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Abstract

:

The coupling of photosynthesis and transpiration in plant leaves forms the basis of carbon–water coupling in terrestrial ecosystems. Previous studies have attributed the coupling of leaf photosynthesis and transpiration to joint stomata control, but they lack analyses of the coupling mechanism. In this study, winter wheat (Triticum aestivum L.) was selected as a plant material on the North China Plain. Under the conditions of warming and drought stress, the photosynthetic rate (An), transpiration rate (Tr), water pressure saturation (VPD), and leaf temperature (T1) of wheat were recorded on clear days at the jointing, flowering, and grain-filling stages from 9:00 to 12:00 a.m. Then, the measured values were fitted to the simulated values obtained using the Ball–Berry and Penman–Monteith models. The results showed that the stomatal size, stomatal conductance, An, and Tr of winter wheat leaves were decreased by warming, drought stress, and their synergistic effects. Based on the Ball–Berry model, different fitting effects were observed in the treatments of adequate water supply with warming (R-g), water deficit with warming (R-d), adequate water supply without warming (N-g), and water deficit without warming (N-d). The R2 values of the R-g, R-d, N-g, and N-d treatments were 0.962, 0.958, 0.964, and 0.943, respectively. The Tr values were fitted based on the Penman–Monteith model. In the R-g, R-d, N-g, and N-d treatments, the R2 values of the R-g, R-d, N-g, and N-d treatments were 0.923, 0.849, 0.934, and 0.919, respectively. In conclusion, both warming and water deficit reduce stomatal conductance, An, Tr, and the coupling effect of photosynthesis and transpiration.
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1. Introduction


The frequency of droughts will significantly increase under climate change, especially in arid/semi-arid regions. Although there are several studies on the effects of water deficit on the water–carbon cycle at different levels of the ecosystem, systematic research on the water–carbon coupling process at different spatial and temporal scales is still scarce. Under water stress, the water conductivity ability of leaves decreased and caused stomatal closure in [1,2]. The stomatal conductance of leaves in crop plants is reduced under drought stress to reduce water loss and improve transpiration efficiency [3]. Deng et al. [4] found that the biomass of plant leaves varies with the degree of water deficit, and the biomass allocation of the farmland system has no obvious response to short-term drought [5]. In addition to the direct effects on plant growth [6], the most affected process is related to photosynthesis [7,8]. The direct effects of drought on photosynthesis are caused by stomatal closure [9] and occur earlier, while the indirect effects are caused by the downregulation of photosynthetic metabolism that occurs under long-term or more severe stress [10,11]. Pradhan et al. [12] suggested that drought, high temperature, and their synergistic stress could reduce the grain yield of spring wheat from seedling emergence to the flowering stage. Drought reduces plants’ morphological and physiological traits, photosynthesis, leaf water potential, and sap movement, mainly due to stomatal closure [13].



The coupling between the leaf An and Tr of plants forms the basis of the coupling between carbon and water in terrestrial ecosystems. Previous studies have attributed the coupling of An and Tr to joint stomata control, but they lack comprehensive analyses of the coupling mechanism. Plants’ stomatal behavior is a complex process regulated by multiple factors. It is influenced by environmental factors such as the temperature, radiation, wind speed, and hydraulic conductivity of plant organs. It has been found that in a short period, stomatal behavior is mainly driven by environmental factors, PAR, Ta, CO2 concentration, and VPD deficit [14,15,16]. It is generally expected that the joint control of stomata to regulate the entry and exit of CO2 and water vapor into and out of leaves is the reason for the formation of An–Tr coupling and the physiological and ecological basis for the coupling of the carbon–water cycle in terrestrial ecosystems [17,18,19]. However, stomata are only one of the biological factors regulating An and Tr. Environmental factors such as light, temperature, and saturated water vapor pressure also have significant effects on An and Tr [20]. Yang et al. [21] concluded that Tr and An have a positive linear correlation, ensuring an excellent linear coupling relationship between photosynthesis and transpiration in the process of diurnal variation. Temperature is another important environmental factor affecting Tr. An increase in temperature increases the diffusion rate of water molecules and promotes Tr. The regression relationship between An and Tr reflects the coupling characteristics of carbon and water in plants to a large extent [22]. Han et al. [23] stated that the main environmental factors (PAR, Ta, and VPD) have a strong driving effect on the An–Tr coupling relationship; when PAR, Ta, and VPD are at high levels, the relationship is destroyed, a certain decoupling phenomenon occurs, and the An–Tr slope becomes smaller.



Tr and An tend to be synchronized because they share common environmental constraints and drivers, and stomatal regulation regulates both processes [24,25]. For example, under conditions of high atmospheric drought, i.e., VPD, stomata nearly inhibit water loss. Under extremely high temperatures and VPD conditions, it was found that even when photosynthetic activity was reduced to near zero, plants continued to evaporate as long as soil water was sufficiently available [26,27]. This behavior can be described as decoupling between An and Tr under heat stress. It is assumed that this is a plant strategy to reduce the adverse effects of excessive temperature on plants by cooling the air temperature above the canopy through evaporation [28]. Low temperature reduces photochemical efficiency, and thus, limits the rate of CO2 assimilation. It can also lead to photoinhibition [29], which affects the quantum yield of photosystem II (PSII) by disrupting the photosynthetic mechanisms of plants [30]. High temperatures will inhibit An [31] and increase respiration [32], making plants vulnerable to heat stress [33]. Thus far, evidence for this uncoupling between An and Tr has come from experiments with individual trees, either through the investigation of inter-material conduction at the leaf scale [34,35] or whole-tree gas exchange [28]. These studies suggest decreased An under extreme temperatures, but a continually rising Tr. Most of these studies report decoupling phenomena involving decreased An and sustained increases in Tr due to drying soils and rising temperatures.



In the Ball–Berry model, leaf stomatal conductance has a linear relationship with An. When the ambient temperature and humidity remain unchanged, this indicates that the stomatal conductance of plant leaves is directly proportional to An and inversely proportional to the difference between the concentrations of CO2 inside and outside the leaf stomata. However, the An of plants has an unknown quantity. To reveal the relationship between leaf stomatal conductance and light intensity, the Ball–Berry model must be coupled with a light response model of plant leaves to obtain the relationship between the two. However, the relationship between stomatal conductance and light intensity varies depending on the coupled light response model [36,37,38,39]. With the continuous development of evapotranspiration research, domestic and foreign scholars have put forward different evapotranspiration estimation models, among which the Penman–Monteith equation is currently recognized as an evapotranspiration estimation model with high accuracy, strong applicability, and high reliability [40]. At present, there are few experiments on the synergistic effects of warming and drought on wheat growth and yield formation. In addition, there are many studies on the diurnal characteristics of An and Tr in the leaves of various crops. However, these studies have not focused on the coupling relationship between warming-induced water deficit and the An and Tr in winter wheat. Further exploration of the coupling mechanism of An and Tr in winter wheat under warming and drought stress conditions also has important implications for understanding the environmental adaptability and productivity of wheat under future climate change. In arid and semi-arid regions, such as the North China Great Plain, soil moisture status plays an important role in crop response to climate change. However, the effects of water supply on stomatal conductance, An, Tr, and the fitting effect of measured and simulated values of wheat under climate change are still unclear. Therefore, we hypothesized that climate warming and drought have effects on crop photosynthesis. To improve the ability of crops to cope with climate change, a winter wheat climate warming and drought stress experiment was conducted using a lysimeter under a rain shelter. Based on the Ball–Berry, Jarvis, and Penman–Monteith models, stomatal conductance, An, and Tr were calculated using three sets of mathematical model formulas, and then, the measured values were observed using an LI-COR 6400XT photosynthometer. The effects of increasing temperature and drought on the stomatal conductance, An, and Tr of winter wheat, and the fitting effect of measured and calculated values of winter wheat, were further studied.




2. Materials and Methods


2.1. Experimental Site


The experiment was conducted from October 2021 to May 2022 using lysimeters under a rain shelter at the Comprehensive Experimental Station of the Chinese Academy of Agricultural Sciences (N35°14′, E113°76′, altitude 74 m), located in Qiliying Town, Xinxiang, China. The site has a warm, temperate, continental climate with an annual average temperature of 14 °C and annual average precipitation of 582 mm. The lysimeter had an area of 3.33 m × 2.0 m, and a soil depth of 1.8 m. The soil was sandy loam with a bulk density of 1.45 g cm−3 and a field capacity (θFC) of 26% (mass basis).




2.2. Experimental Design


A randomized complete block experiment with two temperature levels and two irrigation rates was designed. In total, there were four treatments: R-g: warming of 1.5 °C with sufficient water supply, R-d: warming of 1.5 °C with water deficit, N-g: no warming with sufficient water supply, and N-d: no warming with water deficit. All treatments were replicated six times. The two temperature levels were set as warming at 1.5 °C and non-warming, and the two soil moisture levels as a full water supply (irrigation rate of 45 mm) and water deficit (irrigation rate of 33 mm). An electric infrared heater (model: MRM2420, Kalglo Electronics Co., Inc., Allentown, PA, USA) was adopted for air warming, and comprised an infrared heater and an electronic controller. The infrared heater had a far-infrared heating black-body tube (length of 1.8 m and diameter of 1.8 cm) with a power of 2000 W, an iron bracket, and a white stainless steel reflective cover (length of 2 m and width of 0.2 m). The bracket was fixed in the soil before sowing, and the far-infrared heating tube was suspended using an iron support. The height of the heating tube was adjusted to increase the temperature to around 1.5 °C. A 24-h continuous warming mode was adopted during the winter wheat growing season, and the effective warming area was 2 m2. A no-heating treatment was also provided, with a lampshade used to control and reduce the error of the test factors.



Winter wheat (Triticum aestivum L.) of Zhoumai-22 was sown on 25 October 2021, and harvested on 27 May 2022. For the adequate water treatment, the irrigation rate was 45 mm, and irrigation was performed when the average soil moisture in the 0–60 cm soil layer decreased to 70% of the field capacity (70% θFC); for the water deficit treatment, the irrigation rate was 33 mm, and irrigation was performed when the average soil moisture in the 0–60 cm soil layer decreased to 55% of the field capacity (55% θFC). Soil moisture was measured using the gravimetric method. Winter wheat was sown under the condition of sufficient soil moisture (about 75% θFC) and the row spacing was 0.2 m. There were four drip lines in each lysimeter. The drip line had a diameter of 16 mm, an emitter distance of 0.33 m, and a flow rate of 2.2 L h−1.





3. Measurements


3.1. Photosynthesis and Transpiration


A total of 7 days after irrigation (after 7 days, the water difference between the water deficit treatment and the full water supply was obvious), LI-COR 6400XT (LI-COR Bio-Sciences, Lincoln, NE, USA) photosynthetic apparatus was used to measure leaf An, Tr, and stomatal conductance (gs) at 9:00–11:00 (at this point, the stomata of the wheat leaves were completely open and stable), with a reference CO2 value of 400 umol CO2 mmol−1, and light intensity of 1200 μmol m−2 s−1. Fully developed wheat leaves were taken for measuring.




3.2. Stomatal Morphology of Leaves


After the photosynthesis measurements, leaves were selected for gas exchange measurements, and bright nail polish was applied to the positive and negative sides of the leaves (1 cm2). About 10 min later, part of the epidermis with painted nail polish was taken using tweezers, and then put on a slide and covered with a cover glass. It was then taken back to the laboratory for observation under a microscope (at 200 and 400 times magnification) of the stomatal openings and the number of stomata, respectively. Finally, ImageJ (https://imagej.nih.gov/ij/, accessed on 30 October 2022) was used to calculate the image area, the number of pores, and the density of the pores.





4. Model and Calculation Principle


4.1. Ball–Berry Model


In practice, foliar temperature and relative humidity are not always constant. Considering the influence of these two factors on stomatal conductance, a correction factor should be added. It is assumed that the correction factor is a function of the relative humidity and temperature of leaves, and it is denoted by    f   (   h s  ,  T 1   )   :


     g   S  = m    A n     C s    f  (   h s  ,  T 1   )  +  g 0   



(1)




where    h   s      and    T 1    are the relative humidity (%) and temperature of the leaf surface (°C), respectively.



If the leaf surface temperature remains unchanged, only the relative humidity of the leaf surface is changed, and the correction factor is assumed to be:


  f  (   h s  ,  T 1   )  =  h s   



(2)







By substituting Equation (2) into Equation (1), the mathematical expression of the Ball–Berry stomatal conductance model can be obtained:


   g S  = m    h s   A n     C s    +  g 0   



(3)







Leuning [41] replaced    C s    in Equation (3) with    C s  − Γ  , where    C s    is the CO2 concentration on the leaf surface and  Γ  is the CO2 compensation point, which fits better. So, Equation (3) can be rewritten as follows:


   g s  = m    A n     C s  − Γ   ⋅  h s  +  g 0   



(4)







Recent experiments have revealed that stomata respond to evaporation requirements more directly than relative air humidity [42]. Combined with the improved Leuning [25]-modified Ball–Berry model, the following equation is proposed:


   g s  = m    A n    (  C i  − Γ )  (  1 +   VPD  s  ∕   VPD  0   )    ⋅  h s  +  g 0   



(5)




where     VPD  0    = 1500 Pa, m = 20, and the residual stomatal conductance can simply be measured as the stomatal conductance of non-arid plants under low light during the day or the conductance of photosynthesis close to zero [43].



Among these:


    VPD  s  =   VPD  a   (  1 −  g  tw   ∕  g  bw    )   



(6)




where     VPD  a    is the water vapor pressure difference (Pa) between cells and the atmosphere;    g  tw     and    g  bw     are the total stomatal conductance and the boundary layer conductance to water vapor (mol·m−2·s−1), respectively, and     VPD  s    is the driving force of transpiration.




4.2. Jarvis Model


The Jarvis stomatal conductance model is based on the response of plant leaf stomatal conductance to a single environmental factor. Additionally, the comprehensive influence of multiple environmental factors on stomatal conductance when they change at the same time can be obtained via superposition. The specific form of the model is as follows:


   g s  =  g s   (  PAR  )  f  (  VPD  )  f  ( ψ )  f  ( T )  f  (   C a   )   



(7)




where      g   s    is stomatal conductance (μmol·m−2·s−1);    g s   (  PAR  )    is photosynthetically active radiation (μmol·m−2·s−1), and   f  (  VPD  )  ,    f   ( ψ )  ,    f   ( T )  ,    and   f   (   C a   )    are the effects of saturated water vapor pressure difference (kPa), leaf water potential (kPa), temperature (°C), and CO2 concentration (µmol·mol−1) on stomatal conductance at leaf temperature, respectively.



The influence function in the Jarvis model is:


   g s   (  PAR  )  =   PAR   a + PAR    



(8)






  f  (  VPD  )  =  1  b + VPD    



(9)






  f  ( T )  =   cT  2   



(10)






  f  (   C a   )  = 1 −   dC  a   



(11)




where   f  ( ψ )    can be neglected [44].



In Equations (8)–(11), a, b, c, and d are model parameters with values of 134.165, −0.461, 0.002, and 0.002, respectively (the simulation results are better under this parameter) [45]. By substituting Equations (8)–(11) into Equation (7), the expression of the Jarvis model can be obtained as follows:


   g s  =      PAR   cT   2   (  1 −   dC  a   )     (  a + PAR  )   (  b + VPD  )     



(12)








4.3. Penman–Monteith Model


Penman’s model formula is:


     λ E   g  =   ε ⋅  R n  +  ρ a  (  C p  ∕ r )   DG  a    ε + 1 +  G a  ∕  G c     



(13)




where   ε = s ∕ r  ; s is the slope of the function of water vapor pressure deficit and temperature (kPa·K−1);  r  is the dry and wet table constant (kPa·K−1); Rn is the net radiation absorbed by the canopy (MJm−2h−1);    ρ a    is air density (kg·m−3);    C p    is the specific heat of dry air at constant pressure (Jkg−1k−1); D is water vapor pressure deficit (kPa);    G a    is aerodynamic conductance (ms−1);    G c    is canopy conductance (ms−1);  λ  is the latent heat of vaporization (2.45 MJ·kg−1), and    E g    is canopy transpiration (kg·m−2·s−1).



The final model of canopy stomatal conductance was deduced as [46]:


   g s  =    E g    18   LAI  e     ρ w   g v    T + 273    ρ a  VPD    



(14)




where    E   g      is the canopy transpiration rate (kg·m−2·s−1);    g   v      is the gas constant of water (0.462 kPa·m3·kg−1·k−1) [46];    ρ w    is the water density (998 kg/m3);    ρ a    is the air density (1.29 kg/m3), and    VPD    is the saturated vapor pressure difference (kPa). The unit of stomatal conductance is mmol·m−2·s−1.




4.4. Model Calibration and Validation


Firstly, stomatal conductance, photosynthetic rate, and transpiration rate were calculated using the above three models, and then, verified using the measured values. The statistical parameters used to evaluate the fitness of the model and the measured data are the root mean square error (RMSE) and the coefficient of determination (R2), calculated as follows:


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



(15)






   R 2  =   (     ∑  i = 1  n   (  O i  −  O ¯  ) (  S i  −  S ¯  )         ∑  i = 1  n     (  O i  −  O ¯  )  2    ∑  i = 1  n     (  S i  −  S ¯  )  2          )  2   



(16)




where    O i    and    S i    are the observed and simulated values,    O ¯    and    S ¯    are the average observed and simulated values, and n is the number of observations. The model’s performance is considered satisfactory when the values of RMSE are close to 0 and those of R2 are close to 1.




4.5. Statistical Analysis


For the response curve data to go through the intake software, Microsoft Excel 2010 was used for data collation and mapping, the DPS V13.5 (http://www.dpsw.cn accessed on 1 August 2022) software data processing system was used for statistical analysis to determine the differences between different treatments, and Duncan’s multiple comparison test was used to determine significance (p < 0.05).





5. Results


5.1. Effects of Warming and Drought Stress on Stomatal Morphology of Winter Wheat Leaves


Figure 1 shows the stomatal structure of winter wheat leaves under different treatments. Under the same field of view, R-g has 15.6% more stomata than R-d, while N-g has 21.6% more stomata than the N-d treatment. The stomatal densities of R-g, R-d, N-g, and N-d are 72.6, 62.8, 69.9, and 57.5/mm2, respectively. The results show that the stomatal numbers and densities decreased under warming and drought stress.




5.2. Effects of Warming and Drought Stress on Stomatal Conductance, Photosynthetic Rate, and Transpiration Rate of Winter Wheat


Figure 2 shows the differences in stomatal conductance among the four treatments of winter wheat at the jointing, grain-filling, and mature stages. Under the same temperature conditions, R-g is 29.2%, 3.4%, and 7.7% higher than R-d, while N-g is 54.9%, 11.9%, and 42.5% higher than N-d at the jointing, grain-filling, and mature stages, respectively. Under the same water conditions, R-g is 16.1%, 27.6%, and 4.9% lower than N-g.



Figure 3 shows the differences in photosynthetic and transpiration rates among the four treatments of winter wheat at the jointing, grain-filling, and maturity stages. For the net photosynthetic rate (Figure 3a), under the same temperature conditions, R-g is 25.6%, 27.3%, and 21.4% higher than R-d, while N-g is 20.2%, 31.0%, and 29.3% higher than N-d at the jointing, grain-filling, and maturity stages, respectively. Under the same water conditions, R-g is 20.4%, 14.8%, and 23.9% lower than N-g, and R-d is 29.1%, 9.0%, and 11.5% lower than N-d. For the transpiration rate (Figure 3b), at the same temperature, R-g is 20.2%, 17.8%, and 13.7% higher than R-d, and N-g is 54.9%, 11.9%, and 42.5% higher than N-d at the jointing, grain-filling, and maturity stages, respectively. Under the same water conditions, R-g is 13.9%, 15.3%, and 89.5% lower than N-g, and R-d is 0, 18.8%, and 79.8% lower than N-d at the jointing, grain-filling, and maturity stages, respectively.




5.3. Effects of Warming and Drought Stress on Photosynthetic Rate Were Simulated Based on the Ball–Berry Model


Based on the Ball–Berry model, basic indicators were used to calculate the value of the photosynthetic rate, and the relevant data for the winter wheat season were substituted into Equation (5) to obtain a simulated value of the photosynthetic rate. Li-COR 6400XT photosynthetic apparatus was used to record the measured values. Then, the measured and simulated values were fitted. Figure 4 shows a comparison between the simulated and measured values. This is represented by the R2 value, which shows that the performance was good. In the R-g, R-d, N-g, and N-d treatments, the RMSE values of the R-g, R-d, N-g, and N-d treatments were 4.404, 4.336, 4.188, and 4.891, and the R2 values were 0.962, 0.958, 0.964, and 0.943, respectively (Figure 4). Under the conditions of no warming and water deficit, the fitting effect between the simulated and measured photosynthetic rates was the worst (N-d: R2 = 0.943, RMSE = 4.891).




5.4. Effects of Warming and Drought Stress on Transpiration Rate Simulated by the Penman–Monteith Model


Based on the PM model, basic indicators were used to calculate the transpiration rate, and the relevant data for the winter wheat season were substituted into Equation (14) to obtain a simulated value of the transpiration rate. The measured values were recorded using Li-COR 6400XT photosynthetic apparatus. Then, the measured and simulated values were fitted. Figure 5 shows a comparison between the simulated and measured values. Different fitting effects were observed in the R-g, R-d, N-g, and N-d treatments. The RMSE values of the R-g, R-d, N-g, and N-d treatments were 0.242, 0.328, 0.217, and 0.272, and the R2 values were 0.923, 0.849, 0.934, and 0.919, respectively. Under the conditions of warming and water deficit, the simulated and measured transpiration rates had the worst fitting effect (R-d: R2 = 0.849, RMSE = 0.328).





6. Discussion


Warming and drought stress can affect winter wheat’s stomatal morphology and photosynthetic characteristics. Based on photosynthetic characteristics, the effects of warming and drought stress on the coupling effect of An and Tr were verified. Both warming and drought stress affected the stomatal structure of wheat leaves, as well as reducing the number and size of stomata in wheat leaves. This is consistent with the results of previous studies [1,2]. Under the conditions of temperature rise and water deficit, the higher the chlorophyll content of leaves, the higher their An [47,48]; this is because chlorophyll is conducive to better capturing light energy and converting it into chemical energy [49], thus increasing the possibility of An. In conclusion, leaf senescence was rapid under high temperature conditions during grain-filling and ripening, resulting in reduced An. Porter and Gawith [50] and Wheeler et al. [51] reported that genotypes with delayed senescence increased yield and transpiration efficiency under water limitation [52,53]. In addition, increasing temperature and drought stress brought forward and shortened the growth period of winter wheat, and there were significant differences in the An and Tr between increasing and not-increasing temperature. Gs is an important physiological factor regulating plant An under water deficit conditions [54,55], and drought stress reduced An and Tr [10,11]. Moreover, warming and hot, dry air accelerated leaf senescence during the grain-filling stage [56], resulting in reduced yield [57].



Based on Ball–Berry and Penman–Monteith models, the measured An and Tr of winter wheat were compared with simulated values under warming and drought stress conditions. It was concluded that warming and drought stress reduced the fitting effects of An and Tr. Yang et al. [21] stated that Tr and An have a positive linear correlation, ensuring good linear coupling between An and Tr during diurnal variation. However, under the conditions of a high atmosphere and drought, the proximity of stomata inhibits water loss, leading to a decrease in photosynthesis. However, crops still undergo transpiration [26,27]. This behavior can be described as decoupling between An and Tr under heat stress. High temperatures can inhibit photosynthesis [31] and increase respiration [32], making plants vulnerable to heat stress [33]. To date, studies on individual trees have shown that there is uncoupling between An and Tr under elevated temperatures [26,27,34,35]. These studies suggest that photosynthesis decreases at extreme temperatures, but transpiration remains high. Although most of these studies report the disappearance of decoupling due to decreased transpiration resulting from soil drying, these conclusions are similar to the results of this study. However, there are few studies on the coupling effects of warming and drought stress on An and Tr in winter wheat, and further similar experimental studies are needed.




7. Conclusions


The purpose of this study was to study the differences in gs changes, An and Tr in winter wheat under warming and water deficit conditions, and to simulate values using a calculation based on the Ball–Berry and Penman–Monteith models, and subsequently fit them. The purpose of this was to provide a clear understanding of photosynthesis in winter wheat under warming conditions (global warming). The results showed that temperature increase and water deficit decreased the gs, An and Tr of winter wheat, and also decreased the fitting effects of the measured values and simulated values. The fitting effect of the R-g treatment was 0.2% lower than that of N-g, and that of the R-d treatment was 1.5% higher than that of N-d. The fitting effect of the R-g treatment was 0.4% higher than that of R-d, and that of the N-g treatment was 2.2% higher than that of N-d. The simulated values of transpiration rate were obtained based on the Penman–Monteith model, and the fitting results with the measured values showed that warming and water deficit reduce the fitting effect of the two values. R-g was 1.2% lower than N-g, and R-d was 8.2% higher than N-d under increasing temperature. R-g was 8.0% higher than R-d, and N-g was 1.6% higher than N-d. It was found that the warming and water deficit conditions reduced the fitting effect of the simulated values. It is concluded that warming and drought stress will reduce the coupling effect of the photosynthetic rate and transpiration rate. This study’s results will support the further prediction of winter wheat yield based on photosynthetic capacity and transpiration rate under climate change (global warming).
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Figure 1. Stomatal morphology of winter wheat leaves at the anthesis stage. Subgraphs (a–d) show stomatal morphology of R-g, R-d, N-g, and N-d, respectively, treated under a microscope at 200 times magnification. 
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Figure 2. Effects of warming and drought stress on stomatal conductance of winter wheat. Each data point indicates the average value of three replicates. The lowercase letters indicate significant differences (p < 0.05). 
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Figure 3. Effects of warming and drought stress on photosynthetic and transpiration rates of winter wheat. Each data point indicates the average value of three replicates. The lowercase letters indicate significant differences (p < 0.05). (a) Photosynthetic rate at different growth stages; (b) Transpiration rate at different growth stages. 
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Figure 4. Fitting of measured and simulated photosynthetic rates among different treatments. ((a) R-g = warming of 1.5 °C with sufficient water supply, (b) R-d = warming of 1.5 °C with water deficit, (c) N-g = non-warming with sufficient water supply, (d) N-d = non-warming with water deficit.). 
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Figure 5. Fitting of measured and simulated transpiration rates among different treatments. ((a) R-g = warming of 1.5 °C with sufficient water supply, (b) R-d = warming of 1.5 °C with water deficit, (c) N-g = non-warming with sufficient water supply, (d) N-d = non-warming with water deficit.). 
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