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Introduction

Salt-affected soils are a global issue, affecting 1 billion hectares worldwide, including 80 million hectares in Africa. In sub-Saharan Africa (SSA), these soils originate from marine, geological, and hydrogeological sources, as well as human activities and arid climatic condition-induced salinization.





Methods

This systematic review, conducted using the PRISMA framework, provides an in-depth analysis of salt-affected soils in SSA from 1970 to the present. It highlights historical trends and emerging patterns of salinization in the region.





Results and Discussion

The review estimates that 65.6 million hectares of land in SSA are salt-affected, with key hotspots in coastal zones, river deltas like the Nile Delta, and arid areas with intensive irrigation. Generally, the coastal areas of Eastern Africa, Southwest Africa, and the West African and inland areas of the Nile Delta and Lake Chad Basin are the most vulnerable. Ethiopia is the most affected country, with 11 million hectares affected, primarily due to poor irrigation and drainage infrastructure. The study also highlights research gaps, revealing that coastal countries such as Senegal, Tanzania, and Kenya are better studied than inland areas like Chad and Mali. The in-depth review found that available estimates of salt-affected soils heavily rely on the FAO report of 1988, based on Solonchaks (saline soils) and Solonetz (sodic soils). This report was produced from the FAO Soil Map of the World at a scale of 1:5,000,000, which was created between 1970 and 1981. Due to its coarse resolution, high generalization, and environmental changes that have occurred over the decades, it may be considered outdated, presenting the need for updated data. The creation of digital fine-scale maps by integrating field and laboratory data, as well as soil data from FAO Soil Map of the World, HWSD, and WoSIS databases with remote sensing data, is highly suggested in this regard. Saline agriculture utilizing brackish water and salt-tolerant crops, improved salinity detection and monitoring, improved irrigation practices, application of gypsum and organic amendments (e.g., pressmud), and phytoremediation with halophytes are recommended. The study projects that these efforts could double agriculturally yields in affected areas, improving food security and economic resilience.
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1 Introduction

Salt-affected soils pose a major global threat to agricultural productivity (1–7). Estimates indicate that approximately 1 billion hectares of land worldwide are salt-affected (3, 8, 9). Singh (10) stressed that over 3% of the world’s soils are salt-affected as a result of degradation due to salinization. Salt-affected soils are largely reported in places such as India, Pakistan, China, the United States, Argentina, Ethiopia, and Central and Western Asia (2). Agriculturally potential lands with poor irrigation water quality, low-permeability soils, and shallow saline groundwater are among the most vulnerable areas to be salt-affected (11). About 20% of total cultivated land worldwide is already salt-affected, and for irrigated land, about 33% is already affected globally and the trend of increase is projected to accelerate by the year 2050 (12). Furthermore, projections suggest that by 2050, salt-affected soils will impact 50% of the world’s arable land, thereby worsening food insecurity (2). Qadir et al. (13) and Smaoui et al. (14) claims that in 2014 it was assessed that salt-affected areas are responsible for economic losses of 27.3 billion each year worldwide. In Africa, according to Smaoui et al. (14), around 80 million hectares are salinized, with 68.8 million hectares in sub-Saharan Africa (SSA).

Salt-affected soils are generally referred to as soils with high salinity or saline soils. High salinity in these soils is a result of the presence of major cations such as sodium (Na+), potassium (K+), calcium (Ca2+), and magnesium (Mg2+), along with anions like chloride (Cl−), sulfate (SO42−), bicarbonate (HCO3−), carbonate (CO32−​), and nitrate (NO3−​) in quantities intolerable to most plants (5, 15–24). The impact of soil salinization varies significantly based on climatic and soil conditions, light intensity, and the growth tolerance of different plant species (25–27). The ongoing climate change is expected to amplify the detrimental effects of soil salinization (4, 28, 29). For instance, according to Hagage et al. (30), in places like the northern Nile Delta in Egypt, climate change has been and still is one of the major drivers of rising groundwater levels, thus consequently leading to salt-affected soils. Results include substantial declines in crop growth and productivity. This could lead to yield reductions exceeding 50%, particularly in arid and semi-arid regions (3, 31).

In SSA, as in other regions globally, the issue of salt-affected soils is becoming increasingly problematic. In this region, according to Tully et al. (32) salt-affected soils have already covered up to 19 million hectares of land. Other reports by Kebede (33) and Smaoui et al. (14) suggested that salt-affected soils in SSA cover up to 68.8 million hectares. However, Ivushkin et al. (3) asserted that there is enormous inadequacy of detailed information on salt-affected soils at both country and regional levels in SSA. Although salt-affected soils have significant negative impacts on agricultural production, turning productive lands into barren areas and degrading water quality and ecosystem services, research indicates that with proper management, these soils can be highly productive and have substantial economic potential (5, 8, 34–37). Realizing the economic potential of salt-affected soils requires a thorough understanding of their characteristics, extent and distribution to select appropriate technologies for effective management. However, in SSA, information on the distribution, extent and characteristics of salt-affected soils is limited and fragmented (2, 3, 14). This poses challenges for effective management and sustainable agricultural production. This systematic review aims to assess the current state of knowledge on extent and distribution of salt-affected soils in SSA from 1970 to the present as valuable information for policymaking in monitoring and managing salt-affected soils in SSA.




2 Material and methods



2.1 Geography and nature of climate of SSA

SSA consists of 49 countries, covering 24.3 million square kilometers and spanning four time zones. This expansive region occupies over 15% of the Earth’s land surface and stretches across all four hemispheres. More than half of SSA lies between the Tropics of Cancer and Capricorn, making it predominantly influenced by a tropical climate, though significant regional variations exist. The SSA climate generally is characterized by warm temperatures and distinct wet and dry seasons. The region’s climate exhibits a wide range of variability, from arid and semi-arid regions to the dense tropical rainforests of Central Africa, such as the Congo Basin, and the vast savannas that dominate much of the landscape south of the Sahel and in East Africa. SSA is generally divided into four main regions (Figure 1): West Africa, spanning from Senegal to Chad; Central Africa, covering Cameroon to the Democratic Republic of Congo; East Africa, extending from Sudan to Tanzania; and Southern Africa, stretching from Angola to South Africa.




Figure 1 | Regions of sub-Saharan Africa.



Topographically, SSA consists largely of a plateau that slopes downward to the west, but each region has distinct landforms, climates, and vegetation zones. West Africa features humid equatorial rainforests along the coast, transitioning into semi-arid steppe lands inland. The northernmost parts, bordering the Sahara Desert, experience frequent droughts. Semi-arid zones such as the Sahel and parts of Southern Africa contrast with the arid deserts of the Namib and Kalahari. Central Africa, positioned along the equator, has a humid equatorial climate that supports extensive tropical rainforests and provides ideal conditions for cultivating high-value crops such as bananas, coffee, oil palm, and cacao.

East Africa experiences diverse climatic conditions that shape its landscapes and ecosystems. The equatorial/tropical climate, dominant in regions near the Equator, brings heavy rainfall of about 1500mm annually, particularly in areas around large water bodies like Lake Victoria and Lake Kyoga, where onshore and offshore breezes enhance precipitation. Moving away from the Equator, the savannah climate emerges between 5 to 15 degrees north and south, acting as a transitional zone between the humid equatorial regions and the arid deserts. In the drier parts of East Africa, the arid and semi-arid climate prevails, particularly in the subtropical belt, where regions like Karamoja, Turkana, and the Chalbi Desert in Northern Kenya experience arid conditions. Contrasting with these low-lying areas, the montane climate is found in the highlands and mountainous regions of East Africa, such as Kikuyu land (Mt. Kenya), Chagga land (Mt. Kilimanjaro), Bugisu land (Mt. Elgon), and Kigezi land, where cooler temperatures and increased rainfall support diverse vegetation and agricultural activities. Meanwhile, highland climates in regions like the Ethiopian Highlands experience cooler temperatures due to elevation. Southern Africa presents a diverse landscape of coastal mountains—the Cape Fold range in the west and the Drakensberg Mountains in the east—separated by an interior plateau that includes significant geographical features like the Zambezi River, Victoria Falls, and the Namib and Kalahari deserts. This climatic variability is shaped by factors such as latitude, altitude, proximity to oceans, and seasonal shifts of atmospheric systems like the Intertropical Convergence Zone (ITCZ).




2.2 Review methodology

This review utilized the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework, which, according to Page et al. (38), provides a clear methodology, ensures scientific rigor, and maintains transparency in conducting systematic reviews. Consequently, this review followed a modified PRISMA flowchart, a widely recognized checklist aimed at enhancing the reporting quality of comprehensive literature reviews and meta-analyses (39).

As illustrated in Figure 2, the process consisted of four phases: identification, screening, eligibility, and inclusion. Seven databases— ScienceDirect, Google Scholar, Web of Science, Scopus, AGRIS, African Journals Online (AJOL) and SpringerLink—were employed to locate and gather articles published in peer-reviewed journals. In regions where published literature was scarce, relevant unpublished reports were also taken into account. Title’s keywords were utilized during the search to reduce the inclusion of irrelevant papers and to minimize the risk of overlooking pertinent studies.




Figure 2 | A modified updated guideline for reporting systematic reviews adopted from Page et al. (38).



In total, the search identified 291 journal articles and 22 reports from those databases. Among the 291 articles, 100 were duplicates and were subsequently removed. The remaining 191 articles underwent further screening by examining whether their titles, abstracts and full texts aligned with the review’s focus, and as a result, 62 papers were rejected during this process for not meeting the necessary criteria. Further screening was conducted to assess whether these articles contained relevant information, and due to the absence of directly pertinent content in their main texts, 38 articles were excluded from the remaining 129. In the case of 22 reports, 7 reported were excluded followed screening for eligibility. Ultimately, 91 articles and 15 reports were selected for examining and discussing various aspects of salt-affected soils in SSA. Figure 2 depicts the review process, from initial search to the final selection of articles, following the PRISMA approach by Page et al. (38).





3 Results and discussion



3.1 The origin of salt-affected soils in SSA



3.1.1 Salt-affected soils with marine origin

Soils affected by marine salts primarily arise from tidal influences. These soils often display a poorly developed salt crust or a pseudo-sand horizon at the surface, composed of fine aggregates of saline-alkali clay. They form when seawater extends far inland, sometimes over 100 km, in estuaries, deltas, and their tributaries, particularly in areas with alternating wet and dry periods (40, 41). During dry spells, saline water covers the land until rainy seasons push it back towards the sea. Over time, salts infiltrate the soil and enter the groundwater system. Examples include the pseudo-delta of Senegal, as well as regions in Madagascar, Tanzania, and Southwest Africa (40).

In many coastal areas, marine water interacts directly with groundwater, leading to salinization through capillary action when water tables are shallow. This process is common in arid and semi-arid regions like Senegal, Sierra Leone, Togo, Ghana, and southern Madagascar (40). Additionally, soils formed from ancient marine deposits during the Quaternary period are widespread across Africa. Where the climate favors salt accumulation, saline parent materials give rise to saline soils, as observed in the Senegal River Valley and Southwest Africa (40, 42).

Another marine source of salt-affected soils in SSA is transported marine salts. These salts, often gypsum, sodium, and magnesium sulfates, and chlorides, originate from the leaching of ancient marine rocks. In Zimbabwe and South Africa, Permian rocks are significant sources of these soluble salts (40). These salts accumulate in depressions or lower parts of valley systems where runoff water collects. During dry periods, evaporation brings these salts to the surface, which then accumulate at lower levels after floods. Even in areas with high rainfall, impermeable soils can become saline if evaporation rates are high, a common scenario in tropical areas of SSA.

In SSA, transported marine salts are a common cause of salt-affected soils in regions like northern Nigeria, Swaziland, Botswana, and South Africa (33, 40). These soils often form solonchaks with a cation exchange complex dominated by calcium, magnesium, or sodium. They may exhibit a thick salt crust or pseudo-sand horizon. Similar soils, known as alkali soils, occur in northern Nigeria, while solonetz soils are found in Botswana (40). These soils are primarily composed of chlorides and sulfates due to gypsiferous soils, with sodium being the dominant cation. In some cases, hydroscopic soils rich in calcium and magnesium chlorides have been identified, such as in the Sabi Valley of Zimbabwe, where they exhibit acidic properties (40, 43).




3.1.2 Salt-affected soils with geological and hydrogeological origin

The weathering of sodium-rich minerals such as feldspars and amphiboles releases soluble sodium salts, including carbonates, bicarbonates, sulfates, and, in rare cases, chlorides and silicates (40, 44). These minerals are widespread across SSA, and under specific climatic and topographic conditions, their breakdown can lead to the formation of saline or sodic soils. Additionally, some areas such as Ga’etel in Ethiopia undergo seismic activities which create thermal springs that introduce salts into soils (45).

In arid regions, closed drainage basins like Lake Chad frequently develop saline soils due to the accumulation of salts transported by inflowing rivers. Also, capillary rise of saline groundwater in low-lying Lake Chad Basin transports salts to root zones (33). The dominant salt-affected soils in these environments are Solonchaks, which often exhibit salt crusts on the surface or highly saline layers at shallow depths, as observed in Chad, Kenya, Botswana, and Mali (40). Some of these salt crusts, enriched with sodium carbonate or sodium chloride, are commercially extracted. Aubert (40) further reported that in marshy environments, particularly in organic-rich soils and parts of Lake Chad, diverse types of salt-affected soils are likely to emerge.

In subhumid and certain semiarid regions, excess water accumulation alters soil conditions. Dissolved sodium is leached vertically or laterally and accumulates in the B horizon, leading to the development of sodic soils such as Solonetz, solodized soils, and solodized planosols (43). These soils form under hydromorphic conditions and elevated soil temperatures and are prevalent in countries including Burkina Faso, northern Togo, northern Nigeria, northern Cameroon, Chad, Malawi, Botswana, Zimbabwe, Swaziland, and Lesotho (40). Solonetz and solodized soils are particularly vulnerable to water erosion and are often found in association with higher-lying leached tropical ferruginous soils (Chromic or Ferralitic Luvisols) and lower-lying Vertisols.




3.1.3 Climate- and human activity-induced salt-affected soils

Arid and semi-arid climates with high evaporation rates, such as those in Sudan and Botswana, cause salts to accumulate in the topsoil as water evaporates (46). Additionally, low rainfall in some areas of the Horn of Africa like Somalia limits salt leaching, worsening natural salinity and leading to the expansion of salt-affected soils (47).

Human activities including excessive use of brackish irrigation water in Nile Delta farms and Ethiopian lowlands deposits salts that accumulate as water evaporates (48). Over-irrigation in water-scarce regions like Sudan’s Gezira Scheme raises water tables, mobilizing subsoil salts (49). Inadequate drainage infrastructure in Ethiopia’s Wabi Shebelle Basin causes waterlogging, enabling salt accumulation near plant roots (48, 50). Rice cultivation in West African mangroves traps saline water, worsening topsoil salinity (51). Furthermore, over-fertilization in Kenyan and Tanzanian farms introduces soluble salts in the soils increasing salinization (14, 24).





3.2 The current state of scientific knowledge and an overview on the extent and distribution of salt-affected soils in SSA

The extent and distribution of salt-affected soils have been subjects of considerable study, yet the precise measurements remain uncertain due to the lack of reliable data and only rough estimates are available (32, 52). Estimates of salt-affected soils in this region vary significantly, ranging from 19 million hectares (32) to 68 million hectares (33). FAO (43) estimated the salt-affected soils in SSA to be about 63.9 million ha. This discrepancy, shown in Table 1, underscores the imprecision in current measurements and highlights the limited availability of comprehensive data on the subject.


Table 1 | Sources of data for salt-affected soils for the entire SSA.



Scientific knowledge on salt-affected soils is unevenly distributed across SSA. Generally, there is enormous disparity in documentation of salt-affected soils across SSA countries. Coastal countries like Senegal in West Africa and Tanzania, Kenya, and Ethiopia in East Africa are relatively better documented than inland countries such as Chad or Mali. In the case of groundwater induced salt-affected soils, countries such as Senegal, Burkina Faso, Kenya, and Ethiopia have been relatively well studied, whereas others like Mali, Chad, and South Sudan lack comprehensive analyses. In SSA, coastal areas and river deltas have the most salt-affected soils, with Ethiopia emerging as the most affected country (53). However, the apparent scarcity of data on salt-affected soils in arid and semi-arid inland areas suggests that these regions may be underrepresented in existing research. Inadequacy of knowledge of inland areas therefore presents enormous obstacle for a clear estimation of the distribution of salt-affected soils across SSA.

This review also noted a significant resemblance between the data from the older FAO (43) report and findings from recent studies on salt-affected soils in SSA. The obvious consistency of older data, such as those compiled by FAO (43), with current studies across the region further highlights the significant slowness in updating and expanding the knowledge base, as many authors continue to reference previous studies instead of generating new field and laboratory observational data, and mapping of recent salt-affected soils. Thus, due to the lack of reliable and comprehensive data on salt-affected soils in SSA, the use of information compiled by FAO (43) remains a valuable baseline for understanding the extent and distribution of these soils. FAO’s pioneering work in 1988, based on the FAO/Unesco Soil Map of the World, continues to be dependable by current literature on salinity studies in various countries within SSA. For instance, salt-affected soils data for Ethiopia (22, 32, 33, 53, 54), Sudan (49), Chad, Nigeria, Botswana, Somalia, Kenya and Mali (33) and Tanzania (55) show a greater resemblance with the findings presented by FAO (43).This resemblance highlights the dependability of FAO’s data of 1988 as a foundational reference point, especially in a region like SSA where updated and precise data are sparse and very inadequate. The type of soils identified by FAO (43) as indicators of salt-affected areas, such as Solonchaks for saline soils and Solonetz for sodic soils remain critical in identifying and mapping salt-affected soils in SSA. Van Oort (56) supports this classification, noting that these soil types are still used to indicate the presence of salt-affected soils in the region. However, overdependence on the FAO (43) report as a reference for salt-affected soils presents serious problems. The FAO (43) report relies on the FAO Soil Map of the World at a scale of 1:5,000,000, which was produced between 1970 and 1981 with a much coarser resolution and high generalization. Thus, considering the dynamic nature of soil salinity, the FAO (43) data may be considered outdated in terms of presenting recent data on salt-affected soils. Furthermore, there is a lack of time-series data on salt-affected soils, which is essential for tracking their dynamics over time for effective monitoring and mapping.

The Harmonized World Soil Database (HWSD v 1.2) of 2012 (https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v12/en/) has presented another important opportunity for studying the extent and distribution of salt-affected soils in various regions around the world, including SSA. Van Oort (56), when using HWSD v 1.2 observed that certain soil types have a closer correlation with salinity and sodicity. Specifically, Van Oort used Solonchaks and Salic Fluvisols (SCFLs) from the HWSD v 1.2 to represent salinized soils/areas and combined Solonchaks, Salic Fluvisols (saline), and Solonetz (SCFLsSN) to represent saline or sodic soils. This approach was based on the close correlation between the electrical conductivity (EC) and exchangeable sodium percentage (ESP) values of these soil types with salinity as indicated in the HWSD soil map. The results from the HWSD v 1.2 were consistent with other data on salt-affected soils in several SSA countries, including Tanzania, Guinea, Senegal, Mozambique, Sierra Leone, and Guinea-Bissau, particularly in rice-growing soils. However, in most countries, no comparable studies on salt-affected soils were available for verification. The inherent properties of these soils contribute significantly to salinization, making them reliable indicators. For instance, Solonchaks and Solonetz are known for their high salt content and poor drainage, which favor salinization.

However, the use of HWSD v 1.2 as the source for salt-affected soils in SSA and on a global scale presents serious limitations. Although this database remains a crucial source for salinity data in various regions around the world, particularly in SSA, it has significant shortcomings. The database consists of soil mapping units, with each unit representing a single value of soil salinity and some of these units may span hundreds of kilometers. Consequently, the maps have a much coarser resolution and thus high generalization and limited details in representing spatial variability of salt-affected soils. Additionally, the database primarily relies on the FAO/UNESCO Soil Map of the World, produced between 1970 and 1981 at a coarse scale of 1:5,000,000. Given the dynamic nature of salt-affected soils, this reliance renders the data outdated. Despite these challenges, there is a great similarity in results between historical and current studies and the HWSD and FAO soil maps data, where Solonchaks and Solonetz soils were used as indicators of salt-affected soils, with their coverage representing these areas. This validates the FAO approach and reinforces the importance of Solonchaks and Solonetz soils in understanding the distribution of salt-affected soils across SSA and the whole world at large. Therefore, the FAO (43) and all its sister databases, including the World Soil Information Soil and Terrain (SOTER) database, ISRIC – World Soil Information (WoSIS), and HWSD v 1.2, serve as important baselines for studies on salt-affected soils in SSA, providing a solid foundation for future research.




3.3 Extent and distribution of salt-affected soils in SSA

The causes of salt-affected soils are diverse and complex, encompassing salts released through the weathering of rocks and soils, airborne salts, saline groundwater from underground sources, and human activities like mining, and railway development, road construction (21, 23, 47, 57–59). The extent and distribution of salt-affected soils in SSA vary significantly across different countries, with some regions affected severely while others remain relatively unaffected. Ethiopia ranks highest in Africa in terms of the extent of salt-affected soils, with an estimated 11 million hectares impacted, corresponding to 9% of the total land area and 13% of the irrigated area of the country (50, 54). These soils are concentrated in the Rift Valley, Wabi Shebelle River Basin, the Denakil Plains, and various other lowlands and valleys. Chad, Nigeria, and Botswana also face significant challenges, with 8,267,000 hectares, 6,502,000 hectares, and 5,679,000 hectares of salt-affected soils, respectively (33).

Generally, in SSA, salt-affected soils are predominantly found in Eastern African countries, along the Western African coast, within the Lake Chad Basin, and in specific areas of Southern Africa (Figure 3). Negacz et al. (60) found that arid areas of East and Southern Africa are among the most salt-affected areas. East Africa (including Horn of Africa) is the most affected sub-region in SSA (Figure 4). In East Africa Lake/river salinity is among the major drivers of salt-affected soils in this region. Areas near lakes and rivers, especially in East Africa, have some of the most salt-affected soils in SSA (61). In Table 2, countries including Ethiopia, Somalia, Kenya, and Tanzania rank among the most affected due to salinity from lakes, deltas and rivers, and similar findings were reported by Hammer (61) and Dubois (67). Schagerl and Renaut (68) also reported that lakes in Ethiopia, Kenya, and Tanzania exhibit saline conditions which accelerate the occurrence of salt-affected soils in such areas. Some saline lakes were formed through the evaporation of marine-based water sources, as seen with Lake Assal in Djibouti, where geothermal heat drove the evaporation process, resulting in a highly saline environment (45). Moreover, salt-affected soils in areas with thermal springs such as Ga’etel in Ethiopia have been contributed by earthquakes (45).




Figure 3 | Spatial distribution of salt-affected soils in SSA as per reviewed data.




Table 2 | Extent of the distribution of salt-affected soils in various SSA countries, listed in descending order from most to least affected (Million ha) as per reviewed data.






Figure 4 | Percent of area coverage of salt-affected soils in SSA sub-regions as per reviewed data.



Kebede (33) and Qureshi et al. (54) highlighted that prominent countries with widespread salt-affected soils include Angola, Botswana, Burundi, Cameroon, Chad, Ethiopia, Kenya, Madagascar, Malawi, Mali, Mozambique, Niger, Nigeria, Somalia, Sudan, Rwanda, and Tanzania. In the case of the Horn of Africa which includes northeast Kenya, eastern Ethiopia, Djibouti, Eritrea, and Somalia, key drivers of salt-affected soils include precipitation patterns, evaporation, low groundwater recharge rates, proximity to the ocean and the presence of fractured rocks (47, 69). Additionally, the region has experienced repeated droughts. With many countries in this area having an arid climate and low groundwater recharge, the prevalence of salt-affected soils is expected. In contrast, countries such as Congo DRC, Congo, Gabon and Ivory Coast are almost free of saline soils, highlighting the uneven distribution of salt-affected soils across the SSA region (32, 56).

The types of soils that are most susceptible to salinity and sodicity include Solonchaks, Salic Fluvisols, and Solonetz. Van Oort (56) used these soil types, contained in HWSD v 1.2, to represent salinized and sodic areas. Solonchaks and Salic Fluvisols are particularly correlated with high electrical conductivity (EC) and exchangeable sodium percentage (ESP) values, making them reliable indicators of salt-affected soils. This classification is consistent with data on salt-affected soils in countries such as Tanzania, Guinea, Senegal, Mozambique, Sierra Leone, and Guinea-Bissau (56).

Low-lying topography and poor drainage significantly contribute to the development of salt-affected soils in SSA (70–72). Regions with extensive wetlands, such as river and coastal floodplains, deltas, and depressions, are particularly susceptible (73–76). These areas, found in West and Central Africa, include both drylands on upper and mid-slopes and wetlands in valley bottoms, where poor drainage intensifies the extent of salt-affected soils. The transition from dryland to wetland on lower slopes traps salts in the soil, hindering agricultural productivity (62). Additionally, approximately 30 million hectares of wetland areas in SSA are situated in river floodplains, which are periodically inundated and often exhibit moderate to poor drainage, further contributing to salt-affected soils (32). Irrigation can induce the development of salt-affected soils (77). Irrigation practices with poor drainage in lowland areas also play a crucial role in the development of salt-affected soils in SSA. In Ethiopia, for example, the gradual rise of the groundwater table caused by the development of large irrigation schemes in the Awash Valley, without appropriate drainage systems, has led to increased salt-affected soils (48). High evapotranspiration rates in these areas further exacerbate the problem. Similarly, in Sudan, poor soil and water management, combined with inadequate drainage in irrigated areas, contribute significantly to the increasing salt-affected soils, particularly in low rainfall regions along the Nile River terraces and agricultural schemes near Khartoum and Gezira (49). These examples illustrate the critical need for improved irrigation and drainage practices to mitigate salt-affected soils in SSA. The presence of mangrove rice cultivation in coastal areas also contributes to salt-affected soils (78–82). Countries such as Nigeria, Guinea, Sierra Leone, and Guinea-Bissau, which have significant mangrove rice areas, also face notable problems associated with salt-affected soils (51). However, a country like Tanzania does not have mangrove rice, but it still experiences salinity and sodicity issues due to inland sodic soils (56). The correlation between mangrove rice cultivation and salinity highlights the need for targeted interventions in these areas to manage and reduce the impact of salt-affected soils on agricultural productivity.

Climate is another fundamental factor influencing the distribution and extent of salt-affected soils in SSA. The region’s arid and semi-arid areas, such as Ethiopia, Somalia, Botswana and even Sudan, are particularly susceptible to soil salinization due to their climatic conditions (46). High temperatures and low rainfall in these areas lead to elevated rates of evapotranspiration, which concentrates salts in the soil as water evaporates. This process is exacerbated by the natural weathering of salt-bearing rocks and the capillary rise of saline groundwater to the soil surface (48). In Ethiopia, for instance, the Rift Valley and Wabi Shebelle River Basin experience significant salinization due to these climatic factors, compounded by inadequate drainage systems (50). Climate change further intensifies salt-affected soil issues in SSA by increasing temperatures and altering precipitation patterns, leading to more frequent and severe droughts (4). These changes exacerbate salt-affected soil problems in already vulnerable regions, such as the Nile River terraces in Sudan and the low-lying topographies of Botswana. In these areas, poor soil and water management practices, combined with climatic stressors, lead to widespread soil degradation. The impacts of climate on salt-affected soils in these areas necessitate comprehensive management strategies, including improving irrigation efficiency, implementing effective drainage systems, and adopting salt-tolerant crops to sustain agricultural productivity under changing climatic conditions (32, 33).

Coastal salt-affected soils exist in some areas in SSA resulting from various factors including seawater intrusion, flooding during high tides, intrusion through rivers and estuaries, groundwater inflows, and salt-laden aerosols (83). The West and Central African coastal zone stretches from Mauritania to Namibia and the Eastern African coastal zone including coastal areas of the island states Madagascar, Mauritius, Reunion, and Seychelles. These areas are particularly vulnerable to salinization due to their low-lying topographies and diverse ecosystems such as estuaries, deltas, wetlands, mangroves, and coral reefs (33). In many arid and semi-arid coastal areas, and sometimes humid areas, evaporation from shallow water tables exacerbates salinization, bringing saline groundwater to the surface through capillary action. (84, 85). This process is particularly severe in countries like Senegal, Sierra Leone, Togo, Ghana, and southern Madagascar (33). In humid tropical regions, coastal saline soils found in estuaries and deltas are rich in organic matter and exhibit unique characteristics when associated with mangrove vegetation such as Avicennia and Rhizophora (86). When these soils are drained, they become highly acidic and are classified as Thionic Fluvisols (87). These soils are prevalent in countries such as Sierra Leone, southern Senegal, the Gambia, Guinea Bissau, Guinea, Liberia, Nigeria, Cameroon, Gabon, Kenya, Tanzania, Mozambique, and western Madagascar, covering an estimated area of approximately 3.35 million hectares (33). The presence of soluble salts in tidal marshes and recently reclaimed sulfidic soils can inhibit water and nutrient uptake due to osmotic effects, and the toxicity of sodium (Na+) and chloride (Cl−) ions is also common. In countries like Senegal, the Gambia, and Guinea Bissau, the combination of a pronounced dry season and decreased annual rainfall over the past 20 years has led to dramatic increase in salinity levels in the topsoil with ECe values reaching 80 dS m−1 (88). Effective management strategies are essential to mitigate these impacts and sustain agricultural productivity in these coastal regions.




3.4 Salt-affected soils in irrigated areas in SSA

Irrigated areas in SSA are currently predominant salt-affected area, particularly in regions like the Nile Delta countries including Ethiopia and Sudan (22, 32, 56, 89). Salt accumulation in irrigated soils is a significant issue in SSA, driven by mechanisms such as seawater intrusion, rising groundwater in low-lying areas, and the use of saline irrigation water (90). As soil dries, salts concentrate in the soil solution, intensifying salt stress. According to Kebede (33) in regions with hot and dry climates, soils are often naturally salty, but inefficient irrigation and poor drainage intensify the problem by causing waterlogging, which raises the water table and brings salts closer to the surface. When water evaporates, salts accumulate around plant roots, preventing water absorption and stunting plant growth. The more irrigation is used to boost food production, the more soils become saline, leading to degraded soils, reduced crop productivity, increased poverty, and social instability. The observation by Dewitte et al. (91) stressed that the area covered by salt-affected soils is likely to increase when irrigation is expanded. Therefore, if irrigated agriculture expands in SSA semi-arid soil regions, it could exacerbate salinity problems in the future especially, when necessary, measures are not taken into consideration.

In addition, irrigation induced salt-affected soils are prevalent in low-rainfall regions along the Nile River terraces and agricultural schemes like those near Khartoum and Gezira (49). Poor soil and water management, coupled with inadequate drainage in irrigated areas, exacerbate the salt-affected soil issues. Similarly, Ethiopia has significant salinization problems, with an estimated 13% of the irrigated area in the country affected, particularly in the Rift Valley, Wabi Shebelle River Basin, the Denakil Plains, and other lowlands and valleys (48, 50). High evapotranspiration rates and the lack of proper drainage systems further contribute to the development of salt-affected soils in these areas, causing substantial crop losses and the abandonment of farmlands (92). Effective irrigation and drainage practices are crucial to mitigating the impact of salt-affected soils on agricultural productivity and sustainability in SSA.




3.5 The role and application of remote sensing in assessing distribution of salt-affected soils in SSA

The current review noted a lack of remote sensing applications in assessing and mapping salt-affected soils in SSA from 1970 to the present. The assessment of salt-affected soils in SSA has, for a long time, relied on conventional methods, which involve labor-intensive soil sampling and laboratory analysis. These methods, while accurate at local scales, are time-consuming, expensive, and impractical for large-scale and continuous monitoring (93). The advancement of remote sensing has revolutionized salinity mapping by overcoming these limitations. Remote sensing enables large-scale, continuous, and cost-effective assessment of salinity distribution using multispectral and hyperspectral data from satellites such as Landsat, Sentinel, MODIS, and GaoFen (93–96). These sensors detect salinity-induced spectral variations, allowing the generation of digital maps of salt-affected soils with high accuracy. Environmental covariates, including salinity indices such as the Normalized Difference Salinity Index (NDSI), vegetation indices such as the Normalized Difference Vegetation Index (NDVI) and Soil-Adjusted Vegetation Index (SAVI), and moisture indices such as the Normalized Difference Water Index (NDWI), derived from remote sensing imagery are used to predict salinity distribution with machine learning models such as Random Forest (RF) and Support Vector Machine (SVM) with enhanced predictive accuracy (93, 95).

Unlike spatial interpolation, which often produces approximate distributions, remote sensing-based models offer more precise spatial characterization of salt-affected soils, enabling effective land management decisions. Additionally, remote sensing provides frequent updates, facilitating progressive monitoring of salinity dynamics across diverse landscapes, including remote and inaccessible areas such as wetlands and coastal zones (97, 98). Its integration with digital soil mapping further enhances predictive accuracy, reducing reliance on intensive field sampling. The widespread availability of satellite imagery ensures that salt-affected soil assessments can be conducted at different spatial and temporal scales, offering a more efficient alternative to conventional methods. Given the increasing soil salinization due to human activities and climate change, remote sensing offers a crucial solution for generating reliable, updatable, transferable, and reproducible data. This enables faster, cost-effective and more accurate assessment and mapping of salt-affected soils, supporting sustainable agricultural and land management strategies in SSA.  Nevertheless, the application of remote sensing in accessing salt-affected soils does not operate completely free of shortcomings. According to Wen et al. (29), the spatiotemporal and spectral resolution of current satellites are still significant limitations in accessing salt-affected soils through monitoring plant traits in response to salinity stress. Although this has greatly improved with the launch of the Sentinel satellites, insufficient spatiotemporal resolution and revisit periods remain major constraints for current satellite sensor applications in accessing and monitoring salt-affected soils through crop monitoring.




3.6 Reclamation of salt-affected soils in SSA

To achieve sustainable reclamation of salt-affected soils, management strategies should be designed according to the specific type and severity of soil salt-affected soils, while also considering the availability and affordability of site-specific amendment materials for farmers. Current salt-affected soil reclamation strategies in SSA include various direct and adaptive approaches. The type and degree of severity largely dictate the methods and strategies of reclaiming salt-affected soils in SSA. In some countries, such as Sudan, saline soils are reclaimed through leaching and drainage, while sodic soils require calcium amendments, such as gypsum, to replace sodium and improve soil structure for enhanced crop productivity (99). Salt-tolerant pasture crops are widely promoted, as seen in Ethiopia, where farmers are educated on their benefits for livestock production, particularly in nomadic pastoralist communities (14). In Tanzania, Omar et al. (100) reported that farmers have adopted indigenous methods such as farmyard manure (FYM), burned and unburned rice husks, burned rice straw, and flushing techniques to manage salt-affected soils, but their knowledge of salt-tolerant cultivars in irrigation schemes remains limited. Portable soil sensors and remote sensing for real-time salinity monitoring are being employed, as demonstrated in Mozambique, to improve land management decisions (14, 101).

Agroforestry and composting help enhance soil organic matter and mitigate salinity effects, exemplified by Kenya and Senegal, where these methods have been encouraged despite resource limitations (14, 102). Management strategies for salt-affected soils through land use planning can improve resilience in saline environments. A notable example is raised-bed planting and irrigation modifications are used to reduce salt-affected soil impacts on crops, with Senegal serving as a case study for their implementation (102). The use of salt-tolerant crop cultivars is another approach that is implemented in several SSA countries, including Ethiopia and Gambia. However, in Gambia, land abandonment remains a challenge due to increasing soil-affected soils (14).

Failure to address salt-affected lands can result in revenue losses ranging from 15% to 69%, depending on factors such as crop type, land degradation severity, irrigation water quality, drainage efficiency, and soil and water management practices (13). The economic impact of salt-induced land degradation has been assessed in countries such as Australia, India, the United States, Iraq, Pakistan, Kazakhstan, and Spain (103–109). However, limited research, methodological constraints, and inconsistencies in results make it challenging to determine the reliability and accuracy of these estimates.

For irrigated areas, the economic losses caused by salt-affected soils can be inferred from Qadir et al. (13), who in 2013 estimated that, the annual global cost of salt-induced land degradation in irrigated areas was US$ 441 per hectare. Various studies attempting to assess the net benefits of restoring salt-affected lands have shown significant variability, influenced by differences in methodology, materials used, salinity levels, and input costs. Despite these variations, research consistently demonstrates that reclaiming salt-affected soils can double agricultural yields (106, 108, 110, 111). Thus, although precise projections for SSA remain uncertain, existing literature strongly suggests that reclaiming salt-affected lands in the SSA could double the yield in areas with salt-affected soils.





4 Conclusions and recommendations

Salt-affected soils in SSA originate from marine, geological, hydrogeological, and climate-induced factors. Marine salts infiltrate coastal soils through tidal action, seawater intrusion, and ancient marine deposits. Geological weathering releases sodium-rich minerals, while hydrogeological processes transport salts via groundwater and rivers, forming saline basins. Climate factors, including high evaporation in arid regions, cause salt accumulation, while human activities such as irrigation with brackish water, poor drainage, and over-fertilization accelerate soil salinization. These processes result in widespread salinization across SSA, affecting agricultural productivity in countries like Sudan, Ethiopia, Nigeria, Senegal, Madagascar, Botswana, and Zimbabwe.

Salt-affected soils in SSA cover approximately 65.6 million hectares. Key affected regions include Eastern Africa, the Western African coast, the Lake Chad Basin, and some parts of Southern Africa such as Botswana. Notable hotspots include Ethiopia’s Rift Valley and Sudan’s Nile River terraces. Salt-affected soils are most common in arid climates, low-lying areas, and regions with intensive irrigation. Major causes include natural factors like saline groundwater movement and human-induced issues such as inefficient irrigation and poor water management.

Data on salt-affected soils in SSA remain fragmented and rely heavily on old sources, such as the FAO (43) report. Despite their high generalization, databases like HWSD, FAO Global Soil Map and Database, World Soil Information Soil and Terrain (SOTER) databases, and ECe point data from the WoSIS database are valuable sources of information on salt-affected soils in SSA for both older and current literature. The estimation of salt-affected soil coverage, as represented by Solonchaks (saline soils) and Solonetz (sodic soils) in the FAO World Soil Map and HWSD, has shown strong alignment with findings in recent literature. This consistency suggests that Solonchaks and Solonetz serve as a crucial starting point and foundational baseline for studying and estimating the extent and distribution of salt-affected soils, not only in SSA but globally.

There is a significant lack of new field and laboratory observational data and time-series studies to monitor changes over time, due to the shortage of use of advanced remote sensing techniques, which could address the limitations of traditional soil mapping. These technologies enable high-resolution and dynamic salinity maps by integrating data on thermal infrared imagery, soil properties, and environmental covariates in a machine learning environment for fine-scale mapping of salt-affected soils. The current strategies for the reclamation of salt-affected soils across SSA include leaching, gypsum application, agroforestry, composting, and the use of salt-tolerant crops. Research projects that these measures can double yields in areas with salt-affected soils, improving food security and economic resilience. The above conclusions lead to the following recommendations:

	Improve data collection and mapping by enhancing new field and laboratory observations and utilizing advanced technologies like GIS and remote sensing to achieve accurate and dynamic mapping of salt-affected soils at a fine scale.

	Conduct targeted research in under-explored arid and semi-arid regions to better understand the distribution of salt-affected soils.

	Adopt sustainable irrigation practices by improving irrigation efficiency, using saline water carefully, and upgrading drainage systems to reduce the risks of salinization.

	Implement land management techniques such as promoting mulching and crop rotation to conserve soil moisture and reduce evaporation, particularly in areas with high evapotranspiration relative to precipitation.

	Encourage saline agriculture by cultivating salt-tolerant crops and employing brackish water irrigation, particularly in high-salinity areas like the Nile Delta and coastal regions, to restore degraded soils.

	Application of Gypsum (calcium sulfate) which effectively displaces sodium ions in sodic soils through cation exchange, reducing soil sodicity and improving permeability.

	Designing effective drainage systems for salt-affected lands is essential. Drainage systems and leaching help mitigate salt accumulation and waterlogging by requiring multiple pore volumes of water to flush displaced salts, particularly in calcareous soils, while subsurface drainage prevents the capillary rise of salts in waterlogged areas by effectively managing shallow wetting zones.

	Application of organic amendments which play a crucial role in combating salt-affected soils by improving soil structure and nutrient availability. For instance, press mud supplies calcium sulfate and organic carbon to reduce reliance on pure gypsum, while compost and farmyard manure enhance microbial activity and water retention, collectively contributing to better soil health and salinity management.

	Phytoremediation using halophytic plants, such as Suaeda maritima and Salicornia europaea, to directly uptake sodium and chloride ions or indirectly improve soil structure through root-induced cation exchange, achieving comparable efficiency to chemical treatments while being more cost-effective.

	Provide policy and institutional support by creating incentives for adopting advanced technologies and sustainable practices to ensure long-term soil health and agricultural productivity.
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