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Abstract

:

Spatial and temporal variations in the potential yields of highland barley is important for making policies on adaptation of agriculture to climate change in the Three Rivers Region (TRR), one of the main highland barley growing areas on the Tibetan Plateau. This research tries to explore a suitable strategy for simulating potential yields of highland barley by the WOFOST (WOrld FOod STudies) crop growth model, and further to identify variations in climate conditions and potential yields in TRR from 1961 to 2020 for making policies on adaptation of agricultural production to the climate change impacts on the Tibetan Plateau. Validation results indicated that WOFOST could accurately simulate the potential yields of highland barley with the global radiation estimated by the calibrated Angstrom model. The global radiation during the growth periods decreased at a rate of 0.047 MJ/m2a, while the temperature during the growth periods increased at rates ranging from 0.019 to 0.087 °C/a, which was greater than the average warming rate of the globe. The simulated potential yields ranged from 10,300 to 14,185 kg/ha in TRR, with an average decreasing rate of 28 kg/ha/a. The decrease in the potential yields was mainly attributed to the shortened critical period caused by warming effects, so cultivation of new varieties of highland barley with longer growth periods is suggested as an achievable strategy for the adaptation of highland barley to climate change in TRR.
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1. Introduction


Food security plays an essential role in regional development [1]. To make optimal policies on food security, potential yield is often used as an important indicator to identify the yield gaps and the limiting environmental factors, which is beneficial to improve the productivity of a crop [2,3]. Currently, global warming has been well acknowledged in modern society [4], with its non-negligible impacts on food security [5]. Thus, identification of the spatial and temporal variations in the potential yields becomes an important task to provide important information on policy-making for achieving the sustainable agricultural development in a region.



Potential yield is defined as the yield under no water- and nutrition-limited conditions [6]. Initially, potential yields were estimated mainly by statistical regression methods [7]. However, without consideration of any crop growth process, the results based on statistical methods are believed to be inaccurate [8]. In recent decades, crop growth models have become popular in quantifying potential yields for various crops in different regions, as these models perform more reliably than statistical methods due to the involvement of the crop growth mechanism processes [9]. To date, many crop growth models have been developed for studies and assessments in agriculture [10], among which the WOFOST crop model is one of the most popular models widely used in the world [6]. Having taken account of the mechanism processes such as phenology, photosynthesis and dry matter allocation, the WOFOST model has been identified to be capable of simulating evapotranspiration, soil water content, grain yield, and total above-ground biomass in the arid and semi-arid regions [11]. To date, the WOFOST model has been used to reveal the potential yields for various crops including winter wheat, spring barley, maize, winter rapeseed, potato, sugar, beet, pulses and sunflower [12], showing its high accuracy of prediction in regional application under different climate conditions around the world [8,13,14,15,16]. The WOFOST model has also been used as an effective tool to investigate in changes in the potential yields of many crops in the context of the climate change [12,17,18].



As potential yield is defined as the crop yield under no water- and nutrition-limited conditions, global radiation and temperature become the meteorological determinants of the potential yields [6,12]. Though temperature is a routinely observed item in the weather station, global radiation is not recorded in most of weather stations due to scarcity of instruments and high cost of maintenance [19,20]. Under this circumstance, empirical radiation models are often used to estimate global radiation to meet the model input requirements [8,21,22]. However, based on investigation in the effect of radiation estimation on the yields simulated by WOFOST, Pohlert [22] found that global radiation estimated by empirical formula was suitable to drive WOFOST at temperate locations but resulted in large errors in the simulated yields at tropical locations, implying the hypothesis that approaches to driving WOFOST with global radiation estimated by empirical formula might be regionally restricted.



Located in the southwest of China (25°–4° N, 74°–104° E), the Tibetan Plateau has unique climate regime due to its high altitude ranging from 3000 to 5000 m a.s.l. [23]. Highland barley has played an essential role in facilitating permanent human occupation of the Tibetan Plateau for about 3600 years [24], and has become the irreplaceable staple food for the Tibetans in their daily lives [25]. Analysis of temperature from 1901 to 2016 indicated that the warming rate was 0.037 °C/a on the Tibetan Plateau, which is much higher than the average national value of 0.023 °C/a in China [26]. The increase in temperature has significantly influenced the spatial and temporal distribution of highland barley over the Tibetan Plateau [27], which justifies the necessity to further explore changes in potential yields of highland barley by the crop growth models. However, to date, while there exist a few investigations in the potential yields of highland barley on the Tibetan Plateau based on the DSSAT (Decision Support System for Agrotechnology Transfer) crop growth model [28], WOFOST has never been tested and applied to reveal the detailed information on the potential yields of the highland barley in its main growing area over the Tibetan Plateau.



In this study, to test the above hypothesis that approaches to driving WOFOST with global radiation estimated by empirical formula might be regionally restricted, the WOFOST model was used to simulate the potential yields of highland barley in the Three Rivers Region (TRR), the main growing area of the highland barley in the southern part of the Tibetan Plateau. The objectives of this study were: (1) to explore the suitable strategy on estimation of global radiation for applying WOFOST in simulating potential yields of highland barley in TRR, (2) to detect the dimming and warming changes in TRR, and (3) to reveal the spatial and temporal variations in the potential yields of highland barley in TRR in the recent 60 years, which will provide important information for the local government to make effective policies for the adaptation of agricultural production to climate change challenges over the Tibetan Plateau.




2. Materials and Methods


2.1. Study Area


The study area was the Three River Region (TRR), which covers the drainage areas of Yarlung Zangbo River and its two tributaries in the southern part of the Tibetan Plateau, with altitudes ranging from 3500 to 4000 m above sea level (Figure 1). TRR is the main growing area of highland barley due to the favorable irrigation conditions. The highland barley was usually sown in April and matured in August. The growth period of highland barley in TRR is featured by the remarkable high global radiation and low temperature due to the unique climate regime on the Tibetan Plateau. There are in total ten weather stations distributed in TRR, but the global radiation was only routinely measured in Lhasa. In addition, phenophases were only observed in Lhasa and Rikaze according to the instruction by China Meteorological Administration (CMA). Detailed information on the weather stations is shown in Table 1.




2.2. Phenophase Observation and Meteorological Data Collection


Two cultivars of the highland barley, Chunqing and Zangqing, were the same genotypes, which were planted in Lhasa and Rikaze, respectively. The phenophases of highland barley were observed and recorded from 1980 to 2020 with occasional interruption by some missing values. The phenophase items included sowing date, anthesis date and maturity date, which were necessary for calibration of the development stages in the WOFOST model. In addition, statistical yields of highland barley were also recorded from 1980 to 2020 in Lhasa and Rikaze stations.



Both phenotypic parameters and meteorological variables were needed as input items to drive the WOFOST model [6]. The key phenotypic parameters include the base temperature, the effective temperature sum from emergence to anthesis (TSUM1), and the effective temperature sum from anthesis to maturity (TSUM2). The input meteorological variables of the WOFOST model include global radiation, maximum and minimum temperature, vapor pressure, wind speed, and precipitation [6]. With the exception of global radiation, the other items were measured in all stations in TRR. Global radiation was measured only in Lhasa. For other stations, the global radiation was estimated by the Angstrom model as follows [29,30].


     R a  =  R e  ×  (  a + b  S   S 0     )   



(1)




where Ra is the global radiation, Re the extra-terrestrial global radiation, S the recorded sunshine hours, and S0 the potential sunshine hours, respectively. Re and S were calculated according to the FAO method [31]. Two strategies were used to determine the coefficients of a and b in the Angstrom model. The first one was to directly use the coefficients suggested by Allen et al. [31], while the second was to calibrate the Angstrom model with the observed global radiation and sunshine hours in Lhasa.




2.3. Description of the WOFOST Model


The WOFOST model is a dynamic model simulating crop growth on a daily time step. The WOFOST model has fully taken account of crop characteristics, meteorological conditions and crop management [32], based on which the processes of phenological development, assimilation and respiration, evapotranspiration and allocation of dry matter are reasonably involved to simulate crop growth in the field environments [33]. The WOFOST model has been successfully implemented in the Crop Growth Monitoring System (CGMS) to calculate yield gaps of various crops in European countries, showing its excellent performance in estimating potential yield under different growing conditions [34,35]. A more detailed description of the WOFOST model can be found in the latest version of model introduction provided by de Wit et al. [32].




2.4. Statistical Analysis


The Nash-Sutchiffe Efficiency (NSE), and the Root Mean Square Error (RMSE) were used as criteria to evaluate the model performance in this study [36,37].


  N S E = 1 −     ∑   i = 1  n     (   M i  −  S i   )   2      ∑   i = 1  n     (   M i  −  M ¯   )   2     



(2)






    R M S E =   [  1 n    ∑   i = 1  n     (   M i  −  S i   )   2  ]    1 2     



(3)




where Mi is the measured value, Si the simulated value,   M ¯   the average measured value, and n the total number of the sample, respectively. A higher value of NSE and lower value of RMSE mean better model performance.



Trends in time series of the variables were analyzed by the non-parametric Theil-Sen’s estimator [38].


     β  = M e d i a n  (     X j  −  X i    j − i    )  ,   i < j    



(4)




where Xi and Xj are the variables for year i and j, respectively. The trend significance was tested by Mann-Kendall (MK) method. The Mann–Kendall trend test statistic Z can be calculated as in the following equations [39].


  Z =  {       S − 1     V a r  ( S )      ,   i f   S > 0     0   i f   S = 0       S + 1     V a r  ( S )      ,   i f   S < 0       



(5)






  S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  S g n  (   x j  −  x i   )   



(6)






    S g n  ( w )  =  {     + 1   w > 0     0   w = 0     − 1   w < 0         



(7)






  V a r  ( S )  =   n  (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  m   t i   (   t i  − 1  )   (  2  t i  + 5  )    18    



(8)




where m shows the number of series, and t is the extent of any given tie. A positive value for Z indicates an increasing trend in the time series of the variables, whereas a negative value indicates a decreasing trend. For significance levels (1 − α) of 90%, 95%, and 99%, the absolute critical values of Z are 1.65, 1.96, and 2.58, respectively. More detailed information on MK test can be referred to the relevant descriptions [39,40,41].





3. Results


3.1. Model Performances


As suggested by Food and Agriculture Organization (FAO), the coefficients of a and b in the Angstrom model were 0.25 and 0.50, respectively [31]. Fitted with the measured global radiation and sunshine hours in Lhasa, the coefficients of a and b were calibrated as 0.28 and 0.52, respectively, which is different from the suggested values [31].



When the suggested coefficients were used directly in Angstrom model for radiation estimation, the NSE and RMSE were 0.79 and 2.5 MJ/m2d, respectively. In contrast, validation of the Angstrom model with the fitted coefficients resulted in a better model performance with greater NSE of 0.84 and smaller RMSE of 2.2 MJ/m2d (Figure 2). So, the calibrated Angstrom model was used to estimate global radiation for the other nine stations in this study.



When calibrated with longer dataset and validated against the shorter dataset, the crop model always showed very high accuracy in prediction of the crop yield [8]. However, when the calibrated parameters are used in simulating long-term series of the crop yields, the simulated results might be inaccurate. As one of the main objectives of this study was to reveal the trends in the long time series of the highland barley yields, the WOFOST model was first calibrated with the shorter dataset, and then validated against the longer dataset to show its reliability in prediction of the long time series of the highland barley yields in TRR. Using the “trial and error” method [28], the WOFOST model was first calibrated with the phenological data observed in Lhasa and Rikaze from 1981 to 1990. Calibration results indicated that the base temperature should be set as 0 °C in this study, just the same as the spring barley parameter used in European regions [6]. The other two key phenotypic parameters, TSUM1 and TSUM2, were calibrated as 1067.4 and 578.6 °C day, respectively. Then, the calibrated model was validated against the data from 1991–2020. Validation results indicated that WOFOST model could accurately simulate the flowering dates and maturity dates of the highland barley, and the prediction was accurate with NSE of 0.73 and 0.7, respectively (Figure 3a,b). WOFOST also performed well in simulating the grain yields in Lhasa and Rikaze, with the NSE value of 0.901. The RMSE in estimated grain yields was 189.3 kg/ha, a small error in percentage of about 3.9% in contrast to the average yield of 8012 kg/ha (Figure 3c).



The main varieties planted in Lhasa and Rikaze were Chunqing and Zangqing, respectively. However, Zangqing was also planted as the main variety in Lhasa in recent years. Thus, Zangqing was used for calculating potential yields for all stations in this study. In fact, the varieties changed every several years in each station, but calculation of potential yields with different varieties would make it hard to identify the effects of climate change on potential yields due to the involvement of genotype differences.



In order to identify the possible error in the potential yields caused by radiation estimation, the potential yields in Lhasa were simulated by the WOFOST model driven with measured and estimated global radiation, respectively. The results indicated that the potential yields could be accurately simulated with the estimated global radiation for both varieties, with the NSE value of 0.958. The RMSE in potential yields simulated by the estimated radiation was 296.9 kg/ha, which resulted in an error in percentage of about 4.3% in contrast to the average potential yield of 10,231 kg/ha (Figure 3d).




3.2. Spatial and Temporal Changes in Climate Conditions during the Highland Barley Growth Periods


The yield of highland barley is determined by several parameters such as number in grain by spike, thousand grain weight, and the stresses during seed development. As for the meteorological factors, potential yield is mainly determined by the global radiation and temperature during the growth period according to its definition [6], so the spatial and temporal variations in the global radiation and temperature were analyzed, in order to provide the fundamental climatic information for further analysis of the variations in the potential yields of highland barley in TRR. The highland barley is sown in April and matured in late August in TRR.



Spatial and temporal variations in global radiation during the growth period of highland barley in TRR is shown in Figure 4. The daily global radiation ranged from 23.32 MJ/m2d in Qiongjie to 24.38 MJ/m2d in Gongga, with an average value of 23.89 MJ/m2d in TRR (Figure 4a). It was obvious that global radiation has decreased in all the stations from 1961 to 2020 (Figure 4b). Radiation in Qongjie decreased at the greatest rate of 0.095 MJ/m2d/a, while the smallest decreasing rate of 0.002 MJ/m2d/a occurred in Nimu. The average decreasing trend was 0.047 MJ/m2d/a in TRR.



On the whole, the temperature during the growth period in the western part of TRR was higher than that in the east (Figure 5a), mainly due to the difference in the altitude (Figure 1 and Table 1). During the growth period, Zedang had the highest temperature of 13.82 °C, while the lowest temperature of 10.48 °C occurred in Lazi. The average temperature during growth periods of the highland barley in TRR was 12.44 °C. As for the temporal trends, temperature in Qongjie and Nanmulin decreased slightly at the very small rates of 0.002 °C/a and 0.004 °C/a, respectively (Figure 5b), and neither of these decreasing trends was significant with an absolute Z value smaller than 1.65. Temperature in Namulin decreased at a small rate of 0.004 °C/a, with the significance level of 90%. In contrast, the temperature in all the other stations exhibited remarkable increasing trends from 0.019 to 0.087 °C/a, with the significance level of 99% (Figure 5b). The average increasing trend in temperature was 0.026 °C/a for all stations in TRR.




3.3. Spatial and Temporal Variations in the Growth Durations and Potential Yields of Highland Barley in TRR


In this study, the whole growth period was defined as the growth period from the sowing day to the maturity day, while the critical period was referred to as the period from the anthesis day to the maturity day. As for the whole growth period, the growth duration ranged from 120 to 144 days with an average value of 127 days in TRR (Figure 6a). From 1961 to 2020, only Nanmulin and Mozhugo presented slightly increasing trends at the rate of 0.022 and 0.083 d/a, respectively (Figure 6b). These increasing trends were not significant, with both Z values being smaller than 1.65. In contrast, the growth durations exhibited significant decreasing trends in all the other stations at an average decreasing rate of 0.191 d/a, with the significance level of 99% (Figure 6b). As for the critical period, the growth duration ranged from 36 to 50 days with an average value of 41 days in TRR (Figure 6c). All stations in TRR exhibited decreasing trends at the rates ranging from 0.065 to 0.161 d/a, with an average decreasing rate of 0.075 d/a (Figure 6d). The decrease in the growth durations of both the whole growth periods and the critical periods has become more evident in recent years (Figure 7).



In TRR, the greatest potential yield of the highland barley was 14,185 kg/ha in Jiaze, while the smallest was 10,300 kg/ha in Nimu. The average potential yield was 11,823 kg/ha in TRR (Figure 8a). Only two out of these ten stations showed increasing trends in potential yields from 1961 to 2020, but these increasing trends were not statistically significant with Z value lower than 1.65 (Figure 8b). In contrast, all the other stations exhibited the significant decreasing trends in the potential yields at the rates from 7.3 to 60.3 kg/ha/a. The average decreasing trend was 27.8 kg/ha/a for all the stations in TRR (Figure 8b), and the decreasing trends seemed to become more evident in the recent years (Figure 9). It should be noted that the potential yield was very low in 2018 (Figure 9a). Analysis of the meteorological conditions indicated that the temperature was abnormally low with the monthly mean value of 9.8 °C in April, which made the growth rate very low in the initial stage and resulted in a very small leaf area index. The low growth rate, together with the small leaf area index, finally led to a small accumulated photosynthesis and very low potential yield of the highland barley in 2018.





4. Discussion


4.1. Applicability of the WOFOST Model in Simulating the Potential Yields of Highland Barley in TRR


The leaf photosynthesis rate is influenced by many factors, including CO2 concentration, global radiation, and temperature, etc. [42]. Yu et al. [42] developed a leaf photosynthesis model based on the observed photosynthesis rate of winter wheat over the Tibetan Plateau, indicating that photosynthesis rate was approximately a linear function of the global radiation at low light levels [42]. As the global radiation during the growth period was very high on the Tibetan Plateau (Figure 4), the photosynthesis rate became accordingly very large, which contributed to the high daily photosynthesis simulated by the WOFOST model [6]. In the WOFOST model, the total photosynthesis of the highland barley was accumulated at a daily step, and further resulted in the high potential yields. In short, the high global radiation on the Tibetan Plateau contributes to the high yield of highland barley in TRR, though the extremely high radiation could result in photoinhibition at very few cases on the Tibetan Plateau [42].



The WOFOST model simulates crop growth based on the mechanism processes [6], which makes it suitable for application in different climate conditions when the key parameters were reasonably calibrated [43]. The WOFOST model has been identified to be efficient at simulating potential yields of winter wheat and summer maize in the North China Plain [8,44], and rice in the Yangtze River Delta of China [45]. Song et al. [26] successfully used WOFOST to simulate the potential yields of winter wheat over the Tibetan Plateau. In TRR, the highest simulated potential yield of highland barley was 14185 ka/ha in Jiaze under no water and nutrition conditions (Figure 8a), while the highest actual yield was recorded as 11,453 ka/ha. These high yields can be attributed to the high radiation and cool temperature during the growth period over Tibetan Plateau. With the similar growth period, the yields of spring wheat greater than 13,000 ka/ha were reported for several locations over the Tibetan Plateau, with the highest yield being 15,200 ka/ha [46]. Sinclair et al. [46] believed the high yields of spring wheat on the Tibetan Plateau could be attributed to the high solar radiation and cool temperature due to the high altitude of the Tibetan Plateau. Sinclair et al. [46] further explored the suitability of the crop model for simulating high-level yields of spring wheat over Tibetan Plateau, and concluded that the dynamic crop model could be successfully used as a framework in which the key relevant parameters could be adjusted to match the observed crop growth. In this study, the WOFOST model has accurately simulated the growth durations and the grain yields of highland barley with NSE of 0.700 and 0.901 (Figure 3a–c), respectively, indicating its high accuracy in the regional applicability on the Tibetan Plateau.



For most weather stations, the global radiation can be estimated by the sunshine-based Angstrom model [47], which performs much better than the temperature-based models on the Tibetan Plateau [19]. However, the coefficients in Angstrom model are site-dependent [48], which makes calibration of the coefficients necessary. In this study, the calibrated Angstrom model accurately estimated the global radiation in Lhasa with high NSE of 0.82 and small RMSE of 2.2 MJ/m2d (Figure 2), which resulted in a high NSE of 0.958 in the simulation of the potential yields by the WOFOST model (Figure 3d). This result is in agreement with that by Hunt et al. [49], who also emphasized the importance of model calibration to estimate global radiation for use in crop models.




4.2. Decreasing Trends in the Potential Yields Caused by Dimming and Warming Effects over the Tibetan Plateau


Global radiation has decreased at a rate of 0.021 MJ/m2d/a from 1984 to 2012 over the Tibetan Plateau [50]. This dimming could not be explained by the changes in cloud cover or the increase in aerosols, but might be caused by the increase in water vapor amount and deep cloud cover, which in turn are related to the rapid warming over the Tibetan Plateau [50]. A later analysis showed that the temperature has increased at the rates ranging from 0.016 to 0.067 °C/a on the Tibetan Plateau since 1950 [51]. In this study, the average decreasing rate during the growth period of highland barley was 0.047 MJ/m2d/a (Figure 4b), more than two times larger than the annual decreasing rate of 0.021 MJ/m2d/a [50]. In addition, the temperature during growth periods increased significantly at the rates ranging from 0.019 to 0.087 °C/a in most stations in TRR (Figure 5b). The increasing rates were larger than the warming rates on the Tibetan Plateau mentioned above [51], which is believed to be greater than the average warming rate of the globe [52]. In short, dimming and warming were significant during the growth periods of highland barley in TRR in recent decades.



As the potential yield is determined by global radiation and temperature conditions [6], the distinguish dimming and warming during the growth period might negatively influence the potential yields of highland barley in TRR. Due to high altitude, the global radiation on the Tibetan Plateau is much higher than that in the other regions [19]. Based on the investigation in the response of leaf photosynthesis to light intensity, Yu et al. [42] found that the global radiation was always higher than the light saturation point due to high altitude on the Tibetan Plateau. In very few cases, the few extremely high radiation could even have a negative effect on photosynthesis through photoinhibition, which suggests that dimming on the Tibetan Plateau would not be the leading factor for decreasing yields in recent decades (Figure 8 and Figure 9). In contrast, the crop growth period can be significantly shortened due to warming effects [53], which would further lead to the decrease in the simulated grain yields. Statistical analysis revealed that the potential yield of highland barley was positively correlated with the growth duration of the critical period (Figure 10). With the growth duration of the critical period decreasing under warming conditions (Figure 6 and Figure 7), the potential yields decreased accordingly with the shortened growth duration of the critical period (Figure 8 and Figure 9).




4.3. Uncertainties in the Simulated Potential Yields and Possible Measures to Adapt Highland Barley Production to the Climate Change


4.3.1. Uncertainties in the Simulated Potential Yields


Though the WOFOST model performed well in simulating the phenophases and grain yields, uncertainties still existed in the simulated potential yield of highland barley in TRR. Potential yield is defined as a theoretical yield under optimal water and nutrition conditions. However, many factors such as the occasional chilling or pests can seriously influence the grain yields even if the crop is planted under no water- and nutrition conditions, which makes it impossible to directly measure the potential yield in the field. Without a measured standard, it is hard to ascertain the most reliable value for the potential yield of a crop planted in a certain region. In other words, the potential yields of a crop might be different when simulated by different crop models, and it is hard to declare which one is more reliable. Using the DSSAT crop growth model, Gong et al. [28] calculated the potential yield of highland barley in Rikaze as 10,425 ka/ha. In this study, the calculated potential yield in Rikaze was 12,409 ka/ha (Figure 8). The recorded statistical yields of highland barley in Rikaze was 11,454 ka/ha in 2012, which is much higher than the corresponding value reported by Gong et al. [28]. So, we cautiously envisage that the potential yields simulated in this study might be more reliable, as the potential yields should not be smaller than the statistical yields measured in the fields [6]. The muti-model ensemble is recommended to be used as an effective method to improve reliability in the simulated potential yields of highland barley in TRR in the future research.




4.3.2. Possible Adaptation of Highland Barley Production to Climate Change


The impacts of climate change on agricultural production have been well documented in recent decades [54,55,56,57]. Climate change plays different roles in positively prolonging or negatively shortened the growth duration, and further leads to the gains and losses in the grain yields for different crops under different climate conditions [58]. So, the strategies on agricultural adaptation to climate change should be made in line with local realities [58]. In this study, it was identified that the decreasing trends in the potential yields of highland barley in TRR were mainly caused by the shortened critical periods due to the significant warming effects (Figure 6 and Figure 7). Thus, extension of the crop growth duration can be viewed as an efficient way to mitigate the negative warming impacts in TRR. Based on this recognition, Song et al. [26] argued that winter wheat should be planted as the main crop for adaptation of agriculture to climate change over the Tibetan Plateau. However, the highland barley is referred to as the indispensable staple food for all Tibetans living in the Tibetan Plateau, which makes this countermeasure unfeasible in reality. In fact, the highland barley has successfully evolved to adapt to the high stressful environment over the Tibetan Plateau with its unique genes for more than 3000 years [25], so cultivation of new varieties with longer growth duration through genetic breeding might be an achievable strategy for adaptation of highland barley to the climate change challenges in TRR. In addition, the higher temperature may contribute to changing barley sowing dates and possible production of highland barley in the higher altitudes under global warming scenarios, which might provide optimal strategies for adaptation of highland barley production to climatic change in TRR in the future.






5. Conclusions


The WOFOST model was used to simulate the potential yields of highland barley in TRR. Validation results indicated that the WOFOST model could accurately simulate the growth durations and grain yields with the NSE of 0.700 and 0.901, respectively.



Climate change during the growth periods of highland barley was significant in TRR from 1961 to 2020. The global radiation in the growth period decreased with an average rate of 0.047 MJ/m2d/a in TRR. The temperature increased in most stations in TRR during the growth period, with the increasing rates ranging from 0.019 to 0.087 °C/a, which was greater than the average warming rate of the globe.



The high potential yields of highland barley in TRR can be attributed to the high global radiation and cool temperature during the growth periods on the Tibetan Plateau. In the past 60 years, the significant decreasing trends in the potential yields occurred in most locations of TRR, which can be attributed to the shortened critical periods due to warming effects. In response to this situation, cultivation of new varieties with longer growth duration through genetic breeding is suggested as an achievable strategy for adaptation of highland barley to climate change in TRR. In addition, planting the highland barley at higher altitude would become possible under warming conditions, together with the changes in the sowing dates of the highland barley. It has been identified that WOFOST model performed well in simulating the potential yields of highland barley in TRR with the global radiation estimated by the calibrated Angstrom model, so the calibrated WOFOST can be used as a useful tool to explore the optimal sowing dates and suitable altitudes for the highland barley production, in order to achieve sustainable agricultural development on the Tibetan Plateau.
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Figure 1. Location of the Tibetan Autonomous Region (yellow color area) in China (a), and location of the Three River Region (pink color area) on the Tibetan Autonomous Region (b). Distribution of weather stations in the Tree Rivers Region (c). The five-pointed stars denote stations for calibration of the WOFOST model. 






Figure 1. Location of the Tibetan Autonomous Region (yellow color area) in China (a), and location of the Three River Region (pink color area) on the Tibetan Autonomous Region (b). Distribution of weather stations in the Tree Rivers Region (c). The five-pointed stars denote stations for calibration of the WOFOST model.



[image: Sustainability 14 07719 g001]







[image: Sustainability 14 07719 g002 550] 





Figure 2. Estimation of global radiation in Lhasa by calibrated coefficients and Allen Coefficients. 
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Figure 3. Validation of the WOFOST model against the flowering date (a), maturity date (b), grain yield (c), and potential yield (d) in Lhasa and Rikaze stations. 
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Figure 4. Spatial (a) and temporal (b) variation in global radiation during highland barley growth period from 1961 to 2020. Plus, | and D signs denote confidence levels of 90%, 95% and 99%, respectively. The symbols denote the same meaning in the following figure legends. 
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Figure 5. Spatial (a) and temporal (b) variation in daily mean temperature during highland barley growth periods from 1961 to 2020. 
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Figure 6. Spatial and temporal variations in the growth periods and the critical periods of the highland barley. (a,b) indicate spatial variation in the growth periods and the critical periods, respectively. (c,d) indicate temporal trends in the growth periods and the critical periods, respectively. 
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Figure 7. Decreasing trends in the growth periods in Lhasa (a) and Rikaze (b), and the decreasing trends in the critical periods in Lhasa (c) and Rikaze (d), respectively. 
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Figure 8. Spatial (a) and temporal (b) variations in potential yields of highland barley in the last 60 years. 
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Figure 9. Decreasing trend in the potential yields of highland barley in Lhasa (a) and Rikaze (b) from 1961 to 2020. 
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Figure 10. Relationship between critical periods and potential yields of highland barley simulated by the WOFOST model. 
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Table 1. Detailed information of the weather stations in this study.
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	Station
	Latitude/°N
	Longitude/°E
	Altitude/m (a.s.l 1)





	Lazi
	29.08
	87.60
	4000.0



	Nanmulin
	29.68
	89.10
	4000.0



	Rikaze
	29.25
	88.88
	3836.0



	Nimu
	29.43
	90.17
	3809.4



	Gongga
	29.30
	90.98
	3555.3



	Lhasa
	29.67
	91.13
	3648.9



	Mozhugongka
	29.85
	91.73
	3804.0



	Qongjie
	29.03
	91.68
	3740.0



	Zedang
	29.25
	91.77
	3551.7



	Jiangzi
	28.92
	89.60
	4040.0







1 a.s.l is the acronym for above sea level.
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