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Quantitative information on soil loss is relevant for devising soil conservation and crop management strategies to ensure sustainable fertility management and crop production. Estimations from runoff/erosion plots are expensive and laborious and thus requiring the exploration of other less expensive but reliable methods such as modeling. This study aimed to estimate current and future rates of soil loss for conservation planning toward sustainable crop production in the semi-deciduous forest zone of Ghana. The Universal Soil Loss Equation (USLE), which took into consideration the rainfall characteristics of the study area, inherent soil physicochemical and hydraulic properties, variations in slopes and terrain differences, land cover types, and soil management practices, was employed to estimate the magnitude and rate of soil loss in the study area. Output from three regional climate models (RCMs) from Coordinated Regional Climate Downscaling Experiment including CCCma-CanESM2, GFDL-ESM2M, and HadGEM2-ES were used to estimate the impact of climate change on soil erosion in the study area. The results showed that soil loss estimated for bare soils was high ranging from 12.7 to 163.8 t ha−1 year−1 largely due to variation in slopes coupled with soil physicochemical and hydraulic properties. The simulated annual soil losses under various land cover options showed variable degrees of soil loss for maize cultivation under conventional tillage (8.2–106.5 t ha−1 year−1), soya bean monocropping (4.4–57.3 t ha−1 year−1), and low soil loss for oil palm plantation with grass or leguminous cover (2.5–32.8 t ha−1 year−1). Evaluation of the RCMs showed excellent performance for CCCma-CanESM2 and GFDL-ESM2M. Predictions of climate change impact using outputs from CCCma-CanESM2 and GFDL-ESM2M indicated that 9–39% increase in soil loss is expected by 2070, and it will be more severe (16–42%) by 2100. The model predictions indicate that the adoption of site-specific land cover management strategies such as tree–cover crop intercropping and reduced tillage has a huge potential to reduce soil loss and sustain soil fertility. The model can be used as an advisory tool for mapping areas for appropriate cropping systems for a particular site.
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INTRODUCTION

Achieving a land degradation-free world by 2030 requires the implementation of urgent actions including the accurate estimation of the extent of soil erosion toward restoring degraded land and soils (Griggs et al., 2013; Keesstra et al., 2018a). These mostly short-term actions aimed at providing sustainable solutions should be embedded in long-term landscape planning, as the realization of the aforementioned United Nations' Sustainable Development Goal (SDG) of land degradation neutrality and restoration (i.e., SDG 15.3) requires a transition toward integrated nature-based solutions founded on an eco-socioeconomic system analysis (Keesstra et al., 2018a). Furthermore, a combination of initiatives, steering of knowledge flows, and regular assessment of the status of the transition process for planning further steps in the transition framework are crucial for achieving the SDGs by 2030 (Visser et al., 2019). Soil erosion, the most visible and widespread form of land degradation, coupled with low fertilizer application is the major cause of nutrient depletion in most sub-Saharan African countries resulting in low agricultural productivity and thereby a threat to food security (Obalum et al., 2012; Bashagaluke et al., 2018). The on-site effect of soil erosion on arable land is evidenced by the loss of the topsoil that supports crop productivity (Stocking, 2003). Apart from the reduction in soil depth, soil loss almost always occurs alongside depletion of soil organic matter and plant nutrients referred to as fertility erosion (Mesele, 2014).

In sub-Sahara Africa (SSA), soil degradation is driven by a myriad of interrelated natural and anthropogenic factors including, but not limited to, high population growth and unemployment rate, agricultural expansion and intensification, poor agronomic practices, land tenure insecurity, and climate change impact (Tully et al., 2015; Nkonya et al., 2016; Borrelli et al., 2020). Sand winning from inland valleys and lowlands, whose naturally nutrient-rich status supports livelihoods of smallholder farmers through year-round crop production and the provision of ecosystem services, is currently a major problem. Inland valleys (i.e., “flat-floored and shallow valleys that occur in the extensive plains and plateaus found across the African landscape”) and lowlands cover an area of 1.9 M ha in Ghana and 190 M ha in SSA and support the production of food crops like rice, maize, sorghum, cowpea, soybean, vegetables, oil palm, cocoa, oranges, cassava, yam, plantain, and mangoes (Namara et al., 2012). Unfortunately, the aforementioned potential of inland valleys and lowlands is being threatened by indiscriminate sand winning across SSA (Aromolaran, 2012; Salifu, 2016). In Ghana, poor agronomic practices such as plowing along the slope and low fertilizer use by poor smallholder farmers result in increased soil erosion and nutrient mining, respectively (Buri et al., 2015). Excessive burning of vegetation (during land preparation) and biomass after harvesting is another farmer practice that degrade the soil by killing beneficial macroorganisms (e.g., mites, earthworms, millipedes, etc.) and microorganism (e.g., fungi) living in it (Tully et al., 2015) as well as oxidization of some important elements such as nitrogen (N), phosphorus (P), and potassium (K). The occurrence of bushfire is prevalent in northern Ghana, especially in the dry season when the vegetation is very dry. The region is consequently prone to wind erosion. Overgrazing also causes soil degradation in SSA, and especially in nomadic communities (Nkonya et al., 2016). Uncontrolled grazing by livestock renders the soil bare and prone to water and wind erosion (Tully et al., 2015; Zingore et al., 2015). According to the FAO and ITPS (2015) report, overgrazing accounts for 50% of physical soil degradation in Africa. Land tenure insecurity is a primary driver of soil degradation in Ghana and SSA at large. Smallholder tenant farmers are unwilling or averse to investing in good but expensive and/or laborious sustainable land management practices (Namara et al., 2012; Vlek et al., 2017), as they are not sure if they could keep their croplands in the next season. Land owners could easily abrogate a contract or amend it for their own interest engendering insecurity among migrant or tenant farmers.

Soil erosion (by water) is the largest threat to soil productivity in SSA, as it could occur gradually over a long period of time and elude detection until its adverse impacts are realized in low crop yields (Obalum et al., 2012; Desta et al., 2021). Soil erosion by water has a greater potential to limit soil productivity in most African regions characterized by humid tropical climate due to the torrential nature of rainfall in those regions (Obalum et al., 2012) as well as across the Mediterranean region (Rodrigo-Comino et al., 2020; Novara et al., 2021).

Although very few studies have estimated rates of soil loss from agricultural lands in Ghana (e.g., Owusu, 2012; Badmos et al., 2015; Bashagaluke et al., 2018, 2019), to the best of our knowledge, none has predicted the impact of climate change on soil erosion considering increasing rainfall variability in the region.

Methods commonly used for soil erosion estimation including runoff/erosion plots (Bashagaluke et al., 2018, 2019) and remote sensing and modeling (Owusu, 2012; Badmos et al., 2015; Gelagay and Minale, 2016; El Jazouli et al., 2017; Diwediga et al., 2018) are either laborious and expensive or qualitative (and therefore subjective). The Universal Soil Loss Equation (USLE) developed by Wischmeier and Smith (1978), which predicts long-term average annual soil loss comes in handy to provide easy but rigorous quantitative assessment of the magnitude of erosion, which is a prerequisite in designing an appropriate strategy for controlling soil erosion. According to Benavidez et al. (2018), USLE and related models including the Revised Universal Soil Loss Equation (RUSLE), the Revised Universal Soil Loss Equation version 2 (RUSLE2), and the Modified Universal Soil Loss Equation (MUSLE) have been applied globally to improve the estimation of soil loss. Furthermore, regional climate models (RCMs) from the Rossby Center Regional Atmospheric model (RCA4) and the Coordinated Regional Climate Downscaling Experiment (CORDEX) project at 44 km spatial resolution have been used in projecting climate change impact in many part of Africa (Vanvyve et al., 2008; Giorgi et al., 2009; Hewitson et al., 2012; Laprise et al., 2013; Dosio and Panitz, 2016; Nikiema et al., 2016; Sylla et al., 2016; Kisembe et al., 2018) and in Ghana (Owusu and Kluste, 2013; Bessah et al., 2018, 2020; Okafor et al., 2019).

From the foregoing context, this study aimed to estimate current and future rates of soil loss for soil conservation planning toward sustainable crop production in the Semi-deciduous Forest Zone of Ghana. The objectives of the study, therefore, include the following: (i) to quantitatively estimate soil loss under different land cover and soil management options using the USLE and (ii) to assess the impact of climate change and variability on soil erosion using outputs of applicable RCMs from CORDEX including CCCma-CanESM2, GFDL-ESM2M, and HadGEM2-ES.



MATERIALS AND METHODS


Study Area Description

The study was conducted in 2014 at Kwame Nkrumah University of Science and Technology (KNUST) research field at Anwomaso located in the Ejisu Municipality of the Ashanti region of Ghana (Figure 1). It lies within latitude 6° 40′57″N and 6° 42′30″N longitude 1° 30′2″W and 1° 31′44″W. The area covers ~50 ha of semi-deciduous forest with some patches of cultivated oil palm, citrus, and cassava. The site is currently being encroached by urbanization (Figure 1C). The study area is characterized by a bimodal rainfall pattern occurring in March–July (major season) and September–November (minor season), which allows for two cropping seasons within a year. The total annual rainfall in the semi-deciduous forest agroecological zone of Ghana ranges between 1,300 and 1,500 mm (Fuji et al., 2009; Nkrumah and Adukpo, 2014). However, the total rainfall amount in a major and minor cropping season in the area is averagely 834 and 412 mm, respectively, for the period 1991–2014 (Bessah et al., 2021). Predominant crops cultivated by smallholder farmers in the area include oil palm, cassava, maize, cowpea, and soya bean. The soils of the site are mainly developed over deeply weathered granitic parent material consisting of heterogeneous soil series along the catena including Boamang, Bomso, Kotei, Akroso, and Nta (Table 1).


[image: Figure 1]
FIGURE 1. Map of the study site showing (A) regions in Ghana, (B) Ejisu Municipality, and (C) KNUST Research Field at Anwomaso from Google Earth Image on 21 May 2021.



Table 1. Characteristics of identified soil types in the study area.
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Model Description

The USLE (Equation 1) is an empirical erosion model that estimates the long-term mean annual rate of soil loss on a specific field slope based on salient biophysical variables including rainfall, topography, soil type, and cropping system, as well as soil management practices (Wischmeier and Smith, 1978; Renard et al., 1997). Although USLE has been developed for application in cropping and soil management systems and rangeland, it is applicable to non-agricultural conditions such as construction sites (Renard et al., 1997). Furthermore, USLE only predicts the amount of soil erosion resulting from sheet or rill erosion on a specific slope but does not account for additional soil losses that might occur from gully, wind, or tillage erosion (Wischmeier and Smith, 1978). Input parameters for simulations in USLE are as follows: (i) rainfall–runoff erosivity factor (R)—a function of rainfall amount and its maximum intensity in 30 min—measures the erosive force and intensity of rain in a normal year and represents a geographical location within an agroecological zone; (ii) soil erodibility factor (K), measures the susceptibility of soil particles to detachment and transport by rainfall and runoff and affected by soil structure, organic matter, and permeability; (iii) slope length and steepness factor (LS), quantifies the combined effect of slope length and slope steepness and represents a ratio of soil loss per unit area on a specific site corresponding to soil loss from a 22.13-m long experimental plot with a slope steepness of 9%; (iv) land cover management factor (C), the ratio of soil loss from land under specified crop or mulch conditions to the corresponding soil loss from tilled, bare soil and determines the relative effectiveness of soil and crop management systems for preventing soil loss; and (v) support practice factor (P), the ratio of soil loss with a given surface condition to soil loss with up-and-down hill plowing and reflects the effectiveness of the support practices that will reduce the amount and rate of runoff, and thus reduce the amount of erosion; the most commonly used supporting cropland practices are cross-slope cultivation, contour farming, and strip cropping. Each of the aforementioned factors is the numerical estimate of a specific condition that affects the severity of erosion at a specific location.
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where A is the annual amount of soil loss (t ha−1 year−1); R is the rainfall erosivity (MJ mm ha−1 h−1 year−1); K is the soil erodibility (t ha h ha−1 MJ−1 mm−1); LS is the slope length and steepness factor (dimensionless); C is the land cover management factor (dimensionless); and P is the support practice factor (dimensionless).



Data Collection and Analysis
 
Landscape and Vegetation Survey

A baseline and traverses were demarcated throughout the field at predetermined distances (100 m) using compasses, ranging poles, and a 100-m tape measure. Chisel and auger holes were dug along the grid points of 50 m on the traverses to examine, identify, and describe the soils at specific recording points. Sampling points were also recorded on the base map, and boundaries of soil units were drawn by interpolation of the points identified to create a rigid grid on the base map. The line level method was used to measure the length and steepness of slope of the identified soils in the study area. Records of observed vegetation types were taken.



Soil Profile Sampling and Analysis

Five soil profile pits were dug on identified soil series after the soil survey for a detailed soil profile description. A double ring infiltrometer was installed in situ for the measurement of the soil–water infiltration rate of the identified soil types (Touma and Albergel, 1992). The soil physical (texture, bulk density), chemical (organic carbon), and hydraulic (moisture content) properties were determined using standard procedures as described by Allison (1960) and Ibitoye (2006) at the analytical laboratory of the CSIR-Soil Research Institute in Ghana.



Rainfall Data

Rainfall data for the period 1981–2005 were accessed from the Kumasi synoptic station of Ghana Meteorological Agency (GMet) as well as simulated historical data (1981–2005) and future rainfall data (2011–2100) from CORDEX via Climate for Impact platform of the EU (climate4impact.eu). Climate model outputs were extracted in R software and bias corrected with the quantile–quantile mapping method in CMhyd software (Teutschbein and Seibert, 2012).



Estimation of Soil Loss for Different Land Cover Options

The USLE was used to predict the amount of soil loss from the identified soil series in the study area under different land cover/crop management options including oil palm with cover crops, soya bean monocropping, and maize under conservation tillage. To this end, the input parameters of USLE for the different land cover options based on the field survey and land information were determined as follows.


Rainfall–Runoff Erosivity Factor

The modified Fournier index (MFI) method, which has proven to be suitable for the tropical region, was used to determine R by adopting the interpolation table of Elbasit et al. (2013). Based on the rainfall and erosivity interpolation table, 150 mm rainfall corresponds to 400 MJ mm ha−1 h−1 year−1 erosivity (Elbasit et al., 2013).



Soil Erodibility Factor

K was read from a soil erodibility nomograph for the identified soil types using site-specific physical and hydraulic soil characteristics including soil structure (very fine granular–blocky or massive), soil permeability (very slow–rapid), soil texture (% sand, % silt + very fine sand), and soil organic matter (low) (Wischmeier et al., 1971).



Slope Length and Steepness Factor

The slope steepness determined for the identified soil types from the field survey and the predetermined slope length of 100 m were used to calculate the LS values using Equation (2) (Stone and Hilborn, 2012). LS values for the different soil types include 0.26 (Boamang), 0.59 (Bomso), 2.10 (Kotei), 1.93 (Akroso), and 1.84 (Nta).

[image: image]

where m = 0.5 if the percentage slope is ≥5, 0.4 on slopes in the range of 3.5–4.5%, 0.3 on slopes of 1–3%, and on 0.2 on uniform gradients of <1%.



Land Cover Management Factor

C was adopted from Roose (1975) and Stone and Hilborn (2012) for the land cover options under study including bare soil (1.0), sole maize (0.65), oil palm with cover crop (0.2), and sole soya bean (0.35).



Support Practice Factor

P was assigned 1.0 for the entire study area, as farmers applied no soil conservation measure there (Shiono et al., 2002; Stone and Hilborn, 2012).



Climate Change Impact Assessment

Outputs from three RCMs from CORDEX were used to estimate the impact of climate change on soil erosion for all the different land cover types under study. The RCMs applied include the second-generation Canadian Earth System Model (CCCma-CanESM2) from the Canadian Center for Climate Modeling and Analysis, the General Fluid Dynamics Laboratory Earth System Model (GFDL-ESM2M), and the Hadley Global Environment Model (HadGEM2-ES). CCCma-CanESM2 and GFDL-ESM2M have been found to be good models for projecting temperature and rainfall over the Pra River Basin where the current study is located (Bessah et al., 2018, 2020). HadGEM2-ES has been used by several studies over Ghana (Okafor et al., 2019). The emission scenario selected for this study was the Representative Concentration Pathways (RCP) 4.5, as tropical West Africa is reported to be a hotspot of climate change under RCP4.5 pathway projected to occur by late 2030s to early 2040s (Diffenbaugh and Giorgi, 2012; Mora et al., 2013).





Statistical Analysis

The data were subjected to analysis of variance (ANOVA) using Genstat package. Significant influence of soil properties on soil loss were separated using least significant difference (LSD) at 5% probability.



Evaluating the Performance of the Regional Climate Models

The performance of the RCMs was assessed with multiple statistical indicators using estimated erosivity based on observed rainfall data for the period 1981–2005 and those estimated with simulated historical rainfall data for the same period (i.e., 1981–2005). The statistical indicators include (i) the coefficient of determination (R2), indicating the proportion of the variance in observed data explained by the model and ranges between 0 (no agreement) and 1 (perfect agreement); typically, R2 > 0.5 is acceptable for watershed simulations (Moriasi et al., 2007); (ii) Nash–Sutcliffe model efficiency coefficient (EF), quantifying the relative magnitude of the residual variance in comparison to the variance of the observed data, and ranges from 1 (perfect match) to –∞ (poor predictability); (iii) Willmott's index of agreement (d), quantifying the extent to which the observed data correlates with the simulated data and ranges between 0 (no agreement) and 1 (perfect agreement); and (iv) normalized root mean square error (NRMSE), signifying the relative difference between the simulated results and the measured data, with NRMSE <10% showing excellent model performance, 10–20% (good), 20–30% (fair), and >30% (poor performance) (Loague and Green, 1991).




RESULTS AND DISCUSSION


Identified Soil Types in the Study Area

The identified soil types include Orthic–Ferric Acrisol, Plinthic–Ferric Acrisol, Albic Arenosol, Gleyic Lixisol, and Gleyic Arenosol (Table 1). The soils are well-drained to imperfectly drain from the uplands to the bottom soils. The texture was sandy loam to loamy sand, with soil depth above 1.8 m with no gravels except in parts of the middle slope (Kotei series) (Table 2). The soils studied have a detrimental tendency of forming a crystallized, cemented, and hardened irreversible ferric oxide (Petro-plinthite) beneath the surface that could restrict infiltration and aid excessive runoff during rainfall (Adu, 1969).


Table 2. Rated soil physical characteristic of soils of the study site.
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Rainfall–Runoff Erosivity and Soil Erodibility Factors

The mean observed (1981–2005) R applied in the study was 287.1547 MJ mm ha−1 h−1 year−1, whereas the mean simulated historical (1981–2005) R values were 245.5028, 261.7396, and 112.4751 MJ mm ha−1 h−1 year−1 for CCCma-CanESM2, GFDL-ESM2M, and HadGEM2-ES, respectively (Table 3). Furthermore, mean R for the future periods (i.e., 2011–2040, 2041–2070, 2071–2100) estimated based on simulated rainfall data from the three RCMs using the aforementioned procedure have been presented in Table 4. The R values estimated from both observed and simulated rainfall data were found to be very high. According to Balogun et al. (2012), R values >160 MJ mm ha−1 h−1 year−1 are considered very high and characteristic of high erosion risk zones. Essel et al. (2016) reported R values in the range of 73.5–200.4 MJ mm ha−1 h−1 year−1 for a location within the coastal savanna agro-ecological zone of Ghana. Similarly, Roose (1976) found high R values ranging between 200 and 650 MJ mm ha−1 h−1 year−1 in Burkina Faso (formerly Upper Volta). However, very high R values in the range of 414.9–701.1 MJ mm ha−1 h−1 year−1 have been estimated in the Guinea-sudano savanna zone of Ghana (Badmos et al., 2015).


Table 3. Estimated erosivity based on observed (1981–2005) rainfall data from the Kumasi synoptic station and simulated observed rainfall data from three regional climate models for the period 1981–2005.
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Table 4. Estimated erosivity (MJ mm ha−1 h−1 year−1) for future periods between 2011 and 2100.
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Estimated K values for this study ranged between 0.17 and 0.31 (Table 5). These K values were considered moderate to high on tropical soils (Roose, 1976). K values in the range of 0.02–0.32 have been recorded across West Africa (Roose, 1976).


Table 5. Erosion related properties of soils of the study site.
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Effect of Soil Physicochemical Properties on Erosion

The results from the soil survey conducted showed variations in the indices related to the estimated erosion. There were significant differences between soil properties of the different soil series studied along the catena, namely, Boamang, Bomso, Kotei, Akroso, and Nta, and subsequent estimated soil losses (Tables 2, 5). A surface (0–20 cm) bulk density in the range of 1.3–1.5 g cm−3 (Table 5) suggests that soils were loose and showed less sign of compaction and thus will enhance infiltration during rainfall. The generally low soil organic matter content (1.01–2.12%) coupled with a compacted subsoil (i.e., bulk density ≥1.8 g m−3) will most likely restrict water infiltration into the soil and thus facilitate excess runoff causing detachment of loose soil particles. Increased soil erosion could result from the combined effect of low organic matter content, high bulk density, and low soil–water infiltration (Charman and Roper, 2007; Novara et al., 2021).



Effect of Slope Steepness on Soil Erosion

The results show a positive linear relationship (R2 = 0.78) between slope steepness and soil loss from bare soil resulting from a respective increase in the velocity and volume of surface runoff. The steepness of the slopes (1.8–8.9%) coupled with the soil physicochemical and hydraulic properties contributed to the varying amounts of eroded soil ranging from 12.7 to 163.8 t ha−1 year−1 estimated for the various soil series (Figure 2). Boamang series found on the summit with a gentle slope (1.4–2.1%) experience less runoff that culminated in lower soil loss (12.7 t ha−1 year−1) compared with the other soil series along the middle slope to the lower slope including Bomso, Kotei, Akroso, and Nta (37.3–163.8 t ha−1 year−1). There is, thus, the need to reduce the effect of the slope characteristics on soil erosion within the catchment area by planting strip crops (e.g., Vertiver spp.) or terracing to break the slopes and reduce the volume and speed of runoff (Stone and Hilborn, 2012; Cerdà and Rodrigo-Comino, 2019). However, Cerdà and Rodrigo-Comino (2019) found that runoff and soil erosion were evenly distributed along the top, middle, and lower slopes in a Mediterranean vineyard, which could be due to a homogenization effect of a millennia-old tillage practice in the study area.


[image: Figure 2]
FIGURE 2. Effect of slope steepness on soil loss.




Effect of Vegetation Cover Type on Soil Erosion Control

Under oil palm with cover crop, quantity of eroded soil was similar for all the soil series (ranging from 2.5 to 32.8 t ha−1 year−1) (Figure 3). This shows that growing oil palm with cover crops on any soil of similar characteristics will not result into excessive soil erosion even at 10% slope. Erosion is reduced when raindrop impact energy is absorbed on non-erodible surfaces like vegetation and mulches, and thus, initial detachment and subsequent transport of particles is reduced (Keesstra et al., 2018b).


[image: Figure 3]
FIGURE 3. Estimated soil losses under different land cover options.


Soil erosion under sole soya bean crop was similar for Boamang (1.8% slope) and Bomso (3.7% slope) soil series ranging from 4.4 to 13.0 t ha−1 year−1 (Figure 3). Growing soya bean on these soils is recommended since soil erosion is not severe. Under the same crop management (i.e., sole soya bean), soil erosion for Kotei (8.9% slope), Akroso (8.4% slope), and Nta (8.1%) were similar and higher than Boamang and Bomso soil series ranging from 33.0 to 57.3 t ha−1 year−1. Sole cropping of soya bean or any crop of similar structure on slopes of above 5% will most likely result in excessive soil erosion of above 33 t ha−1 year−1. Maize cultivation under conventional tillage is most appropriate in Boamang (8.2 t ha−1 year−1 soil loss) followed by Bomso (24.2 t ha−1 year−1 soil loss) soil series (Figure 3). However, soil erosion for Kotei, Akroso, and Nta were similar and significantly higher than Boamang and Bomso. Soil erosion ranged from 61.2 to 106.5 t ha−1 year−1 for these soil series and highly inappropriate for maize cultivation under conventionally tilled conditions. Issaka et al. (2015) reported soil erosion of 8.2–10.7 t ha−1 year−1 when maize was cultivated on a 5° (8.8%) slope under tilled conditions as against relatively low eroded soil (1.5–3.2 t ha−1 year−1) under no-tilled conditions. With increasing slope, tillage should be reduced, and the use of cover crops or mulch should be considered (Cerdà and Rodrigo-Comino, 2019).

The rates and quantities of soil loss depend on the cultural practices adopted by farmers. Estimates of soil loss for maize with no-till and oil palm with cover crop gave lower soil losses as compared with maize under conventional tillage on the same stretch of land. Capello et al. (2019) reported a reduction in runoff by 76% and soil loss by 83% under soil management with grass cover compared with tillage in northwest Italy. Soil is likely to be affected by the disturbance of the soil surface that affects soil aggregates especially during tillage; the soil is easily pulverized by the plow. The use of tractors for land preparation and other farm practices affect the structure and hydraulic properties of the soil (Krebstein et al., 2014; García-Tomillo et al., 2018; Novara et al., 2021), and thus, periodic subsoiling to reduce the compaction of the lower depths could be helpful. The soil with low clay and low organic matter contents lends its particles easily to detachment when pulverized, and they are splashed and carried away by runoff (Krebstein et al., 2014; García-Tomillo et al., 2018).

Estimated losses from the various crop factors used recorded a comparatively higher rate apart from the no-till maize and oil palm with cover crop. The values could as well be lowered when conservation practices were put in place. Farmers should engage in contour farming practices that would slow down runoff and thereby enhance water infiltration with a resultant reduction in soil loss (Stone and Hilborn, 2012; Desta et al., 2021). For example, planting of strips of Vertiver spp. at 30-m intervals on moderate slopes could also be a useful strategy to reduce surface runoff. Planting Vicia sativa is also recommended for controlling soil and water losses at the early stages of vineyard plantation (Rodrigo-Comino et al., 2020).



Performance Evaluation of Climate Models Applied

Evaluation of the performance of the RCMs for simulation showed excellent performance (i.e., R2, E, and d approximately = 1, and NRMSE <10%) for CCCma-CanESM2 and GFDL-ESM2M (Figures 4A,B). However, the performance of HadGEM2-ES was only moderate, as R2 <0.5 and NRMSE was in the range of 10–20% (Figure 4C). Hence, model outputs from CCCma-CanESM2 and GFDL-ESM2M were more reliable. The excellent performance of these two RCMs confirms similar reports by Bessah et al. (2020) and Bessah et al. (2018). Sekyi-Annan et al. (2018) reported EF and d in the range of 0.65–0.83 and 0.87–0.96, respectively, and NRMSE between 17.7 and 42%, indicating good performance of an agro-hydrological model (i.e., AquaCrop) for simulating dry aboveground biomass of tomato in the Guinea-sudano-savanna agroecological zone of Ghana.


[image: Figure 4]
FIGURE 4. Performance evaluation of regional climate models including (A) CCCma-CanESM2, (B) GFDL-ESM2M, and (C) HadGEM2-ES.




Impact of Climate Change on Soil Loss

Simulation of the impact of climate change on soil loss across all land cover types in the study area varied based on RCMs applied (Figure 5). For CCCma-CanESM2, the rate of soil loss is expected to increase by 9% during 2011–2040 and 2041–2070 and 16% during 2071–2100. For GFDL-ESM2M, increasing rate of soil loss by 38, 39, and 42% are expected during the periods 2011–2040, 2041–2070, and 2071–2100, respectively. HadGEM2-ES predicted 29, 34, and 48% increase in soil loss for the same periods.


[image: Figure 5]
FIGURE 5. Predicted soil loss under climate change impact using (A) CCCma-CanESM2, (B) GFDL-ESM2M, and (C) HadGEM2-ES model outputs.


Overall, predictions of climate change impact based on outputs from CCCma-CanESM2 and GFDL-ESM2M indicated that 9–39% increase in soil loss is expected in the study area by 2070, and it will be more severe (16–42%) by 2100. The USLE's estimated high annual soil erosion rates in the study area is predicted to be exacerbated by the impact of climate change requiring urgent soil management interventions such as tree–cover crop intercropping and reduced tillage practices. Similarly, Routschek et al. (2014) predicted significant increase in soil erosion by 2050 in Germany resulting from climate change, and thus, a refusal to adapt soil management and land use would aggravate soil erosion rates. Furthermore, Borrelli et al. (2020) forecast 30–66% increase in global soil erosion due to climate change by 2070. However, Routschek et al. (2014) predicted a partial decrease in soil loss rates by 2100 in Germany probably due to differences in climate (i.e., temperate vs. tropical) and soil properties.




CONCLUSIONS

Estimation of erosion loss and the effectiveness of erosion control measures are crucial in sustainable agricultural land management considering the increasing rate of land degradation and the impact of climate change across SSA. The USLE as a predictive tool provided a relatively easier but rigorous approach to estimating the rate and quantity of soil erosion, which serves as early warning signals for land users in order to implement appropriate erosion control measures. The extent of compaction indicated by high bulk density in the subsoil is useful information for agricultural extension staff in the planning and management of agricultural mechanization services. The simulated annual soil losses under various land cover options showed variable degrees of soil losses for maize cultivation under conventional tillage (8.2–106.5 t ha−1 year−1) and for soya bean monocropping (4.4–57.3 t ha−1 year−1) and low soil loss for oil palm plantation with grass or leguminous cover (2.5–32.8 t ha−1 year−1). There existed a strong correlation between observed and simulated soil loss for all three climate models applied including CCCma-CanESM2, GFDL-ESM2M, and HadGEM2-ES. Evaluation of the RCMs showed excellent performance for CCCma-CanESM2 and GFDL-ESM2M. Predictions of climate change impact based on outputs from CCCma-CanESM2 and GFDL-ESM2M indicated that soil loss in the study area will increase by 9–39% during 2011–2040 and 2041–2070, while it will be more severe (16–42%) during 2071–2100 owing to the impact of climate change and variability. Hence, the adoption of cropping systems and cultural practices that maintain a thick layer of mulch or surface contact vegetation to prevent exposure of the soil surface to the adverse effect of the weather is crucial. The model predictions indicate that the adoption of site-specific crop management strategies such as tree–cover crop intercropping and reduced tillage has a huge potential to reduce soil loss and sustain soil fertility. Additionally, the model can be used as an advisory tool for mapping areas for appropriate cropping system suitable for a particular site.
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Soil organic matter (%)

1.43bc
2.12a
1.69ab
1.68b
1.01c

Bulk density (g cm=3)

0-20 cm

15
13
15
14
15

20-40 cm

1.7
18
1.7
18
18

Values with the same letters for the different soil types are not statistically different at P < 0.05.

Mean infiltration (mm h~')
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