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Abstract

:

With the increasing demand for vegetable fruits, vegetable plants are moved to protected structures for achieving high production and economic revenue, especially in undesirable seasons. In North China, tomato crops, as widely consumed vegetables, are now increasingly planted in solar greenhouses (GH), especially in the winter period. To improve the microclimate inside GH in winter, a sunken solar greenhouse was used recently. This study was to evaluate the photosynthetic characteristics of tomato plants and its responses to the inside microclimate in this new GH. In this experiment, the plant transpiration (E) and photosynthesis (Pn) rates of healthy and diseased plants were measured from July to December for three growth seasons in a commercial GH in North China. Results show both E and Pn were positively related to inside radiation and vapor pressure deficit. The stomata conductance to E (gsw) and Pn (gtc) performed relatively constant during daytime, and weakly related to inside microclimate. The parameters of E, Pn, gsw and gtc were greatly reduced for diseased plants in summer because of the heat shock. The water use efficiency at the leaf level, the ratio of Pn to E, was higher for solar radiation of 400–500 W m−2, temperature of 20–30 °C, relative humidity of higher than 80%, and vapor pressure deficit of less than 2.0 kPa. The results of this study could help farmers in the region of 30 to 40 degrees north latitude to enhance the growth of tomato crops in winter by using this sunken solar greenhouse.
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1. Introduction


Tomato is a nutrient-rich fruit and is now widely planted in the world. Based on the data from FAO, tomato is the second most important vegetable crop next to potato. The total tomato area and production in 2021 were 5.17 × 106 ha and 1.89 × 108 ton, respectively, of which approximately 22% and 36% were from China (https://www.fao.org/faostat/en/#faq, accessed on 30 December 2022). The yield of tomato in China was 59 ton ha−1, and was 61% higher than the world mean (37 ton ha−1). Tomato is mainly produced in the northern hemisphere, for example China, USA and countries in Europe [1,2,3,4,5]. Due to the low temperature in winter in the north hemisphere, solar greenhouse (GH) as a simple and low-cost structure has been widely used for tomato, cucumber, pepper and other vegetable production [6,7,8]. Various studies have been reported to investigate the microclimate’s characteristics and their effects on plant growth, yield and evapotranspiration in GHs [9,10,11,12]. The results of these researches greatly improve the water and plant management for achieving a high quality and quantity of crop fruits in GHs.



Photosynthesis and transpiration are two important factors used to evaluate crops’ responses to microclimate change, chilling and heat shock, and water stress to optimize the growth environment and crop breeding [13,14,15,16]. Tomato crops are sensitive to water, radiation, and heat stress [17,18,19,20,21,22]. It was reported that air temperature higher than 38–40 °C greatly reduces the photosynthesis rate, stomatal conductance, plant growth, and fruit yield [15,17,18]. Using supplementary light did not influence the stomatal conductance and photosynthesis rate on the top canopy, whereas, improved these traits on the middle and low canopy, and finally enhanced tomato growth and yield production [16]. At high latitudes, increasing light intensity by using supplemental light greatly enhanced tomato production in greenhouse [5].



Microclimate in GHs has been greatly improved in winter [4,23,24]. Though the solar radiation in GHs is reduced by approximately 20–40% depending on the transmissivity of the cover materials [25,26], the days with a daily maximum inside temperature higher than 20 °C accounted for 80–90% of the days during the winter, compared to those outside [12]. As a result, fruit production in GHs was reported to be 180–200 ton ha−1 for cucumber crops [27], 26–46 ton ha−1 for pepper crops [28], and 60–70 ton ha−1 for tomato crops in the winter season [29].



In recent years, a newly developed solar greenhouse structure has been increasingly used in North China because of its’ high-temperature-improvement capacity [12,30]. Compared to the traditional solar greenhouse or plastic tunnel which are mostly not used in winter [31,32,33], the soil surface in this new type GH is approximately 1–2 lower than the soil surface outside (herein called sunken solar greenhouse, SSG), and the backwall is approximately 5–8 m width at bottom and 1–2 m in the top [12,34]. This structure greatly reduces the heat exchange between inside and outside, and finally results in a much higher inside temperature [12,34]. This climatic change could greatly influence plant transpiration and biochemical traits. Therefore, understanding the photosynthetic characteristics and its response to the improved microclimate in this new GH could help farmers to optimize the microclimate and finally produce high quality and quantity tomato fruits [35].



The objectives of this study were to investigate the characteristics of photosynthesis and evaporation rates at leave level from July to December in a commercial solar GH, analyze the relationship between photosynthesis and evaporation rates to inside microclimate, evaluate the water use efficiency, and finally recommend suitable microclimate range for tomato growth with high water use efficiency.




2. Materials and Methods


2.1. Greenhouse and Tomato Cultivation Description


The newly developed sunken solar greenhouse (Figure 1) in the experiment was located at Dacaozhuang National Breeding Experimental Station, Ningjin County, Hebei Province, China (37°30′6″ N, 114°57′22″ E, 26 m above sea level). The GH was 166 m long, 10 m wide, and covered an area of 1660 m2. The top and bottom of the north wall of the SSG were 1.2 m and 5.0 m respectively, thicker than a conventional solar greenhouse. The soil surface inside the SSG was 1 m lower than the outside. The GH was facing south and covered by a 0.1-mm-thick polyethylene. A line window was placed at the top near the north wall, which was manually opened for natural ventilation. In order to reduce heat loss in winter seasons, a roller straw curtain was installed on the roof of the GH, which covered the greenhouse from 17:00 to 9:00 the next day to reduce heat loss.



Tomatoes (Solanum lycopersicum L., variety Jinfenshuoguo) were planted in three growing seasons, including summer (May–August) and autumn-winter (September–January) seasons in 2019 and autumn-winter season (September–January) in 2020, which were abbreviated as 2019SU, 2019AW and 2020AW respectively. Tomato seedlings with four true leaves were transplanted to the ridges, each ridge planted in double rows. Planting patterns were as follows: the length, width, and height of the ridges were 9, 1 and 0.15–0.20 m, respectively; the distance between ridges was 0.4 m; the spacing between double rows was 0.5 m; and the tomato plant spacing was 0.4 m. Tomato plants were routinely managed by local farmers after transplantation. The stems above the fifth branch were trimmed when the fifth branch fruits were flowering to enhance ventilation and reduce nutrient absorption. Besides, the lower leaves of the stem were pruned at the later stages of the growing season.



Fertilizers included base and topdressing fertilization, and both were compound fertilizers. The base fertilizer was scattered manually before ridging, and topdressing fertilizer was soluble and applied through the drip fertigation system. The ratio of N, P2O5, and K2O fertilizer was 1:1:1 in each growing season. The total amount of each fertilizer was 103, 205, and 262 kg ha−1 in the 2019SU, 2019AW and 2020AW seasons, respectively.



A drip irrigation system was arranged in the SSG for irrigation in this experiment. Drip tapes were parallel to the tomato plant rows, and one tape corresponded to one row. The specific parameters of the drip tape (Hebei Runtian Water-Saving Equipment Co., Ltd., Shijiazhuang, China) were: the diameter of 16 mm, 2.5 L h−1 under working pressure of 0.1 MPa, dripper spacing of 40 cm. Dial-type tensiometers (Beijing Waterstar Tech Co., Ltd., Beijing, China) were installed at a depth of 20 cm below the drippers to guide irrigation. Irrigation began when the soil matrix potential (SMP) reached −35 kPa.




2.2. Plant Growth and Yield Measurement


Three plants were selected at the first measurement for height and leaf area and then used for the following measurement during the whole growth season. This arrangement made the data show the continuous development of the leaf area and plant height. Plant height and leaf area were measured at one-month intervals. Leaf area was determined by measuring the maximum length and width of each large stalk leaf and calculated by in situ fitting equation LA = 0.37L × W, where LA is the area of a leaf (cm2), L and W are leave’s length and width, respectively (cm). The total leaf area of a plant (LATotal) is the sum of each leave. Leaf area index (LAI) was calculated using the mean leaf area per plant and the corresponding soil surface (S, in cm2) covered by a plant using equation of LAI = LAtotal/S.



Fresh tomato amount was the whole tomato fruit production in the SSG and was recorded each sale by the farmer, and then converted to yield in a hectare. The seasonal yield was the sum of all sales in a season.




2.3. Photosynthesis Characteristics Measurement


Photosynthetic parameters, including transpiration rate (E), assimilation rate (Pn), conductance to transpiration (gsw) and CO2 assimilation (gtc), and the photosynthetic photon flux density (PPFD) in the environment and reaching to leaf surface were measured using the LI-6800 portable photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA). The measurement periods were July and August in the 2019SU, December in the 2019AW and October, November and December in the 2020AW, depending on the availability of the LI-6800 system (Figure 1c). Two to four days were chosen for each month. Hourly measurements were taken from 8:00 to 18:00 in summer and from 8:00 to 17:00 in winter. The shorter measurement period in winter was due to the fact that it must be covered with a straw curtain about an hour before sunset to reduce heat loss in the greenhouse. Three full-growth leaves on the top canopy from three representative plants were selected as samples for photosynthetic measurements, and their average was taken for data analysis. During measurement, the CO2 concentration was controlled at 400 μmol mol−1, and other microclimate factors of radiation, air temperature and relative humidity were the same to the greenhouse environment. The water use efficiency at the leaf level was computed using the following equation:


    WUE  L  =   Pn  E   



(1)




where WUEL is the water use efficiency at leave level, (µmol m−2 s−1)/(mmol m−2 s−1); Pn is the photosynthesis rate, µmol m−2 s−1; and E is the transpiration rate, mmol m−2 s−1.




2.4. Microclimate Measurement


The inside microclimates were measured by a meteorological station (Figure 1d), which was deployed at a height of 2 m in the center of the greenhouse. Variables for the three growth periods included total solar radiation (Rs), air temperature (T), relative humidity (RH), and wind speed (u). The sensors shown below operated simultaneously: radiometer (Model TBQ-2, Jinzhou Sunshine Technology Co., Ltd., Jinzhou, China), temperature and relative humidity recorder (Model VP-4, METER Group, Inc., Pullman, WA, USA), and air velocity meter (two-dimensional ultrasonic anemometer ATMOS 22, METER Group, Inc., Pullman, WA, USA). In addition, the meteorological data obtained from the experimental station were used to represent the meteorological parameters outside the greenhouse. All measurements were sampled at 30 s intervals and were stored in 30 min averages by the data loggers. The vapor pressure deficit was calculated using the air temperature and relative humidity as followings:


  VPD = 0.6108 exp  [    17.27 × T   T + 237.3    ]   (    RH   100    )   



(2)




where VPD is the vapor pressure deficit, kPa; exp[…] is the base of the natural logarithm (2.7183) raised to the power […]; T is air temperature, °C; and RH is relative humidity, %.




2.5. Data Treatment and Figure Preparation


Microsoft EXCEL was applied to statistics and analysis of experimental data. ORIGIN2023 (OriginLab Corporation, Northampton, MA, USA) was used to perform the correlation analysis of the data and to plot all figures.





3. Results


3.1. Tomato Growth and Yield


Leaf area index, height and yield of tomato plants in three growing seasons were summarized in Table 1. In the 2019SU season, the LAI of tomato plants ranged from 1.34 to 2.64, and the plant height varied from 0.94 m to 1.85 m. Both parameters were close to that in the two winter seasons. However, the seasonal yield was 10.8 ton ha−1 in the 2019SU, and was the least in the three seasons. This is due to the extremely high temperatures inside the GH in August 2019 summer season, during which the average daily maximum temperature was 38.9 °C. This high-temperature shock caused curled leaves in all plants (Figure 2), which consequently reduced fruit yield. The highest LAI during the middle stage was 2.75 in the 2020AW, and 19% and 41% higher than those in the 2019SU and 2019AW, respectively (Table 1). Therefore, the excellent tomato growth in the 2020AW resulted in the highest yields of 83.6 ton ha−1, which was 67.4% and 48.5% higher than those in the 2019SU and 2020AW growing seasons.




3.2. Microclimate Changes in the Greenhouse


The seasonal curves of radiation, temperature, relative humidity, vapor pressure deficit and wind speed inside and outside the GH in the three seasons are shown in Suppl. Figure S1, and seasonal means were summarized in Table 2. In general, the microclimate difference inside and outside the GH was remarkable, especially in winter. Inside radiation in the three seasons was 30–44% lower than those outside, indicating an average of 0.56–0.70 for the transmissivity of the cover material. Wind speed in the GH ranged from 0.07 to 0.53 m s−1, and was 12–28% of the outside, indicating a 70–90% reduction in the three seasons. Air temperature and relative humidity inside GH in the summer season were close to that outside, and finally resulted in similar VPD inside and outside. While in winter (2019AW and 2020AW), the daily mean air temperature varied from 8.13 to 24.95 °C inside, and averaged 9.54 °C higher than the outside. As well, the relative humidity was 11–16% higher inside the greenhouse than that outside. Both higher temperature and relative humidity finally resulted in 0.13–0.19 kPa and 34–50% higher VPD than those outside.




3.3. Photosynthesis Characteristic Changes


Figure 3 illustrates the daily courses of transpiration rate in different periods from July to December. It can be found there are great differences in transpiration rates in different period. The highest transpiration rate for healthy plants on sunny days was found in July with daily means of 11.4 µmol m−2 s−1, then in October (9.0 µmol m−2 s−1) and December (6.7 µmol m−2 s−1), and the least of 0.8–1.5 µmol m−2 s−1 was found in December. While in cloudy days in December, the transpiration rate was measured from 0.18 to 0.4 µmol m−2 s−1 with mean of 0.3 µmol m−2 s−1. This shows a great decline trend of E rate from July to December. As well, the E on sunny days was much higher than those on cloudy days. For diseased plants in August, the transpiration rate was 12% of that for healthy plants in July when inside microclimates are close, indicating approximately 90% E reduction.



Similar to the trend of daily values of transpiration, the photosynthesis rate for healthy plants on sunny days was the highest in July with a daily mean value of 11.3 µmol m−2 s−1, followed in October (9.0 µmol m−2 s−1) and November (6.7 µmol m−2 s−1), and the least was 1.3–4.4 µmol m−2 s−1 found in December. On a cloudy day in December, the Pn rate was averaged −1.6 µmol m−2 s−1, indicating great reduction of assimilated CO2 products. For diseased plants in August, the Pn rate (0.4 µmol m−2 s−1) was 3% of that for healthy plants under similar microclimate conditions. This low Pn resulted in less CO2 product accumulation and finally low tomato yield.



In sunny days for healthy plants, the E and Pn rates showed a clear curve during daytime (Figure 3a,c,d,e). Generally, both E and Pn rates were low in morning, then increased quickly and reached the maximum in middle day, after that decreased gradually. However for diseased plants and on cloudy days, there were no clear trends for both E and Pn rates, and both were much lower than those of healthy plants during daytime (Figure 3b,e).




3.4. Conductance to Transpiration (gsw) and Photosynthesis (gtc)


The daily courses of stomatal conductance for E and Pn from July to December are illustrated in Figure 4. The stomatal conductance for E (gsw) is linearly related to the conductance to Pn (gtc). Therefore, both shows a similar trend in daytime in each period. Generally, both gsw and gtc were higher in the morning, then decreased slightly. However, there was no significant trend for gsw and gtc during the daytime.



Both gsw and gtc varied greatly with seasons and plant conditions. The highest gsw and gtc were found in July, then in October and November, and the smallest in December. Diseased plants in August showed the least gsw and gtc, and were approximately 10% of that for healthy plants under similar climatic conditions (Figure 4a,b). On a cloudy day in December, the gsw and gtc values were close to that on sunny days for healthy plants.





4. Discussion


4.1. Transpiration Rate to Microclimate


Tomato crops’ transpiration is sensitive to soil water and microclimate conditions [36,37,38,39]. In this study, the plants were drip irrigated and soil water matric potential was higher than −35 kPa, indicating no-water-stress status based on results in the literature [40,41]. They reported the soil matric potential threshold of −35~−40 kPa can be used to make irrigation scheduling of tomato plants. Therefore, the microclimate could be the driving force for the tomato plants’ transpiration.



In this study, the instantaneously measured E at the leaf level was positively related to radiation, air temperature, VPD, and the light intensity on leaf surface (Figure 5). The E rate at leaf level to radiation, temperature, VPD, and light intensity can be better fitted using polynomial expressions with determination coefficient R2 of 0.69–0.75. These regression expressions show that leaf E was greatly influenced by the four microclimate variables. Considering the small wind speed in GH (0.1–0.3 m s−1) (Suppl. Figure S1e), leaf E was not significantly related to inside wind speed. The findings regarding the E and microclimate in this study are in agreement with the reports in the literatures [34,42,43,44,45]. Because of the closed environment in greenhouse, plant transpiration is decoupled to the environment [30,34,46]. In this case, transpiration is more closely related to inside incoming energy, i.e., the solar radiation. For example, Yang, Liu, Cohen, and Gao [34] measured the plant transpiration of tomato using the sap flow method and found plant transpiration was first linearly related to solar radiation in GH, followed by VPD, and temperature. Similar results are reported in greenhouse crops [47,48]. In a greenhouse in Israel, Liu, Cohen, Hugo, Yair and Josef [46] also reported that the banana sap flow was linearly related to radiation, temperature and vapor pressure deficit.




4.2. Photosynthesis Rate to Microclimate


Photosynthesis rate can be used to evaluate the accumulated CO2 assimilation product, which is the base to the plant growth and fruit production. Generally, Pn rate is positively related to the incoming radiation or light intensity reaching to leaf surface [42]. An, et al. [49] further reported that the Pn is highly related to net radiation and relative humidity with determination coefficients of 0.94 and 0.77.



In this study, the instantaneous Pn rate was linearly related to the solar radiation and the light intensity (Figure 6a,d). The determination coefficient R2 of the regression lines are 0.69 and 0.82 for solar radiation and light intensity, respectively. These indicate that the 69% and 82% variation of Pn are attributed to variation of radiation and light intensity, respectively.



The Pn rate ranged from 0 to 6 µmol m−2 s−1 when air temperature was lower than 30 °C. After that, the Pn rate increased to 11.6 µmol m−2 s−1 in July. The lower Pn were mostly measured in winter period in which solar radiation was low and the temperature was also low compared to that in July. However, the inside temperature was approximately 9–10 °C higher than those outside, indicating greatly enhanced temperature in GH in winter. The Pn rate was also linearly related to VPD, indicating the water vapor deficit could enhance both the E and Pn. However, the higher R2 in the regression expression of E to VPD (Figure 5c) compared to that in Pn to VPD (Figure 6c) shows that leaf E is closer related to VPD than Pn.




4.3. Conductance of gsw and gtc to Microclimate


The leaf transpiration rate is linearly related to the stomatal conductance (gsw) and the water concentration deficit from leaf to environment [50]. Similarly, the Pn rate is linearly related to the conductance (gtc) to CO2 assimilation and CO2 concentration difference between in environment and stomata [51]. Now the characteristics of gsw and gtc and related factors have been widely studied. Generally, it was reported that the gsw and gtc are closely related to solar radiation, CO2 concentration, VPD, air temperature and soil water status [46,52,53,54,55,56].



In this study, there were slight changes for gsw and gtc during daytime though weak declined trends of gsw and gtc were found in most measurement days (Figure 4). Similarly in the previous studies, Li, Liu, Tian, Liang, Li, Li, Wei and Zhang [16] reported that the stomatal conductance and mesophyll conductance to photosynthetic CO2 transport on the top canopy did not increased significantly though the light density was increased by using supplementary light source, whereas, both conductances` were increasing with the supplementary light on the middle and lower canopy because of the deficit light density.



The relationship between gsw to microclimate variables (i.e., solar radiation, air temperature, VPD, and light intensity) are illustrated in Figure 7. Similar results were found for gtc and therefore, the data were not shown in the text. Generally, both gsw and gtc were positively related to solar radiation, temperature, and VPD, while their correlation coefficient is weak with a value of less than 0.4 (Figure 7). High temperature/heat stress and high VPD generally induce stomata closure, thus reducing stomatal conductance, and finally causing low transpiration and photosynthesis rates [38]. Therefore misting the leaf surface reduced the leaf temperature and VPD from air to leaf and finally resulted in a higher canopy conductance and photosynthesis rate of greenhouse tomatoes when temperatures ranged from 30–35 °C and VPD from 3–3.5 kPa [38]. Camejo, Rodríguez, Angeles Morales, Miguel Dell’Amico, Torrecillas and Alarcón [17] reported that increased gsw were found when tomato plant suffered heat stress (45 °C for 2 h), whereas, Pn rate decreased by approximately 40%. They explained that the decrease in Pn was not controlled by stomatal closure, but depended on the activity of Rubisco and on the capacity of photosynthetic electron transport to regenerate Rubisco. Shaheen, Ayyub, Amjad and Waraich [15] investigated morpho-physiological factors for 191 tomato genotypes under heat shock conditions, and reported that, the stomatal conductance was genotype-dependent and varied greatly from 5 to 41 umol m−2 s−1, and highly positively related to Pn. It can be concluded that, the mechanism of stomata control and the related gsw and gtc performance for tomato crops are much more complicated. The results and regressed expression reported in a certain environment should be reconsidered when used in other different situations.




4.4. Microclimate Management for High Water Productivity in GH


Achieving the goals of high fruit production and water use efficiency can be evaluated using the index of water use efficiency, the ratio of the crop production to the water used (Equation (1)). In field conditions, the crop yield and the evapotranspiration are used to calculate the water use efficiency, also called water productivity [32,57,58,59,60]. At the leaf level, photosynthesis and transpiration are mostly used to calculate water use efficiency. The higher WUEL means more CO2 assimilation product per water used. Considering that crop photosynthesis and transpiration rates are comprehensively influenced by crop status and microclimatic conditions under good soil water status, optimizing the microclimate condition in GH is useful way to obtain high WUEL.



In GH cultivation, the incoming radiation, air temperature, relative humidity, and vapor pressure deficit are the main factors that can be regulated. The relationships between WUEL to these microclimate factors in this experiment were analyzed and the results are shown in Figure 8. Generally, the WUEL increased with the solar radiation increasing and reached the highest value for radiation range of 400–500 W m−2, after that, the WUEL decreased but still was in high status. The WUEL data for radiation higher than 500 W m−2 were mostly in days in July, and those less than 500 W m−2 from October to December in winter season (Figure 2). Though the higher radiation in July caused higher Pn and E (Figure 3), while the WUEL was lower than those in winter season in which radiation was in 400–500 W m−2 and close to that in 300–400 W m−2 (Figure 8a). Therefore, increasing incoming radiation is a key way to improve the WUEL in GH in winter season. For solar GH, using high transmissivity cover materials could increase the inside radiation. In North China, the transmissivity rate of cover materials in GH ranges from 0.6 to 0.7 [12,25,26,34]. Considering the mean solar radiation amount was 210–230 W m−2 during daytime in winter in the study area, the increasing of the transmissivity rate from 0.6 in this GH to 0.8 could enhance the WUEL increasing from 0.86 to 1.06 (µmol m−2 s−1)/(mmol m−2 s−1). However, in the summer season, partial shading could decrease the incoming radiation and finally provide a reasonable radiation range for high WUEL because of the high radiation [61,62].



The WUEL for temperature range of 10–20 °C was close to that in the range of 20–30 °C, and both WUEL were higher than those for temperatures higher than 30 °C (Figure 8b), indicating higher temperatures reduce the WUEL. It is clear that higher temperature generally resulted in higher E (Figure 5b) because the higher E will consume more energy coming to leaf and thus regulate leaf temperature for normal biochemical activity. A high temperature (32 °C) was found to limit Pn for tomato [37]. In this study, the higher Pn was observed in July with a high temperature in the summer season, while the smaller Pn was found in the winter season. Therefore, most low WUEL for higher temperature (>30 °C) occurred in the winter season, and that in July was close to those in the temperature range of 20–30 °C. This great difference in Pn performance and thus WUEL in winter and summer seasons show that, controlling daytime air temperature in the range of 20–30 °C could improve the tomato crops growth in the winter season, and temperature higher than 30 °C is harmful to photosynthesis and water use efficiency.



The WUEL performance in winter in this study is in line with the findings in the literature, in which optimal temperature is 20–30 °C in day time for higher pollen germination and fruit set and finally good yield of tomato [63], whereas temperature reaching 35 °C and higher will present a major restriction on physiological and biochemical development and consequently results in fruit yield reduction [18,19]. In summer, the threshold for heat stress to tomato crops could be a little higher, mainly because tomato plants have adapted to this high-temperature condition. However, long periods of high temperatures is harmful to tomato growth. In August, 2019, the mean daily maximum temperature was 38.9 °C, which caused the tomato yellow leaf curl virus disease and small and curl leaves by heat shock (Figure 2), and consequently resulted in much low Pn and E (Figure 3b and Figure 4b). This is the reason why the tomato yield was only 10.8 ton ha−1 (Table 1) and is not planted in the summer season by most farmers in North China.



The water and CO2 assimilation flux are proportion to stomatal conductance and the gradient of water and CO2 concentrations from leaf to the environment [50,51]. The slight change patterns of gsw and gtc during daytime (Figure 4) show that the stomatal factor plays a minor role in regulating E and Pn. Then microclimatic condition could be a key factor influencing Pn and E and finally WUEL. Generally, higher VPD results in a higher transpiration rate. Whereas, high VPD just slightly influenced the conductance to CO2 flux and finally the photosynthesis rate (Figure 6c and Figure 7c). As a comprehensive result, the WUEL will be low under high VPD conditions. This conclusion is proved by the data in this study. Based on the data in Figure 8c,d, WUEL was positively related to relative humidity, and the highest WUEL was found when RH was higher than 80%. Meanwhile, the WUEL was higher when VPD was smaller than 2 kPa, then decreased by approximately 50% at 2–3 kPa (Figure 8c,d). Therefore, maintaining high RH (>80%) and low VPD (<2 kPa) could improve the water use efficiency at the leaf level, which finally will enhance the water use efficiency at the field scale.



Considering the great improvement in inside microclimate, photosynthesis characteristics, water use efficiency, and tomato yield in winter in this GH, other crops will be planted in this type of GH, then these crops’ responses to this GH in winter can be further studied. Inside extra high temperatures in summer greatly limit crop growth and fruit production (Table 1, Suppl. Figure S1b), therefore, the greenhouse structure should be optimized to reduce heat load in summer. This GH can be further evaluated in high latitude regions where winter temperature is low while radiation is acceptable.





5. Conclusions


The main conclusions drawn in this study are as followings:



Inside radiation was reduced by approximately 60%; the inside temperature, relative humidity, and vapor pressure in summer were close to that outside, and higher in winter; inside wind speed of 0.1–0.3 m s−1 was approximately 10% of that outside.



Leaf transpiration and photosynthesis rates were positively related to solar radiation, air temperature and vapor pressure deficit; both E and Pn were much small for diseased plants and cloudy days.



Conductance to transpiration and photosynthesis varied slightly during daytime, and was weakly related to all microclimate, indicating conductance is not a key factor controlling E and Pn in GH.



Water use efficiency at the leaf level is generally positively related to solar radiation and relative humidity, and negatively related to air temperature and vapor pressure deficit; Extra high radiation (>500 W m−2) and temperature (>30 °C) greatly reduce water use efficiency.



Microclimate in a greenhouse with the aim for high water use efficiency and can be optimized as solar radiation of 400–500 W m−2, temperature of 20–30 °C, relative humidity of higher than 80%, and vapor pressure of less than 2.0 kPa.
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Figure 1. Combined photos of the sunken solar greenhouse and sensors’ deployment. (a) Outside view of the greenhouse in winter, with front plastic cover facing south and the rolled straw cushion placing on the top of the roof, (b) Inside view with tomato growth, (c) Photosynthetic parameters measurement by the LI-6800 portable photosynthesis system, (d) A view of the meteorological station inside the greenhouse, (e) Soil matric potential measurement using a dial-type tensiometer. 
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Figure 2. Comparison of diseased leaves (a,b) in the 2019SU season and normal growth leaves (c) in the 2019AW season. 
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Figure 3. Daily courses of transpiration and photosynthesis rates in July (a), October (c), November (d) and December (e) for healthy plants on sunny days, in August (b) for diseased plants on sunny days and in cloudy days with healthy plants (f). 
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Figure 4. Daily courses of stomatal conductance for transpiration and photosynthesis rates in July (a), October (c), November (d) and December (e) for healthy plants on sunny days, in August (b) for diseased plants on sunny days and in cloudy days with healthy plants (f). 
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Figure 5. The relationships between leaf transpiration rate to solar radiation (a), air temperature (b), vapor pressure deficit (c) and the photosynthetic photon flux density (PPFD) reaching to leaf (d). 






Figure 5. The relationships between leaf transpiration rate to solar radiation (a), air temperature (b), vapor pressure deficit (c) and the photosynthetic photon flux density (PPFD) reaching to leaf (d).



[image: Horticulturae 09 00197 g005]







[image: Horticulturae 09 00197 g006 550] 





Figure 6. The relationships between photosynthesis rate to solar radiation (a), air temperature (b), vapor pressure deficit (c) and the photosynthetic photon flux density (PPFD) reaching to leaf (d). 
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Figure 7. The relationships between stomatal conductance to leaf transpiration to solar radiation (a), air temperature (b), vapor pressure deficit (c) and the photosynthetic photon flux density (PPFD) reaching to leaf (d). 
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Figure 8. The relationships between water use efficiency at leaf level to solar radiation (a), air temperature (b), relative humidity (c), and vapor pressure deficit (d). 
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Table 1. Leaf area index (LAI), plant height, and total marketable fresh yield in each tomato growth season.
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Planting Seasons

	
Date

	
LAI

	
Plant Height

(m)

	
Seasonal Yield

(ton ha−1)






	
2019SU

	
27 June 2019

	
1.41 ± 0.06

	
1.02 ± 0.06

	
10.8




	
15 July 2019

	
2.07 ± 0.08

	
1.42 ± 0.10




	
26 July 2019

	
2.19 ± 0.13

	
1.50 ± 0.09




	
06 August 2019

	
2.27 ± 0.19

	
1.60 ± 0.09




	
16 August 2019

	
2.34 ± 0.23

	
1.70 ± 0.12




	
2019AW

	
04 October 2019

	
0.92 ± 0.01

	
0.81 ± 0.02

	
56.3




	
26 October 2019

	
1.62 ± 0.21

	
1.19 ± 0.05




	
23 November 2019

	
1.55 ± 0.44

	
1.25 ± 0.06




	
21 December 2019

	
1.68 ± 0.38

	
1.23 ± 0.08




	
2020AW

	
05 October 2020

	
2.19 ± 0.02

	
1.12 ± 0.02

	
83.6




	
10 November 2020

	
3.31 ± 0.46

	
1.54 ± 0.03




	
26 December 2020

	
2.19 ± 0.63

	
1.52 ± 0.04








Note: terms ‘SU’ and ‘AW’ in ‘Planting seasons’ column represented the tomato growth season in summer (from May to August) and autumn-winter (from September to January in the following year), respectively.
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Table 2. Microclimate parameters inside and outside the sunken solar greenhouse in each tomato growth season.
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Planting Seasons

	
Month

	
Rs

(MJ m−2 d−1)

	
Ta

(°C)

	
RH

(%)

	
VPD

(kPa)

	
U

(m s−1)






	
2019SU

	
Inside

	
10.93 ± 3.60

	
28.63 ± 2.50

	
77.07 ± 11.25

	
1.07 ± 0.47

	
0.39 ± 0.07




	
Outside

	
19.47 ± 6.23

	
27.36 ± 2.18

	
69.36 ± 16.48

	
0.97 ± 0.63

	
1.49 ± 0.98




	
2019AW

	
Inside

	
6.94 ± 3.60

	
17.84 ± 4.02

	
82.57 ± 9.02

	
0.57 ± 0.42

	
0.26 ± 0.06




	
Outside

	
9.95 ± 5.10

	
9.04 ± 8.63

	
73.16 ± 14.39

	
0.38 ± 0.28

	
0.93 ± 0.78




	
2020AW

	
Inside

	
6.49 ± 3.01

	
17.17 ± 2.19

	
82.70 ± 7.38

	
0.51 ± 0.23

	
0.15 ± 0.04




	
Outside

	
9.21 ± 3.73

	
6.50 ± 6.84

	
68.14 ± 14.74

	
0.38 ± 0.26

	
1.32 ± 0.80
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