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Abstract

:

Climate change is expected to substantially reduce future crop yields in South Africa, thus affecting food security and livelihood. Adaptation strategies need to be implemented to mitigate the effect of climate change-induced yield losses. In this paper, we used the WEAP-MABIA model, driven by six CORDEX climate change data for representative concentration pathways (RCPs) 4.5 and 8.5, to quantify the effect of climate change on several key crops, namely maize, soya beans, dry beans, and sunflower, in the Olifants catchment. The study further investigated climate change adaptation such as the effects of changing planting dates with the application of full irrigation, rainwater harvesting, deficit irrigation method, and the application of efficient irrigation devices on reducing the impact of climate change on crop production. The results show that average monthly temperature is expected to increase by 1 °C to 5 °C while a reduction in precipitation ranging between 2.5% to 58.7% is projected for both RCP 4.5 and RCP 8.5 relative to the baseline climate for 1976–2005, respectively. The results also reveal that increased temperature and decreased precipitation during planting seasons are expected to increase crop water requirements. A steady decline in crop yield ranging between 19–65%, 11–38%, 16–42%, and 5–30% for maize, soya beans, dry beans, and sunflower, respectively, is also projected under both RCPs climate change scenarios. The study concludes that adaptation measures such as the integration of changing planting dates with full irrigation application and the use of rainwater harvest will help improve current and future crop production under the impact of climate change.
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1. Introduction


Increased greenhouse gas emission caused by human-induced activities such as the burning of fossil fuels and deforestation has accelerated the impacts of climate change in the 20th century. Recently, the intergovernmental panel on climate change report [1] indicated that natural and human systems have been significantly impacted by increased temperature, and increased frequencies of extreme weather events such as droughts and floods that are caused by changes in the climate system. The impacts of climate change on agriculture can no longer be ignored as agricultural production is largely dependent on the amount of water available and dry-land farmers who rely on rain-fed farming for their livelihood are particularly vulnerable [2]. Climate change impacts on agriculture resulting in the decline in crop yield may increase food insecurity globally [3,4]. This is largely because agricultural crops relevant to food security such as maize, wheat, and rice require significant amounts of water for production [5]. The amount of water required to produce 1 kg of these crops is estimated at 1.5 m3, 1.0 m3, and 2.5 m3 respectively [6]. It is therefore anticipated that areas with limited water availability due to climate change impacts will experience significant crop yield losses which would compromise food security in the long term.



Climate change impacts on agricultural production are increasingly becoming a major area of scientific interest [7]. Such impacts are significant in arid and semi-arid areas which include a country like South Africa, a semi-arid country, with about two-thirds of its land area receiving a mean annual rainfall of less than 500 mm [8] during the summer months over the eastern parts of the country [8], where most of the agricultural activity takes place. The share of agriculture in the country’s gross domestic product (GDP) is barely 4 percent [9]. However, despite this seemingly negligible contribution towards the country’s economy, the agricultural sector accounts for almost 10 percent of the total employment in the country and about one-third of the country’s total crop production is exported with considerable financial returns [10]. In addition, more than a million people in the country are indirectly dependent on the agricultural sector for their livelihood [11] and 94 percent of the agricultural products such as wheat, maize, and rice are consumed within the country [12]. The strategic importance of the agricultural sector in South Africa is therefore evident.



Increased rainfall variability and high temperatures are currently the key factors expected to have significant impacts on agricultural production in South Africa [8,13]. For instance, climate projection studies have illustrated that the frequency and intensity of droughts coupled with higher variability in rainfall will have negative implications on crop production [1]. A study undertaken by Erasmus et al. [14], projected a decline in precipitation in the Western Cape Province which they predicted would result in less water available for agriculture with related socio-economic impacts for farmers in the area. The anticipated increase in temperature of 1.2 °C in 2020, 2.4 °C in 2050, and 4.2 °C by the year 2080 and a projected rainfall decrease of about 5–10% in the next 50 years [8], thus presents a significant risk to South Africa’s food security and socio-economic stability. Considering the socio-economic importance of agriculture and food security, it is therefore imperative to assess how future climate change will affect crop yield. Adaptation is an important factor that will minimize the severity of the impact of climate change on future crop production [15,16]. Potential adaptation strategies should thus be developed and consistently evaluated to effectively cope with climate risk.



Numerous studies have assessed the impact of climate change on crop production in South Africa [17,18,19,20,21,22], their findings indicate a decrease in crop yield as a result of a changing climate. Mayowa [23] examined the impact of climate variability on maize yield in South Africa using satellite-derived data and a neutral framework. The result of the study indicated that maize phenology could be impacted by climate variability, especially if the impacts are most severely experienced during the vegetative and reproductive period of plants. Studies by Gbetibouo and Hassan [24] and Deraasa et al. [25] used the Ricardian model to investigate the economic impact of climate change on major South African field crops and found that the production of field crops was more sensitive to changes in marginal temperature as compared to changes in precipitation. Results from their study implied that an increase in temperature somehow positively affected net revenue whereas the effect of precipitation decrease was negative. The study went further to highlight the importance of season and location in dealing with climate change, indicating that the spatial distribution of climate change impact and consequently the needed adaptation strategies vary across the different agro-ecological regions of South Africa.



Despite the fairly extensive research undertaken towards assessing the potential impacts of climate change on crop production in South Africa, to date, no study has evaluated the efficiency of adaptation strategies in order to provide farmers and decision-makers with clear guidance on the best practices to be implemented. Further, many of the existing studies were either conducted at a national, regional, or provincial level which fails to capture climate change-related dynamics and its implications at a catchment level. It is important to understand how climate change affects crop production at a catchment scale since vulnerability and the intensity of climate change are location-specific and the formulation of adaptation strategies depends on the level of impacts. Specifically, the assessment of climate change and adaptive measures in terms of crop production have not been investigated in the Olifants catchment where crop yield could be more sensitive to climate change due to the vulnerability of the catchment to global change.



This study, therefore, aims to assess the potential impact of climate change on crop yield in the Olifants catchment using a high-resolution climate change model and it evaluates the efficiency of the adaptive strategies deployed by farmers to improve crop yield under current and future climate change scenarios for the catchment. The specific objectives of this study are: (1) to evaluate the impacts of climate change on the catchment reference evapotranspiration and crop water requirement; (2) to assess the influence of soil texture on crop yield under current climate condition; (3) to evaluate the impact of current and projected climate change on crop yield, and lastly, (4) to assess crop yield response to different adaptation measures in the context of changing climate.



The findings from this study are intended to provide relevant information on the expected changes in climate and its impact on crop yield at a catchment-scale as well as to guide policy-makers on the most suitable adaptation options to be implemented in order to improve future crop production and ensure food security.



The rest of the paper consists of Section 2 which details the material and methods used for analysis in the study, followed by a presentation of the results in Section 3. The discussion and concluding remarks are provided in Section 4 and Section 5 of the paper.




2. Materials and Methods


2.1. Study Area and Data


The Olifants River Basin is one of the nineteen water management areas in South Africa. It is a principal sub-catchment of the Limpopo River. It originates in the north of South Africa in the province of Mpumalanga and flows northeast through the northern province before joining in Mozambique and emptying into the Indian Ocean (Figure 1). An estimated 3.2 million people live within the catchment area with two-thirds of this population living in the rural community [26]. The Olifants River Basin is recognized as one of the most important basins in South Africa as it contributes largely to the country’s economic hub, with an annual contribution of six percent to the Gross Domestic Product arising from agricultural, mining, and industrial activities [27]. The catchment consists of both large and medium-scale agricultural farms that consume a lot of water for irrigation (540 Mm3 per year) with approximately 130,000 ha irrigated (i.e., 11% of the total cultivated area in the catchment), primarily in the commercial farming sector. The water used for irrigation is obtained from both dams and groundwater in the catchment [28]. Precipitation in the catchment occurs during the summer months from October to April, with average annual rainfall ranging between 500 mm to 800 mm in most parts of the catchment and surpasses 1000 mm along the escarpment which separates the Highveld from the Lowveld. Evaporation varies across the catchment with high levels occurring in the north and west, and lower levels of evaporation recorded in the southeast. Elevations range from 300 m to over 2300 m above sea level, which explains the relatively cool winter and annual wide-range of temperature variations of −4 to 35 °C [29]. Runoff from the catchment reflects the temporal and spatial distribution of the rainfall with the greatest volumes occurring in the south and along the escarpment. The average annual runoff from the catchment is 37.5 mm (i.e., 6% of the average annual rainfall), which equates to 2040 million cubic meters (Mm3). However, there is considerable inter-annual variation and consecutive years where the flow is below the mean annual discharge [30].



This study uses climate simulated data (daily rainfall, minimum, and maximum temperature, average relative humidity, 2 m wind speed, and solar radiation) from the Coordinated Regional Climate Downscaling Experiment (CORDEX) database. The data were obtained from http://cordexesg.dmi.dk/esgf-web-fe/. The output from CORDEX RCMs are quality controlled and can be used according to the terms of use (http://wcrp-cordex.ipsl.jussieu.fr/). It should be noted that all Coordinated Regional Downscaling Experiment-Regional Climate Models (CORDEX RCMs) are set to 0.44° by 0.44°spatial resolutions, which corresponds to 50 km by 50 km. The area-weighted average method [31] was used to calculate the average climate variables from the CORDEX RCMs over the entire Olifants River catchment (latitude 24° and 26° and longitude 29° and 32°). Daily climate variables listed above were obtained from a single RCM driven by six Global Climate Models (GCMs) namely, Commonwealth Scientific and Industrial (CSIRO), National Centre for Meteorological Research (CNRM), Canadian Centre for Modelling and Analysis (CCMA), Institut Pierre Simon Laplace (IPSL), Model for Interdisciplinary Research on Climate (MIROC), and Max Planck institute for Meteorological Earth System Model (MPI-ESM) for a period of 30 years (1976–2005). Two projected climate change scenarios, representative concentration pathways (RCP 4.5 and 8.5) were used. The former represents an intermediate stabilization of radioactive forcing by 2100, without surpassing 4.5 W/m2 (~650 ppm CO2), which constitutes a high mitigation scenario [32]. Whilst the RCP 8.5 scenario assumes that the radioactive forcing pathway reaches above 8.5 W/m2 (~1370 ppm CO2) by 2100 [33].



Using CORDEX-RCM climate change data, three time periods 2010–2039, 2040–2069, 2070–2099 were considered in this study to project future climate for both greenhouse gas concentration scenarios. These time periods were then compared to the baseline period, 1976–2005. CORDEX climate variables were biased corrected using a linear scaling bias correction method. Observed climate variables obtained from the South African weather service were used to bias correct the current and projected CORDEX climate data [34]. It was necessary to bias correct the simulated climate data in order to compensate for any over or underestimation of the downscaled variables. The linear scaling bias correction is based on the average difference between daily observed time series data. These differences were then applied to the simulated climate data to obtain bias-corrected variables [34]. The biased-corrected climate variables were then integrated into a decision support system (Water Evaluation and Planning) model to evaluate current and future crop yield and adaptation scenarios using the WEAP-MABIA method.



The WEAP-MABIA model used in this study has a soil profile library functionality that provides typical values for water content at saturation, field capacity, wilting point, and the available water capacity for 12 textural classes. It uses a pedotransfer function to estimate the average soil water capacity. In this study, we assumed scenarios of three textural classes of soil to evaluate its impacts on crop yield under current climate conditions. The three textural classes of soil were (S1-sandy loam, S2-loamy sand, and S3-Sandy clay loam) presented in Table 1.



Crop parameters were also obtained from the crop library functionality within the WEAP-MABIA. The “Crop Library” provides the required parameters for over 100 crops, some with multiple entries for different climates or regions of the world. The end-user can add, edit, remove, copy, export, import, or search the “Crop Library” for a particular crop. This study selected four crops namely: maize, soya beans, dry beans, and sunflower from the crop library using the crop scheduling wizard. The crop parameter used in this study is presented in Table 2.



The lengths of growth stages (Lini, Ldev, Lmid, Llate) were computed according to the FAO-56 method as a function of vegetation cover (fc). The initial stage (Lini) runs from the sowing date to when the fc reaches a value of 0.1, the development stage (Ldev) runs from a fc of 0.1 to full vegetation cover (fc of 0.9). The mid-season stage (Lmid) runs from the end of the development stage until canopy cover (fc) drops back to the same value it had at the end of the development stage and the beginning of the mid-season period (fc = 0.9). The late-season stage (Llate) runs from the end of the mid-season stage until the end of the growing season.



The basal crop coefficient (Kcb) is defined as the ratio of the crop evapotranspiration ETc over the reference evapotranspiration ETref when the soil surface is dry but transpiration is occurring at a potential rate. Therefore, Kcb represents primarily the transpiration component of ETc. The Kcb coefficient serves as a lumped parameter for the physical and physiological differences between crops. Variation in Kcb between the growth stages is mainly dependent on how the crop canopy develops. The values given in the “crop library” represent a standard climate having mean daily minimum relative humidity (RHmin) equal to 45% and mean daily wind speed measured at 2 m (u2) equal to 2 m s−1.



The depletion factor (p) is the fraction of the total available water (TAW) that can be depleted from the root zone before moisture stress occurs. Different values can be defined to express the variation of the crop sensitivity to water shortage over the different crop stages.



The yield response factor (Ky) is a factor that describes the reduction in relative yield according to the reduction in the crop evapotranspiration (ETc) caused by soil water shortage. Ky values are crop-specific and may vary over the growing season. The values for Ky are given for the individual growth periods as well as for the complete growing season.



The rooting depth for annual crops has three growth stages. The rooting depth is held constant at the minimum depth (Zr min) throughout the initial crop growth stage. The root zone increases linearly to a maximum depth (Zr max) throughout the vegetative growth and development stages



The maximum root depth is attained at the beginning of the mid-season stage (peak growth) and is maintained throughout the mid and late season stage [35].




2.2. Description of WEAP Model


The water evaluation and planning model developed by the Stockholm Environment Institute (SEI) is a decision support system (DSS) used for the integration of water resources management and planning. It is easy to use for water planning and scenario assessment. WEAP simulates water balance for water demand, supply, and storage on a monthly basis and it allows the assessment of water resource management policies between different sectors (agriculture, industry, tourism). It can be applied at a catchment level as well as other more complex levels such as regional and country levels [36].



Within the WEAP model, different agricultural catchment calculation methods can be used. In this study, we used the WEAP-MABIA method version 1.0.1 [35] to simulate crop water requirement, crop yield as well as agricultural management plans under different climate conditions. The selection of this method was based on the fact that it has been applied by scientists, engineers, and resource managers to simulate runoffs, infiltration, and percolation processes resulting from natural rainfall, irrigation scheduling, and crop yield reduction [35,37,38,39]. The WEAP-MABIA method calculate evapotranspiration using the ‘dual’ crop coefficient kc method (Kc = Ke + Ks Kcb), as described in Allen et al. [40], whereby the Kc value is divided into a ‘basal’ crop coefficient, Kcb, and a separate component, with Ke, representing evaporation from a shallow soil surface layer. The basal crop coefficient represents actual ET conditions when the soil surface is dry but sufficient root zone moisture is present to support full transpiration.



The reference evapotranspiration (ET0) for the Olifants catchment was calculated using the modified Penman-Monteith equation recommended by Allen et al. [40]. The equation utilizes some assumed constant parameters for a clipped grass reference crop. It was assumed that the definition for the reference crop was a hypothetical reference crop with a crop height of 0.12 m, a fixed surface resistance of 70 s m−1 and an albedo value (i.e., a portion of light reflected by the leaf surface) of 0.23 [41]. The equation used for calculating ET0 is given below:


  E  T  0     =     0.408 Δ  (   R N  − G  )  + λ   900   T + 273      ∪   2   (   e s  −  e a   )    Δ + γ  (  1 + 0.34      ∪   2   )     








where RN is the net radiation at the crop surface, G is the soil heat flux density, T represents the mean daily air temperature at 2 m height, U2 is the wind speed at 2 m height, es is the saturation vapor pressure, ea is the actual vapor pressure, (es–ea) represents the vapor pressure deficit of the air, Δ is the slope vapor pressure curve, and γ represents the psychometric constant.



The following climate parameters such as daily temperature (minimum and maximum), average relative humidity, 2-m wind speed, and solar radiation were used to estimate the current and projected reference crop evapotranspiration.



The performance of the WEAP-MABIA was verified by calibrating and validating observed crop yield data for Mpumalanga province where the Olifants catchment is situated, as there was no recorded crop data for the catchment. The data was obtained from the Department of Agriculture, Fisheries, and Forestry (DAFF). The efficiency of the model performance was determined by comparing the observed against the simulated crop yield using two verification statistics such as Coefficient of Determination (R2) and Nash-Sutcliffe Efficiency (NSE). The values of R2 ranges between 0–1, values higher than 0.5 are considered acceptable. While NSE ranges between −∞ and 1.0, where NSE = 1 indicates a perfect match of simulated and observed yield. An efficiency of 0 shows that the model prediction is as accurate as the mean of the observed data, while an efficiency less than 0 shows that the observed mean is a better predictor than the model. For more detail on the procedure and statistical equation used for the calibration and validation of the model, readers should consult Olabanji et al. [29]. We calibrated and validated the WEAP-MABIA crop model using observed crop yield data for the period of 1995–2000 for calibration and 2001–2004 for validation. The results presented in Table 3 show that the simulated crop yield perfectly agrees with the observed yield with NSE ranging between 0.97 to 0.99 during calibration and 0.87 to 0.96 during validation. The coefficient of determination (R2) ranged between 0.98 to 1.0 for calibration and 0.95 to 0.98 during the validation process. The agreement between the simulated and observed crop yield indicates the capability of the crop model to simulate future crop yields.




2.3. Experimental Design


We conducted five experiments to assess crop yield response to climate change impacts and adaptation strategies in the Olifants catchment (Figure 2). The adaptation scenarios used for this analysis were derived from a comprehensive literature review [42,43,44,45,46] and augmented with the results from a field survey that was completed by seventy-three smallholder farmers who provided information about the adaptive strategies they are deploying in the area. During the course of the study, four adaptation measures were evaluated using the WEAP-MABIA model.



	
Experiment 1, which is the control experiment, presents crop yield under baseline and projected climate scenarios (RCP 4.5 and RCP 8.5) without the implementation of adaptation strategies.



	
Experiment 2, presents crop yield with the adoption of a shifting plantation date and the application of full irrigation water. This scenario assumes a delay in the planting of crops. It is expected that crops in the catchment, particularly those investigated in this study, are to be planted from early October to mid-December. However, due to the delay in rainfall, most farmers have adjusted their farming practice by shifting their planting dates to wait for rain. We, therefore, assumed a delay of 25 days from the initial date planted. The strategy also assumed the application of full irrigation to supplement rainfall should there be any shortfall during the cropping cycle. The scenario assumed that irrigation would be applied at 100% of the readily available water. This application implied that soil depletion would never drop below the readily available water level, and as such, water stress is not expected to occur in this scenario.



	
Experiment 3, presents crop yield with the application of rainwater harvesting. This scenario assumes the harvesting of rainwater from runoffs during the period of heavy rainfall within the cropping cycle to irrigate crops. This strategy is expected to augment limited irrigation water from the system, it also serves as an agricultural water management measure as it helps to restrain the over-exploitation of freshwater during crop production.



	
Experiment 4, presents crop yield with the adoption of the deficit irrigation method. This strategy involves the application of limited water during crop production. The formulation of this strategy is as a result of the increased demand for water resources by other water use sectors which may cause shortages during irrigation for farmers in the near future [29]. According to the findings of Geerts and Raes [47], the deficit irrigation scheme is a promising and tested irrigation technique, especially in periods of low rainfall. The scenario assumes allowing shortage of 50% of the readily available water (RAW) before irrigation.



	
Finally, experiment 5 presents crop yield with the use of efficient irrigation devices such as the drip irrigation technique, or the sprinkler and furrow. These devices are deemed more efficient compared to traditional irrigation techniques such as the center pivot system, or the buckets and pipes approach which consumes a lot more water during irrigation. Specifically, for this analysis, the scenario assumes the use of a drip irrigation technique with an application efficiency of 95% to improve crop yield.






The results obtained from experiments 2, 3, 4, and 5 were compared against the control experiment (crop yield without adaptation strategies adopted). The assessment of each experiment enabled us to determine which adaptation measure performed the best in terms of crop productivity.





3. Results


3.1. Climate Model Validation


This section validates the performance of CORDEX-RCM current climate data for the period 1976–2005. Results presented in Figure 3a,b shows that ensemble monthly historical RCM after bias correction mostly agreed with the observed precipitation and temperature in the catchment. The agreement between the simulated RCM climate and the observed indicated that CORDEX-RCM data after bias correction were capable of projecting future climate.




3.2. Future Climate Projections


The intra-annual changes in temperature and precipitation for the study area under the two future projected climate change (RCP 4.5 and RCP 8.5) scenarios are presented in Figure 4a–d. From the results obtained, it was clear that elevated CO2 concentration would significantly increase temperatures in the future. The monthly average temperature was projected to increase by 1.0, 1.6, and 2.9 °C for the 2010–2039, 2040–2069, and 2070–2099 periods respectively, for RCP 4.5 scenario relative to baseline. Under the RCP 8.5 scenario, the average monthly temperature increased by 2.3, 3.0, and 5.0 °C for the three future time periods as shown in Figure 4a,b. The highest temperature increase was expected for the RCP 8.5 scenario towards the end of the century. Results further revealed that summer months were likely to experience increased temperature particularly the month of October during the mid and end of the century. In addition, the results presented in Figure 4c,d show the variations in intra-annual predicted precipitation for the Olifants catchment for RCP 4.5 and RCP 8.5 respectively. As indicated in Figure 4c, a slight increase in precipitation for the RCP 4.5 scenario was expected for the early-term in the month of August and September and a decrease was expected for other months. For the mid-term and far-term, an average increase in precipitation was expected for the months of July and August, with the remaining part of the months expected to be dry. A precipitation decline between 3.2 to 51.4% was predicted for RCP4.5 with the mid-term expected to be the driest. The results presented in Figure 4d show a decreasing trend in most of the months in the mid and end-term for the RCP 8.5 climate change scenario. However, a slight increase was projected for the months of July, August, and September in the early term. The end-term was projected to be the driest period for the RCP 8.5 scenario, a decrease in precipitation ranging between 2.5 to 58.7% was anticipated. The summer months of October to February for both climate change scenarios were expected to experience a greater decline in precipitation during the early-term, mid-term, and end-term respectively. Based on the outcome of the climate analysis, the decline in the projected precipitation during the summer months and an increasing trend in temperature will have implications for future crop production, as most of the crops in the catchment are planted during this period.




3.3. Analysis of Reference Crop Evapotranspiration


This study estimated reference crop evapotranspiration (ET0) using the Penman-Montieth equation. Projected changes in ET0 were calculated as the difference between the average monthly and annual ET0 for RCP 4.5 and RCP 8.5 relative to baseline (1976–2005). Results from the calculation show an increasing trend in total annual ET0 of 770.9 mm, 810.0 mm, and 817.8 mm for RCP 4.5 and 778.0 mm, 829.3 mm, and 904.5 mm for RCP 8.5 for the early-term, mid-term, and end-term relative to 729.1 mm of baseline climate (1976–2005). The intra-annual ET0 variation indicated a higher increase in the months of September, August, and October while April had the smallest increase for both climate change scenarios as illustrated in Figure 5. The increase in ET0 aligned with the increasing trend in temperature, implying that a change in temperature would have a significant impact on the amount of soil evaporation and crop transpiration.




3.4. Climate Change Impact on Crop Water Requirement


This study assessed the impacts of climate change on crop water requirements by integrating climate parameters into the WEAP-MABIA crop model. Table 4 shows the projected changes in crop water requirements for RCP 4.5 and RCP 8.5 climate change scenarios. Results revealed a steady increase in crop water requirements for both RCPs. Water requirements for maize crops increased from 7.6 × 108 m3 for the baseline climate to 9.1 × 108 m3 and 1.0 × 109 m3, while soya beans increased from 2.2 × 108 m3 to 3.1 × 108 m3 and 3.6 × 108 m3 for RCP 4.5 and RCP 8.5 climate change scenarios. An increase of 1.4 × 108 m3 and 7.3 × 107 m3, 1.6 × 108 m3, and 9.1 × 107 m3 was anticipated for dry beans and sunflower for both RCPs relative to 9.3 × 107 m3 and 4.3 × 107 m3 of baseline climate. Comparing both RCPs, a slight decrease in water requirements for maize and soya beans was expected under RCP 8.5 in the early term, with the highest water requirements for all crops expected towards the end of the century. The increased water requirements for all crops modeled in the WEAP-MABIA crop model is due to the high evapotranspiration rate resulting from an increased temperature and a decline in precipitation. Water stress can only occur when rainfall or irrigation do not meet crop water requirements. Therefore, the simulated results for crop water requirements show that crops in the Olifants catchment will likely face severe water stress in the future which may lead to a decline in crop yield.




3.5. Influence of Soil Texture on Crop Yield


We analyzed the effect of soil texture on crop yield under the current climatic conditions (1976–2005). Simulated results of crop yield (maize soya beans, dry beans, and sunflower) were higher in sandy loam and sandy clay loam, compared to loam sand, which is ascribed to high water retention in sandy loam and sandy clay loam soil. The grain yield in sandy loam and sandy clay loam was 5.6 t/ha and 4.5 t/ha respectively, as presented in Figure 6. Similarly, a study by Jalota et al. [46] found an increased grain yield of maize and wheat in sandy loam soil which the study attributed to the high water holding capacity of the soil. In our current study, it is evident that soil with low water retention capacity will have larger percolation loss which would increase the amount of water required for crop production. Adapting to this issue will require farmers to irrigate more often, particularly during periods of limited rainfall. However, this situation can be rectified through the application of organic matter to increase the density of the soil as suggested by Jalota et al. [46].




3.6. Crop Yield Analysis


This study analyzed the impact of climate change on crop yield in the Olifants catchment. The WEAP-MABIA model was used to simulate crop yield under RCP 4.5 and RCP 8.5 emission scenarios. Results presented in Table 5 show the changes in crop yield for both RCPs climate change scenarios relative to the 30 years baseline average. Based on the analysis, an average annual decrease in crop yield was expected for both projected climate change scenarios (RCP 4.5 and RCP 8.5) for the early, mid, and end-term periods with RCP 8.5 showing the highest rate of decrease towards the end of the century. A decrease of 19 to 40%, 12 to 25%, 19 to 32%, and 5 to 20% was anticipated for maize, soya beans, dry beans, and sunflower under the RCP 4.5 climate change scenario. For the RCP 8.5 scenario, maize and soya beans were expected to decline by 20 to 65% and 11 to 38% respectively, while a decrease of 16 to 42% and 10 to 30% was expected for dry beans and sunflower. A slight increase in the yield of soya beans in the early term for RCP 8.5 was anticipated. The general decrease in crop yield in the Olifants catchment is attributed to the decreasing trend in precipitation coupled with an increase in temperature. The anticipated decline in crop yield in the catchment suggests the need for the development and implementation of plausible adaptation measures.




3.7. Evaluation of Adaptation Strategies


Considering the negative effect of climate change on crop yield arising from increased temperature and decreased precipitation, this study evaluated the capabilities of adaptation strategies to improve current and future crop yield. Four agricultural management strategies were simulated in the WEAP-MABIA crop model. These strategies included a combination of changing planting date with the application of full irrigation, use of rainwater harvesting, application of the deficit irrigation method, and the use of efficient irrigation devices. Table 6 presents changes in crop yield with the adoption of changing planting date and full irrigation technique for both baseline and projected climate (RCP 4.5 and RCP 8.5) scenarios for the period 2010–2039, 2040–2069, and 2070–2099 respectively. Results revealed that maize and soya bean yields will increase by 39 to 270% and by 52 to 138% while dry bean and sunflower was expected to increase by 45 to 144% and 15 to 57% respectively.



For the application of rainwater harvest, results from the analysis revealed an increase in the mean potential yield ranging between 14 to 21% and 5 to 8% for maize and soya beans respectively. For dry beans, an increase of between 4 to 10% was expected while an increase of 5 to 13% was expected for sunflower yield, as presented in Table 7. The analysis of the results also revealed that the ability of RWH to improve crop yield in the Olifants catchment was expected to continue toward the mid and end-term for both RCPs.



With regards to the application of the deficit irrigation method as an adaptive strategy. The results illustrated in Table 8 show that the yield of maize was expected to decrease by 1 to 3% for both the baseline and projected climate scenarios. While an increase of 2 to 4% was anticipated for the soya beans yield. For dry beans, a different situation was observed as there were no changes in the yield for both baseline and projected climate scenarios with the exception of RCP8.5 which showed an increase of 4 and 5% for the early term (2010–2039) and mid-term (2040–2069) respectively. Similar to dry beans, the yield of sunflower remains unchanged.



Under the application of the efficient irrigation device, results demonstrated in Table 9 show an increase in maize yield for both baseline and projected climate, while there were no changes in the yield of soya beans, dry beans, and sunflower.



The evaluation of adaptation measures in this study show that crops respond to adaptive measures differently. It is, however, important to note that not all adaptive strategies can improve crop yields. Among the different adaptation strategies evaluated, the combination of changing the planting date with full irrigation technique and the application of rainwater harvesting were found to be the most suitable measures for all crops studied.





4. Discussion


There is great uncertainty about the future effects of climate change on crop production. This analysis explores the potential implications of climate change on catchment crop yield based on CORDEX-RCM driven by six GCMs for two IPCC emission scenarios (RCP 4.5 and RCP 8.5). Furthermore, four possible adaptation strategies to cope with climate change impact in the Olifants catchment were considered: the combination of changing sowing date and application of full irrigation, application of rainwater harvesting, adoption of the deficit irrigation method, and the use of efficient irrigation devices.



Our analysis revealed an increased warming trend of between 1 °C to 5 °C for both climate change scenarios (RCP 4.5 and RCP 8.5) relative to the baseline climate of 1976–2005. This analysis aligns with the predictions of Durand [8]. On the other hand, average monthly precipitation is expected to decrease in the future for both climate change scenarios with the exception of the month of August and September for RCP 4.5 during the early term. This finding aligns with Kusangaya et al. [48] who also predicted decreased precipitation over Southern Africa. The changes in precipitation and temperature, particularly in the summer months when crops are being planted, have caused significant declines in crop yield. Such decreases are mostly attributed to increased temperature [17,20,21,49]. Contrary to this finding, a study by Cazadilla et al. [9] found an increase in crop production for South Africa under the MIROC AIB scenario. However, this contradiction may be due to the uncertainty associated with global climate models.



Considering the negative impacts of climate change on crop production in this study, we evaluated different adaptation strategies to improve crop production. Among the adaptation strategies assessed, the integration of changing sowing date with full irrigation application had the highest crop yield under both current and projected climate change scenarios as compared to other adaptation strategies evaluated. The adoption of changing sowing date alone might not be an effective measure to cope with climate change considering the significant decline in the catchment precipitation. However, few studies [50,51] have observed an increase in crop yield with the adoption of this strategy.



Combining changing sowing date with the application of full irrigation is seen to be an effective measure to cope with the long-term impact of climate change, but the application of full irrigation might prove to be challenging, as the Olifants catchment is already experiencing water stress arising from increased demands. The adoption of rainwater harvesting is therefore seen as an effective measure towards resolving this challenge as it involves harvesting rainwater from runoffs during periods of heavy rainfall. This approach would thus reduce the over-exploitation of fresh water from the system during irrigation. Our analysis has shown that the application of rainwater harvesting would improve the yield of crops under current and projected climate change which is consistent with the findings of Lebel et al. [52] and Rasuiba [53]. Contrary to the findings of the study conducted by Chimonyo et al. [54], where the application of the deficit irrigation method improved the yield of sorghum and cowpea plant, our experiments provided a different result. However, our findings aligned with the findings of a study by Shrestha L and Shrestha N [55] who also reported a decline in winter wheat yield with the adoption of the deficit irrigation approach. The application of an efficient irrigation device improved the yield of maize crops while the yield of other studied crops remained unchanged under current and projected climate change.



Findings from this study have shown that not all adaptive measures are capable of improving crop yield under the impact of climate change. It is therefore important to evaluate crop response to different adaptation measures before implementation in order to determine the most suitable and appropriate strategies to be adopted.




5. Conclusions


The analysis of climate change impacts has shown that crop yield may be declined by as much as 65% by the end of the century in the Olifants catchment of South Africa. Yet, studies have also suggested that much of the yield loss can be mitigated using adaptation measures. In this paper, we used an ensemble of six biased corrected GCMs downscaled with one regional climate model to assess crop yield response to projected climate change (RCP 4.5 and RCP 8.5) for the Olifants catchment. The WEAP-MABIA processed-based crop model was used for yield prediction and to investigate the effect of adaptation strategies. The findings from the study revealed that surface temperature in the Olifants catchment will increase in the future while precipitation, on the other hand, is expected to decrease, which will consequently decline crop production. The analysis also revealed that soil with high water holding capacity tends to retain more water for crop use and thus is able to improve crop yield under limited rainfall.



Based on the adaptation strategies evaluated to cope with the impacts of climate change, the combination of changing sowing date with full irrigation application as well as the adoption of rainwater harvesting resulted in a significant positive yield change.



Finally, the effect of climate change on crop yield is considerable and poses serious threats not just to farmers but also to regional food security, especially given the rapidly growing population of South Africa which necessitates the production of more food. Ultimately, the solution to climate change lies in the effective deployment of adaptive strategies that could mitigate the impacts of climate change. This study thus provides actionable knowledge and insights that could be used to avoid yield losses in the future. Adopting the measures proposed in this study are also well within the ability of policy-makers and the majority of the smallholder farmers. The implications of the analysis and findings of this study are to pave the way towards a more proactive agricultural management planning with regards to climate change and its impending impacts on food security in the region.
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Figure 1. Map of Olifants River Basin showing towns, rivers, and irrigated areas. 
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Figure 2. Diagrammatic representation of the conceptual framework of the study. 
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Figure 3. Olifants catchment current monthly climate (a) showing observed monthly South African Weather service (SAWS) precipitation plotted against the uncorrected historical ensemble precipitation from the Regional Climate Model (RCM) and the bias-corrected ensemble RCM for the period 1976–2005; (b) ensemble historical average monthly temperature against SAWS average monthly temperature. 
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Figure 4. Olifants catchment future monthly climate departure from observed climate: (a) temperature anomaly for representative concentration pathways (RCP) 4.5 and (b) for RCP 8.5; (c) and (d) showing precipitation anomaly for RCP 4.5 and RCP 8.5 for the period 2010–2039, 2040–2069, and 2070–2099 respectively. 
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Figure 5. Predicted changes in the reference evapotranspiration for RCP 4.5 and RCP 8.5 relative to baseline climate (1976–2006) for the period (a) 2010–2039, (b) 2040–2069, and (c) 2070–2099. 
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Figure 6. Influence of soil texture on crop yield, a plot showing crop yield response to different soil water holding capacity resulting from soil characteristics. 
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Table 1. Classification soil type used in this study (S1 = Sandy loam, S2 = Loamy sand, and S3 = Sandy clay loam).
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Texture Classes Soil

	
Properties as A Percentage (%) of Volume




	
Soil Type

	
Total Available Water (TAW)

	
Saturation (SAT)

	
Field Capacity (FC)

	
Wilt Point (WP)






	
S1

	
15.72

	
41.20

	
23.74

	
8.02




	
S2

	
10.36

	
40.10

	
14.90

	
4.54




	
S3

	
12.97

	
33.00

	
25.13

	
12.16
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Table 2. Database of crop parameters used in this study.
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	Crop
	Maize
	Soya Beans
	Dry Beans
	Sunflower





	Planting area (in thousand hectare)
	180
	72
	41
	20



	Planting date
	10/24
	11/05
	11/17
	11/25



	Stage length initial [days]
	25
	15
	20
	25



	Stage length dev [days]
	40
	30
	30
	35



	Stage length mid-season [days]
	45
	60
	40
	45



	Stage length end-season [days]
	30
	25
	30
	25



	Stage length total [days]
	140
	130
	120
	130



	Kcb: initial
	0.15
	0.15
	0.15
	0.15



	Kcb: mid-season
	1.15
	1.10
	1.00
	1.10



	Kcb: end-season
	0.30
	0.30
	0.80
	0.25



	Depletion factor initial
	0.55
	0.50
	0.45
	0.45



	Depletion factor mid-season
	0.55
	0.35
	0.45
	0.45



	Depletion factor: end-season
	0.55
	0.50
	0.45
	0.45



	Yield response factor [ky] initial
	0.40
	0.40
	0.20
	0.40



	Yield response factor dev
	0.40
	0.80
	0.60
	0.60



	Yield response factor mid-season
	1.30
	1.00
	1.00
	0.80



	Yield response factor end-season
	0.50
	0.40
	0.40
	0.80



	Yield response factor total
	1.25
	0.85
	1.15
	0.95



	Maximum Height [m]
	2.00
	0.75
	0.40
	2.00



	Rooting Depth [m] Minimum
	0.15
	0.15
	0.15
	0.15



	Rooting Depth [m] Maximum
	1.35
	0.95
	0.60
	1.15
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Table 3. Model calibration and validation result using yearly simulated and observed crop yield.
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Crops

	
Crop Yield (t/ha) (Calibration)

	
Crop Yield (t/ha) (Validation)




	
Sim

	
Obs

	
R2

	
NSE

	
Sim

	
Obs

	
R2

	
NSE






	
Maize

	
4.30

	
4.62

	
0.98

	
0.97

	
4.32

	
5.17

	
0.95

	
0.92




	
Soya beans

	
0.40

	
0.45

	
0.99

	
0.98

	
0.65

	
0.72

	
0.96

	
0.94




	
Dry beans

	
0.35

	
0.37

	
1.0

	
0.99

	
0.36

	
0.45

	
0.92

	
0.87




	
Sunflower

	
0.20

	
0.23

	
1.0

	
0.98

	
0.21

	
0.25

	
0.98

	
0.96











[image: Table] 





Table 4. Future changes in crop water requirements (in m3) for RCP 4.5 and RCP 8.5 climate change scenarios relative to baseline climate.
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Baseline

	
RCP 4.5

	
RCP 8.5




	

	
1976–2005

	
2010–2039

	
2040–2069

	
2070–2099

	
2010–2039

	
2040–2069

	
2070–2099




	
Crops

	
CWR

	
CWR

	
CWR

	
CWR

	
CWR

	
CWR

	
CWR






	
Maize

	
7.6 × 108

	
8.7 × 108

	
8.9 × 108

	
9.1 × 108

	
8.6 × 108

	
9.3 × 108

	
1.0 × 109




	
Soya beans

	
2.2 × 108

	
2.6 × 108

	
3.0 × 108

	
3.1 × 108

	
2.5 × 108

	
3.0 × 108

	
3.6 × 108




	
Dry beans

	
9.3 × 107

	
1.1 × 108

	
1.3 × 108

	
1.4 × 108

	
1.2 × 108

	
1.4 × 108

	
1.6 × 108




	
Sunflower

	
4.3 × 107

	
5.7 × 107

	
7.0 × 107

	
7.3 × 107

	
6.0 × 107

	
7.8 × 107

	
9.1 × 107
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Table 5. Changes in crop yield (in t/ha) for RCP 4.5 and RCP 8.5 emission scenarios relative to the average 30 years historical baseline (1976–2005).
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Crops Yield

(t/ha)

	
1976–2005

	
2010–2039

	
2040–2069

	
2070–2099




	
Mean

	
Mean

	
% Change

	
Mean

	
% Change

	
Mean

	
% Change






	
Maize

	
4.46

	
3.57

	
−19

	
2.93

	
−34

	
2.69

	
−40




	
3.55

	
−20

	
2.54

	
−43

	
1.65

	
−63




	
Soya beans

	
0.65

	
0.57

	
−12

	
0.51

	
−22

	
0.49

	
−25




	
0.58

	
−11

	
0.47

	
−28

	
0.40

	
−38




	
Dry beans

	
0.31

	
0.25

	
−19

	
0.23

	
−26

	
0.21

	
−32




	
0.26

	
−16

	
0.21

	
−32

	
0.18

	
−42




	
Sunflower

	
0.20

	
0.19

	
−5

	
0.17

	
−15

	
0.16

	
−20




	
0.18

	
−10

	
0.16

	
−20

	
0.14

	
−30











[image: Table] 





Table 6. Changes in crop yield with the adoption of a change in planting date along with full irrigation technique for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.






Table 6. Changes in crop yield with the adoption of a change in planting date along with full irrigation technique for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.





	

	

	
RCP 4.5

	
RCP 8.5




	

	
1976–2005

	
2010–2039

	
2040–2069

	
2070–2099

	
2010–2039

	
2040–2069

	
2070–2099




	
Crops

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%






	
Maize

	
6.18

	
39

	
6.13

	
72

	
6.12

	
108

	
6.13

	
128

	
6.13

	
72

	
6.13

	
141

	
6.10

	
270




	
Soya beans

	
1.00

	
52

	
0.99

	
74

	
0.98

	
92

	
0.98

	
100

	
0.99

	
71

	
0.98

	
104

	
0.95

	
138




	
Dry beans

	
0.45

	
45

	
0.44

	
69

	
0.44

	
91

	
0.44

	
100

	
0.45

	
73

	
0.44

	
110

	
0.44

	
144




	
Sunflower

	
0.23

	
15

	
0.23

	
21

	
0.22

	
29

	
0.22

	
38

	
0.23

	
28

	
0.22

	
38

	
0.22

	
57
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Table 7. Changes in crop yield with the adoption of rainwater harvesting for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.






Table 7. Changes in crop yield with the adoption of rainwater harvesting for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.





	

	

	
RCP 4.5

	
RCP 8.5




	

	
1976–2005

	
2010–2039

	
2040–2069

	
2070–2099

	
2010–2039

	
2040–2069

	
2070–2099




	
Crops

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%






	
Maize

	
5.10

	
14

	
4.17

	
17

	
3.43

	
17

	
3.16

	
17

	
4.14

	
16

	
3.06

	
20

	
2.00

	
21




	
Soya beans

	
0.69

	
5

	
0.60

	
5

	
0.55

	
8

	
0.52

	
6

	
0.61

	
5

	
0.51

	
6

	
0.43

	
8




	
Dry beans

	
0.33

	
6

	
0.27

	
4

	
0.24

	
4

	
0.23

	
5

	
0.28

	
8

	
0.23

	
10

	
0.19

	
6




	
Sunflower

	
0.21

	
5

	
0.20

	
5

	
0.18

	
6

	
0.18

	
13

	
0.19

	
6

	
0.17

	
6

	
0.15

	
7
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Table 8. Changes in crop yield with the adoption of the deficit irrigation method for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.






Table 8. Changes in crop yield with the adoption of the deficit irrigation method for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.





	

	

	
RCP 4.5

	
RCP 8.5




	

	
1976–2005

	
2010–2039

	
2040–2069

	
2070–2099

	
2010–2039

	
2040–2069

	
2070–2099




	
Crops

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%






	
Maize

	
4.37

	
−2

	
3.48

	
−3

	
2.85

	
−3

	
2.63

	
−2

	
3.46

	
−3

	
2.48

	
−2

	
1.63

	
−1




	
Soya beans

	
0.67

	
2

	
0.58

	
2

	
0.53

	
4

	
0.50

	
2

	
0.60

	
3

	
0.49

	
2

	
0.41

	
3




	
Dry beans

	
0.31

	
0

	
0.26

	
0

	
0.23

	
0

	
0.22

	
0

	
0.27

	
4

	
0.22

	
5

	
0.18

	
0




	
Sunflower

	
0.20

	
0

	
0.19

	
0

	
0.17

	
0

	
0.16

	
0

	
0.18

	
0

	
0.16

	
0

	
0.14

	
0
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Table 9. Changes in crop yield with the adoption of an irrigation efficiency device for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.






Table 9. Changes in crop yield with the adoption of an irrigation efficiency device for the baseline and projected climate scenarios for the periods 1976–2005, 2010–2039, 2040–2069, and 2070–2099.





	

	

	
RCP 4.5

	
RCP 8.5




	

	
1976–2005

	
2010–2039

	
2040–2069

	
2070–2099

	
2010–2039

	
2040–2069

	
2070–2099




	
Crops

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%

	
Y(t/h)

	
%






	
Maize

	
4.47

	
0.2

	
3.59

	
0.5

	
2.94

	
0.3

	
2.70

	
0.4

	
3.57

	
0.3

	
2.55

	
0.4

	
1.66

	
0.6




	
Soya beans

	
0.66

	
0

	
0.57

	
0

	
0.51

	
0

	
0.49

	
0

	
0.58

	
0

	
0.48

	
0

	
0.40

	
0




	
Dry beans

	
0.31

	
0

	
0.26

	
0

	
0.23

	
0

	
0.22

	
0

	
0.26

	
0

	
0.21

	
0

	
0.18

	
0




	
Sunflower

	
0.20

	
0

	
0.19

	
0

	
0.17

	
0

	
0.16

	
0

	
0.18

	
0

	
0.16

	
0

	
0.14

	
0
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