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This is the first large-scale study to assess the climate change impact on the grain yield of rainfed wheat for three provinces of contrasting climatic conditions (temperate, cold semi-arid, and hot arid) in Iran. Five integrative climate change scenarios including +0.5°C temperature plus−5% precipitation, +1°C plus−10%, +1.5°C plus−15%, +2°C plus−20%, and +2.5°C plus−25% were used and evaluated. Nitrogen fertilizer and shifting planting dates were tested for their suitability as adaptive strategies for rainfed wheat against the changing climate. The climate change scenarios reduced the grain yield by −6.9 to −44.8% in the temperate province Mazandaran and by −7.3 to −54.4% in the hot arid province Khuzestan but increased it by +16.7% in the cold semi-arid province Eastern Azarbaijan. The additional application of +15, +30, +45, and +60 kg ha−1 nitrogen fertilizer as urea at sowing could not, in most cases, compensate for the grain yield reductions under the climate change scenarios. Instead, late planting dates in November, December, and January enhanced the grain yield by +6 to +70.6% in Mazandaran under all climate change scenarios and by +94 to +271% in Khuzestan under all climate change scenarios except under the scenario +2.5°C temperature plus−25% precipitation which led to a grain yield reduction of −85.5%. It is concluded that rainfed wheat production in regions with cold climates can benefit from the climate change, but it can be impaired in temperate regions and especially in vulnerable hot regions like Khuzestan. Shifting planting date can be regarded as an efficient yield-compensating and environmentally friendly adaptive strategy of rainfed wheat against the climate change in temperate and hot arid regions.
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INTRODUCTION

Climate remarkably affects crop production and causes roughly a third of yield fluctuations worldwide (Ray et al., 2015). Climate warming may substantially impact on crop production in farmlands (Challinor et al., 2014). Predictions show that global mean temperatures will increase by +0.5°C to +4°C by the end of the twenty-first century (Hartmann et al., 2013). In addition, global annual precipitation amounts are projected to change by −30 to +14%, depending on the methods and scenarios used (Vallam and Qin, 2018; Rojas et al., 2019). Crop production is negatively associated with increased temperatures and reduced precipitation amounts at field, country, and global scales (Tao et al., 2008; Schlenker and Lobell, 2010; Lobell et al., 2011; Sakurai et al., 2011; Ray et al., 2015; Mirgol and Nazari, 2018). Despite numerous proofs for the impact of climate change on crop production, evidence on the impact is lacking in the hotspot of climate warming, the Middle East (Evans, 2009). Thus, it is necessary to predict the impact of climate change on crop production in the Middle East (Lobell et al., 2008; Urwin and Jordan, 2008).

Climate change increases the frequency of extreme heat events (Ortiz et al., 2008; Teixeira et al., 2013). Generally, increased mean temperatures accelerate the rate of crop development and shorten the crop's growing season length (Siebert and Ewert, 2012; Eyshi Rezaei et al., 2017). Moreover, heat stress around the reproductive phase of cereals can significantly decrease the grain yield (Eyshi Rezaei et al., 2015). Hence, devising adaptation strategies to climate change that can extend the growing season length but also escape from the heat stress is necessary.

Process-based crop models are extensively used for assessing cropping systems responses to climate change and various management strategies (Parry et al., 2004; Deihimfard et al., 2015). Therefore, crop models can be very valuable tools for farmers and decision makers (McNunn et al., 2019). An assemblage of 29 crop models indicated that the yield of wheat (Triticum aestivum L.) worldwide is declined by −5% in response to +1°C increase in the global temperature (Liu et al., 2016).

Iran is a country of diverse climatic conditions including humid northern areas, cold northwestern areas, and dry eastern and southern areas, which are vulnerable to climate warming (Abbaspour et al., 2009). Wheat is one of the major crops in the world and the main cereal crop in Iran (Eyshi Rezaie and Bannayan, 2012). About 65% of farmlands in Iran are under rainfed wheat production, contributing to roughly 35% of wheat production of the country (Nassiri et al., 2006). It is anticipated that demand for wheat in Iran would increase in the future (Nazari Nooghabi et al., 2020). However, mismanagement and precipitation anomalies in Iran lead to reduced wheat yield (Faramarzi et al., 2010; Nouri et al., 2017a).

An investigation of 32 climatic stations in different regions of Iran indicated a significantly increasing trend in annual mean and maximum temperatures as well as in reference crop evapotranspiration from 1960 to 2005 (Dinpashoh et al., 2011; Saboohi et al., 2012; Kousari et al., 2013). An assemblage of five climatic models projected maximum daily temperature increases of +1.1°C to +2.75°C and annual precipitation reductions of about 0 to −25% across Iran for the future decades (Vaghefi et al., 2019). Moreover, Iran's agroecosystems encountered severe drought events within the recent decades (Foltz, 2002). It is predicted that Iran's agroecosystems would face more drought events in the future, leading to limited water resources (Sayari et al., 2015).

The response of crop production to climate change in Iran has been assessed in a set of studies. It is predicted that wheat yield would decrease by −5 to −50% due to climate change in various regions of Iran (Bannayan and Eyshi Rezaei, 2014; Valizadeh et al., 2014; Maddah et al., 2015; Mirgol et al., 2020). Furthermore, the yield of maize (Zea mays L.), potato (Solanum tuberosum L.), and chickpea (Cicer arietinum L.) would decline by −40% in different regions of the country (Hijmans, 2003; Lashkari et al., 2012; Moradi et al., 2013; Hajarpoor, 2014). However, these studies were region-specific and there is so far only one country-wide study on the response of maize to climate warming (Eyshi Rezaei and Lashkari, 2019). Studies on the potential impact of climate change on the production of other important crops like wheat in contrasting climatic regions of Iran are lacking. In addition to this, there is little information on the optimum planting date and nitrogen fertilizer quantity for crop production under climate change in Iran. Investigating the impact of climate change on such a strategic crop for Iran as wheat and devising optimum adaptation strategies for rainfed wheat production in the contrasting climatic regions of the country are particularly important.

This study had two aims. The first aim was to predict the grain yield of rainfed wheat in three provinces of Iran with contrasting climatic conditions under different climate change scenarios. The second aim was to assess the impacts of different nitrogen fertilizer application rates and planting dates for compensation of the negative impacts of climate change on the grain yield. Climate, soil, and management data were attained from several global and national datasets for adjusting and performing the crop model.



MATERIALS AND METHODS


Study Area

The study area included three provinces of Iran with contrasting climatic conditions namely Mazandaran, Eastern Azarbaijan, and Khuzestan (Figure 1). Mazandaran, covering an area of 23,833 km2, is located in the south of the Caspian Sea and has diverse natural features such as plains, grasslands, mountains, and forests. Eastern Azarbaijan is located in the northwest of Iran and has an area of 47,830 km2. The climate of Eastern Azarbaijan is influenced by the Mediterranean climate. Khuzestan is located in the south west of Iran and covers an area of 64,055 km2. In general, the climate of Khuzestan is hot but it may be cold and dry in winter. Mazandaran, Eastern Azarbaijan, and Khuzestan contribute to ~20% (900,000 ha) of Iran's rainfed wheat production. Iran has 31 provinces, each contributing its share to the rainfed wheat production of the country. However, the contribution of these three provinces is more than the other ones. Furthermore, the climate of these provinces completely differs from each other and represent also the climate of the provinces nearby, giving good insights into the climate change impact on rainfed wheat over contrasting climatic conditions in Iran and also in globally similar areas. Spatial patterns of mean temperature and mean annual precipitation (obtained from AgMERRA dataset) as well as plant available water capacity (obtained from IGBP-DIS dataset) for the period 1980–2010 are presented in Figure 2.


[image: Figure 1]
FIGURE 1. Geographic situation and climate type of the provinces Mazandaran, Eastern Azarbaijan, and Khuzestan of Iran classified based on the updated Köppen–Geiger classification system (Kottek et al., 2006).
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FIGURE 2. Spatial patterns of mean temperature and mean annual precipitation (obtained from AgMERRA dataset) and plant available water capacity (obtained from IGBP-DIS dataset) for the period 1980–2010.




Crop Model

The crop model Agricultural Production Systems sIMulator (APSIM) version 7.10 (Holzworth et al., 2014) was used to evaluate the rainfed wheat yield of the provinces under different climate change and management scenarios. APSIM is an internationally reputable process-based biophysical model for simulation of agricultural systems. APSIM is widely used to evaluate the ecological and economic outcomes of management practices under climate change. It has a set of modules capable of simulating the influence of climate, soil, plant, animals, and various management factors on crop development and yield as well as on soil and water properties. For running the APSIM model, input data including climatic data (i.e., temperature and precipitation), soil data (i.e., soil organic carbon and plant available water capacity), cultivar parameters (e.g., genetic coefficients and phenology), and management information (e.g., fertilizer application and planting date) are required.



Data Preparation

The climatic data daily maximum and minimum temperatures, precipitation, and solar radiation were attained from the AgMERRA climate dataset for agricultural modeling (Ruane et al., 2015). The AgMERRA dataset has been specifically developed for crop modeling objectives based on field and satellite observations (Rienecker et al., 2011). The dataset was grid-based at the global scale (0.5° × 0.5° resolution) for the period 1980–2010. The grid cells of the studied provinces were extracted from the global dataset. We used climate change scenarios instead of RCP (Representative Concentration Pathway) scenarios due to the large-scale and grid-based structure of this study (Giannakopoulos et al., 2009; Liu et al., 2016; Eyshi Rezaei and Lashkari, 2019).

The soil data (at 0–100 cm depth) bulk density, field capacity, plant available water capacity, carbon density, total nitrogen density, and wilting point at 0.5° × 0.5° resolution were acquired from the Global Gridded Surfaces of Selected Soil Characteristics dataset (Batjes, 1995). The global observations were interpolated to a global grid-based system using statistical bootstrapping (Batjes, 1995). Other soil properties required by APSIM such as initial surface crop residue, carbon to nitrogen ratio of the initial surface crop residue, soil carbon to nitrogen ratio, texture, and pH were obtained by questionaries provided to the agricultural research centers in each province. The questionaries also included management parameters such as planting date, planting density, planting depth, and fertilizer application rate. Sardari is a very common rainfed winter wheat cultivar grown throughout Iran (Nassiri et al., 2006). Therefore, the already calibrated and validated genetic coefficients of Sardari cultivar (Table 1, Bannayan et al., 2014) were used for simulation of the cultivar. Some major soil and management parameters used in the study are provided in Table 2.


Table 1. Genetic coefficients of Sardari wheat cultivar (Adopted from Bannayan et al., 2014).

[image: Table 1]


Table 2. Major soil and management parameters of the studied provinces obtained from the global and national datasets.
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Climate Change, Nitrogen Fertilizer, and Planting Date Scenarios

The impact of climate change on yield and growing season of rainfed wheat was evaluated by running the crop model with the baseline daily maximum and minimum temperatures and precipitation (1980–2010) and five levels of integrative climate change scenarios: +0.5°C temperature plus −5% precipitation, +1°C plus−10%, +1.5°C plus−15%, +2°C plus−20%, and + 2.5°C plus−25%. Four levels of nitrogen fertilizer as urea including baseline fertilizer +15 kg ha−1, baseline fertilizer +30 kg ha−1, baseline fertilizer +45 kg ha−1, and baseline fertilizer +60 kg ha−1 were applied at sowing. There were four planting dates including 1 month before the baseline planting date, 1 month after baseline planting date, 2 months after baseline planting date, and 3 months after baseline planting date. CO2 fertilization effect was not considered in the present study, due to its small impact on wheat grain yield under low input rainfed conditions (Mitchell et al., 1993; Anwar et al., 2007; Degener, 2015; Nouri et al., 2017a).



Model Evaluation

The performance of the crop model in simulating the rainfed wheat grain yield was evaluated by the root mean square error (RMSE). The grain yields simulated by the model were compared to the observed grain yields for each province (Agricultural Ministry of Iran., 2010). RMSE is an indicator of the error of crop models, measuring high errors (Brisson et al., 2002):

[image: image]

where Si is the simulated yield; Oi is the observed yield; and n is the number of observations.




RESULTS


Performance of the Crop Model

The simulated and observed grain yields were plotted against each other in each province and across the provinces for the period 2006–2010 (Figure 3). The APSIM model precision was reasonably well for each province, being highest for the province Khuzestan with 0.17 t ha−1 error in simulating the grain yield and being lowest for the province Eastern Azarbaijan with the simulation error of nearly 0.30 t ha−1. Across the provinces, APSIM was able to simulate the grain yield reasonably well (R2 = 0.79, RMSE = 0.24 t ha−1).


[image: Figure 3]
FIGURE 3. Observed and simulated grain yield of rainfed wheat in each of the studied provinces of Iran and the 1:1 plot of all provinces for the period 2006–2010. The values represented are arithmetic mean. RMSE, root mean square error.




Climate Change Impact on the Growing Season Length and Grain Yield

The climate change scenarios decreased the growing season length of rainfed wheat in the temperate province Mazandaran (−5 to −176 days) and cold semi-arid province Eastern Azarbaijan (−5 to −25 days) more dramatically compared to that in the hot arid province Khuzestan (−3 to −23 days) (Figure 3). In all provinces, the lowest and highest declines in the growing season length were attributed to the climate change scenarios +1°C temperature plus −10% precipitation and +2.5°C temperature plus −25% precipitation, respectively.

The climate change scenarios considerably declined the grain yield of rainfed wheat in the provinces Mazandaran and Khuzestan, but, in general, moderately increased the grain yield in the province Eastern Azarbaijan (Figure 4). Change in the grain yield under the different climate change scenarios ranged from −6.9 to −44.8% in Mazandaran, −7.3 to −54.4% in Khuzestan, and −0.2 to +16.7% in Eastern Azarbaijan. In all provinces, the lowest and highest changes in the grain yield were attributed to the scenarios +1°C temperature plus −10% precipitation and +2.5°C temperature plus −25% precipitation, respectively.


[image: Figure 4]
FIGURE 4. Boxplots of the simulated growing length and grain yield of rainfed wheat under different climate change scenarios (°C temperature increase and % precipitation decrease) in the studied provinces of Iran. The line in each box is the median and the box defines the 25th (lower) and 75th (upper) percentiles. The values represented are median.




Impacts of Nitrogen Fertilizer Application on the Grain Yield

The scenarios of nitrogen fertilizer application had no effect on the grain yield under the climate change scenarios in the cold semi-arid province Eastern Azarbaijan and hot arid province Khuzestan (Figure 5). However, neglectable grain yield reductions (−0.02%) were caused by further application nitrogen fertilizer under the climate change scenario +2.5°C temperature plus −25% precipitation in the province Khuzestan. In the temperate province Mazandaran, the nitrogen fertilizer scenarios slightly decreased the grain yield (−4.1%) under the climate change scenario +1°C temperature plus −10% precipitation. Moreover, the grain yield was mildly increased by +9.1, +6.7, and +4.7% through the application of 15, 30, and 45 kg more nitrogen fertilizer, respectively, and was moderately decreased (−15.4%) through the application of 60 kg more nitrogen fertilizer under the climate change scenario +2.5°C temperature plus −25% precipitation. Furthermore, under the baseline climate conditions, the nitrogen fertilizer scenarios slightly decreased (−4.3%) and increased (+7.3%) the grain yield in the provinces Mazandaran and Khuzestan, respectively. The grain yield was remarkably increased (+44.9 to +97.3%) by the addition of 30, 45, and 60 kg more nitrogen fertilizer under the baseline climate in the province Eastern Azarbaijan.


[image: Figure 5]
FIGURE 5. Boxplots of the impacts of increased nitrogen fertilizer application on the grain yield of rainfed wheat under different climate change scenarios (°C temperature increase and % precipitation decrease) in the studied provinces of Iran. The line in each box is the median and the box defines the 25th (lower) and 75th (upper) percentiles. The values represented are median.




Impacts of Planting Date on the Grain Yield

In the temperate province Mazandaran, late planting in November, December, and January remarkably increased the grain yield by +4.2 to +48.2% under the baseline climatic conditions and climate change scenarios in comparison to the baseline planting date in October (Figure 6). Early planting in September led to −4.1, −4.4, and −23.3% reduction in the grain yield under the climate change scenarios +1°C temperature plus −10% precipitation, baseline, and +2.5°C temperature plus −25% precipitation.


[image: Figure 6]
FIGURE 6. Boxplots of the impacts of different planting dates on the grain yield of rainfed wheat under different climate change scenarios (°C temperature increase and % precipitation decrease) in the studied provinces of Iran. The box represents 50% of the data. The line in each box is the median and the box defines the 25th (lower) and 75th (upper) percentiles. The values represented are median.


In the cold semi-arid province Eastern Azarbaijan, late planting in November increased the grain yield by +15.3 to +18.8% under the baseline climatic conditions and the climate change scenarios +0.5°C temperature plus −5% precipitation and +1°C temperature plus −10% precipitation, but reduced it by −10.4 to −18.1% under the other climate change scenarios. The highest grain yield decline (−100%) was attributed to planting in January under the climate change scenarios + 2 °C temperature plus – 20% precipitation and + 2.5 °C temperature plus – 25% precipitation.

In the hot arid province Khuzestan, late planting in November, December, and January led to a grain yield enhancement of + 58.3 to + 271% under the baseline climatic conditions and all climate change scenarios except under the scenario + 2.5 °C temperature plus – 25% precipitation. Late planting in November, December, and January reduced the grain yield by – 85% under the climate change scenario + 2.5 °C temperature plus – 25% precipitation.




DISCUSSION


Performance of the Crop Model

Overall, the APSIM model efficiency in simulating the grain yield of rainfed wheat in the studied provinces was reasonably well. However, the model had lower accuracy in the cold semi-arid province Eastern Azarbaijan than the temperate province Mazandaran and the hot arid province Khuzestan. This could be associated with frost events at the beginning of the growing season in Eastern Azarbaijan and not incorporating the frost damage into the simulation process, due to lack of data. It was already indicated that the crop model accuracy in simulating maize yield was low for the frost-prone regions of Iran (Eyshi Rezaei and Lashkari, 2019). Moreover, the simulated grain yields were overall slightly higher than the observed yields, probably due to lack of yield-limiting factors such as pests and diseases in the model. The current and other studies indicate that the APSIM model can be used to efficiently simulate the impacts of climate change on the grain yield of rainfed wheat in different climatic regions (Luo et al., 2009; Deihimfard et al., 2015).



Climate Change Impact on the Growing Season Length and Grain Yield

All climate change scenarios decreased the growing season length of rainfed wheat in all provinces. Further, the growing season length declined more by increasing temperature and reducing precipitation. Plants use various resources (e.g., sunlight, CO2, water, nutrients) and accumulate dry matter during their growing season. Therefore, environmental factors that can decrease the growing season length of a crop would disturb the utilization of these resources and would finally affect the crop's biomass accumulation and yield. One of the most important factors that can impact on the growing season length of plants is temperature. In wheat, increased temperatures enhance the crop's respiration rate and accelerate its development (Wiedenfeld, 2000; Tao et al., 2006). In general, + 1°C rise in temperature results in 5 days reduction in the growing season length of wheat (Lal et al., 1998; Fulco and Senthold, 2006; Bannayan and Eyshi Rezaei, 2014). This is in agreement with the declined growing season length by increasing temperature in the present study. Increased temperatures and reduced precipitation can also decline the growing season length of wheat by causing heat stress and drought events at sensitive phenological stages of the crop such as flowering and grain-filling (Eitzinger et al., 2003; Fulco and Senthold, 2006; Valizadeh et al., 2014). Decline in the growing season length due to enhanced temperatures has been also reported for other important agronomic crops such as barley (Jones and Thornton, 2003) and rice (Prasad et al., 2006).

The grain yield declined in the temperate and hot arid provinces Mazandaran and Khuzestan under all climate change scenarios. However, the reduction magnitude was much greater under the higher temperature and lower precipitation scenarios. Precipitation is a key climatic factor for rainfed agroecosystems. The grain yield of rainfed wheat is significantly associated with precipitation amount and distribution under climate change (Rockstrom, 2003; Hernandez-Ochoa et al., 2018), especially in arid and semi-arid regions of the world like Iran (Tavakkoli and Oweis, 2004; Mirgol and Nazari, 2018). Precipitation reduction declines water availability to rainfed wheat and therefore decreases the grain yield (Bannayan and Eyshi Rezaei, 2014). Temperature is another important climatic factor for rainfed agroecosystems. Increased temperatures can affect the grain yield of cereal crops under rainfed conditions in different ways. One of the most important effects of increased temperatures on cereal crops is the reduction of the growing season length (Fulco and Senthold, 2006; Bannayan and Eyshi Rezaei, 2014; Eyshi Rezaei and Lashkari, 2019). Declining wheat's growing season length means low radiation interception, eventually resulting in low biomass accumulation and grain yield (Eitzinger et al., 2003; Siebert and Ewert, 2012). In addition, increased temperatures can cause heat stress at the reproductive stages of cereals and significantly reduce the grain yield (Eyshi Rezaei et al., 2015). Increased temperatures can also damage the vernalization process at the beginning of the growing season in wheat and expose the crop to heat stress at its sensitive growth stages (Yan and Hunt, 1999; Bannayan and Eyshi Rezaei, 2014). Overall, the declined grain yields in the present study could be due to the scenarios of increased temperatures and reduced precipitation amounts, simultaneously. It is important to mention that the grain yield reduction was stronger in the hot arid province Khuzestan compared to the temperate province Mazandaran. This is in agreement with more severe yield reductions in arid regions of Iran under increased temperature scenarios (Eyshi Rezaei and Lashkari, 2019), demanding for specific attention to crop production management in such vulnerable areas.

In contrast to Mazandaran and Khuzestan, the grain yield mildly increased in the cold semi-arid province Eastern Azarbaijan under the climate change scenarios. Climate warming seems to be beneficial for improving the grain yield of rainfed wheat in cold regions like Eastern Azarbaijan. Wheat grown in cold regions is often limited by low temperatures (Fulco and Senthold, 2006). Therefore, increased temperatures in cold regions can improve flowering strength and grain yield of wheat (Fulco and Senthold, 2006; Challinor et al., 2007). Furthermore, increased temperatures in cold agroecosystems can result in an early ripening of rainfed wheat grains, helping the crop escape the late season heat stress (Ewert et al., 2005; Fulco and Senthold, 2006; Maddah et al., 2015).



Impacts of Nitrogen Fertilizer Application on the Grain Yield

Nitrogen is a substantial nutrient for growth and development of crops. However, crops require optimum conditions in order to use the available nitrogen proficiently. Water shortage is one of the most important reasons for the low nitrogen use efficiency of wheat (Ortiz-Monasterio, 2002; Guo et al., 2014; Hernandez-Ochoa et al., 2018). In the present study, increasing the rate of nitrogen fertilizer application could not compensate for the grain yield reductions under the climate change scenarios in any of the provinces. This could be associated with water shortage caused by the increased temperatures and reduced precipitation scenarios. However, in the temperature province Mazandaran, the grain yield increased by + 9.1, + 6.7, and + 4.7% after adding + 15, + 30, and + 45 kg ha−1 more nitrogen fertilizer, respectively, and decreased by – 15.4% after adding 60 kg ha−1 more nitrogen fertilizer under the scenario + 2.5°C temperature plus – 25% precipitation. These enhancements might be due to accelerated crop growth by the increased temperatures, helping the crop have access to more precipitation water at its sensitive growth stages like flowering and grain-filling. It has already been reported that the grain yield of rainfed wheat in the semi-arid regions of Iran is significantly correlated with precipitation in March (Mirgol and Nazari, 2018). In contrast, the declined grain yield could be attributed to reduced nitrogen use efficiency in wheat caused by the addition of extra nitrogen fertilizer to the soil (Zhang et al., 2012; Xu et al., 2020). In the provinces Eastern Azarbaijan and Khuzestan, the application of additional nitrogen fertilizer increased the grain yield considerably (by + 189%) and mildly (by 7.6%), respectively, under the baseline climatic conditions, implying the high capacity of these provinces to improve their rainfed wheat productivity through the application of low to moderate rates of nitrogen fertilizer. This is a rather low-cost strategy for farmers and the environment in these provinces, considering the currently very low (10 kg ha−1) amounts of nitrogen fertilizer applied at sowing.

One of the sustainable solutions in order to improve the nitrogen use efficiency of rainfed wheat is the development of new cultivars (Foulkes et al., 2011; Hernandez-Ochoa et al., 2018). Combining new wheat cultivars with enhanced nitrogen fertilizer amounts was found to increase the grain yield of rainfed wheat (Ludwig and Asseng, 2010; Shiferaw et al., 2011). Another solution is to improve the crop's nitrogen availability without increasing the amount of nitrogen fertilizer, e.g., through applying partitioned amounts at different growth stages (Hernandez-Ochoa et al., 2018). Urea was the nitrogen fertilizer used in the APSIM model in the present study. The application of another sort of nitrogen fertilizer with a slow nitrogen-releasing rate can be another option for increasing the nitrogen use efficiency and thereby the grain yield of rainfed wheat under climate change. Optimization of applied nitrogen fertilizer amount is so important, because high nitrogen fertilizer amounts coupled with improper wheat cultivar and climate change increase the risk of nitrogen leaching and can cause drastic environmental problems (Ju and Zhang, 2003; Yuan and Peng, 2017; Millar et al., 2018).



Impacts of Planting Date on the Grain Yield

Early planting in September had either no, neglectable, or negative impacts on the grain yield in all provinces. Rainfed wheat might not benefit from early planting under a changing climate due to high temperatures and low precipitation early in the growing season (Hernandez-Ochoa et al., 2018). Drought due to climate change in the early growing season may impair the vernalization process of rainfed wheat and expose the crop to heat stress at its sensitive growth stages. Moreover, drought in the early growing season can cause germination kill (a sort of crop failure) and lead to reduced grain yield (Nouri et al., 2017b).

Late planting in November, December, and January affected the grain yield in each province differently. In the temperate province Mazandaran, late planting in November, December, and January increased the grain yield (+ 6 to + 70.6%) under all climate change scenarios. Moreover, the enhancement magnitude increased by moving toward higher temperatures and lower precipitation amounts. In the hot arid province Khuzestan, grain yield was also increased (+ 58.3 to + 271%) through late planting in November, December, and January under all climate change scenarios except under the scenario + 2.5°C temperature plus – 25% precipitation which led to a yield reduction of – 85.5%. Precipitation deficit during the growing season of rainfed wheat is the most limiting factor for its production (Nouri et al., 2017b; Mirgol and Nazari, 2018). Most probably, late planting could match the crop's sensitive growth stages with the most optimum precipitation water availability under the changing climate. Delayed planting increased precipitation water availability to rainfed wheat at the growing stages germination to terminal spikelet initiation and at terminal spikelet initiation to end of leaf growth and also at beginning of ear growth, leading to improved crop establishment, development, and grain yield (Nouri et al., 2017b). Another reason for the increased grain yields by late planting could be the enhancement of leaf area index and transpiration to evapotranspiration ratio (Rockström and Falkenmark, 2000; Ferretti et al., 2003; Nouri et al., 2017b). This is crucially important in rainfed agriculture in which yield improvement through enhancing water use efficiency and transpiration to evapotranspiration ratio is intended (Rockström et al., 2010; Yang et al., 2015). Furthermore, late planting might have assisted the crop in escaping heat stress at its sensitive phenological phases (i.e., flowering and grain-filling), but this strategy may not be always desirable, because it led to considerable yield reductions in the hot arid province Khuzestan under the scenario + 2.5°C temperature plus – 25% precipitation.

In the cold semi-arid province Eastern Azarbaijan, only late planting in November increased the grain yield by + 18.8 and 11% under the climate change scenarios + 0.5°C temperature plus – 5% precipitation and + 1 °C temperature plus – 10% precipitation. Late planting dates in December and January declined the yield (−1.6 to −100%) almost under all climate change scenarios in this province. It seems that late planting in December and January impairs seed germination and establishment of the crop and eventually reduces its grain yield, because these months are very cold and it is sometimes below the freezing point in this province.




CONCLUSIONS

This large-scale study was conducted to analyze the impacts of the different climate change scenarios on the grain yield of rainfed wheat for three provinces of contrasting climatic conditions in Iran. The climate change scenarios of increased temperatures and reduced precipitation declined the grain yield in the temperate and hot arid provinces Mazandaran and Khuzestan but increased it in the cold semi-arid province Eastern Azarbaijan. It is deduced that rainfed wheat production in regions with cold climates can benefit from the climate change, but it may be impaired in temperate regions and especially in vulnerable hot regions like Khuzestan. Not only is not the application of additional nitrogen fertilizer at planting a good adaptive strategy in order to compensate for rainfed wheat yield reduction under the climate change, but it can also endanger environmental health and sustainability. As an alternative, shifting planting date can be considered a desirable yield-compensating and environmentally friendly adaptive strategy against climate change in temperate and hot arid regions.
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