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Abstract

:

Climatic changes have caused seasonal drought to occur frequently in tea fields of low-mountain and hill regions over the past decades. This leads to huge losses in the quality and yields of famous tea, which restricts the economic development of the tea industry. It is crucial to implement suitable irrigation scheduling. The crop water stress index (CWSI) is the main index to assess the water status of the crop. When the crop suffers irreversible drought stress, its critical water status cannot be easily evaluated using the CWSI. The change from stomatal limitations (SLs) to non-stomatal limitations (NSLs) of photosynthesis is vital for accurately recognizing crop drought stress. Thus, the objective of this research is to determine the critical crop water stress index of tea based on intercellular CO2 concentration (Ci) dynamic responses to drought stress. During two sensitive periods of water stress (famous tea harvest season and summer drought season, which are from March to April and July to August, respectively), the dynamic changes in the CWSI in tea were calculated and analyzed based on the CWSI theoretical model. The upper and lower baselines were determined on a daily basis and during a certain period. A critical value of the CWSI represents irreversible drought damage. This was determined by the characteristic response of the Ci of tea leaves during extreme drought stress. The results showed the following: (1) during the famous tea harvest season and summer drought season, the daily variation in CWSI was similar. During a certain period, the former maintained a stable fluctuation, while the latter increased in fluctuation. (2) The Ci showed a trend of fluctuating downward to a low point and then upward during extreme drought stress. After reaching the low point, it quickly increased in the former and stabilized for a day in the latter. When the Ci reached the low point, the upper benchmark of this critical point was 13.9 μmol·mol−1, the lower benchmark was 3.4, and the CWSI was 0.27. This critical CWSI could be used as an irrigation threshold point to ensure normal production for tea fields.
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1. Introduction


Seasonal drought occurs frequently in the middle and lower Yangtze river regions, which are the main production areas of famous tea with high quality and value, leading to huge economic and yield losses [1]. To ensure the normal growth and safe harvest of famous tea, rational agricultural irrigation is one of the indispensable links. Considering the scarcity of water resources and the high cost of irrigation, it is vital to improve irrigation efficiency and change irrigation strategies to enhance the crop water use efficiency in modern agricultural water management [2,3,4].



Tea plants face various abiotic stresses that can significantly impact their growth, development, and productivity [5]. These stresses include drought and water deficiency, which affect nutrient uptake and photosynthesis; temperature extremes, such as heat causing leaf scorching and cold, leading to shoot damage; and salinity, which results in osmotic stress and ion toxicity. Additionally, light stress from both excessive and insufficient light can impair photosynthesis, while nutrient imbalances from deficiencies or toxicities hinder growth [6,7]. Heavy metals, soil pH extremes, flooding, and high winds also pose significant challenges, causing toxicity, nutrient availability issues, root damage, and physical harm. Understanding these stresses is essential for developing effective management strategies to ensure optimal tea plant health and high-quality production.



Drought status used to rely on the soil moisture and water stress index, but the plant is regulated by both soil water and atmospheric evaporation demand, so it is erroneous to only use the soil moisture status to identify the drought impacts on plants [8,9,10]. Other methods for monitoring crop water conditions include soil moisture balance calculations and the direct or indirect measurement of plant water conditions through stomatal conductance and leaf water potential. The crop water stress index (CWSI), developed with the aid of the difference between the plant surface temperature and air temperature and atmospheric vapor pressure deficit, has been successfully used for the past three decades in irrigation schedules and accurately reflects the degree of crop water shortages [11,12,13,14,15,16,17]. Jackson used the difference between the crop canopy temperature and air temperature as an indicator of crop water stress [18,19], proposing an empirical model to calculate the CWSI [2]. Jackson further improved this by applying an energy balance equation to calculate the CWSI and, through a theoretical limit approach, established the relationship between the canopy–air temperature difference and air saturation vapor pressure difference, presenting a theoretical model for calculating the CWSI [20]. Bo et al. performed an assessment of crop water deficit levels under different film mulch irrigation conditions using the CWSI [21]. Liu et al. evaluated the applicability of the CWSI in a cork oak plantation and used the CWSI based on canopy–air temperature differences to monitor and evaluate the water status of forest ecosystems [22]. Although the CWSI has been widely used as an effective tool to measure the degree of crop water stress, research on the resistance mechanisms of tea plants under drought conditions and their critical threshold values remains relatively limited. Determining the critical point of crop water stress is important for ensuring and defining the minimum water requirements of plants. It also serves as a crucial indicator for plants transitioning from mild-to-moderate drought stress to severe drought stress [23]. Understanding this transition point is valuable for crop drought identification and classification [24].



Moisture is directly related to plant photosynthesis, and under mild and moderate drought stress, plants cannot supply enough water to the leaves, and then, leaf water potential decreases leading to a reduction in stomatal opening, an increase in the stomatal resistance point, and the difficulty of plants to absorb CO2, but this reduces the further water deficit from leaves, which is how stomatal limitations (SLs) protect plants from drought [25,26,27]. On the other hand, non-stomatal limitations (NSLs) are mainly due to reduced photosynthetic capacity following damage to photosynthetic organs mediated by a disruption of the electron origin system, transfer of electron transfer receptors, changes in chloroplast structures with damage to plant membranes, and degradation of photosynthetic pigments as a result of excessive drought stress. As an important signal for stomatal change, CO2 can be a good indicator when crop photosynthesis changes from being subjected to SL to NSL [28,29,30,31]. At the beginning of drought stress, the plants are at the SL stage, stomatal resistance is increased, and the CO2 entering the cells is decreased, but the photosynthetic organs are not damaged, so CO2 consumption remains unchanged, and the intercellular CO2 concentration (Ci) shows a decreasing trend. When the drought stress intensifies, the plants change from the SL stage to the NSL stage, the photosynthetic organs are damaged, the CO2 consumption continues to decrease, and the Ci increases again. Therefore, the SL-to-NSL transformation can be obtained by monitoring changes in the CO2 concentration. Plant drought is a gradually evolving dynamic process and an accumulating one influenced by various meteorological factors. Continuous monitoring of the CWSI indeed enables the accurate assessment of crop drought severity. However, it fails to determine when drought stress becomes irreversible damage to plants. The SL-to-NSL-transformation point provides an explanation for this. Therefore, we believe that there is a critical point in the drought stress level reflected by the CWSI. Failure to implement irrigation measures at this point will result in permanent damage to plants, leading to reduced yields and plant death.



This paper aims to determine the critical crop water stress index of tea based on Ci dynamic responses to drought stress. During two sensitive periods of water stress (March to April and July to August), the dynamic changes in the CWSI in tea plants were calculated and analyzed based on the CWSI theoretical model. The determination of upper and lower baselines was both on a daily basis and during a certain period. The critical value of the CWSI represents irreversible drought damage. This was determined by the characteristic response of the Ci of tea leaves during extreme drought stress. This provides a more precise reference for crop water management and a scientific basis for the design of efficient irrigation systems and ensures the survival of tea plants, thereby reducing economic losses during the drought season.




2. Materials and Methods


2.1. Experimental Site


The experimental tea field is located at the Yinchunbiya Tea Farm in Danyang, Jiangsu (latitude 32°01′35″ north (N), longitude 119°40′21″ east (E)), which is a prominent region for the cultivation of high-quality green tea in China (Figure 1). It is in the low-gradient hilly terrain of the middle and lower reaches of the Yangtze River region in China, with an average altitude of 18.5 m. It is characterized by a subtropical climate, with an annual average precipitation of approximately 1029.0 mm and an average temperature of around 15.5 °C. The cultivar of experimental tea plants was “Maolu” at 10 years of age. Due to the seasonal irregularities in precipitation, rainfall is predominantly concentrated between April and September, with diminished precipitation observed in early spring, late autumn, and winter. During July to August of 2022, an extended duration of extremely high temperatures exceeding 35.0 °C for over 30 consecutive days led to significant drought stress for the local tea field. To investigate the diurnal variation patterns of canopy–air temperature differences, the tea canopy and air temperatures were collected from 5 July 2022, to 12 July 2022. The average air temperature was 35.3 °C, and the average rainfall was zero.




2.2. Soil Physical Properties of Experimental Site


The classification of soil texture is based on the World Reference Base (WRB) soil classification system. The soil was collected from the experimental site at the depths of 0–10.0 cm, 10.0–20.0 cm, 20.0–30.0 cm, 30.0–40.0 cm, 40.0–50.0 cm, and 50.0–60.0 cm. The bulk density and saturated volumetric water content (VWC) were measured using the oven dry method. A laser diffraction particle size analyzer (Mastersizer 3000, Malvern Panalytical Co. Ltd., Malvern, UK) was used to measure the particle composition. The soil texture at a depth of 0~30.0 cm was sandy loam. At a depth of 30.0 cm to 60 cm, it was loam (Table 1).



In the 0–10.0 cm layer, the field capacity was 26.5%, accompanied by a bulk density of 1.34 g·cm−3. Moving to the 10.0–20.0 cm layer, the field capacity increased marginally to 27.1%, while the bulk density rose slightly to 1.36 g·cm–3. Similarly, in the 20.0–30.0 cm layer, the field capacity was 26.6%, with a bulk density of 1.38 g·cm–3. Notably, the maximal discrepancy in the field capacity reached 0.6%, with a minimal variance of 0.04 g·cm−3 in bulk density. Within the 30.0–40.0 cm layer, the field capacity was 25.9%, while in the subsequent 40.0–50.0 cm layer, it diminished slightly to 25.5%. In the 50.0–60.0 cm layer, the field capacity further decreased to 25.3%. The maximum variation in field capacity remained consistent at 0.6%.




2.3. Fertilizer Management during the Experiment


The total amount of nitrogen applied in routine fertilization is 23.0 kg per 667 m2, administered as base fertilizer in autumn and topdressing in summer, with a distribution ratio of 6:4. The only fertilizer used is urea, applied by trenching and soil covering. Fertilization is performed manually through broadcasting and rotary tillage in late October and early May each year, after pruning the tea trees. Tea plants were placed in a north–south row with a row spacing of 1.8 m. The VWC of experimental site was 28.5%. The pH of soil was 5.34. The organic matter content and ammonium nitrogen of soil was 14.26 g·kg−1 and 5.11 mg·kg−1, respectively. The available phosphorus and potassium were 11.32 mg·kg−1 and 203 mg·kg−1, respectively.




2.4. Micrometeorological Data Collection


The micrometeorological observation system consisted of a CR3000 data logger (CR3000, Campbell Scientific Co. Ltd., Logan, UT, USA), the air temperature and humidity sensor (HC2S3, Campbell Scientific Co. Ltd., Logan, USA), the four-component net radiation sensor (CNR4, Kipp & Zonen Co. Ltd., Delft, The Netherlands), the 3–D Sonic Anemometer (CSAT3, Campbell Scientific Co. Ltd., Logan, USA), the open–circuit CO2/H2O gas analyzer (EC150, Campbell Scientific Co. Ltd., Logan, USA), the soil heat flux plate (HFP01SC, Hukseflux thermal sensor Co. Ltd., Delft, The Netherlands), the air temperature and moisture sensor (HMP60–L, Campbell Scientific Co. Ltd., Logan, USA), the infrared thermometer (SI–111, Campbell Scientific Co. Ltd., Logan, USA), the soil thermocouple sensor (TCAV–L, Campbell Scientific Co. Ltd., Logan, USA), and the soil moisture sensor (CS655, Campbell Scientific Co. Ltd., Logan, USA) (Figure 2).



The thermocouple is positioned at a height of 1.2 m within the tea canopy, while the infrared radiometer is arranged 2.0 m above the canopy to measure the canopy temperature. The net radiometer sensor is placed at a height of 2.5 m above the ground to measure both downward and upward shortwave radiation (Rsd and Rsu), as well as downward and upward longwave radiation (Rls and Rlu). A three–dimensional sonic anemometer is positioned at a height of 2.5 m to measure the wind speed (u) and wind direction. The soil heat flux sensor is situated 5.0 cm below the surface to measure the soil heat flux (G). Additionally, two soil temperature and humidity sensors are placed at different depths (2.0 cm and 8.0 cm) to measure the surface soil temperature (Tsoil) and soil volumetric water content (VWC). The sensors are configured to collect data at a sampled frequency of 10 Hz. The output data were collected with an interval of 30.0 min.




2.5. Intercellular CO2 Concentration (Ci)


To investigate the diurnal variation patterns in the tea canopy–air temperature differences, canopy and air temperatures were selected in the period from 5 July 2022 to 11 July 2022. To determine the critical CWSI of tea, daytime microclimate data from 12 July 2022 to 29 July 2022 were collected. The Ci was selected as a parameter to characterize the irrecoverable threshold. The tea tree variety tested was “Maolu”, 10 years old, planted in a north–south row with a row spacing of 1.8 m.



The study was conducted in the experimental tea field on 15 July 2022, following approximately 15 days of sustained high temperatures without rainfall. Continuous drought treatment was applied to the experimental area by constructing a rain shelter, and the experiment spanned from 15 July 2022 to 29 July 2022, mainly under clear-sky conditions. A portable chlorophyll photosynthesis system (LI–6400XT, Li–COR Co. Ltd., Lincoln, NE, USA) was employed to monitor the Ci of tea plants under continuous drought stress for multiple days. The third or fourth functional leaf of tea was randomly selected for measurements, and the measured parameters were averaged three times around 14:00 each day. To mitigate the potential effects of midday rest observed in tea plants during summer, a repeated experiment was conducted on 21 December 2022, in the same tea plantation. The experimental tea field had experienced prolonged drought conditions since 1 December 2022 and exhibited noticeable drought stress on the day of the experiment.




2.6. Crop Water Stress Index (CWSI)


The CWSI was determined empirically as recommended by Idso et al. [32].


  C W S I =        T   c   −   T   a     −       T   c   −   T   a       l l           T   c   −   T   a       u l   −       T   c   −   T   a       l l       



(1)




where Tc is the plant canopy temperature, °C; Ta is the air temperature; (Tc–Ta)ll is the lower limit for water stress, °C; and (Tc–Ta)ul is upper limit for full water stress of the plants, °C.



The theoretical model is based on the principle of energy balance:


    R   n   = G + H + L E  



(2)




where Rn is the net radiation, W/m2; G is the soil heat flux, W/m2; H is the sensible heat flux, W/m2; and LE is the latent heat flux, W/m2. Moreover, based on the theory of large-leaf models (single–layer models), H and LE can also be expressed as follows [29]:


  H =    ρ   c   p   (   T   c   −   T   a   )     r   a       



(3)






  L E =    ρ   c   p   (     e   c     ∗   −   e   a   )   γ (   r   a   +   r   c   )     



(4)




where ρ is the air density, kg·m3; Cp is the specific heat of air, J·kg−1·°C−1;       e   c     ∗     is the vapor pressure of air, Pa; γ is the humidity constant, Pa·°C−1; ra is the aerodynamic resistance, s·m−1; and rc is the canopy resistance to water vapor transport, s·m−1.



Equations (2)–(4) are discretized. Since the value of soil heat flux is very small, accounting for less than 10% of the total net radiation, it can be directly ignored. At the same time, it is defined as         e   c     ∗   −     e   a     ∗     /     T   c   −   T   a      , to obtain the following equation:


    T   c   −   T   a   =      r   a     R   n     ρ   c   p      ⋅    γ ( 1 +     r   c       r   a     )   Δ + γ ( 1 +     r   c       r   a     )    −        e   c     ∗   −   e   a     Δ + γ ( 1 +     r   c       r   a     )     



(5)




where   Δ   is the slope of the saturation vapor pressure curve at T, MPa·K−1. Equation (5) relates the canopy–air temperature difference to the saturated vapor pressure difference, net radiation, aerodynamic drag, and canopy resistance to water vapor transport, providing a method for directly estimating the canopy–air temperature difference using micrometeorological parameters.



In the theoretical derivation, when the crop is subjected to very severe water stress, the canopy–air temperature difference will reach a maximum, and transpiration can be considered to be completely inhibited; the canopy’s resistance to water vapor transport reaches infinity (lim rc → ∞), which is the upper limit of the canopy–air temperature difference, and can be expressed by Equation (6):


    T   c   −   T   a   =      r   a     R   n     ρ   c   p       



(6)







When the crop is fully irrigated, its transpiration will not be limited in any way, and the theoretical canopy resistance to water vapor transport will be zero, which is the lower limit of the canopy–air temperature difference, and Equation (5) can be expressed as follows:


    T   c   −   T   a   =      r   a     R   n     ρ   c   p      ⋅    γ   Δ + γ    −          e   c     ∗   −   e   a       Δ + γ     



(7)







From Equations (5) and (7), the canopy–temperature difference is linearly related to the saturated water vapor pressure difference (VPD =       e   c     ∗     − ea). When fully irrigated, rc will be small but not zero, and it is necessary to use the canopy resistance to potential evapotranspiration (rcp) as the canopy resistance rc at the lower baseline, so rcp = rc is often used in calculations [33,34,35]. Then, Equation (5) can be expressed as the following equation and can be used [36,37]:


    T   c   −   T   a   =      r   a     R   n     ρ   c   p      ⋅    γ ( 1 +     r   c p       r   a     )   Δ + γ ( 1 +     r   c p       r   a     )    −      e   a   ∗   −   e   a     Δ + γ ( 1 +     r   c p       r   a     )     



(8)






  Δ = 45.03 + 3.014 T + 0.05345   T   2   + 0.00224   T   3    



(9)




where T is the average of the air temperature above the canopy and the canopy temperature (Tc + Ta)/2, °C.



The air resistance ra can optionally be calculated under neutral conditions (surface temperature approximately equal to the air temperature) [35]:


    r   a   =        ln   2    ⁡    z −   d   0       z   0           κ   2   u ( z )     



(10)




where,   κ   is Carmen’s constant, laboratory and atmospheric near–surface layer measured values are between 0.35 and 0.43, the present study took 0.40; d is the zero–plane displacement, generally 0.65 times the height of the canopy layer [35]; u(z) is the wind speed at height z, m·s−1; and z0 is the roughness length, which is approximately 0.123 times (0.06 to 0.14) the canopy height, m.



Canopy resistance and air resistance can be derived from the Penman–Monteith formula:


    r   c   =      r   a     Δ     R   n   − G   +   ρ   c   p   (   e   s   −   e   a   )     r   a     − L E ( γ + Δ )     γ L E     



(11)







According to the modified Tetens formula [28], the saturated water vapor pressure expression is as follows:


  e (   T   z   ) = 0.6108   exp  ⁡  (      17.27   T   z       T   z   + 237.3    )  



(12)




where, Tz is the air temperature at the height, K.





3. Results


3.1. Variations in the Diurnal Canopy–Air Temperature Difference of Tea Plants


The background detailed micrometeorological data during the field experiment are shown in the Figure 3, Figure 4 and Figure 5. During drought conditions, the intensity of LE is significantly higher than that of H. The increased Rn is primarily converted into LE, causing its daily maximum to occur at around 13:00. This suggests that the increase in LE is associated with the onset of drought. Additionally, the rise in Ta and VPD enhances the transpiration rate of tea trees, further increasing the intensity of LE.



The canopy–air temperature difference can be directly calculated using microclimate parameters, such as differences in the saturated vapor pressure, net radiation, aerodynamic resistance, and canopy resistance to water vapor transport. During 5 July 2022 to 11 July 2022, the daily trend of the canopy–air temperature difference exhibited a consistent pattern and remined stable with minimal fluctuations during the night and gradually increased after sunrise. The canopy–air temperature difference peaked between 11:00 and 15:00 each day, gradually decreased thereafter, and reached its minimum during the night. The diurnal variations were more pronounced compared to the nocturnal period (Figure 6).



From 5 July 2022 to 11 July 2022, the maximum differences between the canopy and air temperatures were 3.52 °C, 3.06 °C, 2.51 °C, 2.61 °C, 2.55 °C, 3.05 °C, and 3.86 °C, occurring at 12:00, 13:00, 15:00, 14:00, 12:00, 14:00, and 13:00, respectively. The timing of the maximum canopy–air temperature difference was influenced by weather conditions. In clear weather, it occurred at around noon at 12:00. In cloudy or overcast conditions, it was delayed by approximately 2.0 h. This indicates that under high temperatures and strong solar radiation, the maximum canopy–air temperature difference tends to occur at 14:00. This phenomenon is attributed to the combined effects of solar radiation, ambient temperature, and crop transpiration.




3.2. Dynamic Change in CWSI Characteristics at Different Growth Stages of Tea Plants


During the spring famous tea harvest season, the trend of the CWSI was the same as that of the canopy–air temperature difference, displaying an initial increase followed by a subsequent decline. The values ranged from 0.047 to 0.082, with a notable morning minimum of 0.047 and a peak at 13:00 with a CWSI value of 0.161, signifying the highest level of stress during the day (Figure 7).



For the summer drought season, the value of the CWSI exhibited a continuous rise over time, closely resembling the canopy–air temperature difference. Rapid warming in the early morning and fast evaporation of air moisture during the day contributed to an overall higher CWSI level for tea plants during experimental period. The values ranged from 0.21 to 0.28, and a noticeable peak occurred at 8:30, surpassing the peak CWSI value of the tea harvest season in spring. Additionally, CWSI values for tea plants in the summer exhibited a greater fluctuation range, reaching a difference of 0.28 (Figure 8).



Under conditions of moderate temperature and limited water evaporated, the CWSI of tea plants exhibited a narrow range of fluctuation during the spring famous tea harvest season. The values ranged from 0.124 to 0.161, and this indicated slight variations throughout the day (Figure 9).



In the severe high–temperature and drought period in the Zhenjiang region, intense evaporation and substantial field water loss contributed to a daily increasing trend in the CWSI. The typical day that we selected represents a specific manifestation of tea plants experiencing severe water stress (6 August). From 1 August to 9 August, the CWSI values progressively increased to 0.226, 0.259, 0.269, 0.281, 0.485, 0.542, 0.534, 0.584, and 0.626 (Figure 10).




3.3. Determining the Critical CWSI Based on Ci


When utilizing the CWSI as a guide for tea plantation irrigation timing, it is necessary to assume the existence of a critical threshold in the time-varying CWSI that characterizes a state of irreparable damage. During photosynthesis in tea plants, stomata are in an open state, allowing intercellular CO2 to enter chloroplasts for photosynthesis. Under sufficient light, the photosynthetic rate exceeds the respiration rate, leading to a decline in Ci. However, as tea plants begin to experience drought stress, stomatal closure occurs, and stomatal conductance (Gs) decreases with the severity of stress. This results in a reduction in the influx of CO2 into cells. Although photosynthesis is less affected and the consumption of CO2 remains relatively constant, the Ci decreases. As water stress intensifies, damage to the chloroplast structure inhibits photosynthesis, leading to a decrease in CO2 consumption. Consequently, Ci exhibits a phenomenon of an initial decline followed by an increase. This observation provides a basis for determining the critical CWSI; the severity of water stress, stomatal conductance, and photosynthetic activity are key to the dynamics of Ci [38,39].



During the period of continuous drought from 15 to 29 July, the dynamics of the intercellular CO2 concentration changed and Ci values fluctuated around 300.0 μmol·mol−1 on 15 July. A gradual decline commenced on the day of the 18th and reached a minimum of 198.0 μmol·mol−1 between the 20th and 21st. Subsequently, a slow increase in Ci began from the 21st and returned to around 300.0 μmol·mol−1 by the 26th. A sharp increase to approximately 360.0 μmol·mol−1 was observed on the day of the 26th and 27th. Following this observation, thorough irrigation was administered on the evening of the 27th. This revealed a decline in Ci, which returned to around 300.0 μmol·mol−1 on the following day (28 July). The depicted phenomenon demonstrates the impact of irrigation on Ci during a period of prolonged drought (Figure 11).



During the prolonged period of high temperatures with the daily maximum temperature consistently exceeding 35.0 °C, except on the 26th, the weather was cloudy and overcast with an air temperature of approximately 31.5 °C. However, Ci remained relatively stable, showing no significant fluctuations compared to the previous day (Figure 12).



During the continuous drought period, the CWSI generally exhibited a gradual upward trend, with a slight decrease observed only on 18 July due to overcast conditions and a slightly lower air temperature (Ta was around 31.5 °C). Subsequently, the occurrence of several days of high temperatures led to a progressive increase in the tea plant CWSI. After thorough irrigation on 27 July, a noticeable decrease in the CWSI was observed on 28 July, indicating a reduction in the level of water stress. This trend was consistent with the dynamic changes observed in Ci, as mentioned earlier (Figure 13).



To mitigate the potential impact of midday stomatal closure on experimental results, a repeated experiment was conducted under continuous drought conditions during winter (21 December 2022). The results revealed that the dynamic changes in Ci exhibited a similar trend to the experiment conducted during the summer (15 July 2022 to 29 July 2022) (Figure 14). Both experiments showed an initial fluctuation followed by a decline, reaching a low point before gradually rising. The distinction lied in the delay of one day in the onset of the rise after reaching the low point during the winter experiment. This delay may be attributed to the lower evaporation rate and less severe drought stress during the winter compared to the summer. As drought intensified, Ci increased instead of decreasing, and this indicated a direct impact on the leaf photosynthetic capacity due to a reduced water supply.



Based on the experimental data from 15 July 2022 to 29 July 2022, 27 July was identified as the turning point for Ci. Utilizing the microclimate parameters on that day and Equations (6)–(12), the upper baseline was calculated as 13.9 and the lower baseline as 3.4, resulting in a CWSI of 0.27. This value was determined to be the critical CWSI for irrigation in the tea fields (Figure 13).





4. Discussion


The canopy temperature (Tc) provides valuable information for assessing water deficits in crops. In this experiment, the increase in the canopy–air temperature difference was strongly correlated with escalating stress levels. This finding aligned with previous studies that observed similar results for cotton under varying irrigation schedules [14,16,40,41].



As shown in Figure 6, from 5 July 2022 to 11 July 2022, the maximum differences between the canopy and air temperatures were 3.52 °C, 3.06 °C, 2.51 °C, 2.61 °C, 2.55 °C, 3.05 °C, and 3.86 °C, occurring at 12:00, 13:00, 15:00, 14:00, 12:00, 14:00, and 13:00, respectively. This indicated that under high temperatures and strong solar radiation, the maximum canopy–air temperature difference tended to occur at 14:00, consistent with observations for other crops [42,43,44,45]. The daily variation in the CWSI showed a pattern of being low in the morning and evening but high at noon. Under sustained drought stress, the CWSI exhibited a day-to-day increase, which aligned with the diurnal and daily changes observed in the CWSI for olive trees [46]. Similarly, the CWSI for cotton under different irrigation treatments also demonstrated a gradual increase under prolonged stress [40]. Kirnak et al. observed that the CWSI of pumpkins was significantly higher under water deficit conditions compared to well-irrigated plants across different irrigation levels [36].



Diurnal temperature fluctuations significantly affect the CWSI and Ci in plants, including tea. As temperatures rise during the day, plants experience increased transpiration and potential water stress, leading to a higher CWSI [47]. Elevated daytime temperatures typically result in higher evaporation rates and increased water demand, causing stomatal closure to conserve moisture. This closure reduces CO2 influx into the leaves, thereby decreasing Ci. Conversely, cooler nighttime temperatures reduce water stress, allowing stomata to open and stabilize Ci [48]. Consequently, daily temperature fluctuations directly impact the plant water status and gas exchange processes, which are crucial for developing effective irrigation strategies based on the CWSI and Ci dynamics [49].



The shift from stomatal limitation (SL) to non-stomatal limitation (NSL) in photosynthesis is an important physiological response to severe drought stress. This transition marks a shift in crop production constraints from environmental to physiological and ecological factors, providing a critical indicator of drought conditions. The accurate identification of SL and NSL in crop photosynthesis is essential for assessing and classifying crop drought stress. In tea plants, the direction of Ci variation under prolonged drought stress is crucial for determining whether photosynthesis is limited by SL or NSL. As shown in Figure 12 and Figure 13, under continuous drought from 15 to 29 July, Ci values fluctuated around 300.0 μmol·mol−1 on July 15th. A gradual decline commenced in the day of the 18th and reached a minimum of 198.0 μmol·mol−1 between the 20th and 21st. Subsequently, a slow increase in Ci began from the 21st and returned to around 300.0 μmol·mol−1 by the 26th. A sharp increase to approximately 360.0 μmol·mol−1 was observed on the day of the 26th and 27th. The dynamic changes in Ci exhibited a similar trend to the experiment conducted during the winter (21 December 2022 to 7 January 2023) (Figure 14). This study simultaneously captured daily variations in the CWSI during both high-temperature drought conditions and cold–dry winter periods, revealing the inflection point of Ci during drought stress. This finding is consistent with observations of a tipping point in Ci at different growth stages of drought-stressed maize, indicating a shift from SL to NSL under drought conditions [50]. This phenomenon is attributed to SL in photosynthesis. As drought stress intensifies, reduced leaf water content (LWC) leads to an increased leaf temperature, decreased chloroplast and Rubisco activity, and reduced regeneration of RuBP, ultimately diminishing photosynthetic capacity. These processes characterize NSL in photosynthesis [28,29,51]. Our study observed that as drought progressed, the photosynthesis in tea leaves shifted from SL to NSL, aligning with these findings.



To enhance insights in future studies on the CWSI, researchers should consider several approaches. First, the observation period should be extended over multiple years to capture variations in climate and weather patterns. Second, multiple tea cultivars should be studied to account for genetic differences in the drought response and photosynthetic behavior. Third, advanced remote sensing and physiological monitoring technologies should be utilized to obtain more precise and comprehensive data. Finally, comparative studies across different geographic regions and environmental conditions should be conducted to establish universally applicable critical CWSI thresholds for tea cultivation.




5. Conclusions


This study conducted continuous observations of meteorological data and Ci in tea gardens during summer and winter, calculating the CWSI of tea based on the energy balance theory. It determined the critical CWSI for tea under drought stress by analyzing the Ci response, following the theory that photosynthesis changes from SL to NSL under drought conditions.



The study found a consistent diurnal variation in canopy–air temperature differences, with stable nighttime values and peak differences between 11:00 am and 3:00 pm. The diurnal amplitude was more pronounced during the day, with greater variations during the high-temperature and drought periods in summer compared to the spring tea-picking period. During continuous drought, the Ci of tea exhibited a wave-like decrease, increasing after reaching a low point, which occurred a day later in winter due to lower evaporation and less severe drought stress.



In the high-temperature and drought-associated summer tea field, the upper baseline was 13.9, the lower baseline was 3.4, and the CWSI was 0.27, which was used as the irrigation critical CWSI of the tea garden. The study acknowledges limitations, including data from only one year and one tea cultivar. Future research will focus on multiple tea cultivars and extended observations over additional years to determine universal CWSI values for various regions and climate conditions globally.
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Figure 1. Location of the experimental tea field. 
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Figure 2. Micrometeorological observation system. 
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Figure 3. Energy flux density dynamic change in the experiment site from 5 to 29 July 2022. 
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Figure 4. Relative humidity dynamic change in the experiment site from 5 to 29 July 2022. 
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Figure 5. VPD dynamic change in the experiment site from 5 to 29 July 2022. 
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Figure 6. Daily variation in the air and canopy temperature difference from 5 to 11 July 2022. Note: The highlighted part represented the time period of 12:00 to 14:00. 
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Figure 7. Diurnal variation in CWSI during the famous tea harvest season in spring. 
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Figure 8. Diurnal variation in the CWSI under the drought season in summer. 
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Figure 9. Daily variation in the CWSI under drought stress in the famous tea harvest season. 
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Figure 10. Daily variation in the CWSI under drought stress in summer. 
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Figure 11. Daily variation in Ci under drought stress in summer. 
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Figure 12. Ta at 14:00 on every experimental day. 






Figure 12. Ta at 14:00 on every experimental day.



[image: Agronomy 14 02154 g012]







[image: Agronomy 14 02154 g013] 





Figure 13. Dynamic changes in the daily mean CWSI under drought stress in summer. 
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Figure 14. Dynamic changes in Ci under drought stress in the winter season. 
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Table 1. Physical properties and the particle composition of the soil for the experiment.
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Sampling Depth (cm)

	
Size Composition

	
Bulk Density (g·cm−3)

	
Saturated VWC (%)

	
Field Capacity (%)

	
Soil Texture




	
<0.002 (mm)

	
0.002–0.02 (mm)

	
0.02–2 (mm)






	
0~10.0

	
1.2%

	
32.3%

	
66.5%

	
1.34

	
35.5

	
26.5

	
Sandy loam

Sandy loam Sandy loam

Loam




	
10.0~20.0

	
2.0%

	
29.3%

	
68.7%

	
1.36

	
36.9

	
27.1




	
20.0~30.0

	
1.4%

	
31.5%

	
67.1%

	
1.38

	
36.7

	
26.6




	
30.0~40.0

	
6.1%

	
42.6%

	
51.3%

	
1.56

	
40.4

	
25.9




	
40.0~50.0

	
9.4%

	
41.2%

	
49.4%

	
1.64

	
41.8

	
25.5

	
Loam

Loam




	
50.0~60.0

	
8.4%

	
41.4%

	
50.2%

	
1.64

	
41.5

	
25.3
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