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Abstract

:

The objective of this paper is to perform drip irrigation scheduling for spinach (Spinacia oleracea L.) in a plastic greenhouse using the standard 20 cm evaporation pan. A drip irrigation experiment with four levels of irrigation, i.e., 0.6, 0.8, 1.0, and 1.2 times the cumulative evaporation of a 20 cm standard pan (Epan) were set up. The irrigation interval was controlled using a 20 mm Epan, and optimal irrigation water amounts of 0.8 Epan and 0.6 Epan were recommended for the spring and autumn growing seasons, respectively. Overirrigation (1.2 Epan) also led to yield losses, particularly for stem growth. In addition, a proper greenhouse index, defined as the ratio of the cumulative Epan inside and outside the greenhouse, could predict the Epan inside the greenhouse using the external Epan to a high degree of accuracy (daily data with r2 = 0.85, root mean square error (RMSE = 0.68 mm d−1), for a 4-day interval with r2 = 0.95, RMSE = 1.81 mm 4 day−1, and for the entire growth period with r2 = 1.0, RMSE = 2.40 mm). A simple and low-cost greenhouse index method could be used to formulate drip irrigation schedules for spinach in low-technology plastic greenhouses using a 20 cm standard pan outside the greenhouse.
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1. Introduction


The North China Plain (NCP) is suffering rapid groundwater descent, which is the biggest threat to sustainable socioeconomic development [1]. Previously, agricultural water use was the main reason for groundwater recession. However, vegetable cultivation is expanding in this region, and intensive vegetable cropping systems use large amounts of water [1]. The misuse of water in conventional vegetable production systems can cause water waste, higher costs of production, and negative environmental problems [2]. Increasing water use efficiency (WUE) should be a premise for sustainable horticulture, which depends on applying efficient irrigation technology, including precision irrigation scheduling (IS) [3]. Nevertheless, compared to stable food crops, vegetable crops, especially leafy vegetables, are generally more sensitive to water limitation mainly for their shallow roots and succulence. Accurate IS, providing appropriate water at the right time to meet optimum crop growth, is critical to improve WUE and decrease nutrient leaching in intensive vegetable production systems. Compared with conventional practice, the improved IS probably saved half of the water and labor use and improved WUE 2–3-fold [4].



Four methods are commonly used to achieve efficient irrigation scheduling: (1) evapotranspiration and water balance, (2) soil moisture status, (3) plant water status, and (4) models [5]. Each method has its advantages and disadvantages [3]. Precision irrigation using several sensors to determine soil and plant water status is still expensive. Although soil moisture sensors are available for deciding when to irrigate vegetables, they are less helpful for predicting how much water to supply [5]. Therefore, an accurate prediction of actual crop evapotranspiration (ET) is the premise for a reasonable irrigation schedule. The FAO-56 methodology proposed by Allen et al. [6] is the most commonly used approach for irrigation water management [7]. ET is determined by multiplying the reference evapotranspiration (ETo) and the crop coefficient (Kc). Crop coefficients for most major vegetable crops were summarized by Allen et al. [6] and Guerra et al. [8]. Updated data were generalized by Pereira et al. [7]. However, crop coefficients are often crop-specific and year-specific and depend on growth stages, regional meteorological conditions, and agricultural practices such as irrigation and fertilization [9]. Kc values change with the soil coverage by the crop canopy and thus affects the leaf area index (LAI). Therefore, it is necessary to estimate the local Kc for better prediction of net crop water requirements [10]. Therefore, Kc must be determined experimentally.



Many studies have shown that pan evaporation is a competitive candidate for formulating an irrigation schedule as a simple and easy approach [11]. The irrigation scheduling approach using pan evaporation was adopted due to its simplicity, data availability, and high flexibility at the farmers’ side [12]. A pan of 20 cm diameter (20 cm diameter, 11 cm depth) is a standard evaporimeter because of its low cost, small size, easy transportation, and simple measurement. It is widely used in weather meteorological stations in China. The pan method was used to optimize irrigation for lettuce [13] and cabbage production [14].



Spinach (Spinacia oleracea L.) is a popular leafy vegetable planted all over the world due to its high nutritive value. Spinach is very sensitive to water stress and therefore requires precision irrigation. Many studies on irrigation scheduling and Kc of spinach have been conducted in sprinkler irrigation [15], pot experiments [16], or open fields [15]. Previous irrigation work conducted on spinach mostly focusing on physiological and chemical composition changes such as affected water regimes [17,18,19], waste water or saline water irrigation [20], model calibration and validation for predicting crop water requirement [21], and the nutrient and water coupling effect [22]. The seasonal water supply and marketable spinach yield presented quadratic relationships [12]. In the North China Plain, new water-saving technologies such as drip irrigation and sprinkle irrigation are adopted in the greenhouse production system because of labor and water savings and government promotion policies. Compared to sprinkler irrigation, drip irrigation has the potential to be used to produce organic spinach, save water, improve WUE, control downy mildew, and reduce nitrate leaching more stably [23]. Many farmers still estimate crop water requirements and irrigation time empirically. Overwatering is common in practice and is not beneficial to improvements in yield and WUE. New precision irrigation scheduling of drip irrigation on the field level is not set up following irrigation system changes. In this paper, an attempt was made to develop scientific drip irrigation scheduling based on accumulative pan evaporation (Epan) measured using a standard 20 cm pan to assist farmers in the effective utilization of water resources in greenhouse spinach production. Additionally, the FAO-56 “single crop coefficient” method was designed and applied. Changes in Kc over the whole spinach growth period and the relationship between Epan and the reference evaporation (ETo) were also discussed. The possibility of scheduling drip irrigation for spinach in a plastic greenhouse using an outdoor 20 cm pan was also investigated in this paper.




2. Materials and Methods


2.1. Experimental Site


This experiment was conducted in a 75 m long and 6 m wide plastic greenhouse located in Fantai village near the Luancheng AgroEcosystem Experimental Station in Hebei Province (37°53′ N, 114°41′E; elevation 50 m above sea level), China. The experimental station is situated in a semiarid monsoon climate region. Three soil samples were collected randomly inside the greenhouse according to the S-shaped curve. The physical and chemical characters of 0–20 cm soil were determined by Bao et al. [24]. The soil at the experimental site is sandy loam with a pH (H2O) of 7.5. The soil is classified as silt loam Haplic Cambisol [25]. The soil organic matter content is 19.0 g kg−1, total nitrogen is 1.29 g kg−1, available phosphorus (P-Olsen) is 368.4 mg kg−1, and available potassium is 531.2 mg kg−1 in the top 0–20 cm soil layer. The soil bulk densities through cutting ring method for the 0–20, 20–40, and 40–60 cm layers were 1.25 g cm−3, 1.73 g cm−3, and 1.62 g cm−3, respectively. The annual average temperature was 12.3 °C, and the annual average precipitation was 481 mm.




2.2. Experimental Design


Two seasons of spinach field experiments, including the spring (12 May to 12 June 2022) and autumn seasons (21 September to 28 October 2022), were carried out in a plastic greenhouse. The greenhouses were arched single-span structures with side openings only, covered with plastic film on the roof and with a 70-mesh insect net at a height of 1 m on the side, with an area of 380 m2. Thus, the microclimate conditions followed the outside conditions through natural ventilation. The horizontal sidewalls were opened to 1 m height when the maximum air temperature in the greenhouse was >30 °C. The arched doorways at a height of 2 m positioned along the N–S axis were kept open during the whole experimental time. A complete randomized experimental design was used with different irrigation amounts with four replicates. Each replicate plot was 2.5 m× 6 m in size, and the spacing between adjacent plots was 2 m to avoid mutual influence of water infiltration.



Spinach is a cool-season leafy vegetable. In order to acclimatize the climate condition changes to achieve optimal growth, a special heat-tolerant spinach cultivar named “Shengxialv” and a common spinach cultivar called “Qianlaisi” in Hebei Province were manually sown in May and September for the spring and autumn seasons, respectively. Spinach was sown at a seeding rate of 30 kg ha−1 in a stripe with a 15 cm linewidth. Plant density was controlled at approximately 200 plants per square meter. Fertilizer N (urea) was uniformly applied two times during each experimental season, first as basal fertilizer at 75 kg ha−1 when the soil was plowed and second as top-dressing fertilizer at 150 kg N ha−1 with irrigation at the six- or seven-leaf stage. No phosphorus or potassium fertilizer was applied due to high fertility for long-term vegetable planting. Other agricultural management practices, including pesticide and herbicide applications, were the same as those used for high-yield spinach production in local regions in both seasons. The spinach growing in the plastic greenhouse is shown in Figure 1.



A drip irrigation system was set up before the experiment. The drip irrigation system included a main pipeline water delivery system and plot water delivery systems. The drip tape (ϕ16 mm) with two droppers in 20 cm in the plot was installed along the center of each row [26]. The distance between the two drip lines was 30 cm. The drip tape flow rate of each dropper was approximately 2.0 L per hour. A water meter at the inlet of the pipe recorded the water used.



After sowing, a 20 cm standard evaporation pan (ϕ200) was placed on a platform in the center of the greenhouse. Pan evaporation above the canopy in the greenhouse (Epan-in) was determined manually using a glass-graduated flask at 20:00 h daily. The pan was cleaned after the measurement and filled with 20 mm fresh water according to the standard of water surface evaporation measurement. Irrigation time and amounts were determined by the cumulative evaporation of the ϕ200 pan. Four irrigation levels, i.e., four pan coefficients (Kpan), 0.6, 0.8, 1.0, and 1.2, were set in the experiment, and the corresponding treatments were labeled T1, T2, T3, and T4, respectively. The irrigation frequency was set up on the Epan-in with a critical value of 20 mm, and the irrigation quantity of each application was decided by Epan-in multiplied by Kpan. An adequate water supply of 25–35 mm was applied at the first irrigation to guarantee seed germination. Table 1 lists the irrigation amount and irrigation time under the four coefficient values for both crop seasons.




2.3. Sampling, Measurement and Analyses


2.3.1. Meteorological Conditions Inside and Outside of the Greenhouse


Microclimatological data inside the greenhouse were collected automatically using a standard Rainroot Scientific (Beijing, China) climate station. These data include global solar radiation, air temperature, and relative humidity monitored daily at a temporal resolution of 10 min and a height of 2 m, and the highest and lowest air temperatures at the test site were recorded daily. The climate station was set up in the center of the greenhouse. A standard weather station about 1000 m away from the experimental location was used to record the meteorological conditions outside of the greenhouse, including rainfall and wind speed, in addition to the meteorological variables inside the greenhouse.




2.3.2. Reference Crop Evapotranspiration and Actual Crop Evapotranspiration


Reference evapotranspiration (ETo) is calculated using the Penman–Monteith equation [6] from meteorological variables measured at ground weather stations. ETo outside of the greenhouse (ETo-out), in mm day−1, was calculated as shown in Equation (1):


  E T o =   0.408 ∆   R n − G   + γ   900   T + 273     υ   2   (   e   s   −   e   a   )   ∆ + γ ( 1 + 0.34   υ   2   )    



(1)




where Δ is the vapor pressure slope in kPa °C−1, Rn is the net radiation in MJ m−2 day−1, G is the ground soil flux in MJ m−2 day−1, γ is the psychrometric constant kPa °C −1, T is the daily mean air temperature °C, υ2 is the daily mean wind velocity rescaled at 2 m of height expressed in m s−1, and (es − ea) is the vapor pressure deficit (VPD) in kPa:



Due to very low wind speed in the greenhouse, the reference evapotranspiration inside the greenhouse (ETo-in) was calculated using the modified Penman–Monteith equation as follows. The variables in this formula had the same meaning as the equation mentioned above [27].


  E T o − i n =   0.408 ∆   R n − G   + γ   634   T + 273   V P D   ∆ + 1.24 γ    



(2)







Actual crop evapotranspiration (ET) for an individual period or the whole growing season was measured using the soil water balance equation as follows [10]:


ET = SWD + P + I − Wg − D − R



(3)




where ET, P, I, Wg, D, R, SWD denote evapotranspiration, precipitation, irrigation, capillary rise, water drainage, surface runoff, and soil water depletion for a given soil depth. All of these parameters are measured in mm. Runoff was not observed, and the capillary rise was negligible because the groundwater table was 40 m below the soil surface. Due to the small amount of drip irrigation applied in this greenhouse experiment, no precipitation or water drainage occurred. Thus, ET = I + SWD was used under this experimental condition.



Soil water changes for the 0–60 cm soil depth were used to measure SWD. The soil moisture status of the top 60 cm was measured every week using the soil auger method. The soil mass water content was converted to the volumetric soil water content (SWC) by multiplying by the bulk density of the corresponding depth to calculate the SWD.




2.3.3. Evaporation from Pan


The pan evaporation in the greenhouse (Epan-in) was measured as mentioned above. Additionally, the daily value of evaporation from the pan 70 cm above the ground surface (Epan-out) at standard meteorological stations of the Luancheng experimental station of the China Academic of Science 1000 m away from this experimental site was recorded.



Pan evaporation (Epan) was calculated using the following equation:


Epan = Wbase − Wleft + R



(4)




where Wbase is the initial water amount and is 20 mm; Wleft is the water amount left in the pan after a 24 h period of evaporation. R is the rainfall during the corresponding period of pan evaporation determined using a rain gauge, 20 cm in diameter, at the weather station of the Luancheng experimental station.




2.3.4. Plant Measurement


Leaf area and plant height, fresh biomass, and dry biomass of spinach plants in a subplot were measured periodically from the initial season, mid-season, and late season in both crop seasons. Ten plants were harvested from each plot. The leaf area of 10 stems was determined using a leaf area meter (LI-3000, LI-COR Inc., Lincoln, NE, USA) every 6–9 days during the most active growing period. Additionally, plant height was measured using rulers. The leaf area, fresh weight and dry weight per 10 plants used in the present paper were the mean values of the measurements. For dry biomass measurement, stem and leaf samples were collected and then oven dried at 70 °C for 48 h to constant weight. The total weight of leaves and stems was the total aboveground biomass.



The leaf chlorophyll contents of the new fully expanded leaves of 10 plants per replicate were determined using a SPAD-502 portable chlorophyll meter (Konica Minolta Sensing Inc., Osaka, Japan). The midribs of the leaves were avoided. The average value was used to represent the plant chlorophyll concentration for each plot.



Sixteen subplots of 1.0 m2 area in every crop season were selected randomly in the experimental fields for spinach yield sampling.




2.3.5. Kc and WUE


Kc for spinach was determined by the relationship with ETo and ET, as shown in Equation (5):


Kc = ET/ETo



(5)







Crop water use efficiency was computed as biomass produced per unit of ET. WUE was calculated as spinach yield divided by total water consumption over the whole season, expressed as Equation (6):


WUE (kg m−3) = Yield (kg ha−1) ÷ ET (mm) × 0.1



(6)









2.4. Data Processing and Statistical Analysis


Graphs were plotted using Excel 2019 software. One-way ANOVA was adopted to evaluate for effects between different irrigation treatments. The SAS System for Windows, Release 8.2 (SAS Institute, Cary, NC, USA) was used for the statistical analyses of growth parameters and water use efficiency. Two goodness of fit characters were used to determine the accuracy of indoor Epan estimation by the outdoor Epan. The coefficient of determination (r2) of the linear regression and the root mean square error (RMSE) were used. Principal component analysis (PCA) and correlation analysis among the growth characteristics, ETo, and Epan were conducted using OriginLab 2023.





3. Results


3.1. Meteorological Conditions


A summary of climatic variables during the growing season of spring and autumn spinach is shown in Figure 2. The mean maximum air temperature (MAT), minimum air temperature (MIT), minimum relative humidity (MinRH), and maximum relative humidity (MaxRH) inside the greenhouse were 39.1 °C, 13.5 °C, 24.4%, and 99% in the spring growing season and 29.5 °C, 10.2 °C, 38.8%, and 99.1% in the autumn growing season, respectively. The corresponding values outside the greenhouse were 30.4 °C, 14.6 °C, 31.8%, and 85.2% in the spring season and 22.2 °C, 3.7 °C, 35%, and 90.5% in the autumn growing season. The mean minimum and maximum temperatures, global solar radiation, and VPD were higher in the spring season than in the autumn season, especially in the late growth period. Changes in maximum temperature and minimum air temperature inside were larger in amplitude in the autumn season than in the spring season, as was the case for MinRH. In summary, the greenhouse had higher MAT, MIT, MaxRH, MinRH, and VPD and lower global solar radiation in both seasons except for MIT and MinRH in spring. Higher MAT, MIT, VPD, and global solar radiation in spring seasons appeared than in autumn seasons either inside or outside the greenhouse.




3.2. Yield and Water Use Efficiency


Spinach yield increased with irrigation but decreased when the water was excessive in the spring season (Figure 3). Although there were no significant differences in spinach fresh yield between all of irrigation treatments, less irrigation (0.6 Epan irrigation treatment) limited spinach growth obviously, as shown in Figure 1. The 0.8 Epan irrigation treatment (T2) and 0.6 Epan irrigation treatment (T1) were more water productive than all other treatments in terms of fresh biomass yield in the spring season and the autumn season, respectively (Figure 3). With more irrigation supply, yield losses occurred at rates of 5.8% and 9.7% in the T3 and T4 treatments in the spring season and 3.8%, 4.5%, and 6.8% in the T2, T3, and T4 treatments in the autumn season, respectively. However, there were no significant differences between all treatments in both seasons. Similar yields were produced in both spinach growing seasons.



The T2 treatment with less irrigation water input outperformed the other treatments in terms of WUE (Figure 3). Moreover, it also outperformed in the autumn season with a significant difference compared to all other treatments and in the spring growing season compared to T3 and T4 (Figure 3). With the increase in irrigation amount, the water use efficiency of spinach decreased by 8.8%, 27.7%, and 39.4% in the spring growing season and by 22.6%, 31.4%, and 42.9% in the autumn season under the T2, T3, and T4 treatments, respectively. WUE in the autumn growing season surpassed that in the spring growing season due to climate conditions (Figure 3).




3.3. Crop Growth Performance


The whole growing period was divided into three parts: the initial growth stage (0–14 days after sowing), middle growth stage (15–25 days after sowing), and late growth stage (26–38 days after sowing). Plant height and biomass of spinach plants at fresh weight and dry weight of 10 plants are shown in Table 2 and Table 3 for the spring growing season and the autumn growing season, respectively. No significant differences between any treatments were found at the initial stage in both growing seasons. At the middle stage, a decrease in total fresh weight and dry weight occurred under T4 treatment in both growth seasons, especially for stem fresh weight, with a significant decline compared with that under the T1 treatment (Table 3). At harvest time, the results showed that the highest total fresh and dry biomass appeared under T2 treatment in the spring growing season and under T1 treatment in the autumn growing season (Table 2 and Table 3). Gradual declines in plant height, total fresh and dry biomass, and stem and leaf fresh weight occurred with increasing irrigation water amount, and the maximum drop in T4 treatment in terms of plant height and stem fresh weight reached a significant level in the autumn growth season (Table 3).



Leaf areas, specific leaf weight, SPAD, and leaf area index were also measured at three stages. None of the leaf trait parameters showed any significant difference between treatments except for specific leaf weight in the T4 treatment in the autumn growing season (Table 4). In general, all the leaf characteristics in the autumn growth season surpassed those in the corresponding treatment in the spring growing season (Table 4).




3.4. Crop Coefficient


Kc varied from 0.5 to 1.1 during the entire growth period in the spring growing season and from 0.5 to 0.9 in the autumn growing season (Table 5). The Kc values were 0.9, 0.5, 0.7, 0.6, and 0.5 in the spring season and 0.7, 0.7, 0.6, 0.6, and 0.50 in the autumn growing season at different periods at a one-week interval under T1 treatment. With more irrigation water supply, the Kc values were higher than those in the same growth period (Table 5).




3.5. ETo, Epan, and Their Mutual Relationships


Daily ETo and daily Epan inside (ETo-in) and outside (ETo-out) plastic greenhouses during the whole growth duration are shown in Figure 4 and Figure 5, respectively. Daily ETo-out and Epan-out were obviously higher than the corresponding ETo-in and Epan-in in both growing seasons except for ETo in the spring growing season. The cumulative ETo inside and outside the greenhouse (∑ETo-in and ∑ETo-out) increased linearly with the development of spinach plant growth. The sequence of the increase rate was ∑ETo-out in the spring growing season, ∑ETo-in in the spring growing season, ∑ETo-out in the autumn growing season, and ∑ETo-in in the autumn growing season (Figure 4b). The same trend was found in cumulative Epan inside and outside the greenhouse (∑Epan-in and ∑Epan-out) in the middle and late seasons (Figure 5b). The variation with a larger amplitude was found in the autumn season concerning daily Epan changes and the difference between indoor and outdoor Epan and ∑Epan (Figure 5).



The positive linear relationships between ETo-in and ETo-out, Epan-in and Epan-out, ETo and Epan inside and outside the greenhouse, ∑ETo-in and ∑ETo-out, ∑Epan-in and ∑Epan-out, and ∑ETo and ∑Epan inside and outside the plastic greenhouse are shown in Figure 6. The correlation coefficient, r2, exceeded 0.99 between ∑ETo-in and ∑ETo-out, ∑Epan-in and ∑Epan-out, and ∑ETo and ∑Epan inside and outside the plastic greenhouse (Figure 6d–f), which was dramatically higher than the corresponding values based on the daily scale (Figure 6a–c). Furthermore, the slope of the correlation line of the accumulative ETo and Epan remains the same whether in spring growing seasons or in autumn growing season.



The results of PCA are shown in Figure 7, where the sum of principal components 1 and 2 (PC1 and PC2) accounted for 70.2% of the variation in the data. The first component of PCA (PC1) explained the majority of the variation (46.8%). PC1 showed strong correlations with sunshine hour (SH), global solar radiation (GSR), ETo, and Epan. Additionally, PC1 was moderately correlated with VPD, MAT, and MIT. The second component of PCA (PC2) accounted for 23.4% of the total variance and was strongly correlated with MaxRH and MAT. Epan had a negative correlation with precipitation and MinRH. On the basis of the PCA results, it is possible to present the real interrelationships among the traits clearly.



In addition, the relationship between spinach yield on fresh weight and other parameters, such as ET, LAI, plant height, leaf SPAD values, WUE, biomass based on dry weight, and irrigation amount, was discussed, as shown in Figure 7. The results show that spinach yield had a positive correlation with LAI and plant height and a negative correlation with leaf SPAD value. WUE was slightly negatively correlated with spinach yield. WUE had a negative relationship with ET, plant height and irrigation amount and a positive effect on leaf SPAD values, biomass based on dry weight, and LAI in the present trial (Figure 8).





4. Discussion


4.1. Spinach Growth and Yield


Spinach is a fast-maturing, cool-season leafy vegetable crop. Seasonal water supply and the marketable yield of vegetable crops have shown quadratic relationships [12]. In this trial, spinach yield showed the same trend in the spring growing season, and the highest yield, 39.8 ton ha−1, occurred in the T2 treatment with an 80% Epan irrigation amount (Figure 3). Symptoms for water stress in the T1 treatment with 0.6 Epan irrigation amount had begun to show old yellow leaves at the bottom in the spring growing season (Figure 1). However, in the autumn growing season, the T1 treatment with the lowest irrigation amount, 60% of Epan, obtained the maximum yield (Figure 3). All treatments had no significant difference in terms of fresh yield in both growing seasons. These results indicate that the irrigation level was slightly higher than the water stress threshold. The water requirement of spinach plants in the autumn growing season was less than that in the spring season due to small evapotranspiration for the microclimate with lower solar radiation, air temperature, VPD, and minimum relative humidity (Figure 2).



Excessive water irrigation when surpassing the optimal irrigation amount resulted in spinach yield loss, whether dry weight or fresh weight, in both growing seasons, with particularly significant dry yield reduction in the T4 treatment in terms of whole plant biomass in the spring season and stem biomass in autumn growing season (Table 2 and Table 3). These results showed that overwatering and deficit irrigation were not beneficial to improving yield [28]. Growth parameters were negatively affected by severe deficit irrigation [19]. Water deficit significantly restrained leaf growth, plant height extension, and leaf area expansion of spinach [29,30]. The impact of irrigation level on leaf chlorophyll content was not obvious (Table 4), which is consistent with a previous study [31]. In the spring growing season, the total phenological cycle was shorter than that observed in the autumn growing season, lasting only 32 days. Due to the greater water supply, there were no obvious water stress phenomena in this experiment in most treatments. However, excessive water supply in the T4 treatment led to restrained leaf growth and leaf area extension, which caused slight LAI reduction (Table 4), although there were no significant differences between any of the treatments in both growing seasons. It is noteworthy that overirrigation also had a significant detrimental effect on plant height and stem growth, whether based on dry weight or fresh weight, in the autumn growing season (Table 3). Moreover, in the autumn growing season, stem biomass reduction appeared in the mid-season, which indicates that the period of excessive irrigation occurred sooner than that in the spring growing season (Table 2 and Table 3).




4.2. ET and WUE


The actual evaporation during the trial period ranged from 102.7 mm to 159.4 mm and 53.3 mm to 86.9 mm for the spring and autumn growing seasons, respectively. WUE in the autumn growing season surpassed that in the spring growing season due to the different microclimate conditions (Figure 3). Whereas higher irrigation rates did not afford higher yields, lower rates afforded higher irrigation water use efficiency (Figure 3). A high positive correlation coefficient (r = 0.93) with ET and irrigation water amount and a negative response of WUE with ET were found in this trial (Figure 8). Many studies have shown that water stress results in improved WUE for morphological adaptation in plants by reducing leaf area and ET [22]. Overirrigation in T3 and T4 caused a further decrease in WUE compared to the optimal irrigation treatments (Figure 3), which is consistent with the findings of Zhang et al. [32]. A significant portion of irrigation water may be lost through evaporation rather than transpiration, resulting in a decrease in WUE. If the irrigation amount is below or above a certain limit (threshold level), there is a decline in WUE. However, the critical irrigation level in terms of the yield and WUE may not coincide. In this trial, the T1 treatment with less irrigation water input outperformed the T3 and T4 treatments in terms of WUE with significant differences (Figure 3).



Positive linear relationships between ET and grain yield have been reported in many studies [33], and some studies have shown a quadratic relationship [28]. In this trial, WUE and ET were independent of spinach yield (Figure 8).



In the present trial, the maximum fresh yield and WUE reached 39.8 ton ha−1 and 70.5 kg m−3, respectively, which outperformed the corresponding values reported in other studies [15,30,32]. These differences were attributed to different experimental climate conditions, spinach cultivars, irrigation regimes, planting seasons, soil types, and cultivation patterns, such as planting density. In this region, the North China Plain, which experiences serious water shortage, intensive drip irrigation is recommended for greenhouse cultivation due to its water saving potential [26]. WUE in drip irrigation was twice as much as that in furrow irrigation [26]. However, greenhouse farmers often irrigate more water than the actual water requirement, and overwatering is common in this irrigation system. Setting up an appropriate drip irrigation regime in greenhouse vegetable production systems is a matter of urgency. The results indicated that 0.8 and 0.6 times Epan of irrigation application at an accumulative pan evaporation of 20 mm is optimum for the spring and autumn seasons in this experimental area to obtain maximum marketable yield and net return from drip-irrigated spinach in this region. In the autumn season, the optimal irrigation may be less than 0.6 Epan due to the higher irrigation amount, and more studies should be conducted.




4.3. ETo, Epan, and Crop Coefficient


For zero wind speed and low radiation, low transpiration occurs in the greenhouse for high temperature and humidity [34]. ETo obtained outside the greenhouse shows values higher than those for ETo estimated inside the greenhouse (Figure 4). In this trial, the ETo and Epan inside the greenhouse were lower than the corresponding values outside the greenhouse (Figure 4 and Figure 5). The total amounts of applied irrigation water ranged from 91.5 mm to 158.0 mm and from 74.4 to 113.7 mm in the spring and autumn growing seasons (Table 1), respectively. The cumulative ETo-in, ETo-out, Epan-in, and Epan-out measurements of the entire growth period were 158.2 mm, 192.8 mm, 140.2 mm, and 236.0 mm in the spring growing season and 93.0 mm, 108.0 mm, 78.9 mm, and 143.2 mm in the autumn growing season, respectively (Figure 4 and Figure 5).



The Kc values at the different stages in both growing seasons except for the T4 treatment in the spring growing season were less than 1.0 (Table 5), which indicates that ET was lower than the cumulative ETo. With the increase in irrigation water amount, Kc values increased due to the improvement in ET (Table 5). The recommended values of Kc were 0.9, 0.5, 0.7, 0.6, and 0.5 for 1–8, 9–14, 15–20, 12–26, and 27–32 days after sowing in the spring growing season, respectively (Table 5). The corresponding values of Kc were 0.7, 0.7, 0.6, 0.6, and 0.5 in the autumn growing season (Table 5).



As mentioned above, Kc varies in climates, crops, and seasons. Therefore, determination of region-specific Kc is necessary for accurate estimation of crop water requirements [10]. Kc showed significant seasonality and interannual fluctuations [35]. Many studies on Kc values of spinach plants have been different. Part of the discrepancy may be explained by the special agroclimatic conditions of greenhouses in contrast to open fields. Other factors to be taken into account are pot experiments [16] and sprinkle irrigation [10,12,15]. Improper Kc values lead to overestimated or underestimated crop water requirements and result in yield reduction or water waste. Therefore, more experimental data are needed to correct the crop water requirement for site- and crop-specific adjustments to ETo or Kc.



In Figure 7, the PCA results showed strong correlations with SH, GSR, ETo, and Epan. Additionally, PC1 was moderately correlated with VPD, MAT, and MIT. In other words, GSR and SH account for a large part of the reason for Epan and ETo. Solar radiation was the primary environmental factor influencing greenhouse ET, followed by VPD [35,36]. High radiation with high air temperature and low humidity increase the leaf transpiration rate and crop water requirement.




4.4. A simple Method to Formulate an Irrigation Schedule for Spinach in a Plastic Greenhouse


Drip irrigation is recommended for greenhouse cultivation in North China [26]. The proper drip irrigation regime is of great significance to greenhouse vegetable production. The main constraints on WUE improvement are relevant to the overall cost of these technologies and extension policies to professional farmers [3]. Therefore, cheap and simple tools are preferable for smallholders to optimize their irrigation regime in North China.



A precise prediction of ET is the premise for good irrigation scheduling. ETo is a key factor in better evaluation of crop water requirements. Thus, predicting daily ETo accurately is crucial for formulating appropriate irrigation schedules in greenhouses. However, no general international standard for predicting the reference crop evapotranspiration in greenhouses has been reported [36]. Furthermore, PM and other direct meteorological-based methods are rarely used in greenhouses, mainly because specific determinations are required for each individual greenhouse to evaluate external meteorological parameters [37]. Farmers have commonly considered these methods of computing ETo impractical for scheduling irrigation in greenhouse vegetable systems. Facilities and equipment are not available for smallholders to measure climatic data inside greenhouses due to high cost. Therefore, many researchers have attempted to find a proper well-documented approach to evaluate indoor ETo in greenhouses using available outdoor greenhouse meteorological data, particularly from nearby weather stations [37]. ETo in naturally ventilated greenhouses could be estimated using solar radiation outside the greenhouse as the only measured parameter [37]. Another major difficulty is the uncertainty of Kc values, as mentioned above. The Kc-ETo method is difficult to apply in actual greenhouse vegetable production. Moreover, this approach only estimates irrigation water amounts, and the irrigation time cannot be supplied, which is determined by soil moisture status using expensive sensors. Therefore, new soil watering paradigm developments, such as the intrasoil pulse continuous-discrete watering paradigm, are important for overcoming current irrigation limitations [38,39]. In the present trial, ∑ETo-out and ∑ETo-in had a strong positive linear relationship in both seasons (r2 = 0.994, Figure 6e) despite the relatively poor correlation between the corresponding daily data (Figure 6a). The slope remained unchanged in both seasons. The ETo-in can be estimated using ETo-out, which, in theory, can be obtained using the standard PM equation. In this paper, this method was not a practical method to formulate irrigation schedules, and thus further discussion is not held.



Due to its simplicity and low cost, Epan has proven easy to apply in determining crop water requirements for irrigation scheduling [40]. Using Epan to predict ETo on a daily basis is not suitable because pan evaporation is not sensitive to rapid climate change over a daily course for the NCP [41], which is similar to the present results, shown in Figure 6c. However, the results were acceptable when averaged over periods of 5, 7, and 10 days in open-field conditions [42]. In this trial, ∑ETo and ∑Epan inside and outside the greenhouse had significant positive linear relationships with the same coefficients of 1.13 and 0.81, respectively, independent of growing season (r2 = 1.0, Figure 6f).



Based on the greenhouse index obtained in the autumn growth period, the Epan-in in the spring growing season predicted well using Epan-out for daily data with r2 = 0.85 and root mean square error (RMSE = 0.68 mm d−1), for 4-day intervals with r2 = 0.95 and RMSE = 1.81 mm 4 day−1, and for the entire growth period with r2 = 1.0 and RMSE = 2.40 mm (Figure 9). The high r2 for the regression between the measured Epan inside the greenhouse and the estimated values using Epan in the open field (Figure 6), particularly for the 4-day interval or entire growth period, supported the assumption that a proper greenhouse index (the ratio of ∑Epan-in to ∑Epan-out) could predict Epan inside the greenhouse by external Epan to a high degree of accuracy. Therefore, Epan-out can be used to determine when crop planting in the greenhouse should be irrigated. In other words, the external Epan outside the greenhouse could provide precise irrigation predictions and be used to formulate the irrigation schedule for crops inside the greenhouse.



However, this approach has limitations. In this trial, shading, screening, and heating were not considered. Therefore, this method was suitable for a low technology plastic greenhouse for fast-maturing leafy vegetables with short growth duration. The change in cover transmittance for cover degradation, washing from rain, and dust accumulation with time should be taken into account in future research using long-term experiments. Furthermore, because the values of Epan-out became zero when the precipitation amounts proceeded the initial values of water amount in the pan, i.e., 20 mm, this could result in a nonlinear increase in ∑Epan-out and worsening of the relations between ∑Epan-in and ∑Epan-out. Generally, the greenhouse was in fallow in summer with high precipitation and air temperature. In addition, the Epan-out is not available due to air temperatures below zero degrees centigrade in this experimental site, and the crops were seldom irrigated due to less evapotranspiration for lower solar radiation and air temperature in winter. Due to extremely low temperatures, planting crops was not allowed in the low-technology greenhouse. Most irrigation in greenhouse vegetable production systems occurs in spring and autumn in the North China Plain. Therefore, this approach was only used in the spring and autumn growing seasons with less precipitation in arid and semiarid regions. The greenhouse index can be obtained easily by measuring Epan inside and outside for 7–10 days. These values remain constant independent of season and can be used for longer times. Epan-in determination was not performed in each greenhouse. This time- and labor-saving method is simple and low-cost, suitable for smallholders and advantageous for optimizing irrigation scheduling to save water and protect the environment. Using this method, more practical, accurate, and easily adaptable irrigation scheduling applications should be developed for real-time farming operations. Weather station networks and online data access should be improved to better serve irrigation schedule applications.





5. Conclusions


The T2 treatment with 0.8 Epan and T1 treatment with 0.6 Epan obtained the highest fresh spinach yield, 39.8 t ha−1 and 37.56, in the spring and autumn season, respectively. Excessive drip water (T4) also significantly limited spinach growth and led to yield loss, particularly for stem growth, in both seasons. Less irrigation water input (T2) afforded the highest water use efficiency (WUE) with 37.2 kg m−3 and 70.5 in both seasons. Irrigation interval was controlled using a 20 mm Epan and optimal irrigation water amount with 0.8 Epan and 0.6 Epan being recommended for the spring and autumn growing season, respectively. A simple and easily fulfilling drip irrigation schedule for spinach is feasible using the standard 20 cm evaporation pan despite the optimal irrigation amount needing be increased in the autumn growing season. In addition, the slope, i.e., the ratio of ∑Epan-in to ∑Epan-out, defined as the greenhouse index, remained unchanged independent of growing seasons. A proper greenhouse index could predict Epan inside the greenhouse by external Epan to a high degree of accuracy (daily data with r2 = 0.85, root mean square error (RMSE = 0.68 mm d−1), for a 4-day interval with r2 = 0.95, RMSE = 1.81 mm 4 day−1, and for the entire growth period with r2 = 1.0, RMSE = 2.40 mm). In conclusion, the simple method using greenhouse indexing was formulated for drip irrigation scheduling of spinach in plastic greenhouse in the North China Plain using a 20 cm standard pan outside the greenhouse. This method was suitable for fast-maturing leafy vegetables in a low-technology greenhouse in arid and semiarid areas. Low-technology greenhouse systems with very simple plastic shelters is one of the predominant types of greenhouse in the North China Plain. This simple and low-cost approach will benefit the sustainable development of high-yield and efficient agriculture in the greenhouse vegetable production system. This simple method combined with weather station networks and cellphones could be widely used by smallholders to optimize the irrigation scheduling of leafy vegetables in greenhouses.
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Abbreviations


WS: wind speed; MIT: minimum air temperature; MAT: maximum air temperature; MinRH: minimum relative humidity; MaxRH: maximum relative humidity; SH: sunshine hours; VPD: vapor pressure difference; GSR: global solar radiation; ET: evapotranspiration (mm); P: precipitation (mm); I: irrigation (mm); D: water drainage (mm); R: surface runoff; SWD: soil water depletion for a given soil depth; Wg: capillary rise; SWC: soil water content; ETo: reference crop evapotranspiration; Epan: pan evapotranspiration; RMSE: root mean square error; r2: correlation coefficient; WUE: water use efficiency; ∑Epan-out: cumulative Epan outside the greenhouse; ∑Epan-in: cumulative Epan inside the greenhouse; ∑ETo-out: cumulative ETo outside the greenhouse; ∑ETo-in: cumulative ETo inside the greenhouse; ETo-out: daily ETo outside the greenhouse; ETo-in: daily ETo inside the greenhouse; Epan-out: daily Epan outside the greenhouse; Epan-in: daily Epan inside the greenhouse; LAI: leaf area index; Kc: crop coefficient; NCP: North China Plain; IS: irrigation scheduling; Kpan: pan coefficients; Δ: vapor pressure slope in kPa °C−1; Rn: net radiation in MJ m−2 day−1; G: ground soil flux in MJ m−2 day−1; γ: psychrometric constant kPa °C−1; T: daily mean air temperature °C; υ2: daily mean wind velocity rescaled at 2 m of height expressed in m s−1; es: saturation vapor pressure; ea: actual vapor pressure.
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Figure 1. Spinach plants growing in the plastic greenhouse as shown on the left. The spinach plants under different irrigation treatments at last harvest in spring growing seasons in upper right and in autumn growing seasons in lower right. The treatments from left to right were T1, T2, T3, and T4 with four levels of irrigation, i.e., 0.6, 0.8, 1.0, and 1.2 times the cumulative evaporation of an indoor 20 cm standard pan. 
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Figure 2. Meteorological conditions inside and outside of the greenhouse, including maximum air temperature (MAT) (a), minimum air temperature (MIT) (b), minimum relative humidity (MinRH) (c), maximum relative humidity (MaxRH) (d), global solar radiation (e), and vapor pressure deficit (VPD) (f). 
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Figure 3. Spinach fresh yield and water use efficiency (WUE) based on fresh yield during both crop seasons. T1, T2, T3, and T4 denote treatments with four levels of irrigation amount, i.e., 0.6, 0.8, 1.0, and 1.2 times the cumulative evaporation of an indoor 20 cm standard pan. Bars denote standard error, n = 4. 
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Figure 4. Reference crop evapotranspiration (ETo) (a) and cumulative reference crop evapotranspiration (∑ETo) (b) during both spinach growing seasons. 
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Figure 5. Pan evapotranspiration (Epan) (a) and cumulative pan evapotranspiration (∑Epan) (b) during both spinach growing seasons. 
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Figure 6. The relationship between reference crop evapotranspiration (ETo) and Epan in both spinach growing seasons. (a): The daily outdoor ETo (ETo-out) and indoor ETo (ETo-in); (b): the daily indoor Epan and outdoor Epan; (c): the daily ETo and Epan inside and outside plastic greenhouse; (d): the outdoor and indoor cumulative ETo(∑ETo-out and ∑ETo-in) during the whole growth period; (e): the outdoor and indoor cumulative Epan (∑Epan-out and ∑Epan-in) during the whole growth period; (f): the cumulative ETo (∑ETo) and Epan (∑Epan) inside and outside the plastic greenhouse during spring and autumn growth periods. 
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Figure 7. The PCA of the correlation among the meteorological parameters and ETo and Epan. All the relationships were significant at the 0.05 level of probability. WS: wind speed; MIT: minimum air temperature; MAT: maximum air temperature; MinRH: minimum relative humidity; MaxRH: maximum relative humidity; SH: sunshine hours; VPD: vapor pressure difference; GSR: global solar radiation; ETo: reference crop evapotranspiration; Epan: pan evapotranspiration. 






Figure 7. The PCA of the correlation among the meteorological parameters and ETo and Epan. All the relationships were significant at the 0.05 level of probability. WS: wind speed; MIT: minimum air temperature; MAT: maximum air temperature; MinRH: minimum relative humidity; MaxRH: maximum relative humidity; SH: sunshine hours; VPD: vapor pressure difference; GSR: global solar radiation; ETo: reference crop evapotranspiration; Epan: pan evapotranspiration.



[image: Horticulturae 09 00706 g007]







[image: Horticulturae 09 00706 g008 550] 





Figure 8. The heat map of correlation between spinach yield, actual crop evapotranspiration (ET), leaf area index (LAI), plant height, SPAD values, biomass, water use efficiency (WUE), and irrigation amount. All the relationships are significant at 0.05 level of probability. The circle size indicated the variable importance (i.e., the proportion of explained variability). 
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Figure 9. The predicted indoor daily Epan (a) and cumulative Epan (∑Epan) (b) in spring growing season using greenhouse index obtained in autumn growing season. 
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Table 1. Irrigation time and irrigation amount during both spinach growing seasons.
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Season

	
Treatment

	
Irrigation Time (Month/Day) and Irrigation Water Amount (mm)

	
Total Irrigation Water Amount

(mm)




	
5/13

	
5/17

	
5/22

	
5/27

	
6/1

	
6/7






	
Spring growing

season

	
T1

	
25

	
13.0

	
12.5

	
13.7

	
12.7

	
14.6

	
91.5




	
T2

	
25

	
17.3

	
16.7

	
18.3

	
16.9

	
19.4

	
113.6




	
T3

	
25

	
21.6

	
20.9

	
22.9

	
21.1

	
24.3

	
135.8




	
T4

	
25

	
25.9

	
25.1

	
27.5

	
25.3

	
29.2

	
158.0




	
Autumn growing

season

	

	
9/21

	
9/27

	
10/10

	
10/23

	
-

	
-

	
-




	
T1

	
35

	
12.8

	
14.5

	
12.0

	
-

	
-

	
74.4




	
T2

	
35

	
17.1

	
19.4

	
16.0

	
-

	
-

	
87.5




	
T3

	
35

	
21.4

	
24.2

	
20.0

	
-

	
-

	
100.6




	
T4

	
35

	
25.7

	
29.0

	
24.0

	
-

	
-

	
113.7








“-” indicate no data. T1, T2, T3, and T4 denote treatments with four levels of irrigation amount, i.e., 0.6, 0.8, 1.0, and 1.2 times cumulative evaporation of an indoor 20 cm standard pan.
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Table 2. Plant height and biomass of spinach based on fresh and dry weight of 10 plants in different organs as affected by irrigation amounts in spring growing season in 2022.
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Sampling Date

	
Treatments

	
Plant Height

(cm)

	
Total Fresh Weight

(g)

	
Leaf Fresh Weight

(g)

	
Stem Fresh Weight (g)

	
Leaf Dry Weight

(g)

	
Stem Dry Weight

(g)

	
Total Dry Weight (g)

	
Fresh Weight/Dry Weight

Ratio






	
5/31

	
T1

	
14.1a

	
37.1a

	
23.7a

	
13.4a

	
2.1a

	
0.8a

	
2.9a

	
12.8a




	
T2

	
14.1a

	
36.6a

	
24.6a

	
12.0a

	
2.3a

	
0.7a

	
2.9a

	
12.5a




	
T3

	
14.0a

	
36.6a

	
24.5a

	
12.1a

	
2.3a

	
0.7a

	
3.0a

	
12.3a




	
T4

	
14.8a

	
36.9a

	
23.9a

	
13.0a

	
2.1a

	
0.6a

	
2.7a

	
13.4a




	
6/6

	
T1

	
26.2a

	
102.6a

	
53.0a

	
49.6a

	
4.3a

	
2.3a

	
6.6a

	
15.6a




	
T2

	
26.3a

	
103.8a

	
55.5a

	
48.3a

	
4.3a

	
2.5a

	
6.8a

	
15.3a




	
T3

	
25.9a

	
105.4a

	
56.1a

	
49.3a

	
4.5a

	
2.4a

	
6.9a

	
15.3a




	
T4

	
25.3a

	
92.1a

	
47.9a

	
44.2a

	
3.9a

	
2.4a

	
6.3a

	
14.6a




	
6/12

	
T1

	
37.2a

	
203.1a

	
89.7a

	
113.4ab

	
7.1a

	
5.9a

	
13.0ab

	
15.6a




	
T2

	
36.3a

	
210.1a

	
91.3a

	
118.8ab

	
7.6a

	
6.0a

	
13.7a

	
15.4a




	
T3

	
36.6a

	
207.8a

	
86.3a

	
121.6a

	
7.1a

	
6.0a

	
13.0ab

	
15.9a




	
T4

	
36.5a

	
175.3a

	
74.4a

	
100.9b

	
6.0a

	
5.2a

	
11.2b

	
15.6a








Note: T1, T2, T3, and T4 denoted treatments with four levels of irrigation amount, i.e., 0.6, 0.8, 1.0, and 1.2 times cumulative evaporation of an indoor 20 cm standard pan. Values in columns followed by the same letter in the same season are not significantly different at p < 0.05.
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Table 3. Plant height and biomass of spinach based on fresh and dry weight of 10 plants in different organs as affected by irrigation amounts in autumn growing season in 2022.






Table 3. Plant height and biomass of spinach based on fresh and dry weight of 10 plants in different organs as affected by irrigation amounts in autumn growing season in 2022.





	
Sampling Date

	
Treatments

	
Plant Height

(cm)

	
Total Fresh Weight (g)

	
Leaf Fresh Weight

(g)

	
Stem Fresh Weight (g)

	
Leaf Dry Weight

(g)

	
Stem Dry Weight

(g)

	
Total Dry Weight (g)

	
Fresh Weight/Dry Weight Ratio






	
10/4

	
T1

	
10.2a

	
20.0a

	
15.7b

	
4.3a

	
1.4a

	
0.3a

	
1.6a

	
12.2a




	
T2

	
10.0a

	
19.9a

	
15.5b

	
4.4a

	
1.4a

	
0.3a

	
1.7a

	
12.0a




	
T3

	
10.0a

	
20.3a

	
15.8b

	
4.5a

	
1.3a

	
0.3a

	
1.7a

	
12.2a




	
T4

	
10.4a

	
22.0a

	
17.2a

	
4.8a

	
1.5a

	
0.3a

	
1.8a

	
12.4a




	
10/11

	
T1

	
22.8a

	
105.5a

	
67.5a

	
38.0a

	
5.0a

	
1.9a

	
6.9a

	
15.2a




	
T2

	
22.4a

	
106.7a

	
69.9a

	
36.9ab

	
5.3a

	
1.8a

	
7.2a

	
14.9a




	
T3

	
22.8a

	
105.1a

	
67.9a

	
37.2ab

	
5.2a

	
1.8a

	
7.0a

	
15.1a




	
T4

	
21.7a

	
93.2a

	
60.9a

	
32.3b

	
4.7a

	
1.6a

	
6.4a

	
14.6a




	
10/28

	
T1

	
34.0a

	
231.7a

	
116.8a

	
114.9a

	
13.7a

	
10.0a

	
23.7a

	
9.8a




	
T2

	
32.9ab

	
219.7a

	
115.8a

	
103.9ab

	
13.7a

	
9.6ab

	
23.3a

	
9.4a




	
T3

	
33.0ab

	
210.9a

	
111.6a

	
99.3b

	
13.2a

	
9.2b

	
22.3a

	
9.4a




	
T4

	
31.8b

	
208.4a

	
111.6a

	
96.8b

	
13.5a

	
9.5ab

	
22.9a

	
9.1a








Note: T1, T2, T3, and T4 denoted treatments with four levels of irrigation, i.e., 0.6, 0.8, 1.0, and 1.2 times cumulative evaporation of an indoor 20 cm standard pan. Values in columns followed by the same letter in the same season are not significantly different at p < 0.05.
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Table 4. Leaf area index (LAI) and leaf traits including leaf areas, specific leaf area, and leaf SPAD values during both spinach growth seasons.






Table 4. Leaf area index (LAI) and leaf traits including leaf areas, specific leaf area, and leaf SPAD values during both spinach growth seasons.





	
Sampling Date

	
Treatment

	
Spring Growing Season

	
Autumn Growing Season




	
LAI

	
Leaf Areas (cm2)

	
Specific Leaf Weight

(mg cm−2)

	
SPAD

	
LAI

	
Leaf Areas (cm2)

	
Specific Leaf Weight (mg cm−2)

	
SPAD






	
Initial season

	
T1

	
1.4a

	
61.1a

	
3.50a

	
41.3a

	
0.76a

	
38.3a

	
3.62a

	
43.8a




	
T2

	
1.6a

	
63.1a

	
3.64a

	
41.4a

	
0.77a

	
38.5a

	
3.53a

	
43.7a




	
T3

	
1.7a

	
64.2a

	
3.56a

	
41.1a

	
0.79a

	
39.7a

	
3.39a

	
43.4a




	
T4

	
1.5a

	
63.5a

	
3.38a

	
41.6a

	
0.84a

	
42.0a

	
3.47a

	
43.6a




	
Mid-season

	
T1

	
3.8a

	
160.7a

	
2.67a

	
42.1a

	
3.7a

	
185.4a

	
2.73a

	
44.6a




	
T2

	
4.5a

	
163.4a

	
2.64a

	
41.8a

	
3.8a

	
190.2a

	
2.80a

	
45.2a




	
T3

	
4.4a

	
158.4a

	
2.84a

	
42.0a

	
3.7a

	
186.0a

	
2.75a

	
44.5a




	
T4

	
3.6a

	
149.3a

	
2.61a

	
42.3a

	
3.4a

	
170.0a

	
2.79a

	
44.3a




	
Late season

	
T1

	
6.4a

	
274.1a

	
2.60a

	
44.3a

	
7.0a

	
352.4a

	
3.88b

	
49.7a




	
T2

	
6.9a

	
275.4a

	
2.78a

	
44.7a

	
7.0a

	
350.3a

	
3.92b

	
49.4a




	
T3

	
6.7a

	
262.8a

	
2.69a

	
44.3a

	
6.5a

	
324.4a

	
4.07ab

	
49.2a




	
T4

	
5.7a

	
235.4a

	
2.56a

	
45.1a

	
6.5a

	
326.7a

	
4.15a

	
49.5a








Note: The initial season growth stage, mid-season growth stage, and late season growth stage indicate 0–20, 21–26, and 27–32 days after sowing for spring growing season, and 0–21, 22–30, and 31–38 days after sowing for autumn growing season, respectively. T1, T2, T3, and T4 denote treatments with four levels of irrigation, i.e., 0.6, 0.8, 1.0, and 1.2 times cumulative evaporation of an indoor 20 cm standard pan. Values in columns followed by the same letter in the same season are not significantly different at p < 0.05.
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Table 5. Crop coefficients during both growing seasons of spinach.






Table 5. Crop coefficients during both growing seasons of spinach.





	
Seasons

	
Treatments

	
Days after Sowing (d)




	
1–8

	
9–14

	
15–20

	
21–26

	
27–32






	
Spring

	
T1

	
0.9

	
0.5

	
0.7

	
0.6

	
0.5




	
T2

	
1.0

	
0.7

	
0.8

	
0.7

	
0.5




	
T3

	
1.0

	
0.9

	
0.9

	
0.9

	
0.6




	
T4

	
1.1

	
1.1

	
1.0

	
1.0

	
0.8




	
Autumn

	

	
1–7

	
8–14

	
15–21

	
22–30

	
31–38




	
T1

	
0.7

	
0.7

	
0.6

	
0.6

	
0.5




	
T2

	
0.7

	
0.7

	
0.7

	
0.7

	
0.7




	
T3

	
0.6

	
0.8

	
0.8

	
0.8

	
0.8




	
T4

	
0.6

	
0.9

	
0.9

	
0.9

	
0.9




	

	
FAO-recommended Kc values

	
0.70

	
0.7

	
0.7–1.0

	
1.0

	
1.0
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