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Abstract

:

The crop production and limited freshwater resources in the Central Rift Valley (CRV) Lake Basin of Ethiopia have been facing pressure from warmer and drier climates. Thus, irrigation with the goal of increasing water use efficiency and the productivity of rainfed agriculture is vital to address climate effects, water scarcity, and food security. This study is aimed at assessing the sustainability of winter wheat production under climate change, and irrigation as an adaptation measure to improve yield, crop water productivity (CWP), and irrigation water productivity (IWP) in the CRV of Ethiopia. AquaCrop is applied to evaluate the effects of climate change and simulate irrigation as an adaptation measure. The analysis covers the baseline (1981–2020) and future (2026–2095) periods with each period categorized into three rainfall years (wet, normal, and dry). The future period is described using two representatives’ concentration pathways (RCP4.5 and PCP8.5) scenarios. The results under rainfed and future climate conditions show that the winter wheat yield and CWP are projected to be lowered as compared to the baseline period. Most importantly, a significant reduction in wheat yield and CWP is noticed during the dry years (−60% and −80%) compared to the wet years (−30% and −51%) and normal years (−18% and −30%), respectively. As compared to rainfed agriculture, irrigation significantly reduces the risk of wheat yield decline and improves the CWP. Irrigation is also able to improve the CWP of rainfed wheat production ranging from 0.98–1.4 kg/m3 to 1.48–1.56 kg/m3. A projected CWP improvement of 1.1–1.32 kg/m3 under irrigation is possible from 0.87–1.1 kg/m3 under rainfed conditions. The study concludes that optimizing irrigation as a climate-change-adapting strategy in the CRV has a more pronounced positive impact to the rainfed production system, especially for the dry and normal years.
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1. Introduction


Climate change explains 30–50 percent of the global water productivity and crop yield variability [1]. This is mostly because of water shortages, which is directly or indirectly connected with rainfall variability [2,3,4,5]. Climate change, water, and agriculture interact strongly [6]. That is why a change in rainfall could have a substantial impact on agricultural production and food security [7]. Thus, studying the possible climate change impacts on crop production and productivity is important to ensure sustainability of the agricultural sector [8,9,10,11].



Earlier studies of climate change consequences on agriculture over the world, using crop models such as AquaCrop, CERES-maize, CORAC, and EPIC models [7,12,13,14], have suggested that elevated temperature negatively affects most crops, limits crop yield, and leads to complex growth responses. However, the effect of rising temperature can vary widely between crops and environment. For example, a 1 °C rise in temperature throughout the growing period may reduce wheat production by about 3–10 percent [15] while winter wheat productions may decrease by 5–35 percent [16], and corn yield may decline by 2.4–45.6% [17]. Predictable rainfall reductions in arid and semiarid regions of the world, where water is already limited, can have dramatic impacts on crop production [17]. For example, in France, winter wheat production may decline by more than 20 percent due to the shortening of growth periods caused by the future increase in temperature combined with rainfall reduction [18]. In Egypt, simulations showed about 11 to 20 percent declines in wheat yield with a 1 °C rise in temperature.



In Ethiopia, wheat yield could reduce by 2 to 30 percent with a projected 1 °C temperature rise [9]. Currently, the food security policy in Ethiopia focuses mainly on the production of wheat, particularly irrigated wheat production, which is the second most important staple crop and a major pillar for food security for the country [19]. In Ethiopia, wheat covered more than 12.8 percent of the total cultivated area in the period of 2004/2005 and 2007/2008, which accounted for 13 percent of total crop production [20]. Ethiopia highly relies on rainfed wheat production, but the country is characterized by significant rainfall variability with the annual rainfall varying from 250 to 1100 mm over the country. The more pronounced rainfall variation is in the central rift valley (CRV) [21,22]. The rainfall in the summer season (July to September) accounts for 55 percent, and the winter and spring seasons only contribute 30 and 15 percent of the annual rainfall amount, respectively [21,23,24,25]. Due to uneven rainfall spatial distribution over the country [21,26], wheat cultivation and expansion over the different regions of Ethiopia have been supplemented by irrigation for the last few years. For example, irrigated wheat crop has been extensively grown in Afar, Amhara, Oromia, Southern Nations, Nationalities, and Peoples’ (SNNP), and Somali regions of the country. In Ziway Lake Basin (ZLB), located in the Oromia region along the CRV, both rainfed and irrigated wheat production have been practiced, but more attention has been given to expanding irrigated wheat production, especially during the drier season [26].



For a long-term sustainable irrigation water management, it is vital to quantify and evaluate the possible future effects of climate change on water availability and crop production [27,28]. In the Rift Valley Lake Basin of Ethiopia, researchers have predicted a wide range of climate change trends and its effects on rainfall and temperature, including changes in water availability [27,29,30]. For example, by the end of this century, the average temperatures in the ZLB are expected to increase by 1.34 to 2.58 °C, while rainfall is expected to show considerable variation [30]. In addition, rapid population growth and development in this region would likely increase the risk in water availability and agricultural production [28,31]. It is important for researchers, policymakers, and water resource managers to understand basin hydrological processes and climate change effects to propose approaches for tackling food and water scarcity [11].



Field experiments help to examine crops’ response in terms of yield and crop water productivity in real-world settings [32,33]. However, they are time-consuming, expensive, and difficult to maintain over extended periods of time such as for climate change studies. In addition, the outcomes of field data are influenced by agronomic, soil, and meteorological situations during the experiment [34]. Instead, process-based crop models can be considered. Crop models simulate the effects of irrigation management techniques under long-term interannual climatic variability that includes a future climate change [3,32,33,35,36,37,38]. Process-based simulation models that incorporate current and future climatic conditions, such as CO2 concentration, temperature, and rainfall variations generated by global climate models (GCMs), have been widely used for crop production and assessments [35,36]. One of such models is AquaCrop, which is developed by the Food and Agriculture Organization (FAO) to assess the response of the environment and management on yield and water productivity [39]. This model incorporates normalized crop water productivity that makes the core of its water-driven growth engine. AquaCrop simulates crop yields as a function of water use in rainfed, supplemental, deficit, and full irrigation scenarios [40,41]. Thus far, this model has been tested successfully for different cereal crops, such as wheat, maize, rice, tomato, potato, and cotton, including several vegetables [40,41,42,43,44]. When compared to other models, Aqua-Crop is relatively simple to use and allows simulating crop performance and productivity under different climate conditions [41]. The model requires a few sets of input data and parameters, which are relatively easy to obtain [40].



It has been projected that the ZLB would generally experience an increase in temperature and decrease in rainfall that could lead to warmer and drier climate conditions [27,29,30]. Several previous studies have also evaluated the impacts of this climate change on the hydrology of the ZLB and have reported an overall decline in freshwater resources availability of the basin [29,45,46]. Given the ongoing winter wheat irrigation expansion in the ZLB [47] and the absence of research on the implications of climate change on winter wheat production, this study focuses on crop productivity and water use efficiency under rainfed and ongoing irrigation practices. In the wake of climate change, this information becomes more important for a country such as Ethiopia for which wheat crop nowadays is considered to be the pillar of food security. The future climate change considers the representative concentration pathways (RCP) of 4.5 and 8.5 emission scenarios. These numbers refer to radiative forcing values in Wm-2 by the end of the 21st century relative to preindustrial values [48,49]. RCP4.5 assumes that greenhouse gas (GHG) emissions will reach their peak value around the mid-century due to the intervention of mitigation measures. In contrast, the worst-case RCP8.5 assumes a continuous rise in GHG emission values through the 21st century due to business as usual [48].



The objective of this study is to assess the sustainability of winter wheat production under climate change and irrigation as an adaptation measure to improve yield, crop water productivity (CWP), and irrigation water productivity (IWP) in the CRV of Ethiopia. AquaCrop is applied to evaluate the effects of climate under the baseline (1981–2020) and future (2026–2095) periods, which are categorized into three rainfall years (wet, normal, and dry).




2. Materials and Methods


2.1. Study Area


Ziway Lake Basin (ZLB) is located in the Adami Tullu-Jiddo Kombolcha Woreda of the East Shewa Zone of the Oromia Region, Ethiopia (Figure 1). The basin is located about 150 km south of Addis Ababa, the capital city, and specifically between 38°00′–39°30′ East and 7°00′–8°30′ North. The town of Ziway (recently renamed Batu) is located on the lake’s western shore. Ziway Lake, located approximately 1636 meters above mean sea level (amsl), has a maximum water depth of 4 meters, a total basin area of approximately 7300 km2, and a lake volume of 1.5 million cubic meters [50]. ZLB experiences the monsoon agro-climate zone characteristics.



The rainfall patterns in the ZLB are generally affected by the annual oscillation of the inter-tropical convergence zone that forms the wet summer from June to September [51]. The mean annual rainfall of the basin spatially varies from 250 mm to 1100 mm for the period 1986 to 2010, with a noticeable temporal variation at a monthly timescale. The rainfall amount during the winter wheat growing season (from mid-January to early May) is ~212 mm, which only accounts for 30% of the total annual rainfall. The mean annual temperature ranges approximately from 15 °C at the highlands to 25 °C close to the lake. The major land cover in the basin is smallholder agricultural lands, such as the Meki-Batu farmer union (MBU) and flower farm. The vegetation cover is characterized by extensively overgrazed Acacia Combretum in open woodland, whereas deciduous woodlands occupy the escarpments [52].




2.2. Data


2.2.1. Climatic Data


We collected secondary datasets and inputs into the AquaCrop model from the Adami Tullu Agricultural Research Center (ATARC) and Batu Soil Research Center (BSRC), we obtained climate data from the National Meteorological Agency (NMA) of Ethiopia and climate models. The observed meteorological data for the baseline period (1981 to 2020) include daily maximum and minimum temperature, and rainfall for the period. For the future period (2026–2095), we downscaled rainfall and minimum and maximum temperatures under RCP4.5 and 8.5 scenarios obtained from the CMPI5 model and bias-corrected as explained in our earlier study [30]. We calculated the reference evapotranspiration (ETo) using the ETo calculator [53].




2.2.2. Crop and Irrigation


We used the default winter wheat parameters in AquaCrop [54]. Based on information gathered from ATARC, the irrigated winter wheat in the area grows from mid-January to early May. We gathered the current irrigation practice for the 2016/2017 experimental period (Table 1) from Kulumsa Agricultural Research Center (KARC).




2.2.3. Soil


The soils in the ZLB were characterized by loam with mean sand, silt, and clay percentages of 45.8, 32.1, and 22.4%, respectively [55]. Based on our field survey evidence obtained from a field expert and BSRC, the soils of the study area have good physio-chemical properties for plant growth. Based on this evidence and irrigation provision, we assumed that farmers are encouraged to maintain optimal growing conditions (i.e., fertility and biotic stresses fully controlled).



Assuming that the average ground water table is ≥2 m depth [56], we did not consider moisture supply from the capillary rise to the root zone. We also assumed that the initial soil moisture was at field capacity.





2.3. AquaCrop Model


The AquaCrop model is a simplification of the soil–water–plant and climate interactions that require minimum input data, which are readily available or can easily be collected [57,58]. The AquaCrop model is used to estimate the effects of climate-related parameters, such as rainfall, air temperature, and atmospheric concentrations of carbon dioxide (CO2) [57]. The model was successfully applied at different places in Ethiopia [59,60]. AquaCrop assesses the response of crop yield to water [61]. Crop development, agricultural transpiration, biomass generation, and yield creation are the four phases that are used to model crop yield [39,55]. The model drives crop growth by simulating daily soil water balance. The daily transpiration and evaporation fluxes are calculated separately using the canopy cover as a factor: evaporation is proportional to the area of soil not covered by vegetation, and transpiration is proportional to canopy cover, which is proportional to the degree of soil cover [62]. Then, using a normalized biomass water productivity parameter, transpiration is converted to biomass. The relationship between biomass and the harvest index (HI) can subsequently be used to calculate crop yield [57]. Four water stress coefficients are used to predict the crop’s stomata conductance, canopy senescence, leaf growth, and yield response to water stress, such as stomata closure, leaf expansion, canopy senescence, and the change in HI [39,57]. This value makes AquaCrop a useful tool to simulate crop water productivity under water stress and rainfed conditions [57]. To emphasize the distinct reactions of biomass (B) and HI to water stress, the final crop yield is separated into B and HI, as described in Equations (1) and (2) [63].


  B =   WP  *   Σ Tr     



(1)






  Y =      f       HI ∗ HI   O   ∗ B     



(2)




where Y is the final crop yield (kg/m2), fHI is a multiplier that considers the stresses that adjust the HI from its reference value, HIo is the reference HI (%), B is the total aboveground biomass (kg/m2), WP* is the water productivity normalized for climate (kg/m2), and Tr is the crop transpiration (mm) (Equation (3)). Tr is described as follows using the crop coefficient method [64]:


  Tr =  K s  ∗    K  CTrx      ∗ CC   *       ∗ ET     o     



(3)




where Ks is the stress coefficient, KCTrx is the crop coefficient for maximum crop transpiration, CC* is the canopy cover adjusted for micro-advective effects, and ETo is the reference evapotranspiration (mm) as determined by the FAO Penman–Monteith equation.



The seasonal crop water consumption is the sum of daily Tr and evaporation (E), where the daily E is calculated as follows [64]:


  E =  K s  ∗    K  CErX   ∗ ( i −   CC  *       ∗ ET     o     



(4)




where KCErX is the evaporation coefficient.




2.4. Rainfall Category Years


The rainfall category years indicate the amount of rain that falls during the growing season of the crops. Various studies have used different classifications of rainfall category year that is, wet, normal, and dry to examine crop productivity. Rainfall years can be classified based on the number of rainfall days in a year [65] or by comparing annual rainfall to the long-term average value [66]. In this study, we used empirical frequency analysis (EFA) to categorize rainfall years based on the amount of rain during the winter wheat growing season [4,61]. The EFA follows four steps: (1) rank rainfall during the winter wheat planting season of each year in descending order for n number of years; (2) assign a rank of m to each descending order, with 1 for the highest seasonal rainfall value and n for the lowest seasonal rainfall value; (3) calculate the empirical probability (P) using the Weibull’s equation as shown in Equation (5) [67], and (4) categorize the years into wet, normal, and dry based on the P value [68,69]: ‘wet’ year if P ≤ 25%; ‘normal’ year if P is between 25% and 75%; ‘dry’ year if P ≥ 75%.


  P =  m  n + 1   ∗ 100  



(5)







After applying the EFA for both the baseline (1983–2020) and future (2026–2095) periods, we identified and categorized the years as wet, normal, and dry rainfall years. The 40-year baseline period was categorized to have ten, twenty-one, and nine years of wet, normal, and dry years, respectively. The 70-year future period was categorized into wet, normal, and wet years consisting of sixteen, thirty-one, and twenty-two years under RCP4.5 and seventeen, thirty-five, and eighteen years under RCP8.5.



The baseline rainfall in the wet years ranged from 248 to 457 mm with a mean value of 331 mm. The normal years ranged from 160 to 238 mm with a mean value of 206 mm, whereas the rainfall in the dry years varied from 106 to 176 with a mean of 133 mm (Figure A1a). The future RCP4.5 rainfall in the wet years ranged from 236 to 442 mm with a mean value of 324 mm, that in the normal years ranged from 142 to 213 with a mean value of 185 mm, and that in the dry years ranged from 81 to 160 mm with a mean value of 130 mm under RCP4.5 (Figure A1b). The RCP8.5 rainfall value in the wet years ranged from 223 to 438 mm with a mean value of 301 mm, that in the normal years ranged from 138 to 205 mm with a mean value of 174 mm, and that in the dry years ranged from 65 to 135 mm with a mean value of 97 mm (Figure A1c). The rainfall during the growth period of winter wheat exhibited a higher variability, with a coefficient of variation (CV) of 34, 37, and 45% under baseline, RCP4.5, and RCP8.5, respectively. Table 2 summarizes the mean annual rainfall values under baseline, RCP4.5, and RCP8.5 conditions for the wet, normal, and dry category years.




2.5. Crop Water Productivity and Irrigation Water Productivity


Crop water productivity (CWP) is the grain yield produced per unit water consumption [57]. It is a comprehensive physiological indicator for evaluating the suitability of crop growth and water use [39] and calculated using Equation (6).


  CWP =  Y     ETa ∗  10      



(6)




where CWP is the crop water productivity (kg/m3), Y is the grain yield (kg/ha), and ETa is the actual evapotranspiration over the winter wheat growing season (mm/season); 10 is a unit conversion factor.



Irrigation water productivity (IWP) is the yield produced per unit of irrigation water use [70]. It is a comprehensive indicator that reveals the level of irrigation and crop management [33,68]. IWP is estimated as:


  IWP =      Y  irr   −  Y  rf          W  irr   ∗ 10      



(7)




where Yirr is the grain yield under irrigation (kg/ha), Yrf is the grain yield under rainfed condition (kg/ha), and Wirr is the amount of irrigation water (mm); 10 is a unit conversion factor.




2.6. Evaluation of Climate Change Impacts


We evaluated the impact of climate change by comparing the simulated wheat yield, CWP, and IWP for the baseline period (1981–2020) against those of the future period (2026–2095). For example, we calculated the impacts of climate change for each rainfall category years using the mean simulated yield of future and baseline as follows:


  Ych =     Yf − Yb   ∗ 100   Yb    



(8)




where Ych is the percent change in yield, Yf is the future simulated mean winter wheat yield of each rainfall category years, and Yb is the baseline simulated mean winter wheat yield of each rainfall category years.





3. Results


3.1. Winter Wheat Yield and Crop Water Productivity under Rainfed Conditions


Figure 2 shows the yield, change in yield, and CWP of rainfed winter wheat production in wet, normal, and dry years for both baseline and future climate conditions. The yield during the baseline period ranged from 5.0 to 5.3 ton/ha with an average of 5.1 ton/ha for wet years and 4.0 to 5.0 ton/ha with an average of 4.2 ton/ha for the normal years (Figure 2a). Related to the baseline scenario, the projected yield tended to show an overall decrease. Figure 2b shows the average change in winter wheat yield (%) during the wet, normal, and dry rainfall years under RCP4.5 and RCP8.5 scenarios. Under future RCP (4.5 and 8.5) climate scenarios, a potential decrease in winter wheat yield was simulated in all rainfed category years (wet, normal, and dry) compared to the baseline period. Yet, a higher yield reduction was simulated in the wet years (−30% and −51%) compared to the normal years (−18% and −30%). Conversely, the decrease in yield was substantially the highest in the dry years (−60% for RCP4.5 and −80% for RCP8.5) compared to the reduction in wet and normal years, with a significant yield reduction under RCP8.5 than RCP4.5 (Figure 2b). RCP8.5 was predicted to cause a warmer (a larger increase in temperature) and drier (low rainfall) climate than that of the RCP4.5 scenario. High evapotranspiration (water demand) and low moisture availability explain the pronounced yield reduction under the RCP8.5 scenario compared to the RCP4.5 scenario [71]. This is because an increasing rate of future temperature leads to a negative effect on crop production and the phenological days for crops [72,73].



The CWP of winter wheat under the rainfall condition was higher during the baseline period than the future period. The average CWP in the baseline period was highest in the wet years (1.4 kg/m3) followed by the normal (1.1 kg/m3) and dry (0.98 kg/m3) years (Figure 2c). The average CWP under the future climate scenarios of RCP4.5 and RCP8.5 were comparable with the values of 1.1 kg/m3 in wet years, 1.0 kg/m3 in normal years, and 0.87 kg/m3 in dry years (Figure 2c).




3.2. Wheat Yield and Crop Water Productivity under Current Irrigation Practices


Under the baseline, the average simulated yields were 8.0 for wet years, 6.0 for normal years, and 5.0 ton/ha for dry years (Figure 3a). As compared to the baseline results, crop yield was overall expected to decrease under future climate conditions with an enhanced variability. The average simulated yields were 6.5 for RCP4.5 and 6.3 ton/ha for RCP8.5 under wet year conditions (Figure 3a). During wet years, the RCP4.5 and 8.5 scenarios were projected to reduce winter wheat yields by 17.9% and 22%, respectively. The average yield during normal years of both scenarios was low compared to the baseline yield of the normal years. The average change in yield recorded −16% and −20.6% under RCP4.5 and RCP8.5, respectively. Compared to the baseline climate condition, wheat yield significantly decreased under both RCP4.5 and 8.5 scenarios, with a respective percent decline of −12.2% and −24.4% during dry years. As observed from the results, the amount of wheat yield under the current irrigation practice recorded among each rainfall category years was different under baseline as well as future climate conditions. Winter wheat yield was affected by climate change when there was no irrigation during the entire growth period, especially under the future climate condition of dry years. The average rainfed yield under RCP4.5 and 8.5 scenarios of dry years would be 2.5 ton/ha and 2.2 ton/ha, respectively. Current irrigation practice improved the soil moisture during dry years, and significantly increased the winter wheat yield to 4.2 ton/ha and 4.0 ton/ha under RCP4.5 and 8.5 scenarios, respectively.



Based on the current irrigation practices simulation, significant differences were observed in the CWP of winter wheat subjected to rainfall category years under baseline and future climate conditions. Average values of CWP under the baseline condition were 1.56, 1.45, and 1.48 kg/m3 during wet, normal, and dry years, respectively. Average values of CWP water consumption for wheat crops under the future condition were 1.32, 1.27, and 1.24 kg/m3 under RCP4.5 and 1.32, 1.20, and 1.10 kg/m3 under RCP8.5 during wet, normal, and dry years, respectively (Figure 4).




3.3. Irrigation Water Productivity under Current Irrigation Practice


The average IWP and change during rainfall category years were different under baseline and future climate conditions (Figure 5a,b). The average IWP values during the wet years were 0.8 kg/m3 for baseline, 0.71 kg/m3 for the RCP4.5 scenario, and 0.66 kg/m3 for the RCP8.5 scenario (Figure 5a). These corresponded to change values of −12.7% and −18.5% under RCP4.5 and 8.5 scenarios, respectively (Figure 5b). The average IWP values during normal years were 0.62 kg/m3 for baseline, 0.54 kg/m3 for the RCP4.5 scenario, and 0.45 kg/m3 for the RCP8.5 scenario. The respective yield change values during these rainfall category years would be −13.2% and −27.4% under RCP4.5 and 8.5 scenarios. The average IWP values during the dry year in the baseline was 0.59 kg/m3. Compared to the baseline climate condition, the change in IWP under RCP4.5 and 8.5 scenarios would be −19.3% and −27.3% during dry years, respectively.





4. Discussion


We performed the evaluation of the AquaCrop model under current irrigation practices at a field level for the winter wheat growing year of 2016/2017 (Table 3). We found a close agreement between observed and simulated values of total growth days with a PBIAS of 9% and RMSE of 10 days. The model tended to overestimate wheat yields by 10% with an RMSE of 0.5 ton/ha. Though we compared the simulated values with limited observed data, the overall results indicated that AquaCrop reasonably simulated weather and other environmental factors to predict the total crop growing days and crop yield, which encourages the application of the model for climate change impact assessment.



4.1. Impact of Climate Change on Wheat Yield and Crop Water Productivity under Rainfed Condition


We investigated the impact of climate change on winter wheat yield and CWP under rainfed conditions. The potential winter wheat yield declined and varied among rainfall category years; the yield significantly declined during the dry years. Compared to the baseline climate condition, the declines in winter wheat yield and CWP were higher under future climate conditions (RCP4.5 and RCP8.5 scenarios). The two emission scenarios presented relative differences in the projected trends of greenhouse gas concentrations (in particular, CO2 concentration) [74], with different impacts on climate variables trends (in particular, rainfall and temperature) [54]. The combined effect of rainfall and temperature change might lead to a negative impact on winter wheat production [75,76,77,78]. Generally, the wheat growth highly depends on rainfall and temperature, and particularly for the anthesis and maturity stage, a rise in temperature and decrease in rainfall during winter can affect the wheat growth significantly [12,13]. For instance, a rise in temperature and decrease in rainfall at the flowering stage would restrict grain growth, and consequently early maturity, which can lead to a decrease in yield as concluded by different studies [73,75,76]. A decrease in rainfall is considered to have potentially negative impacts on winter wheat yield. For example, in southern Australia, the rainfall decreased by 28%, which caused a reduction in winter wheat yield by 27% between the years 1990 and 2015, whereas the projected wheat yield reduction was between 26% and 38%, under RCP4.5 by 2090, and between 41% and 49% under RCP8.5 [77]. The study found that by 2030, in Ethiopia, wheat farmers are projected to decline by more than 11% in annual yield [76].




4.2. Impact of Climate Change on Wheat Yield and Crop Water Productivity under Current Irrigation Condition


Under current irrigation, the winter wheat yield and crop water productivity greatly varied among rainfall category years, which is due to the inter-annual variation of rainfall. The simulated yield of winter wheat showed a clear decline under both the RCP4.5 and 8.5 scenarios related to the baseline rainfall category years. Even though the rainfall variability affected winter wheat yield, this study showed that irrigations during the initial, mid, development, and late growth stage slightly improved wheat yield relative to the rainfed scenario. For example, there was a substantial increase in yield during dry rainfall category years. Irrigation compared to rainfed production was simulated to increase the average winter wheat yield by 40% under the RCP4.5 scenario and 45% under the RCP8.5 scenario during the dry rainfall years. This result supports the evidence that irrigation can improve wheat yield relative to the rainfed condition under climate change conditions [30]. In Ethiopia, some regions count on irrigation as an adaptation response for water shortage due to the impacts of climate change. For example, Araya et al. [9] examined the impact of climate change at the regional scale (over Ethiopia regions) on winter wheat production. The authors reported that winter wheat yields are expected to decrease under rainfed conditions, while yields are expected to increase almost everywhere under irrigation conditions. For instance, there was an increase in yield due to two irrigation events during the mid-growth stage in Mekelle, Goba, and Asela of Ethiopia, by 34%, 21%, and 20%, respectively, relative to the rainfed scenario. The studies by Mostafa et al. [7] indicated that the yield decline for wheat under climate change conditions could be reduced by increasing the amount of irrigation water applied. This is due to the fact that high temperature will lead to a high amount of evapotranspiration, so it is essential to compensate the plant with an additional amount of water to overcome some of the negative effects of high temperature on the physiological processes of the plant [7].



The CWP of irrigated winter wheat simulated yields during wet, normal, and dry years of the base period were 1.56 kg/m3, 1.45 kg/m3, and 1.48 kg/m3, respectively. The results showed that the CWP could be reduced by 17.3%, 9.8%, and 9.6% for the RC4.5 scenario and 22.8%, 16.9%, and 23.3% for the RCP8.5 scenario, respectively.



According to current reports, the possibility of rainfall fluctuation and the high temperature effect on winter wheat yields would continue to rise in the future, especially in arid and semi-arid areas [77,78]. The fluctuation of rainfall in the future could increase irrigation water consumption and effectively increase the problems caused by overexploitation of surface and groundwater in the area. Recent studies by Goshime et al. [32] found that areas in the Ziway Lake Basin had water resources overexploitation for irrigation. The Ziway lake water level has been declining due to irrigation water extraction among others [45]. However, irrigation still has an important increase and stabilizes wheat yield in rainfed areas of the Ziway Lake Basin.





5. Conclusions


Due to limited water resources and irrigation abstraction in the Ziway Lake Basin (ZLB), the food production and water resources conditions are challenged by climate change, which is projected to be warmer and drier. Thus, this study assessed the impact of climate change on winter wheat yields and water productivity under rainfed and irrigation practices in wet, normal, and dry rainfall years of the ZLB.



Under rainfed conditions, the warmer and drier future climate is expected to cause an overall decrease in winter wheat yield, crop water productivity (CWP), and Irrigation Water Productivity (IWP). Most importantly, the highest reduction in winter wheat yield is expected to occur under the RCP8.5 scenario and its dry years with an average yield decrease of 80%. Although we found similar trends in winter wheat yield, CWP, and IWP under irrigated conditions, the study noticed that irrigation substantially mitigates the negative impact of climate change on winter wheat yield, CWP, and IWP. For example, under the RCP8.5 scenario and its wet, normal, and dry years, the respective average yield of winter wheat is projected to be improved by 44.4%, 36.5%, and 44.9% as compared to the baseline condition, respectively. This highlights that although the winter wheat yield values are generally declining due to climate change, irrigation mitigates the negative implications of climate change.



Overall, climate change is expected to negatively affect the crop production, water productivity, and water resources availability that challenge the sustainability of crop production in the ZLB. We, therefore, recommend a further investigation to improve irrigation strategies and crop production of the basin. This should also be tailored to crop, soil, and rainfall conditions across scales to maximize crop yield, production, and productivity in relation to the available water under the inevitable climate change.
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Figure A1. Rainfall category during winter wheat growing season baseline from 1981 to 2020 (a) and future from 2026 to 2095 (RCP4.5) (b), and (RCP8.5) (c). 
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Figure 1. Location map and the topography height of the Ziway Lake Basin. 
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Figure 2. Average wheat yield (a), change in yield (%) (b), and crop water productivity for the baseline and future periods in the wet, normal, and dry years (c) under rainfed condition. The error bar indicates the variation across the years identified as wet, normal, or dry years. 
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Figure 3. Average yield (ton/ha) for irrigated wheat under baseline and future period (a) and average change yield (%) during wet, normal, and dry years under future period (b). The error bar indicates the variation across the years identified as wet, normal, or dry years. 
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Figure 4. Average crop water productivity (kg/m3) for irrigated wheat under baseline and climate change conditions during wet, normal, and dry years. The error bar indicates the variation across the years identified as wet, normal, or dry years. 
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Figure 5. Average irrigation water productivity of winter wheat under baseline and future climate (RCP4.5 and RCP8.5) in the wet, normal, and dry years (a), and average irrigation water productivity reduction under future climate in wet, normal, and dry rainfall years (b). The error bar indicates the variation across the years identified as wet, normal, or dry years. 
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Table 1. Current irrigation practices of winter wheat at farm level (source: KARC).
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	Growing Stage
	Period
	Irrigation Applied, mm





	Initial
	2016/2017
	48.9



	Development
	2016/2017
	135



	Mid
	2016/2017
	174



	Late
	2016/2017
	67.6



	Total
	2016/2017
	425.5
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Table 2. Mean annual rainfall under rainfall category year.
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Mean Annual Rainfall (mm/Year)




	
Rainfall Category

	
Baseline

	
RCP4.5

	
RCP8.5






	
Wet

	
331

	
324

	
301




	
Normal

	
206

	
185

	
174




	
Dry

	
133

	
130

	
97
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Table 3. Performance evaluation of AquaCrop model for growth, yield, and crop water productivity of wheat at farm levels for the period 2016/2017.
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	Parameters
	Observed
	Simulated
	% Error
	RMSE





	Total growing days
	110
	120.0
	9
	10



	Yield (ton/ha)
	4.8
	5.3
	10
	0.5
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