated by bushveld vegetation to imposing mountains rich in native forests and unspoilt savanna wilderness (Cai et al., 2017). The topography is divided into three distinct regions that define the climate and vegetation of the province. These include (a) Lowveld region (arid and semi-arid), (b) Middle-veld region (semi-arid region) and (c) Escarpment region (sub-humid climate with rainfall above 700 mm per annum) (Cai et al., 2017).


[image: Figure 2]
FIGURE 2
 Location map of Limpopo Province showing the distribution of agricultural systems.


Rainfall is received in the summer (October to March), averaging 500 mm per annum, whilst the other three seasons are generally dry. The eastern and northern parts are subtropical, with humid and hot summers. Average summer temperatures are around 27°C. In winter (May to September), the nights are cold and mostly frost-free, with chilly mornings and dry, sunny days (Vincent et al., 2010). However, the Lowveld is very hot with temperatures often exceeding 45°C. The province has abundant fruit and vegetable production as it is endowed with abundant agricultural resources. However, the most limiting resource for agriculture in the province is water, and most of the smallholder farms are under rain-fed agriculture (Oni et al., 2012). Both commercial and smallholder farmers contribute significantly to crop production, although many rural people still practice subsistence farming and are highly vulnerable to climate change.



Background of the land suitability mapping algorithm in South Africa

As knowledge of South African soils grew in the late 1960's and early 1970's, there was also a growing realization that, while the soils in many areas were wellknown and had been comprehensively sampled and studied, there was a real need for a comprehensive reconnaissance survey of the natural resources of the whole country (ARC, 2014). This would include the recording of soils, terrain and macroclimate information so that these three pillars of agricultural production would be addressed simultaneously. This survey, which became known as the Land Type Survey (Land Type Survey Staff 1972–2002), was systematically carried out by the Soil and Irrigation Research Institute (SIRI) of the Department of Agriculture, Land Reform and Rural Development (DALRARD), which in 1992 became the Agricultural Research Council - Institute for Soil, Climate and Water (ARC-ISCW) (ARC, 2014).

The survey's fundamental mapping unit is the land type, which is a unique combination of broad soil pattern, terrain type, and macroclimate. Where any one of these three factors changes, a new land type unit would then be identified (ARC, 2014). The survey was carried out using 1:50,000 scale topo-cadastral maps as background, but it was always intended that the final product would be a series of maps at 1:250,000 scale. After the survey in 2002, a total of 7,071 unique land types had been identified, some of which had more than one occurrence. Therefore, over 15,000 distinct polygons were eventually defined and mapped (ARC, 2014). It is estimated that around 400,000 soil observations (mainly using a soil auger, but also including road cuttings, quarries, riverbanks, etc.) were made, which equates to approximately one observation per 400 ha across the whole country. This is more intense in the more productive areas, such as the Highveld and other eastern zones.

In contrast, the drier areas and the more inaccessible mountainous zones were investigated at a noticeably lower detail level. However, every effort was made to physically cover as much of the landscape as possible (ARC, 2014). Therefore, it is important to note the following:

• The Land Type Survey was carried out across the country, making South Africa probably the only country in Africa, and one of a select few in the world, that has systematic soil information of the whole surface area, backed by comprehensive analytical data.

• The fact that specific principles and guidelines were established and written down (MacVicar et al., 1974; Laker, 2004) means that the survey was carried out to a consistently high, uniform standard throughout the almost 30 years of its completion.

• There was a high degree of staff continuity, with several SIRI/ARC-ISCW employees being involved with the survey for almost the entire 30 years.

The above factors mean that the Land Type Survey can be regarded as a high-quality, comprehensive product that has massively contributed to natural resource characterization, and agricultural productivity in South Africa, and continues to do so. As the only source of continuous natural resource data for South Africa, it is an important national asset.


Digitization of land type data

The knowledge that the land type data, comprising the boundary lines of each mapping unit (vector data) as well as the soil, climate and terrain data contained therein (raster data), could be digitized, and captured on a GIS was the most significant development since the start of the survey. Although this involved a significant amount of trial and error and a great degree of checking and correcting data, it had several advantages. Firstly, the data was available in a digital format, which meant it could be stored, manipulated, and interpreted. Secondly, each land type had a measured area, both in total extent and for the various component terrain types (crest, scarp, mid-slope, foot-slope, valley bottom), one or more of which occurred in varying proportions in every mapping unit. This meant that the estimated occurrence of the soil forms and series (derived from the ground-truthing exercise that comprised the land type field investigation phase), could be empirically linked to each terrain type and consequently to each full land type. This allowed for the determination of soil occurrence within a land type, or combination of land types, to be made.



Algorithm development

Even in the pre-digitisation era, there were various attempts to use land type data for a broad assessment of agricultural potential (Schoeman, 1978; Scheepers, 1984). However, with the advent of GIS and big data management platforms, it has become much easier to store, process and analyse large amounts of data. The first major initiative to use computerized data involved the concept of land suitability. The original concept derived from the USDA (Klingebiel and Montgomery, 1961) considered the allocation of land into one of eight general classes of suitability for rainfed agriculture, depending on the limitations in terms of a combination of soil (depth, structure, rockiness, etc.), climate (rainfall or temperature restrictions) or terrain (slope). The availability of soil data from the Land Type Survey and interpolated climate data from the Agrometeorology database (Laker, 2004) allowed the development of such a classification for South Africa.

The land capability determination was done primarily through an algorithm, a computer-based, step-by-step procedure for calculations, data processing, and automated reasoning. An algorithm's advantage is that instructions can readily be adjusted, then rerun very quickly and efficiently, thus facilitating comparison of previous and new results. In this way, specific algorithms can be created for various crops and adjusted to differing production areas or scenarios (such as winter rainfall in the Western Cape vs. summer rainfall on the Highveld, rain-fed vs. irrigated conditions, and so on) to obtain a set of comparable results.

The algorithm is determined as follows: Using a combination of local knowledge and yield results from a specific area, the various production parameters are determined. These include climatic factors (mainly rainfall and temperature), soil factors (such as soil form, effective depth and texture) and terrain (slope class). The algorithm for Bambara groundnuts, using information derived from all available sources, is shown in Table 2.


TABLE 2 Bambara groundnuts – crop suitability algorithm.

[image: Table 2]

Using local expert knowledge from various sources, such as the ARC, the maximum practical, sustainable yield for any crop is established and the type of yield reduction that would make a crop uneconomic and thus not sustainable (DALRRD, 2011). This allows the initial suitability classes to be established. In this case, four suitability classes (S1, S2, S3 and N) are shown (Table 2). Still, it may be logical to determine either a higher or lower number of classes per crop, depending on what is sensible according to the various factors involved. Climatic parameters can then be established, in this case, rainfall over the summer period and different temperature characteristics in the most important part of the growing season. However, other variables, such as evaporation or frost period, may also be used as required (and if available). The assumption is that the lower the rainfall and the more extreme the other parameters, the less suitable the area is for crop production.

The ideal slope class is generally determined as being below 4%, with steeper slopes being both more problematic to cultivate and potentially posing an increased hazard for soil erosion. The various soils occurring within any land type are allocated into a specific soil category (as defined in Table 3). The soils listed in Table 3 comprise all of the soil forms occurring in the Binomial System (MacVicar et al., 1974), which was the system in use at the commencement of the Land Type Survey and was used for the whole project.


TABLE 3 A generalized description of the soil categories together with the soil forms (symbols in brackets) used in the crop suitability algorithm.

[image: Table 3]

The soils are logically grouped into seventeen categories, which are more or less sequential in terms of decreasing arable agricultural potential, due to a combination of factors such as texture, structure, drainage, and overall ease of cultivation. Generally, soils in categories 1–4 are those where limitations would be expected to be the least, categories 5–9 are more limiting but can still be used for production if other criteria are met, while categories 10–17 usually pose significant problems and are often not recommended for cultivation.

When this soil category delineation is combined with effective soil depth (defined as the depth from the surface to any layer in the profile that is significantly limiting for root and/or water penetration), soil suitability can then be established. The hypothetical assumption is that the deeper the soil, the higher the suitability class. However, it is wellknown that in certain areas with low to marginal rainfall, coupled with light-textured soils, it is often advantageous to have a limiting layer (such as hard plinthite) at a specific depth range in the profile, to help with water retention in the root zone, especially in times of below-average rainfall. Such a scenario can also be built into the algorithm as needed.





Results and discussion


Algorithm results

For an area to have the highest possible degree of suitability, all the relevant parameters (climate, terrain, and soil) of the algorithm must be met. If one or more of these parameters are not met, the computer uses the algorithm to determine which class the site must be placed. Suppose all parameters are met, except one, then the class will need to be adjusted downwards, and so the principle of the lowest common denominator will apply.

Each land type inventory table is a list of all the soils occurring in that land type and their properties, along with the percentage occurrence of each one. Once the soil from a particular area is assessed in terms of the soil category group and the texture and depth information has been added, the algorithm uses the relevant slope and climate data and combines all these numerical combinations into one assessment per land type to determine relative occurrence percentages. The legend for the various crop suitability maps was designed so that firstly, all the high potential areas are determined and land types with >50%, 30–50% and 10–30% high potential land are identified (shown in shades of green in the map legend). If a land type contains <10% high potential land, the moderate potential areas are then assessed for the same percentages (shown in shades of orange/brown on the map) and so on.

The main benefit of the crop-specific algorithms is that, once the user is satisfied with the results, the respective areas of each suitability class can quickly be calculated (this can also be done for a province, local or district municipality, drainage basin or other study area as desired) and comparisons can be made. This can be used by other specialists, such as agricultural economists, to determine potential profit margins for a specific area.



Identifying areas suitable for growing Bambara groundnut

The suitability algorithm results can then be shown on a map to obtain a graphic representation of the distribution of the various classes. To illustrate this, the results of the dryland (rain-fed) Bambara groundnuts algorithm for the province are shown in Figure 3.


[image: Figure 3]
FIGURE 3
 Suitability map of Bambara groundnuts under dryland cultivation for Limpopo Province.


According to the procedure used to develop the map shown in Figure 3, much of Limpopo Province has marginal or no suitability for Bambara groundnut production, mainly due to climatic restrictions. However, if the algorithm is run without the rainfall requirement (using soil and terrain only), the results are significantly different (Figure 4). Under irrigated conditions (Figure 4) there is a much larger area with suitable soils, but where the rainfall is to a greater or lesser degree, insufficient.


[image: Figure 4]
FIGURE 4
 Suitability for irrigated Bambara groundnut production for Limpopo Province.


As shown in Table 4, only around 22% of the province has moderate or high rainfed suitability and around 37% either has no suitability or falls within a national park. If rainfall is removed as a parameter (so that all moisture requirements need to be supplied by irrigation, the soil suitability situation is very different. In this scenario, around 30% of the province has some or other degree of high potential, with another 29% with moderate potential.


TABLE 4 Bambara groundnut soil and land suitability classes.

[image: Table 4]

However, the scale of the Land Type Survey (1:250,000) means that the maps show areas of dominance only and that significant variation will exist within many of the map units. Such variation needs to be addressed by more detailed field investigations, as and when required.

Regarding degraded and/or eroded areas, land degradation is a challenging aspect to quantify. It is not easy to do from remote sensing (satellite) data since it takes many forms. Gullies (dongas) may be reasonably easy to delineate, but other aspects also occur, such as loss of topsoil, bush encroachment, soil acidification, and compaction. These problems usually need a detailed field investigation to even start to get reliable results.

The National Land Cover Database, which has gone through at least three versions since the first one in the 1990's, has had various methods to determine degraded land. Due to differences in methodologies between versions 1 and 2, there was a 36% decrease in degraded land in Limpopo (GTI, 2015). In a recent update of the dataset, the category “Degraded Land” has been removed, so there are no up-to-date figures. One source of information is a project carried out by ARC in conjunction with the Department of Agriculture, Forestry and Fisheries (Mararakanye and Le Roux, 2011) where every observable gully in South Africa was physically mapped. When the distribution of gullies in Limpopo (shown in black in Figure 5) is overlaid on the suitability map, it can be seen that there are significant areas in the province where this is a problem for cultivation as well as long-term environmental stability.


[image: Figure 5]
FIGURE 5
 Incidence of gullies mapped in Limpopo Province.


There is a need for further research in many areas to quantify the various forms of erosion and soil degradation that will reduce agricultural potential. In this way, some quantification of these areas might be obtained.

Delineating accurate suitability areas for the cultivation of crops is essential under climate change as it improves decisions on crop production and irrigation development to promote food and water security (Magidi et al., 2021b; Hagos et al., 2022). However, the main drawback in achieving accurate statistics on cropped area and the most suitable areas for specific crops has been the lack of reliable input data at reasonably high spatial resolution. There is more that still needs to be done on developing input datasets at acceptable spatial resolution as the current ones are too coarse to derive accurate statistics on spatial distribution and extent of irrigation (Magidi et al., 2021a). As the datasets used in this study may not be readily available in other regions, other crop suitability areas mapping approaches such as the multi-criteria decision method (MCDM) can be used and to achieve reliable results (Jahanshiri et al., 2020; Hagos et al., 2022).




Considerations for climate change adaptation

Our results showed that Limpopo province has some marginal or no unsuitable areas for Bambara groundnut production, mainly due to climatic restrictions. As the climate continues to change, suitable and moderately suitable areas may become marginally or unsuitable for Bambara groundnut production. The main risks associated with climate change include shifts in rainy season and increasing extreme weather conditions (heat stress, drought and floods) (DEEF, 2013) (Table 5). In the shorter term and regardless of land class, farmers, more so those under rainfed systems, are already vulnerable to current weather variability and associated shocks (Kruger and Nxumalo, 2017). Within the delineated production zones, a key element of climate adaptation is building resilience, and this entails redirecting and/or absorbing the disturbance without system collapse. To better represent adaptation, there is a need to expand the research to consider all factors, including social, economic and environmental domains. Also, more systems (agroecosystem, landscape, catchment) and place-based approaches representing local context, knowledge and aspects of food and nutrition security production other than land type, rainfall and temperature may be required (Beveridge et al., 2018).


TABLE 5 Assessing the impacts of climate change for Bambara groundnut suitability [Adapted from Mpandeli et al. (2019) and Chimonyo et al. (2020)].

[image: Table 5]

By comparing the Bambara groundnut crop requirements with the availability of resources, an assessment can be made of the possible levels of investments made in the system. For instance, it would be most favorable to look at areas where water requirements for Bambara groundnut and season rainfall show small differences to invest in an irrigation system. Also, in areas with slopes prone to soil erosion, short- and long-term strategies such as contour plowing and agroforestry, respectively, may be adopted (Table 5). The adoption of multi-cropping coupled with asynchronous or sequential planting can be viewed as a low-cost, short- to medium-term option to improve productivity and resource use efficiency under increasing temperature and water scarcity (Chimonyo et al., 2020) (Table 5). The inclusion of other traditional crops known as drought and heat tolerant into Bambara groundnut cropping systems should also be considered a complementary strategy to increasing medium- and long-term climate resilience in identified marginal areas (Chimonyo et al., 2020).

Estimating the potential land resources suitable for irrigation and evaluating the possible impact of climate change on land suitability are essential for planning a sustainable agricultural system. However, South Africa is already challenged with water scarcity. Groundwater use and water marketing are considered options to alleviate medium- to long-term water scarcity challenges (Matchaya et al., 2019). Still, the extent to which they can bring relief to the stressed water resources is yet unknown (Mabhaudhi et al., 2018b). Tapping into groundwater also requires reliable energy resources, which brings to the fore the need for a water-energy nexus planning to enhance agricultural and water productivity (Magidi et al., 2021b).



Conclusions

By using available natural resource information and matching it to specific crop production requirements, the basic principles of “matching” used in the land evaluation process are followed. The example used here of Bambara groundnuts can be compared with other similar crops, in association with yield estimates and enterprise budgets, to empirically evaluate the suitability for a range of underutilized crops in any specific area. Further to this, and due to the minimum data set required, the method can be replicated across South Africa to assess underutilized crops' suitability. Growing Bambara groundnut with the appropriate management options can be used as an adaptation strategy in areas classified as moderately suitable and marginal. It is imperative to accompany the information regarding land suitability with transformative and autonomous adaptation strategies to mitigate climate risks. In cases where resources are limited, the adoption of multi-cropping and rainwater harvesting, and soil conservation techniques can be used. This is particularly important for resource-poor farmers who reside in many of the marginal areas identified. To smallholder farmers, underutilized crops can address several socio-economic related challenges; therefore, future studies should consider factors such as access to markets, proximity to roads and population density.
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