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Introduction: The impact of climate change on food production in South Africa is likely to increase due to low rainfall and frequent droughts, resulting in food insecurity in the future. The use of well-calibrated and validated crop models with climate change data is important for assessing climate change impacts and developing adaptation strategies. In this study, the decision support system for agrotechnology transfer (DSSAT) crop model was used to predict yield using observed and projected climate data.
Materials and Methods: Climate, soil, and crop management data were collected from wheat-growing study sites in Bethlehem, South Africa. The DSSAT wheat model (CROPSIM-CERES) used was already calibrated, and validated by Serage et al. (Evaluating Climate Change Adaptation Strategies for Disaster Risk Management: Case Study for Bethlehem Wheat Farmers, South Africa, 2017) using three wheat cultivar coefficients obtained from the cultivar adaptation experiment by the ARC-Small Grain Institute. The model was run with historical climate data for the eastern Free State (Bethlehem) from 1999 to 2018 as the baseline period. To determine the effects of climate change, the crop model simulation for wheat was run with future projections from four Global Climate Models (GCM): BCC-CSM1_1, GFDL-ESM2G, ENSEMBLE, and MIROC from 2020 to 2077.
Results: The average wheat yield for the historic climate data was 1145.2 kg/ha and was slightly lower than the highest average yield of 1215.9 kg/ha from GCM ENSEMBLE during Representative concentration pathways (RCP) 2.6, while the lowest yield of 29.8 kg/ha was produced during RCP 8.5 (GCM GFDL-ESM2G). Model GFDL-ESM2G produced low yields (29.8–47.74 kg/ha) during RCP 8.5 and RCP 6.0, respectively. The yield range for GCM BCC-CSM1_1 was 770.2 kg/ha during RCP 2.6 to 921.68 kg/ha during RCP 4.5 and 547.84 kg/ha during RCP 8.5 to 700.22 kg/ha during RCP 2.6 for GCM MIROC.
Conclusion: This study showed a declining trend in yield for future climate projections from RCP2.6 to RCP8.5, indicating that the possible impacts of higher temperatures and reduced rainfall in the projected future climate will slightly decrease wheat production in the eastern Free State. Adaptation measures to mitigate the potential impact of climate change could include possible changes in planting dates and cultivars. Using a crop model to simulate the response of crops to variations in weather conditions can be useful to generate advisories for farmers to prevent low yield.
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INTRODUCTION
Observations of the effects of climate trends on crop production indicate that climate change has already negatively affected wheat and corn yields in many regions as well as globally (FAO, 2015; Chandio et al., 2020; Saddique et al., 2020; Pequeno et al., 2021; Govere et al., 2022; Karatayev et al., 2022; Chandio et al., 2023). “Increasing temperatures and changes in precipitation are very likely to reduce cereal crop productivity. This will have strong adverse effects on food security” (Pachauri et al., 2014). Several studies have also observed this increase in temperature globally over the past decades (Kaushal et al., 2010; Hartmann et al., 2013; Van Wilgen et al., 2016; Masipa, 2017) and in South Africa (Kruger and Sekele, 2013; MacKellar et al., 2014). Within a period of 10 years (1997 and 2006), South Africa was observed to be 2% hotter and at least 6% drier compared to the 1970s. South Africa is one of the countries in Southern Africa that is prone to experience large impacts of climate variability as a result of a delay in implementation of adaptability strategies (IPCC, 2007). As agriculture is the mainstay of rural economies in South Africa, when crop production is adversely affected by climate change, it affects the whole community that is dependent on rain-fed agriculture (Thornton et al., 2011). As climate change variability increases, the impact on rainfed agriculture will increase and become a threat to crop production and food security in South Africa (Müller et al., 2011; Wheeler and Von Braun, 2013). This will lead to a decline in average annual yields of corn and wheat in particular, which are the staple foods of the majority of the population of South Africa (UNU-WIDER, 2016).
Therefore, it is important to determine the impact of global climate change on food production as the world is estimated to reach a population of approximately 10 billion by 2,100 (Boogaard et al., 2014; Chandio et al., 2023).
Wheat is the second most consumed grain crop after corn in South Africa (Nhemachena and Kirsten, 2017). It is one of the staple foods for the vast majority of the South African population and is also used for animal feed and alcohol beverage production (DAFF, 2010). In Africa, after Ethiopia, South Africa is the second largest producer of wheat, which is important for sustaining food security in the region. In South Africa, it is cultivated in 32 of the 36 crop-production regions (Nhemachena and Kirsten, 2017). Climate affects the top three wheat-producing provinces in different ways because they rely on different rainfall periods for production. In the Western Cape, dryland wheat uses winter rainfall; in the Free State, there are both dryland and irrigated wheat using stored summer rainfall, while wheat cultivated in the Northern Cape is under irrigation from the major rivers (Figure 1). In South Africa, approximately 25% and 75% of wheat production are from irrigated and dryland conditions, respectively, with 50% of this production coming from spring wheat grown under dryland conditions during winter in the Western Cape, while in the Northern Cape, spring wheat is grown along the main rivers under irrigation during winter months (Agri News Net Farming portal, 12 March 2020).
[image: Figure 1]FIGURE 1 | Wheat production is unique in South Africa, having three distinct wheat production areas: dryland in the Western Cape (yellow shading), widespread irrigated wheat north of the Orange River and concentrated in the Northern Cape, and dryland across the Free State (green shading), and a map of the Free State showing the Bethlehem location used in this study (Source: Roomforafrica (2023) and Agricultural Research Council (ARC-ISCW)).
South African wheat production increased by approximately 6.5% in 2021 compared to 2020, reaching about 2.3 million metric tons. With a total output of around 2.5 million metric tons in 2001, wheat production reached its peak. Furthermore, between 2000 and 2021, a decline in wheat production was observed in 2003, 2010, 2015, 2017, and 2019 (Statista, 2023). In the marketing year 2020/2021, the global production volume of wheat amounted to over 769 million metric tons, which means that 0.29% of global production was from South Africa. This makes South Africa's contribution to global wheat production as an African country very significant and any decline in production a major concern.
The relatively low production of wheat across Southern Africa is principally due to abiotic (drought and heat) and biotic (Russian wheat aphid, yellow rust, stem rust, septoria, and fusarium) stresses, which are increasing in intensity and frequency under climate change (Tadesse et al., 2019; Ajilogba and Walker, 2023). Furthermore, these significant declines can be linked to an increase in the price of wheat and increased domestic consumption (Statista, 2023). During the period 2015–2017, severe drought was experienced in Southern Africa and South Africa in particular.
The drought’s implications on wheat yield have been inconsistent, but they are all significant. The 2016 season yields were comparable to those of 2013, and the total national yield improved by 30% year over year (compared to 2015) and by 13% above the 3-year average (Western Cape Department of Agriculture, 2017). However, a significant decrease in yield was observed in 2015/2016 and 2017/2018 because of the drought. Record losses in wheat production were observed with a 47% decline from 1.1 million tons in 2016/2017 to 586,000 tons in 2017/2018 (Western Cape Department of Agriculture, 2018). The significant decrease in yield in 2017/2018 can be attributed to climate change because of drought leading to below-average rainfall and very low soil moisture in parts of the Western Cape (Archer et al., 2019).
During the drought period (2015–2016), wheat exportation in South Africa dropped by 76% (SADC, 2016). The drought was felt most in the Western Cape as it is the largest wheat-growing province in South Africa with over 90% dryland wheat cultivated (Otto et al., 2018). The second largest wheat-producing province is the Free State (Figure 2), which has a blend of both dryland and irrigated wheat production (where dryland wheat is the predominate method of production but irrigated wheat accounts for more than 50% of the total yield) (Tadesse et al., 2019).
[image: Figure 2]FIGURE 2 | Wheat production in South Africa by province in 2019 (in 1,000 metric tons) (Source: Galal, 2021).
The drought scenario differed significantly from the yields observed after the drought. In the 2019 production year, the aggregate production of wheat in South Africa was roughly 1.5 million metric tons. The province with the highest production volume was Western Cape with 634 thousand metric tons. This accounts for approximately 42.2% of the total South African wheat production (Galal, 2021) (Figure 2).
Westhuizen and Trapnell (2015) observed a decline in the area of the cultivation of wheat in South Africa. Within a space of 32 years (1982–2014), the area of cultivated land for wheat in South Africa declined from over two million hectares of wheat to 482,000 ha. This is mostly the scenario in the summer rainfall region or the eastern Free State in particular (Figure 3). Some of the factors responsible for this decline of over 30 years have been linked to the cultivation of more favorable alternative crops, issues of profitability, and risk of production (DAFF, 2012).
[image: Figure 3]FIGURE 3 | Areas of production for wheat and yield per hectare for dryland and irrigated regions of South Africa. Source: Westhuizen and Trapnell (2015) in Grain SA.
As part of the forecast from Bureau for Food and Agricultural Policy (BFAP), in 2024, only 100 kha of wheat will be grown using irrigation and only 250 kha will be grown in the winter rainfall areas compared to 326 kha in 2017. In the Free State, prospects of sufficient rain to cultivate wheat under dryland conditions are unsustainable and no expansion in wheat plantings is expected (Gouws, 2018). This is a clear indication that wheat imports will increase; it is estimated that by 2024, approximately 2.5 million tons of grain will come from abroad. Based on these findings, a change in the cultivar release criteria was recommended by BFAP to allow seed growers the opportunity to breed cultivars for better yield potential, instead of focusing only on wheat quality. (BFAP, 2018; Gouws, 2018). This makes it important to look at the agroclimatic modeling of wheat to determine crop yield and production beforehand (Wallace, 2013).
Crop simulation models can help determine the effect of climate change and its variability on the growth and development of plants because they incorporate the complex relationships between soil-water and plant-atmosphere. Some of the crop models developed for different crops and in particular wheat include DSSAT (Jones et al., 2003), APSIM (Keating et al., 2003), AquaCrop (Vanuytrecht et al., 2014), and STICS (Brisson et al., 2003). These models have been studied to be effective in simulating different management practices such as irrigation and fertilizer (nitrogen) management (Asseng et al., 2012; He et al., 2012), grain yield and quality forecasting (Asseng et al., 2002; Asseng and Milroy, 2006; de Wit and van Diepen, 2007; Li et al., 2018) and climate change evaluation (Angulo et al., 2013; Fan and Shibata, 2014). The decision support system for agrotechnology transfer (DSSAT) (Hoogenboom et al., 2004; Hoogenboom et al., 2012) is a robust decision support system (DSS) for evaluating management options. The simulation model of the cropping system (CSM) included in DSSAT v4.5 (Jones et al., 2003; Hoogenboom et al., 2004) is process oriented and dynamic and simulates growth, development, and yield for over 25 different crops.
The CERES (Crop Estimation through Resource and Environment Synthesis) cereal model is used to present the way cereal crops including wheat respond to different environmental and climatic factors based on their growth and development (Ritchie et al., 1985). Determining the impact of different management practices and future climate scenarios on wheat crop yield is possible using DSSAT-CSM-CERES. Several authors have also observed that the use of DSSAT-CSM-Wheat has helped to determine the best agricultural management strategies that can improve crop production within the constraints of different climatic and economic uncertainties (Ritchie et al., 1985; Jones et al., 2003; Hoogenboom et al., 2004; Thorp et al., 2010; Dettori et al., 2011; Attia et al., 2016; Li et al., 2018; Sar and Mahdi, 2019).
The model is parameterized using various agronomic parameters (phenological growth, accumulation of dry matter, leaf area index, physiological indices, and grain yield) and daily climate data (Table 1). Model efficiency is evaluated using model validation competency scores including d-stat, RMSE, and R2.
TABLE 1 | Genetic coefficients of the South African wheat cultivar Elands used in wheat yield simulation at Bethlehem (Adapted from Serage 2014).
[image: Table 1]While crop models are important tools in simulating crop growth processes and yields (Yang et al., 2018), future climate change conditions are being projected using global climate models (GCMs) (Stocker et al., 2013). Therefore, coupling both crop models and GCM together will make it possible to determine the impact of these projected future climate conditions on the production of different crops especially staples of different regions (Stevens and Madani, 2016; Lizumi et al., 2017). Generally, the simulation of future climate change scenarios by GCMs is complex (Moss et al., 2010b) given the various interactions between the meteorological, physical, and biogeochemical factors of changing atmospheric composition and radiative forcing (Taylor et al., 2012).
With the limitations presented by the inherent complexities in agro-climatic modeling, this study helps to highlight areas given different climate scenarios, where climate change may be expected to have negative and positive impacts on the production of wheat, as well as potential adaptation and policy recommendations to mitigate these impacts.
To assess the potential impacts of climate change on wheat production in the Free State, the use of appropriate downscaled climate data and production models is required.
Therefore, in this study, in order to determine the impact of climate change in the near and mid-future for one of the important dryland wheat cultivation areas in South Africa, the Free State, the DSSAT wheat crop model was applied with input from four GCMs: RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5.
MATERIALS AND METHODS
Study area
Bethlehem is located in the eastern part of the Free State with a geographical location of a latitude of -28.16277 and a longitude of 28.29733 and an elevation of 1721 m above mean sea level, Bethlehem (Figure 1). Bethlehem normally receives approximately 506 mm of rain per year, with most rainfall occurring mainly during mid-summer (South African Weather Service, 2021; ARC-NRE, 2019). It receives the lowest rainfall amount (1 mm) in July and the highest (90 mm) in January (ARC-SCW, 2018). The monthly distribution of average daily maximum temperatures shows that the average midday temperatures for Bethlehem range from 15°C in June to 26.2°C in January (ARC-SCW, 2018; Biome South Africa, 2022). The region is the coldest during June when the temperature drops to 0°C on average during the night. In the eastern Free State, the dominant soils are those with plinthic horizons of the group C land types in a fairly broad strip from Tweespruit in the south to Lindley in the north, and the group B land types in another strip including Ladybrand, Bethlehem, Warden, and Harrismith.
Crop models: DSSAT
The DSSAT model was used to simulate and estimate wheat yield as a prediction using Global Climate Model (GCM) data projection for Bethlehem areas of South Africa in order to test and develop adaptation and mitigation measures.
A crop simulation model CROPSIM - CERES (CSCER047) embedded in the DSSAT-Version 4.6 (Jones, et al., 2003) was used to simulate wheat under rainfed conditions. The DSSAT model requires, at minimum, climate data, soil environment data, gene/cultivar coefficient data, and management data (Jones, et al., 2003; Basso et al., 2013). For the biophysical crop modeling protocol, climate and soil data requirements were provided from the Agromet Database at the Agricultural Research Council, Natural Resources and Engineering (ARC-NRE) and Landtypes maps, respectively. Wheat crop management practices were obtained from the literature (Visser, 2014).
Meteorological data
The climate data, maximum and minimum temperature (°C), daily rainfall (mm), and solar radiation (MJm2d−1) for 20 years (1999–2018) were obtained from the automatic weather station network of the ARC-NRE, Arcadia, Pretoria, South Africa. The raw data was compiled in MS Excel and missing data gaps were filled by using climate data extrapolation software and were again converted to the format of the DSSAT to form the baseline dataset from observed climate data.
For future climate data, the CCAFS-Climate data portal was used to generate and retrieve the models used in this study. CCAFS-Climate provides global and regional future high-resolution climate datasets that serve as a basis for assessing the climate change impacts and adaptation in a variety of fields including biodiversity, agricultural and livestock production, and ecosystem services and hydrology (http://ccafs-climate.org/data_bias_correction/) (Navarro-Racines et al., 2020). For the future period, four Global Climate Models (GCMs) were used: BCC-CSM1_1, ENSEMBLE, GFDL-ESM2G, and MIROC. These models were under the ‘very stringent’ concentration pathway and peak scenario RCP 2.6 (with radiative forcing level reaching 3.1 W/m2 by mid-century but returning to 2.6 W/m2 by 2,100), the intermediate concentration pathway RCP4.5 (with radiative forcing expected to stabilize at 4.5 W/m2 by 2,100), the stabilization scenario RCP6.0 (with total radiative forcing stabilized at 6.0 W/m2 by 2,100), and the high concentrations pathway RCP8.5 (with radiative forcing which is expected to reach 8.5 W/m2 by 2,100) (Moss et al., 2010a; Riahi et al., 2011; Rurinda et al., 2015; Taylor, 2009.). These were generated in the format required by the crop model. The baseline observed and simulated climate data were then entered directly into the DSSAT cropping system model.
Soils
Soil data include physical and hydrological properties of the local soil provided from Land Types of the Map 2,728 Frankfort, 2,828 Harrismith Memoir 28 October 2002. The chemical properties of the soil were lacking in this soil data information. However, the model was able to calculate the soil nitrogen content with the available data input.
Crop management data
Crop management data were collated from different postgraduate theses from the University of the Free State (UFS) and the University of KwaZulu Natal (UKZN). The UFS Research space (https://scholar.ufs.ac.za/handle/11660/5/discover) was searched for e-theses/dissertations. The keyword ‘wheat’ was searched in the Agricultural and Science Faculty, resulting in 353 theses from which 10 e-theses were selected with relevant information for this study, based on the titles and abstract having the word ‘wheat’ or not, having ‘South Africa’ and/or ‘Bethlehem’ and ‘Agronomy issues’, and not ‘nutrient composition’ etc.
The same procedure was carried out on the Research space of UKZN (https://researchspace.ukzn.ac.za/handle/10413/6523/discover)–389 theses were found but only one thesis had ‘crop management practices’, and was not a ‘pot experiment’ or a ‘greenhouse experiment’ and whose field experiment was located in Bethlehem.
General selection criteria are based on the following: if the study was on wheat or not; locations of the study and/or places close by or compound names. For example, in an e-thesis from UFS, the location should be Bethlehem or other locations close to it. The final e-theses were further streamlined to be sure they had some basic information as detailed in Supplementary Appendix S1.
Model calibration and evaluation
Serage (2017) calibrated and validated the DSSAT CROPSIM-CERES using three wheat cultivars whose coefficients were obtained from the cultivar adaptation experiment of the Agricultural Research Council - Small Grains Institute (ARC-SGI, 2013). These parameters were used as DSSAT model parameters to represent the South African wheat cultivars, realistic response to soil and atmospheric conditions, and management practices. After the entry of data for climate, management, soil, and crop information into the model, the experimental mode in DSSAT was used to simulate continuous wheat yield for the periods under investigation.
Simulation experiment
Simulation experiments were carried out in the DSSAT model by imputing three sets of experimental datasets. These are the soil parameters that include the physical and chemical properties of soil (calculated by DSSAT) and the geographical locations of the experimental area. Crop management practices parameters were imputed and included the cultivar type (Table 1), planting dates, fertilizer type, quantity, irrigation type, and volume (Table 2). The third parameter set is the climate dataset in which both historic and future climate scenarios datasets were used.
TABLE 2 | Crop management practices used in DSSAT for wheat yield simulation at Bethlehem.
[image: Table 2]RESULTS
Historic weather data versus future projected weather data
Historic weather data analysis in Bethlehem from 1999 to 2018
Historic weather data spanned from 1999 to 2018 (20 years). Total precipitation was highest in January 2010 with 286.76 mm of rainfall. The lowest rainfalls were experienced between April and September throughout the 20 years with the lowest as 0 mm of precipitation in 14 different years (August 2020 June 2001, July 2002 June 2005, July 2006, July and August 2007, August and September 2008, July and September 2010 May 2012, June and July 2013, June and July 2014 August 2015, July 2017 June 2018), while the remaining 6 years had varying amounts of rainfall throughout each year.
The highest mean maximum temperature in the historic data was observed in December 2015 at 31.44°C, while the lowest was observed in July 2011 at 14.33°C. In the same regard, the highest mean minimum temperature was observed in February 2006 with a temperature of 15.07°C, while the lowest mean minimum temperature was observed in July 2016 with a temperature of −3.77°C. Solar radiation ranged from 28.03 MJm2d-1 in January 2018 as the highest to −70.28 MJm2d-1 in June 1999 as the lowest (Figure 4).
[image: Figure 4]FIGURE 4 | Total precipitation, maximum temperature, minimum temperature, and solar radiation for historic years from 1999 to 2018 in Bethlehem, Free State.
Future projected weather data for GCM model BCC-ESM1_1 in RCP 2.6
The highest total monthly precipitation of 185.176 mm was observed in January 2060, while months from April to September throughout the future years had 0 mm of precipitation using the GCM model BCC-CSM1_1. The month of February 2052 recorded the highest monthly mean maximum temperature of 32.43°C, while July 2064 had the lowest of 15.08°C. It was observed that January 2062 recorded the highest mean minimum temperature of 17.17°C and the lowest was observed in July 2064 with −1.78°C. Solar radiation was similar to the maximum temperature both in date and quantity of 33.04 MJm2d-1 which was highest in December 2065 and lowest of 7.28 MJm2d-1 in July 2052. The month of July was seen to have the lowest solar radiation, and maximum and minimum temperature occurred in the years 2052, 2064, and 2064, respectively (Figure 5).
[image: Figure 5]FIGURE 5 | Future monthly total precipitation, mean solar radiation, mean maximum temperature, and mean minimum temperature for Bethlehem from 2020 to 2077 for BCC-ESM1_1 at RCP 2.6.
Future projected weather data for GCM model ENSEMBLE in RCP 2.6
Global climate model ENSEMBLE revealed that the highest total precipitation of 103.57 mm was observed in November 2021 and the lowest was 0 mm from May to August (4 months of 0 mm of precipitation as compared to model BCC-ESM with 6 months of 0 mm of precipitation). The highest mean for maximum temperature 30.39°C was observed in January 2038, while the lowest was 17.60°C in June 2021. The highest mean minimum temperature of 16.32°C was observed in January 2055, while in July 2032, the lowest, −0.62°C, was observed. The highest and lowest minimum temperatures of model ENSEMBLE were observed in the same month as that of model BCC-ESM1_1. In December 2046, the highest solar radiation of 29.30 MJm2d-1 was observed, while the lowest, 11.63 MJm2d-1, was observed in June 2028 (Figure 6).
[image: Figure 6]FIGURE 6 | Future monthly total precipitation, mean solar radiation, mean maximum temperature, and mean minimum temperature for Bethlehem from 2020 to 2077 for GCM ENSEMBLE at RCP 2.6.
Future Projected weather data for GCM model GFDL-ESM2G in RCP 2.6
The total precipitation using the GCM model GFDL-ESM2G in RCP 2.6 was the lowest among the 4 GCMs used in this study. The highest total precipitation of 3.23 mm was observed in April 2073. There were only 4 months of precipitation, which included March and April, October and November, while December to February and May to September were 0 mm of precipitation even though in some of the years there was a little above 0 mm of precipitation in February. The highest maximum and minimum temperatures of 31.0°C and 17.23°C were observed in January 2029 and February 2021, respectively, while the lowest maximum and minimum temperatures of 16.28°C and −2.17°C were observed in July 2062 and 2069, respectively. Solar radiation was highest in December 2046 with 29.30 MJm2d-1 and lowest with 11.63 MJm2d-1 in June 2028 (Figure 7).
[image: Figure 7]FIGURE 7 | Future monthly total precipitation, mean solar radiation, mean maximum temperature, and mean minimum temperature for Bethlehem from 2020 to 2077 for GCM GFDL-ESM2G at RCP 2.6.
Future projected weather data for GCM model MIROC in RCP 2.6
The months from April to August and most months of February had zero precipitation. Apart from the highest total precipitation of 146.71 mm observed in October 2033, the highest solar radiation of 31.83 MJm2d-1, the maximum temperature of 32.59°C, and the minimum temperature of 17.82°C were all observed in January 2053. However, the lowest solar radiation of 8.73 MJm2d-1 was observed in June 2050, while the lowest maximum and minimum temperatures of 17.70°C and −1.47°C were observed in July 2030 and 2028, respectively (Figure 8).
[image: Figure 8]FIGURE 8 | Future monthly total precipitation, mean solar radiation, mean maximum temperature, and mean minimum temperature for Bethlehem from 2020 to 2077 for MIROC_ESM at RCP 2.6.
Future climate data compared with historical data for wheat development
A comparison of the historical climate data with the future data for wheat production showed either an increasing or a decreasing trend across each climatic condition. The value of precipitation decreased with respect to historical data; however, tmax, tmin, and srad increased (Figure 9).
[image: Figure 9]FIGURE 9 | Percentage precipitation, srad, tmax, and tmin increased or decreased compared with baseline weather data.
Scenario simulations of wheat yield based on past weather data (1999–2018) (20 years) and future weather scenarios (2020–2069) (50 years)
Wheat grain yield during baseline years compared with future GCM models and RCPs
The average wheat grain yield for the historic climate data in 2018 was 1,145.2 kg/ha, which was slightly lower than the highest average yield of 1,215.9 kg/ha from GCM ENSEMBLE. This could be because the DSSAT model did not produce the yields for both 1999 and 2018, making it an 11.4% increase in yield against the baseline yields. The percentage increase was observed only during the early century using GCM ENSEMBLE and RCP 2.6 (6%) and RCP 4.5 (3%). Wheat grain yield considerably decreased throughout the century for all RCPs and all other models, with GFDL-ESM2G the lowest-performing model in this study (Figure 10; Figure 11A, B).
[image: Figure 10]FIGURE 10 | Percentage increase or decrease in wheat yield from baseline yield using 4 GCM models and RCP 2.6, RCP 4.5, and RCP 6.0 scenarios. ARBB2026 = GCM model BCC-CSM1_1 at RCP2.6; ARBB 2045 = GCM model BCC-CSM1_1 at RCP4.5; ARBB 2060 = GCM model BCC-CSM1_1 at RCP6.0; ARBB 2085 = GCM model BCC-CSM1_1 at RCP8.5.ARBE2026 = GCM model ENSEMBLE at RCP2.6; ARBE2045 = GCM model ENSEMBLE at RCP4.5; ARBE2060 = GCM model ENSEMBLE at RCP6.0; ARBE2085 = GCM model ENSEMBLE at RCP8.5.ARBG2026 = GCM model GFDL-ESM2G at RCP2.6; ARBG2045 = GCM model GFDL-ESM2G at RCP4.5; ARBG2060 = GCM model GFDL-ESM2G at RCP6.0; ARBG2085 = GCM model GFDL-ESM2G at RCP8.5.ARBM2026 = GCM model MIROC at RCP2.6; ARBM2045 = GCM model MIROC at RCP4.5; ARBM2060 = GCM model MIROC at RCP6.0; ARBM2085 = GCM model MIROC at RCP8.5.
[image: Figure 11]FIGURE 11 | A Wheat grain yield and top weight for future years for GCM models BCC-CSM1_1, ENSEMBLE, GDFL-ESM2G, and MIROC at RCP 2.6, 4.5, 6.0, and 8.5 from 2020 to 2069.11 B Wheat grain yields and top weight for future years for GCM models BCC-CSM1_1, ENSEMBLE, GDFL-ESM2G, and MIROC at RCP 2.6, 4.5, 6.0, and 8.5 from 2020 to 2069.11 C Wheat grain yields and top weight for future years for GCM models BCC-CSM1_1, ENSEMBLE, GDFL-ESM2G, and MIROC at RCP 2.6, 4.5, 6.0, and 8.5 from 2020 to 2069.
Wheat grain yield at different RCPs and GCM models
The average grain yields from the GCM model GFDL-ES2M for RCP 2.6, 4.5, 6.0, and 8.5 had the lowest yields of 44.56, 42.28, 47.74, and 29.8 kg/ha respectively. Also, the average grain yield from GSM ENSEMBLE for RCP 2.6, 4.5, 6.0, and 8.5 had the highest yields of 1,215.9, 1,177.6, 1,066.66, and 1,064.38 kg/ha respectively. However, the average grain yields from GCM model BCC-ESM1_1 for RCP 2.6, 4.5, 6.0, and 8.5 had yields of 770.2, 921.68, and 824.16 kg/ha (with no complete yield data for RCP 8.5), respectively, while the average grain yield from GSM model MIROC for RCP 2.6, 4.5, 6.0, and 8.5 had yields of 700.22, 682.8, 658.9, and 547.84 kg/ha respectively. This shows that the average yield from the GCM ENSEMBLE was better than the other GCM models with the highest yield at RCP 2.6 of 1,215.9 kg/ha. GCM GFDL-ESM2G of RCP 8.5 had the least average yield of 29.8 kg/ha.
The average cumulative grain yield from GSM ENSEMBLE for all RCP had the highest cumulative yield of 4,524.54 kg/ha, GCM MIROC for all RCP had 2,589.76 kg/ha, while that of BCC-ESM1_1 had the lowest cumulative yield of 2,516.04 kg/ha (Figures 11A,B, 12). The average cumulative grain yield for RCP 2.6 for all GCM models had cumulative yields of 2,730.88 kg/ha, RCP 4.5 for all GCM models had the highest yield of 2,824.36 kg/ha, while that of RCP 6.0 for all GCM models had the least cumulative yield of 2,597.46 kg/ha (Figures 11B,C, 12).
[image: Figure 12]FIGURE 12 | Sum of average wheat grain yield at different GCM models and RCPs. ARBB = GCM model BCC-CSM1_1; ARBE = GCM model ENSEMBLE; ARBG = GCM model GFDL-ESM2G; GCM model MIROC. RCP 2026 = GCM Scenario at RCP2.6; RCP 2045 = GCM Scenario at RCP4.5; RCP 2060 = GCM Scenario at RCP6.0.
The average wheat grain yield for the historic climate data in 2020 was 1,534 kg/ha, which was slightly higher than the highest average yield of 1,215.9 kg/ha from GCM ENSEMBLE.
DISCUSSION
Methodology of climate change impact on wheat yield
This is the first time that secondary data can be harnessed for farm management practices to study the impact of climate change on wheat using the DSSAT model with future scenarios.
The change in climate has implications for any natural resource systems that are sensitive to climate, such as agriculture, fishery, animal husbandry, and forestry. With agriculture being at the forefront of food systems, it is imperative to note that changes in climatic factors such as temperature, precipitation, and solar radiation would severely impact crop yield (Tao et al., 2014). This study applied the DSSAT crop model and GCM coupled with four different RCPs to observe the impact of future climate on wheat productivity.
Variations in the impact of climate scenarios among different RCPs and GCMs
In our study, using the DSSAT crop simulation model, the wheat grain yield in Bethlehem increased by 6% and 3% under RCP 2.6 and RCP 4.5 using GCM ENSEMBLE for the 2020–2069 projections. This result agreed with a previous study, which found that high temperatures increased wheat yield by 0.9%–12.9% in northern China (Tao et al., 2014). Also, Zheng et al. (2020) corroborated this with a projected increase in yield for wheat between 2.8% and 14.8% under RCP 4.5, 6.0, and 8.5 at the Guanzhong Plain in northwest China. According to Smith et al. (2013) on the Canadian Prairies, spring wheat and winter wheat are estimated to increase by 37% and 70%, respectively, in the 2050 s. This is quite high compared to the results from this study. Wang et al. (2012) noted that the projected yield increase could be overestimated because crop models did not often simulate the effects of heat stress properly.
Average wheat yield was projected to decrease within the range of 20%–96% under RCP 4.5 and by 7%–97% under RCP 6.0 and RCP 8.5 during GCM GFDL when compared to the baseline. Tao et al. (2014) also reported that wheat yields were projected to decrease by 1.2%–10.2% in southern China. This means that an increased or decreased projection might depend on location and varying climatic conditions. In future climate scenarios, temperature (both Tmin and Tmax) and solar radiation followed a rising trend (Xiao et al., 2018); conversely, the wheat yield followed a declining trend similar to Zheng et al. (2020), who reported a 0.3%–6.5% decrease but was dependent on planting dates. Deryng et al. (2014) also observed in a study conducted in Canada that because of the projected heat stress under climate scenarios in the future, the wheat yield that was projected would also decrease even though there were huge disparities in climate across the regions. This is because warmer temperatures accelerate the development of phenology in wheat, leading to reduced opportunity for the plant to take up nutrients and causing radiation interception. This means that the duration of the growth and development of the plant is also reduced. When this happens during the growing season, there is also a reduction in the biomass produced and invariably reduced grain production in quantity and quality (Juknys et al., 2017).
All 4 GCM climate change scenarios were consistent in the projected direction of change in temperatures. Average temperature increases were projected to range from 6% to 9% over the 4 GCM scenarios. Generally, higher temperature increases are projected for GCM GFDL-ESM2G and BCC-ESM1_1, while lower for GCM ENSEMBLE and MIROC. All climate scenarios indicated decreased total precipitation and followed the same decreasing trend, similar to the case reported by Waffa and Benoit, (2015).
However, in order to resolve the lack of certainty involved in simulating wheat yields under climate change, Asseng et al. (2013) used 27 different wheat models and observed that the variability in crop models contributed significantly to the unpredictability of climate change impact forecasts compared to the variability in downscaled GCMs.
As model evaluations and modifications become more prevalent, this unpredictability should be considered, and additional models may be employed in subsequent studies (Rosenzweig et al., 2013). Only one crop model was used in this study, and the projected yield increase or decrease in Bethlehem dry land wheat in South Africa could have been overestimated or underestimated for the current wheat cultivar (Wang et al., 2012). However, comparison using different crop models is beyond the scope of this paper.
Impact of climate change scenarios on wheat yield
Farm management practices in this study are assumed to be the same throughout the century; therefore, the cultivar used is that which has been validated in the field by Serage (2017). In future scenarios, the average grain yields would decline by 20%–33% under GCM BCC-ESM1_1, 96% under GCM GFDL-ESM2G, and between 39% and 42% under GCM MIROC.
The projected future high temperatures could shorten the growing season for the current wheat cultivar. This means that the time needed for grain filling will be reduced, which may result in a decrease in yield because of heat stress, making it important for future cultivars to be improved with regard to heat resistance/tolerance (Wang et al., 2012). Crop cultivars with higher potential yields have not been extensively studied in research on the effects of climate change. However, according to Smith et al. (2013), new cultivars would require extra growing degree days and Minoli et al. (2022) observed that actual crop yields would rise by approximately 12% with extra growing season adaptation, decreasing the adverse impacts of climate change and improving the beneficial effect of CO2 fertilization. This is contrary to the report by Iizumi et al. (2021) regarding the need for more adaptation measures in Sudan, as their study proved that despite the use of adjusted sowing dates and existing heat-tolerant cultivars, wheat production may decrease from 16.0% to 4.5%–12.2% by 2050.
This decline in projected grain yield will have a negative impact on food security in South Africa, which will further increase the yield gap that already exists among farmers in this region. This reduction will also impact the livelihood and source of income among such rural farmers (Thornton et al., 2011). Generally, these yield losses can be attributed partly to the high temperatures projected for Bethlehem and low precipitation.
Limitations of the study
Since this is the first time we are using the methodology in which secondary data is collected for farm management practices, there might be some unforeseeable uncertainties. Due to the complexity of climate and the limitations of human cognition, the uncertainty of data input, model parameters, etc., unlikelihood exists in the process of climate simulation, resulting in greater uncertainty of simulation results. However, this study reflected only on the impact of future climate scenarios on wheat yields.
CONCLUSION
The change in climate has a great impact on crop yield and in most cases, the impact is negative. Therefore, adaptation measures should be prioritized within agricultural settings to forestall negative impacts. Therefore, to have long-term development in food production in South Africa, knowledge about the interaction and impact of climate change on food production is important. The baseline yield was slightly lower than the highest in the future data. The results from this study showed a declining trend in yield for all future climate projections from RCP 2.6 to RCP 8.5 except for GCM ENSEMBLE in RCP 2.6 and 4.5, indicating that the possible impacts of higher temperatures and reduced rainfall in the projected future climate will slightly decrease wheat production in the eastern Free State. Using a crop model to simulate the response of crops to variations in weather conditions can be useful to generate advisories for farmers based on the potential effects of climate change on yield and more studies can be conducted. The use of GCMs in crop modeling should be an ongoing process where new GCM data become available.
POLICY RECOMMENDATIONS
From our results in this study, potential future adaptations to climate change for wheat yields could require the development of a variety of wheat or wheat cultivars that are drought-tolerant and can better adapt to harsh future climatic conditions. These traits could include cultivars that require higher temperature and longer growing seasons (which is not badly affected by the warmer temperature) or higher temperature and shorter growing seasons (whose phenology development is not impacted). Other adaptation measures could include possible changes in planting dates and irrigation selection. Using a crop model to simulate the response of crops to variations in weather conditions can be useful to generate advisories for farmers based on the potential effects of climate change on yield.
As the future pattern shows the need for change in planting dates and the use of heat-resistant cultivars, farmers need to be educated on the different adaptation measures and the use of technologies to help forestall future crop failures. More research and collaboration needs to be carried out in wheat-growing areas to understand the different future patterns across South Africa. Such collaborations could include the generation of more timely and relevant climate information and comprehensive phenological crop data for decision-making and adaptation measurements in agriculture.
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Further data analysis was carried out using Excel and R as data from the simulation were transferred to both Excel and R platforms.
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