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Abstract

:

The impact of global warming on crop growth periods and yields has been evaluated by using crop models, which need to provide various kinds of input datasets and estimate numerous parameters before simulation. Direct studies on the changes of climatic factors on the observed crop growth and yield could provide a more simple and intuitive way for assessing the impact of climate change on crop production. In this study, four cultivars which were planted over more than 15 years in eight test stations in the Northern Winter Wheat Region of China were selected to investigate the relationships between growth periods, grain yields, yield components and temperatures. It was found that average temperatures and heat degree-days (HDD) during the winter wheat growing seasons tended to increase over time series at most study sites. The length of growth period and growing degree days (GDD) were not fixed for a given cultivar among different years and locations, and the variation on the periods from sowing to jointing was relatively greater than in the other periods. The increasing temperature mainly shortened the periods from sowing to jointing and jointing to anthesis, which led to the decrease in entire growth periods. Positive relationships between spike number, grain number per spike, grain yields and average temperatures were identified in the Northern Winter Wheat Region of China. The grain yield in the study area increased by 406.3 kg ha−1 for each 1 °C increase in average temperature. Further, although the positive relationship between grain yield and HDD was found in our study, the heat stress did not lead to the wheat yield decline in the study region. Temperature is a major determinant of wheat growth and development, the average temperature and the frequency of heat stresses are projected to increase in the future, so understanding the effect of temperature on wheat production and adopting appropriate adaptation are required for the implementation of food security policies.
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1. Introduction


The global population is expected to exceed 9 billion people by 2050 [1], which will require a 70–110% increase in food production to meet future demands [2,3]. Wheat is the third most produced crop in the world behind corn and rice, and an essential staple food for millions of people [4]. About 21% of the world’s food is derived from wheat, which is grown on 216 million hectares of farmland worldwide [5]. However, current evidence indicates that the trend of increasing wheat yields in many countries has slowed down in recent decades [6,7,8,9]. In order to meet worldwide food security, the yields of wheat are expected to rise by 60% (for the 9 billion population) by 2050 [10]. Most of this increase should come from greater yields on existing cropland to avoid environmental degradation, destruction of natural ecosystems and loss of biodiversity [11,12,13]. A better understanding of the factors responsible for wheat yield would help ensure that yields can continue to increase in the future. However, since many factors have been changing simultaneously, it is difficult to separate their effects. Previous research has documented two factors that may contribute to yield increase, adopting cultivars with a longer grain-filling period and shifting planting dates earlier [14]. A longer grain-filling period can increase the length of time devoted to yield accumulation. Earlier planting can increase yields by prolonging the length of vegetative period and possibly the grain-filling period. In addition, a longer vegetative period generally means a higher leaf area, and thus faster biomass fixation [15]. Future crop yields are expected to be influenced by complex interactions between the effects of increases in atmospheric concentrations of CO2 [16] and atmospheric pollution [17] as well as the effects of climate change [18].



Global average surface air temperature has risen by roughly 0.13 °C per decade since 1950 and is projected to increase 0.20 °C per decade over the next two to three decades [19]. Together with global warming, heat stress is becoming more common and affects crop yield and quality [20,21,22]. In China, the annual mean air temperature has increased by 1.20 °C since 1960, which was larger than the average global temperature rise [23]. The agricultural production system is very sensitive to the weather and thus directly affected by climate change [24]. In the past twenty years, the magnitude, rate and pattern of climate change impacts on crop productivity have been studied mainly by crop growth simulation models [25,26]. In general, these studies provide robust evidence that crop phenology shifts notably in response to ongoing climate change [27,28,29,30], and global warming is already slowing yield gains at a majority of crop growing locations, besides the complex effects of agronomic factors [31,32,33]. However, there is a lack of experimental observed data on the effects of climate change on crop growth and yield. Here, we analyzed the time-course changing trends in temperature across the Northern Winter Wheat Region of China, and then investigated the relationships between temperature and growth periods and grain yields by using long term observation data from meteorological stations and field experiments. The expected results may help to clarify whether there are significant time trends in the changes of temperatures during the different wheat growth periods and whether these changes have an impact on wheat growth periods and grain yields in the Northern Winter Wheat Region of China.




2. Materials and Methods


2.1. Collection of Crop and Weather Data


The winter wheat phenology (sowing, jointing, anthesis and maturity dates), yield, yield components (spike number, grain number per spike and 1000-grain weight) and climate data (daily minimum, maximum and average temperatures, rainfall and sunshine hours) come from Chinese agro-meteorological experiment stations, which are operated by Chinese Meteorological Administration. The observation data were collected by well-trained agricultural technicians following a standardized observation methodology. Each observation variable had a clear definition. For example, jointing date was recorded when the first node was approximately 2 cm above the soil surface; anthesis was defined as the date of 50% plants with florets opening at the middle-upper position of the spikes; maturity was specified as the date when grains reached maximum dry weight during development. Winter wheat at each station was managed according to local practices for control of weeds and disease. Fertilizers and irrigation were applied according to the relatively optimal practices for local high yield target. In the present study, only the dataset with the cultivars planted more than 15 years was used for analyzing the impacts of climate change on winter wheat growth periods and yields. Thus, four cultivars in eight stations across four provinces were selected. All the selected stations are located in the Northern Winter Wheat Region of China, which accounted for more than 60% of the total wheat cultivation area in China, and more than 70% of total wheat production in the country. Furthermore, the cultivars used in the experimentation at each station were all representative of the local production areas. The details of the dataset are listed in Table 1.




2.2. Calculation of GDD and HDD between Wheat Growth Stages


The accumulated growing degree days (GDD, °C d) between sowing and jointing (GDD1), jointing and anthesis (GDD2), anthesis and maturity (GDD3), and sowing and maturity (GDDT) was calculated by Equations (1)–(4). During a growth period, GDD is the sum of daily thermal time (DTT) of this period. Since the response of plant to daily mean temperatures is non-linear, the temperatures at different times during one day are more closely correlated to plant response than the daily mean temperature [34]. In this study, eight temperature factors (Tfac) are computed per day and used to generate eight 3-h temperature (T) values from daily minimum (Tmin) and maximum (Tmax) temperatures to describe the diurnal temperature pattern [35]. For each station and each year, GDD is calculated as follows:


  GDD = SUM   DTT    



(1)






  DTT = 1 / 8 ×   ∑   I = 1  8    T  I  −  T b     



(2)






  T  I  = Tmin + Tfac  I  ×   Tmax − Tmin    



(3)






  Tfac  I  = 0.931 + 0.114 × I − 0.0703 ×  I 2  + 0.0053 ×  I 3    I = 1 , 2 ,   … ,   8  



(4)




where Tb is the base temperature. In some studies, the same base temperature is applied for all phases of crop development. For example, Tb is fixed to be 0 °C in the whole growth period of wheat [36] and fixed to be 10 °C in the whole growth period of maize [37]. However, in practice, a higher base temperature is found for the grain filling phase than for the vegetative phase until anthesis [14,38]. Therefore, in this study, the base temperature of winter wheat is set to be 0 °C before double ridge stage, 3.30 °C from double ridge to heading, and 5.10 °C from heading to maturity, respectively [35].



To illustrate the impact of heat stress on wheat yield, the heat degree-days (HDD, °C d) was calculated in this paper. HDD was considered to include the heat duration and intensity, which could reflect the heat stress synthetically. Here, HDD is defined as the total heat degree-days when the daily maximum temperature is more than 30 °C from anthesis to maturity [21,39]. For each station and each year, HDD is calculated by Equations (5) and (6).


    HD  i  =       0                         Tmax < 30   ° C       Tmax − 30   ° C     Tmax ≥ 30   ° C        



(5)






  HDD =   ∑   da   dm     HD  i   



(6)




where Tmax is the daily maximum temperature, HDi is the heat degree days above the temperature threshold of 30 °C, da is the anthesis date and dm is the maturity date.




2.3. Data Analysis


The significance of time trends in the changes of average temperature, GDD, HDD and length of growth durations during different growth periods (sowing to jointing (GP1), jointing to anthesis (GP2), anthesis to maturity (GP3), and sowing to maturity (GPT)) of winter wheat were tested for slopes at the p < 0.05 probability level according to the Student’s t test. The relationship between growth durations and average temperatures was evaluated by using regression analyses. To assess the impact of average temperature and HDD on wheat grain yield and yield components, the first-difference method was used to remove the effects from technique improvements [40,41]. First difference time series was calculated for both the average temperature, HDD, grain yield and yield components by subtracting the prior year’s value from each year. Calculations were performed, and tables and figures were prepared using Statistical Product and Service Solutions (SPSS).





3. Results and Discussion


3.1. Trends of Temperature during Growth Periods


During the study period, the temporal patterns of average temperatures in the winter wheat growing seasons experienced the similar historical trends (Table 2). From sowing to jointing, there was a general increasing trend in average temperature, except for the decreasing trend at Huanghua, Hancheng and Laizhou, which was not significant. From jointing to anthesis, the time-series trends of average temperature were increasing in all stations, although the increase was significant only at four stations. From anthesis to maturity, no decreasing trend was found, while only three stations reached the significant level (p < 0.05). From sowing to maturity, the average temperatures at Pucheng, Wugong, Laiyang and Yantai increased significantly, with increases of 0.17, 0.14, 0.07 and 0.09 °C per year, respectively. In general, the temporal trends of average temperature during the winter wheat growing seasons tended to increase at most stations under study, which is more obvious during the later growth period. Furthermore, the heat degree-days (HDD) from anthesis to maturity tended to increase significantly (p < 0.01) in all the study stations, except for Pucheng in Shaanxi Province. In general, heat stress between anthesis and maturity becomes more serious during the study period in the Northern Winter Wheat Region of China, which is in agreement with previous studies [21].




3.2. Variations of GDD during Growth Periods


As important factors relating to crop phenology, heat unit requirements, such as growing degree days (GDD), influence crop growth and development [42,43]. The GDD required to complete a given growth phase is usually thought to be constant and dependent only on the cultivars [33]. In our study, however, GDD was found to vary with climate change over time series, although the cultivar was fixed at each station or remained the same at different stations (Figure 1 and Table 3). In the past decades, the values of GDDT (GDD from sowing to maturity) for 7464, 71321, Xiaoyan6 and Yannong15 varied from 1499 to 1971, 1392 to 2105, 1177 to 2202 and 1443 to 2317 °C d, respectively. Moreover, the time-series trends of GDDT were increasing in three of four cultivars, although the increase was not significant (Table 3). During the study period, the values of GDD1 for 7464, 71321, Xiaoyan6 and Yannong15 changed by 2.47, −2.91, 3.65 and −1.77 °C d per year, respectively; the values of GDD2 changed by −5.04, 4.31, 0.23 and 4.10 °C d per year, respectively; and the values of GDD3 changed by −2.07, 3.99, 2.12 and 0.38 °C d per year, respectively.




3.3. Variations of Growth Period


The observed length of winter wheat growth periods varied widely under climate change, although the cultivar was kept the same at each station or different stations (Figure 2). From sowing to maturity, the total length of growth period (GPT) for 7464, 71321, Xiaoyan6 and Yannong15 varied from 238 to 263 (9.5%), 224 to 263 (14.8%), 222 to 256 (13.3%), and 240 to 270 days (11.1%), respectively. In addition, the time-series trends of GPT decreased significantly (p < 0.01) for all cultivars, except for the cultivar 71321 (Table 4). In the past decades, the length of GPT for 7464, 71321, Xiaoyan6 and Yannong15 shortened by 1.17, 0.30, 0.63 and 0.49 days per year with climate change, respectively. For division into three growth phases, the length of growth period from sowing to jointing (GP1) decreased slightly for 71321 and Yannong15, yet the GP1 for 7464 and Xiaoyan6 decreased significantly (p < 0.01), with decreases of 0.51 and 0.73 days per year, respectively. The length of growth period from jointing to anthesis (GP2) also showed significant decreasing trend for 7464 and Xioayan6, with decreases of 0.58 and 0.31 days per year. Yet, the length of GP2 was prolonged by 0.13 days per year for Yannong15 with climate change over the time series. Moreover, the length of growth period from anthesis to maturity (GP3) changed slightly for all cultivars, with the decreases of 0.02 and 0.01 days per year for 7464 and Yanong15, and increases of 0.14 and 0.09 days per year for 71321 and Xiaoyan6. These results indicate that the length of growth periods for a certain cultivar in different climate conditions was not constant, and the variation in the length from sowing to jointing (GP1) was relatively greater than in the growth periods of jointing to anthesis (GP2) and anthesis to maturity (GP3), which was different to the reports on other cereal crops including rice [42,44].




3.4. Relationships between Average Temperature and Growth Durations


The length of growth periods from sowing to jointing (GP1) tended to be shortened with the increased average temperatures (Figure 3), although the linear relationships between average temperature and GP1 were very weak in the past decades. The reason for the weaker response to temperature for this phase of winter wheat is most likely that there is also a photoperiodic response during this phase, which contributes to reducing the effects of temperature changes on GP1. The length of growth periods from jointing to anthesis (GP2) was also shortened by the increased average temperatures, except for GP2 of Yannong15. The potential numbers of spikes and florets were determined during this phase. Thus, the shortening of GP2 would induce the lower grain yield. The length of growth periods from anthesis to maturity (GP3) was prolonged slightly with the increased average temperatures. The increasing trends of GP3 over average temperature may be caused by the relatively shorter GP2, which led to the earlier grain filling initiation. For winter wheat, the earlier grain filling initiation will prolong the grain filling period, thus lengthening the time available for yield accumulation. Overall, the length of entire growth periods from sowing to maturity (GPT) of winter wheat at the study stations was shortened with the increased average temperature. The length of GPT for cultivar 7464, 71321, Xiaoyan6 and Yannong15 shortened by 5.37, 2.10, 0.64 and 0.70 days for each 1 °C increase in average temperature during the study periods, respectively.




3.5. Relationships between Average Temperature and HDD and Yield Components and Grain Yield


In the Northern Winter Wheat Region of China, there was a positive relationship between the variation of wheat yield components and the average temperature, except for the 1000-grain weight (Figure 4a–c). The spikelet number increased significantly (p < 0.05) in the study area, with the increases of 3.55 × 105 per ha for each 1 °C increase in average temperature. Moreover, a significant (p < 0.01) linear relationship between the variation of grain yield and average temperature was also found in the Northern Winter Wheat Region of China (Figure 4d), which indicated that the increase in average temperature exhibited positive effects on grain yield. The grain yield increased by 406.3 kg ha−1 (0.02%) for every 1 °C increase in average temperature. One of the reasons for yield increasing in the study area was found to be associated with the prolonged growth period from anthesis to maturity and the increased spike number and grain number per spike (Figure 3 and Figure 4).



Previous studies suggested that the optimal temperature for grain set and grain filling is between 19 and 22 °C in wheat [45]. Short episodes of temperatures more than 30 °C during flowering period can cause heat stress and lead to the seed setting decreasing, eventually resulting in a low grain number [46]. In the present study, the general decreasing of 1000-grain weight and grain number per spike with heat stress were observed in the Northern Winter Wheat Region of China (Figure 5b,c), which was in agreement with the previous reports [47,48]. However, the present results find that there was an increasing trend in grain yield with heat degree-days, although the increasing trend did not reach the significant level (Figure 5d). The reasons for yield increasing under heat stress condition in the study area is the fact that the heat stress between anthesis and maturity was not significant in the Northern Winter Wheat Region of China, which cannot reduce the final grain yield.





4. Conclusions


Crop growth simulation models are useful tools in the climate impact studies as they can deal with multiple climate factors and processes of crop growth and yield formation that are sensitive to climate change [49]. These models have been applied in many studies, including the assessment of temperature impacts on crop production [25,33,50,51]. However, using the crop growth models to estimate the effect of climate change on crop production is an indirect method and needs various kinds of input datasets. Moreover, numerous parameters that specify cultivar differences in the model are not directly related to measurable quantities. These parameters are obtained by calibration, i.e., by fitting the model to field data, which increases the uncertainty of model simulation results [52,53,54]. Long term field experiment data can provide more confirmative information and directly reflect the impact of climate change on crop growth and yield. Combining the changes of climate factors and the long term filed observed experimental data could analyze the impact of climate change on crop production more intuitively and directly. Therefore, the cultivars planted during more than 15 years in the field environments were selected in the present study to analyze the impact of climate change on winter wheat production. Here the results show that the rising temperature indeed shortened the growth duration but does not reduce the wheat grain yield under the current management technology level in the past decades, which can help to evaluate the importance of near-term climate change for the supply of key food commodities. However, the analysis in this study just focused on global temperature and ignored the effects of photoperiod, rainfall and cold stress event etc., which are also important for crop production. The global average temperature is predicted to rise faster (roughly 0.20 °C per decades) over the next two to three decade [19], with more extreme climate events, such as heat wave, frost damage, global dimming, drought and flood [20], which may produce negative effects on the winter wheat production in the future. Therefore, the combined effects of different extreme climate conditions on food production need to be further elucidated with cereal crops including wheat.
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Figure 1. Growing degree days (GDD) of winter wheat as impacted by climate change. (A) displays the variations in GDD with different cultivars, and (B) displays the variations in GDD at different stations of one cultivar (Yannong15). Blue, green, yellow and red indicate the GDD from sowing to jointing (GDD1), from jointing to anthesis (GDD2), from anthesis to maturity (GDD3), and from sowing to maturity (GDDT), respectively. Lines extend from 5th to 95th percentile of GDD, boxes extend from 25th and 75th percentile, and the middle vertical line within each box indicates the median GDD. 
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Figure 2. Length of winter wheat growth periods (GP) as impacted by climate change. (A) displays the variations in GP with different cultivars, and (B) displays the variations in GP at different stations of one cultivar (Yannong15). Blue, green, yellow and red indicate the GP from sowing to jointing (GP1), from jointing to anthesis (GP2), from anthesis to maturity (GP3), and from sowing to maturity (GPT), respectively. Lines extend from 5th to 95th percentile of length, boxes extend from 25th and 75th percentile, and the middle vertical line within each box indicates the median length. 
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Figure 3. Relationships between average temperatures and length of growth periods in four winter wheat cultivars, with best-fit linear regression line. Average temperatures were calculated from daily values during different growing durations. n represents number of samples. GP1, GP2, GP3 and GPT represent the length of growth periods from sowing to jointing, jointing to anthesis, anthesis to maturity and sowing to maturity, respectively. 
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Figure 4. Relationships between year-to-year changes for growing season average temperatures (ΔAverage temperature) and year-to-year changes for spike number (ΔSpike number, a), grain number per spike (ΔGrain number per spike, b), 1000-grain weight (Δ1000-grain weight, c) and wheat grain yields (ΔYield, d). Growing season average temperature was calculated from daily values for entire growing duration from sowing to maturity. Yield and yield components data were obtained from China agro-meteorological experiment stations in which fertilization and irrigation were optimized to achieve the local highest possible yields. ** Significant at p < 0.01; * Significant at p < 0.05. 
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Figure 5. Relationships between year-to-year changes for heat degree-days (ΔHDD) and year-to-year changes for spike number (ΔSpike number, a), grain number per spike (ΔGrain number per spike, b), 1000-grain weight (Δ1000-grain weight, c) and wheat grain yields (ΔYield, d). Heat degree-days was calculated from daily values from anthesis to maturity. Yield and yield components data were obtained from China agro-meteorological experiment stations in which fertilization and irrigation were optimized to achieve the local highest possible yields. * Significant at p < 0.05. 
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Table 1. Source of the dataset used in the present study.
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Province

	
Station

	
Latitude and Longitude

	
Temperature 1 (°C)

	
Rainfall 2 (mm)

	
Sunshine Hours 3 (h)

	
Irrigation 4 (m3 ha−1)

	
Cultivar

	
Years

	
Number of Seasons






	
Gansu

	
Tianshui

	
34°35′, 105°45′

	
7.8

	
180.1

	
1300.8

	
1070.8

	
7464

	
1990–2010

	
19




	
Hebei

	
Huanghua

	
38°22′, 117°21′

	
7.8

	
141.4

	
1622.3

	
—

	
71321

	
1989–2011

	
21




	
Shaanxi

	
Hancheng

	
35°28′, 110°27′

	
4.6

	
183.2

	
1712.1

	
1019.4

	
Xiaoyan6

	
1991–2011

	
19




	
Pucheng

	
35°05′, 109°04′

	
5.1

	
169.1

	
1678.8

	
—

	
Xiaoyan6

	
1992–2009

	
17




	
Wugong

	
34°15′, 108°13′

	
8.6

	
223.1

	
1077.8

	
1456.8

	
Xiaoyan6

	
1983–2000

	
16




	
Shandong

	
Laiyang

	
36°58′, 120°44′

	
7.3

	
214.5

	
1815.1

	
1126.2

	
Yannong15

	
1984–2000

	
15




	
Laizhou

	
37°37′, 120°19′

	
8.7

	
201.8

	
1866.4

	
1769.1

	
Yannong15

	
1991–2007

	
15




	
Yantai

	
37°32′, 121°24′

	
8.9

	
211.9

	
1698.1

	
971.5

	
Yannong15

	
1994–2011

	
16








1 Temperature: average temperature during wheat growing season in the study period; 2 Rainfall: averaged accmulative rainfall during wheat growing season in the study period; 3 Sunshine hours: averaged accmulative sunshine hours during wheat growing season in the study period; 4 Irrigation: averaged accmulative irrigation volume during wheat growing season in the study period.
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Table 2. Temporal trends of average temperature during the different growth periods of winter wheat and total heat degree-days from anthesis to maturity at the study stations.
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	Station
	Cultivar
	n 1
	T_GP1

(°C/Year)
	T_GP2

(°C/Year)
	T_GP3

(°C/Year)
	T_GPT

(°C/Year)
	HDD

(°C d/Year)





	Tianshui
	7464
	19
	0.01
	0.01
	0.05
	0.02
	0.34 **



	Huanghua
	71321
	21
	−0.01
	0.09 *
	0.07 *
	0.03
	0.27 **



	Hancheng
	Xiaoyan6
	19
	−0.01
	0.09 *
	0.05
	0.03
	0.27 **



	Pucheng
	Xiaoyan6
	17
	0.20 **
	0.09 *
	0.11 *
	0.17 **
	0.05



	Wugong
	Xiaoyan6
	16
	0.11 *
	0.19 **
	0.07
	0.14 **
	0.28 **



	Laiyang
	Yannong15
	15
	0.07 *
	0.02
	0.03
	0.07 *
	0.81 **



	Laizhou
	Yannong15
	15
	−0.03
	0.03
	0.11 *
	0.03
	0.45 **



	Yantai
	Yannong15
	16
	0.07 *
	0.02
	0.02
	0.09 *
	0.33 **







1 n: number of wheat growing seasons; T_GP1, T_GP2, T_GP3 and T_GPT: the average temperature from sowing to jointing, jointing to anthesis, anthesis to maturity, and sowing to maturity; HDD, heat degree-days. ** Significant at p < 0.01; * Significant at p < 0.05.
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Table 3. Temporal trends of growth degree days during the different growth periods of winter wheat for four different cultivars.
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	Cultivar
	n 1
	GDD1

(°C d/Year)
	GDD2

(°C d/Year)
	GDD3

(°C d/Year)
	GDDT

(°C d/Year)





	7464
	19
	2.47
	−5.04 **
	−2.07
	−4.64



	71321
	21
	−2.91
	4.31 *
	3.99 *
	5.39



	Xiaoyan6
	52
	3.65
	0.23
	2.12
	6.00



	Yannong15
	46
	−1.77
	4.10 **
	0.38
	2.71







1 n: number of wheat growing seasons; GDD1, GDD2, GDD3 and GDDT: the growth degree days from sowing to jointing, jointing to anthesis, anthesis to maturity and sowing to maturity. ** Significant at p < 0.01; * Significant at p < 0.05.
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Table 4. Temporal trends of length of growth periods during the different growth periods of winter wheat for four different cultivars.
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	Cultivar
	n 1
	GP1

(Day/Year)
	GP2

(Day/Year)
	GP3

(Day/Year)
	GPT

(Day/Year)





	7464
	20
	−0.51 **
	−0.58 **
	−0.02
	−1.17 **



	71321
	22
	−0.37
	−0.01
	0.14
	−0.30



	Xiaoyan6
	40
	−0.73 **
	−0.31 *
	0.09
	−0.63 **



	Yannong15
	48
	−0.25
	0.13
	−0.01
	−0.49 **







1 n: number of years; GP1, GP2, GP3 and GPT: the length of growth periods from sowing to jointing, jointing to anthesis, anthesis to maturity and sowing to maturity. ** Significant at p < 0.01; * Significant at p < 0.05.
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