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Abstract

:

Timely sowing and harvesting play important roles in agricultural production. The appropriate management decisions are necessary to cope with climate change and ensure high and stable crop yields. This study analyzed the effects of sowing date on the growth process of winter wheat and quantified the effects of climate resources and photothermal potential yield on theoretical yield at different stages of winter wheat. The analysis was based on the data from winter wheat interval sowing experiments conducted at the Hebei Gucheng Agricultural Meteorology National Observation and Research Station (Gucheng station) in north China (115°40′ E, 39°08′ N) during 2017–2019. The results showed that: (1) with the delay in sowing date, the growth process of winter wheat significantly advanced, the proportion of vegetative growth period significantly reduced (0.19% for per day delay), the proportion of reproductive growth period (RGP) significantly increased (0.12% for per day delay), and the prewintering light and temperature resources significantly reduced (12.2 °C·d accumulated temperature and 19.0 MJ·m−2 solar radiation for per day delay); (2) the theoretical yield of winter wheat showed a significant exponential relationship with the photothermal potential yield of the whole growth period: the minimum photothermal potential for yield formation was 26.6 t·ha−1, and the maximum theoretical yield was 12.6 t·ha−1; and (3) the wheat yield and yield stability were highest when the RGP photothermal potential yield was 16.0 t·ha−1 and the prewintering active accumulated temperature was 400 °C·d. This study also proposed a method to estimate the suitable sowing and harvesting dates to achieve high and stable yield of winter wheat, showing that the suitable sowing dates of winter wheat at Gucheng station from 1997 to 2021 ranged from 1 to 15 October, with no significant interannual variation; the suitable harvesting period ranged from 5 June to 10 July and showed a trend of gradual advance with the delay of the year. The results of the study provide a reference for sowing date adjustment of crops to adapt to climate change.
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1. Introduction


Winter wheat is an important cereal worldwide, the leading crop in terms of planted area, total production, and total trade, providing about 20% of human caloric demand and thus playing a crucial role in ensuring food security [1,2]. China is the world’s largest wheat producer and consumer, with the North China Plain (NCP) producing more than 50% of the country’s wheat [3,4,5]. In the context of global climate change, the increasing intensity and frequency of extreme weather events, such as high- and low-temperature stresses, excess cloud cover and rain, drought, and floods [6,7,8,9], have had a significant impact on the agroecological environment as well as on crop growth, development, and yield [10]. In particular, the NCP, which is located in a monsoon climate zone, is highly influenced by interdecadal changes in the monsoon, experiencing high variability in climate elements such as light, temperature, and water [11]. The development progress, production potential, and use of climatic resources of winter wheat have been accordingly altered [12,13,14]. Moreover, numerous studies have shown that climate change has an overall negative effect on wheat yield [15,16,17,18,19]. In light of this situation, the scientific adjustment of sowing and harvesting dates is an effective way for those in wheat production to make rational use of light and thermal resources; cultivate strong prewintering seedlings; prevent winter and spring frost damage, late lodging, and premature senescence; and ensure stable and high yield [20,21].



The late sowing of wheat has become a widely used measure to cope with climate change and improve crop yield [4,22] in the NCP, where thermal resources are abundant [23]. The actual sowing date of wheat in north NCP has been delayed to about 10 October. It was found that under water-limited irrigation, late sowing and increased density could improve the water use efficiency of wheat; late sowing could also improve the winter wheat resistance to lodging while maintaining grain yield and nitrogen use efficiency [24]. Meanwhile, the late sowing of winter wheat can also suppress excessive prewintering tillering, reduce the density of wheat, and rationalize the crop population to avoid vigorous growth in winter, which can effectively prevent the wheat yield reduction caused by frost damage [25]. However, it has also been suggested that delayed sowing increases the exposure of the wheat to high temperatures during the filling period, i.e., “terminal heat”, which is detrimental to leaf photosynthesis, filling, and ultimate yield formation [26]. In addition, excessive late sowing exposed winter wheat to adverse weather factors during the sowing-wintering period, such as lower average daily temperatures, reduced solar radiation, and active accumulated temperature, resulting in a 1% decrease in winter wheat yield per day delay in sowing dates [27]. Therefore, it remains to be explored whether the current general sowing date in the field is appropriate and how the suitable sowing dates for winter wheat in the region should be determined.



Based on the literature, we used the data from winter wheat interval sowing experiments during 2017–2019 at the Hebei Gucheng Agricultural Meteorology National Observation and Research Station to determine the key sowing date for high and stable yield of winter wheat and to systematically address climate change. The objectives of this study were: (i) to clarify the effects of sowing date on the growth and development process of winter wheat; (ii) to reveal the effects of sowing date on wheat yield and identify the reasons using climatic resources and yield potential; and (iii) to determine the optimal sowing and harvesting dates for high and stable yield of winter wheat.




2. Materials and Methods


2.1. Study Region


The winter wheat interval sowing date experiments were conducted in 2017–2019 at the Hebei Gucheng Agricultural Meteorology National Observation and Research Station (Gucheng station) (39°08′ N, 115°40′ E, 15.2 m a.s.l.). The experimental station is operated and maintained by the China Meteorological Administration located in Baoding city, Hebei province, north China. The climate is dominated by warm temperate continental monsoons with hot, rainy summers and dry, cold winters. The average annual temperature and total sunshine hours are 12.2 °C and 2403.6 h, respectively. The annual total precipitation is 501.9 mm, of which the summer precipitation accounts for 70%, with the most precipitation falling in July (about 150 mm). The terrain is flat, and the experimental field has sandy loam soil with a bulk density of 1.37 g·cm−3, a field capacity of 22.7%, and a wilting coefficient of 5% at a depth of 50 cm. The pH value of the 0–50 cm soil layer is 8.19. The contents of soil organic carbon, total nitrogen, available phosphorus, and available potassium are 3.67 g·kg−1, 0.87 g·kg−1, 25.76 mg·kg−1, and 118.55 mg·kg−1, respectively [28,29]. Winter wheat–summer maize rotation is the dominant double-cropping system in the NCP.



The meteorological data used in this study were obtained from the automatic meteorological observation station in Gucheng station and included daily minimum temperature (°C), maximum temperature (°C), average temperature (°C), precipitation (mm), and sunshine hours (h) during 1997–2021. The monthly changes in temperature, total precipitation, and total solar radiation at Gucheng station during the experimental period are detailed in Figure 1.




2.2. Experimental Design


The winter wheat variety selected for the experiment was Tanmai-98, a semiwinter variety with good cold resistance, fast jointing growth after greening, strong tillering ability, sturdy stalks, and strong lodging resistance, which is widely planted in Hebei and Shandong provinces. The whole growth period of Tanmai-98 is about 238 days, and the suitable sowing period is early to mid-October, with an average yield of about 11.0 t·ha−1 [30]. Based on the actual sowing date of 10 October in the local field, four sowing dates of 10-day advance (D1), normal sowing date (D2), 10-day delay (D3), and 20-day delay (D4) were set for the interval sowing trial. There were 4 replications per treatment and 16 plots in total. The distribution of plots was designed using a standard Latin square, with a plot area of 30 m2 and a 0.5 m protection interval between plots. The total area of the experimental field was about 600 m2. The trial plots were level and were without significant shade, and wheat was also planted on the periphery of the plots to avoid the influence of the farmland microclimate. The sowing rate of winter wheat was 150 kg·ha−1 on each sowing date. Field management, including irrigation and fertilization, was consistent with local agricultural practices. Fertilizers were the same for all treatments. Chemical fertilizers were applied before cultivation of winter wheat at a base rate of 120 kg·ha−1 for N and 90 kg·ha−1 for P. An additional 120 kg·ha−1 N as urea was applied at the beginning of jointing. Depending on seasonal rainfall, three to five irrigation applications were applied to winter wheat in addition to the presowing irrigation. Insects and diseases were controlled by pesticides to avoid biomass and yield losses.




2.3. Measurements and Calculations


2.3.1. Wheat Measurements


The observation method for development progress was the parallel observation method, in which the prevalent dates of each developmental stage of winter wheat were recorded: seedling, wintering, green returning, jointing, heading, flowering, and harvesting. Plant samples of 1.0 m2 in each plot were randomly selected during the harvesting period for measuring the yield factors: spike number, spikelet number, infertile spikelet number, kernels per spike, and thousand kernel weight.




2.3.2. Total Solar Radiation


The total solar radiation during the growth period of winter wheat was obtained by accumulating the daily solar radiation Q (MJ·m−2) [31]:


  Q =   Q   0   ( a + b   n   N   ) ,  



(1)






    Q   0   =   T   I   0       ρ   2       ω sin μ sin δ  +  cos φ cos δ sin ω       ,  



(2)




where n is the actual sunshine duration (h); N is the maximum possible sunshine duration (h); a and b are empirical coefficients related to the geographical location and atmospheric quality, respectively, representing the proportion of extraterrestrial radiation reaching the earth on overcast days. Previous studies reported a and b values of 0.143 and 0.585 in eastern China and 0.185 and 0.595 in western China, respectively [31]. Because the Gucheng station is in the eastern part of China, the values of a and b in this study were selected as 0.143 and 0.585, respectively. Q0 is the astronomical radiation (MJ·m−2); T is the number of times in a daily cycle, taking 24 × 60 min; I0 is the solar constant (0.082 MJ·m−2·min−1); ρ−2 is the revised coefficient of the Earth’s orbital eccentricity; μ is the latitude (rad); δ is the solar declination (rad); and ω is the sunset hour angle (rad) [31,32,33].




2.3.3. Active Accumulated Temperature


Active accumulated temperature (ATT, unit °C) is an effective parameter for describing the thermal condition for crop growth, which has been widely applied in studying crop physiological ecology. In this study, the ATT during the different growth stages was calculated as follows [34]:


   ATT  =   ∑    T   i       ,   for     T   i   ≥ 0  ,  



(3)




where     T   i     is the daily average air temperature on day i of a growth stage.




2.3.4. Photothermal Potential Yield


The photothermal potential yield is defined as the upper yield limit determined by the combination of total solar radiation and temperature when the conditions of moisture, soil conditions, and agricultural facilities are optimal. The photothermal potential yield (YT, t·ha−1) was calculated by the stepwise correction method, which is recommended by the Food and Agriculture Organization of the United Nations (FAO) and has been widely used. From the perspective of energy conversion, the temperature, solar radiation, and other meteorological factors were taken into account, and the photothermal potential yield as corrected by temperature to calculate crop potential yield [35,36,37]:


  YT = YQ    ×    f    (  t ) ,  



(4)






  YQ =  Q · E · α · β · φ ·   ( 1  − ε  ) ( 1  − ζ  ) ( 1  − μ  ) ( 1  − η  ) ( 1  − γ  ) ·     ( 1  − k )   − 1      ( 1  − λ )   − 1     H   − 1   ,  



(5)






  f   t   =       0     t <   t   min   , t >   t   max           t −   t   min       t   s   −   t   min           t   min   ≤ t <   t   s             t   max   − t     t   max   −   t   s           t   s   ≤ t ≤   t   max         ,  



(6)




where YQ is the photosynthetic potential yield (t·ha−1); E is the harvest index; α is the absorption rate of photosynthetically effective radiation by the crop; β is the ratio of photosynthetically effective radiation; φ is the quantum conversion efficiency of photosynthesis; ε and ζ are the reflectance and leakage rate of the crop population, respectively; μ is the ineffective absorption rate of solar radiation by the nonphotosynthetic organs of the crop; η is the proportion of light above the light saturation point; γ is the ratio of respiration loss of photosynthetic products; k is the water content of the mature crop; λ is the ash content of the crop; and H is the energy conversion coefficient (MJ·kg−1). The specific parameter values are shown in Table 1 [35,36,37]. f(t) is the temperature stress coefficient, with values in 0–1 and is calculated by Equation (6) [38], where t is the average temperature (°C) in a certain growth period of winter wheat; tmin, ts, and tmax are the minimum, optimum, and maximum temperature (°C) for each growth period, respectively, and are listed in Table 2 [35].




2.3.5. Stable Yield Index


Yield stability refers to the magnitude of deviation of crop yield from year to year from the standard value. In this study, the coefficient of variation (CV) of yield was used as an indicator of yield stability, where the larger the CV, the greater the degree of yield fluctuation [39]:


  C V =   S     Y  −    ,  



(7)




where CV is the coefficient of variation of winter wheat yield; S is the standard deviation of yield;     Y  −    is the mean of yield.




2.3.6. Annual Wintering Date


The daily mean temperature stable below 0 °C was taken as a sign that the above-ground part of winter wheat plants basically stopped growing and entered the wintering stage. The five-day sliding average method was used to calculate the period when the daily mean temperature was stable below 0 °C. Generally, there are two long such periods in the area where Gucheng station is located each year: the first is at the beginning of the year, and the second is at the end of the year. The beginning date of the second period is the beginning of the wintering stage, and the end date of the first period is the end of the wintering stage [40].





2.4. Data Analysis


Linear regression was used to analyze the relationship between the variation in sowing date and the proportion of growth period of wheat and the variation trend in the suitable harvesting date of wheat; exponential regression was used to analyze the relationship between wheat yield and the photothermal potential yield of the whole growth period; and quadratic regression was used to analyze the relationship between wheat yield and sowing date, active accumulated temperature, and stage photothermal potential yield. Statistical analysis was performed using Microsoft Excel 365, and IBM SPSS Statistics 26. MATLAB R2020a of the MathWorks was used to calculate the winter wheat wintering period and the suitable sowing and harvesting dates in 1997–2021.





3. Results


3.1. Response of Winter Wheat Development to Variation in Sowing Date


Delayed sowing dates caused a significant shortening trend (p < 0.05) in the length of the whole growth period (WGP) of winter wheat at Gucheng station during 2017–2019. For per-day delay in sowing date, the length of the WGP shortened by 0.86 d (Figure 2). In contrast, there was no substantial difference in the length of winter wheat WGP between the years with the same sowing date. In the 10-day delay and 20-day delay sowing date treatments, the length of the sowing–wintering period was significantly shortened, and the average daily temperature accordingly decreased. This meant that the tiller stage and the trifoliate stage could not be entered before wintering. To compensate for the unfinished growth period before wintering, the number of days of the green returning–jointing period in the delayed sowing dates group increased, being 2–6 d more than that of the 10-day advance and the normal sowing dates groups. In addition, winter wheat was impacted by frost damage in the 20-day delay sowing date treatment in 2018, so is not considered here. The wintering and green returning dates were basically the same for the different sowing dates in the same year. Moreover, owing to the higher temperature in the after-wintering period, the growth and development rates of winter wheat were accelerated, and the dates that each developmental stage was reached gradually converged among the different sowing dates.



The proportion of the wheat sowing–jointing period, i.e., the vegetative growth period (VGP) to the WGP, significantly decreased with sowing date delay, with an average decrease of 0.19% per day (p < 0.05). By contrast, the proportion of heading–harvesting, i.e., the reproductive growth period (RGP) to the WGP, significantly increased with sowing delay, with an average increase of 0.12% per day (p < 0.05). The wintering–green returning periods were not considered when calculating the proportions. This indicated that sowing date significantly altered the distribution of vegetative and reproductive growth periods in winter wheat by reducing or increasing the length of different developmental stages (Figure 3).




3.2. Response of Climatic Resources during the Developmental Stages of Winter Wheat to Variation in Sowing Date


Temperature and light are essential for plant growth and development. Based on this consideration, we combined meteorological data from the Gucheng station and the data concerning the development progress of winter wheat to clarify the characteristics of the change in the active accumulated temperature and solar radiation resources for different developmental stages (Figure 4). In this experiment, irrigation was used to ensure that the growth of winter wheat was not affected by moisture; thus, the variation in precipitation was not analyzed. As clearly demonstrated in the figure, the active accumulated temperature during the winter wheat WGP at different sowing dates ranged from 1788.6 to 2287.5 °C·d, and the total solar radiation ranged from 2922.8 to 3657.5 MJ·m−2. The active accumulated temperature and total solar radiation of winter wheat significantly decreased with the delay of sowing, with average reductions of 12.2 °C·d and 19.0 MJ·m−2 for each day of delay, respectively. Among the reductions, the largest reduction occurred in the sowing–wintering stages, where the active accumulated temperature (solar radiation) decreased from 506.8 °C·d (988.9 MJ·m−2) for a 10-day advance in sowing date to 135.0 °C·d (413.5 MJ·m−2) for a 20-day delay in sowing date. Therefore, the sowing dates changes had a marked impact on the climatic resources in the sowing–wintering stages of winter wheat.




3.3. Response of Winter Wheat Yield to Variation in Sowing Date


The average yields of winter wheat under 10-day advance, normal, 10-day delay, and 20-day delay sowing dates in 2017–2019 were 11.0, 10.7, 9.3, and 7.5 t·ha−1, respectively (Figure 5). On the whole, sowing date had a significant effect on yield, with early sowing having a positive effect on yield and delayed sowing having a negative effect on yield. The variability in winter wheat yield increased with sowing date delay, i.e., the yield instability increased. The CV values of yield for winter wheat under 10-day advance, normal, 10-day delay, and 20-day delay sowing dates were 0.07, 0.10, 0.19, and 0.65, respectively. To identify the reasons behind such variation, we further analyzed the relationship between yield CV and climatic resources during the growth periods. The yield CV of winter wheat was significantly correlated with the prewintering active accumulated temperature, showing a significant quadratic term. When the prewintering active accumulated temperature was less than 400 °C·d, the higher the active accumulated temperature, the smaller the yield CV; when the active accumulated temperature reached 400 °C·d, the yield CV was the smallest (Figure 6). Consequently, the sowing date influenced the stability of yield by changing the heat resources in the prewintering period of winter wheat.



Photothermal potential yield can better reflect the upper limit of crop yield under current climatic resources and cultivation management practices [41]. Our analysis of the relationship between winter wheat yield and photothermal potential yield at different developmental stages showed that there was a significant exponential relationship between winter wheat yield and the photothermal potential yield of the WGP. The analysis indicated that the predicted peak winter wheat yield was 12.6 t·ha−1 under current cultivation management practices, and the photothermal potential yield of 26.6 t·ha−1 was the minimum requirement to meet yield formation (Figure 7a). Meanwhile, the photothermal potential yield during the RGP of winter wheat showed a significant quadratic relationship with yield, reaching a maximum at 16.0 t·ha−1 of the photothermal potential yield (Figure 7b).




3.4. Analysis of the Optimum Sowing and Harvesting Dates of Winter Wheat


From the above results, the sowing date affected the winter wheat yield and its stability by changing the prewintering accumulated temperature and the photothermal potential yield during the RGP. To this end, the historical meteorological data of Gucheng station in 1997–2021 were used to estimate the appropriate sowing and harvesting dates to ensure the high and stable yield of winter wheat. First, the wintering and green returning dates of winter wheat each year were determined; we then extrapolated forward from the beginning of the wintering date, the date when the prewintering active accumulated temperature is closest to 400 °C·d, as the most suitable sowing date for the stable yield of winter wheat that year. Because the number of days of the green returning–heading period of winter wheat did not significantly change with the delay of sowing date, ranging from 61 to 69 days and the photothermal potential yield of this stage did not have a significant effect on the yield, the multiyear average of 65 days was taken as the number of days of the green returning–heading period, i.e., the heading date was 65 days after green returning. Finally, the date when the photothermal potential yield was closest to 16.0 t·ha−1 was projected backward from the heading date as the suitable harvesting date to ensure a high yield of winter wheat. In order to not affect the sowing of following crop (summer maize), the latest harvesting date was set to 10 July, taking into account the local cultivation management experience. The results showed that the suitable sowing dates for winter wheat ranged from 274 (1 October) to 288 (15 October), with no clear interannual variation; the suitable harvesting date ranged from 156 (5 June) to 191 (10 July), showing a gradual trend of advancement with the postponement of the year (Figure 8).





4. Discussion


Wheat is sensitive to climate change, as light and temperature are the main environmental factors affecting the development process of wheat. With the delay of the sowing date, the daily mean temperature rose, the growth and development rate of wheat accelerated; the growth process advanced, the VGP shortened, and the RGP was prolonged. In this study, for each day of delay in sowing, the ratio of the VGP to the WGP decreased by 0.19% and the proportion of RGP increased by 0.12%. With the change in the growth process, the active accumulated temperature and total solar radiation during WGP of winter wheat significantly decreased with the delay of sowing date, consistent with the results of existing studies [42,43]. Specifically, this study found that the light and thermal resources in the WGP were mainly reduced in the sowing–wintering stages.



The delay of sowing date makes the light and thermal resources in wheat WGP decrease, and the photothermal potential yield and yield accordingly decrease. Thus, it could be seen that the actual sowing date of the field in Gucheng station (10 October) was not the highest-yield sowing date for winter wheat. The effective active accumulated temperature of the prewintering period is 500–600 °C·d, and the wheat struggles to form strong seedlings and sufficient effective tillers when the AAT is less than 400 °C·d [44,45]. The statistical analysis showed that there was a significant quadratic relationship between the prewintering active accumulated temperature and yield stability in winter wheat. The yield stability of winter wheat was highest when the prewintering active accumulated temperature was 400 °C·d; this was different from the results of previous studies, probably because the continuous updating and selection of varieties in actual production has led to the better adaptation of wheat varieties to the current climate [34]. Xiao and Tao [22] found that variety turnover and optimization of cultivation management practices were the main reasons for the increase in winter wheat yield over the past 30 years.



This study indicates that the suitable sowing period for high and stable winter wheat yield at Gucheng station in 1997–2021 was between 1 October and 15 October, similar to the findings of Dai et al. [24]. The suitable harvesting dates for Gucheng station given in this study are between 5 June and 10 July, later than the actual harvesting date. Such an inconsistency may be ascribed to the farmers in the wheat–maize rotation system in NCP preferring the maize crop, which has higher yield and economic efficiency, to increase their annual production [46]. Therefore, under the double–late cropping pattern, Gucheng station can try to choose a harvesting date suitable for high wheat yield by combining the research results and the actual situation.



The influence of meteorological conditions on crop growth and yield is mainly reflected in the accumulation of climatic resources and extreme weather and climate events. In this study, the effects of meteorological conditions on wheat growth and yield were analyzed from the perspective of the total amount of climate resources. In order to make the research results more valuable for application, meteorological stress will be taken into account in the next study in combination with local common agro-meteorological disasters.




5. Conclusions


In this study, based on the winter wheat interval sowing experiments conducted during 2017–2019 and historical meteorological data acquired during 1997–2021 at the Hebei Gucheng Agricultural Meteorology National Observation and Research Station in Baoding, Hebei, we investigated the influence of sowing date adjustment on winter wheat yield. We showed that a delayed sowing date advanced the growth process, shortened the VGP, and prolonged the RGP. This significantly changed the light and thermal resources allocation during the WGP, with a significant influence on the yield and its stability. We also found that the theoretical yield of winter wheat showed a significant exponential relationship with the photothermal potential yield of the WGP; the minimum photothermal potential for yield formation was 26.6 t·ha−1, and the maximum theoretical yield was 12.6 t·ha−1. We also found that wheat yield and yield stability were highest when the RGP photothermal potential yield was 16.0 t·ha−1 and the prewintering active accumulated temperature of winter wheat was 400 °C·d. The reduction in the prewintering active accumulated temperature and RGP photothermal potential yield contributed to the yield decrease and instability in delayed sowing dates. Finally, this study proposed a method for estimating the suitable sowing and harvesting dates to ensure high and stable yield of winter wheat, showing that the suitable sowing date at Gucheng station ranged from 1 to 10 October, with no significant interannual variation, and the suitable harvesting date ranged from 5 June to 10 July, with a gradual advance during the study period years.
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Figure 1. Monthly changes in temperature, total precipitation, and total solar radiation during wheat growing season at Gucheng station in 2017–2019. 
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Figure 2. Variation in the length of different developmental stages of winter wheat for different sowing dates. 
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Figure 3. Effects of sowing date changes on the ratio of the vegetative growth period (a) and the reproductive growth period (b) of winter wheat. Note: DVGP denotes the length of the vegetative growth period, DWGP denotes the length of the whole growth period, DRGP denotes the length of the reproductive growth period. The black dotted lines represent the fitted regression trend line. The asterisks (* or **) indicate the trend’s significance at p < 0.01 (**) and p < 0.05 (*). 
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Figure 4. Active accumulated temperature (a) and solar radiation (b) for different sowing dates of winter wheat at different developmental stages. 
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Figure 5. Effect of sowing date on winter wheat yield. Note: The horizontal coordinates represent the variation days in different sowing dates relative to the normal sowing date, and the vertical coordinates represent the variation in yield amount in different sowing dates relative to the normal sowing date. The black dotted lines represent the fitted regression trend line. 
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Figure 6. Relationship between the coefficient of variation of winter wheat yield and prewintering active accumulated temperature. Note: The black dotted lines represent the fitted regression trend line. The asterisks (**) indicate the trend’s significance at p < 0.01. 
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Figure 7. Relationship between winter wheat yield and photothermal potential yield during the WGP (a) and the heading–harvesting period (b). Note: The red lines represent the fitted regression trend line. The asterisks (**) indicate the trend’s significance at p < 0.01. 
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Figure 8. Day number for suitable sowing and harvesting dates of winter wheat at Gucheng station during 1997–2021. Note: The black solid dot (black hollow circle) is the day number of the optimum sowing date (optimum harvest date) in different years. The red lines represent the fitted regression trend line. The asterisks (*) indicate the trend’s significance at p < 0.05. 
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Table 1. Parameter values of photosynthetic potential yield calculation equation.
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	Parameter
	E
	α
	β
	φ
	ε
	ζ
	μ
	η
	γ
	k
	λ
	H





	value
	0.43
	0.85
	0.49
	0.22
	0.10
	0.07
	0.10
	0.05
	0.33
	0.14
	0.08
	17.58
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Table 2. Minimum (tmin), optimum (ts), and maximum (tmax) temperatures for each winter wheat developmental stage.
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Temperature

	
Growth Period




	
Sowing–Jointing

	
Jointing–Heading

	
Heading–Harvesting






	
tmin (°C)

	
1

	
9

	
10




	
t0 (°C)

	
11

	
16

	
23




	
tmax (°C)

	
25

	
32.5

	
32
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