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Abstract

:

Water resource scarcity is an important factor restricting the sustainable development of agriculture in Northwest China. Regulated deficit irrigation can conserve water while maintaining high crop yields. A field experiment was conducted to evaluate the effect of regulated deficit irrigation on the photosynthetic characteristics, yield, and water use efficiency of woad (Isatis indigotica) under mulched drip irrigation from 2017 to 2019 in a cold and arid area of the Hexi Oasis irrigation region, China. Sufficient water was supplied during the seedling stage. The control consisted of adequate water supplied during the other growth stages, whereas mild, moderate, and severe water deficits were imposed during the vegetative growth period, and a mild and moderate water deficit was imposed during the fleshy root growth stage. A mild water deficit was imposed during the fleshy root maturity period. The results showed that the net photosynthetic rate, transpiration rate, and stomatal conductance under moderate and severe water deficit were significantly (p < 0.05) decreased compared with the control, respectively, during the vegetative growth period. The economic yield of mild water deficit during the vegetative growth and mild water deficit during the vegetative growth and fleshy root growth did not differ significantly (p > 0.05) from that of the control. Other treatments caused a 6.74–17.74% reduction in the economic yield of woad. The water use efficiency and irrigation water use efficiency were the highest in the mild water deficit during the vegetative growth period and the fleshy root growth period. Therefore, the application of a continuous mild deficit from the vegetative growth stage to the fleshy root growth stage with sufficient water supplied during other growth periods is recommended as the optimal irrigation regime for maximum yield, water use efficiency, and water-saving of woad.
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1. Introduction


The Hexi Corridor is the main cultivation area of woad (Isatis indigotica) in China due to its unique climatic conditions. However, the shortage of water resources restricts the development of woad plantations. The use of reasonable irrigation planting methods is the key to solving the current problem. Woad (Figure 1) is a traditional Chinese medicinal material, and its leaves (large green leaves) and dried roots (Isatis root) can be used as a medicine, with heat-clearing, detoxification, pharyngeal, pain-relieving, blood-cooling, and anti-inflammatory effects. Woad root can be processed into granules (Isatis root granules). The product is very popular in China and is most often dissolved in hot water or tea [1]. It is the most commonly used heat-clearing and detoxification medicine in China [2,3,4], and is one of the six drugs recommended by the Chinese government for the prevention and control of severe acute respiratory syndrome (SARS) [5]. In recent years, pharmacological studies have found that woad has obvious antiviral activity, as well as anti-inflammatory, anti-tumor, anti-cancer, anti-endotoxin, and immunity enhancement effects [6]. It is clinically used for the treatment of febrile toxin, high fever headache, chickenpox, measles, influenza, and various inflammations of the digestive and respiratory systems. As a type of indigo dye and medicinal plant, woad has become the most important dye in the denim industry because of the absorbability of its indigo pigment to cotton fiber and its non-covalent combination [7]. At present, it is also used in the cosmetics industry, mainly in the production of soaps and creams [8].



With the increasing water consumption of agriculture, industry, and cities, the freshwater shortage has become increasingly serious in recent years in arid and semi-arid areas [9]. The water resource scarcity seriously affects the improvement of China’s national economy, restricts the development of China’s agriculture, and restricts the agricultural production in arid areas in the north [10]. The development of efficient and water-saving agriculture contributes to the sustainable and healthy development of agricultural production [11]. Suitable planting techniques and irrigation methods can increase crop yields while increasing water use. Therefore, the use of reasonable irrigation techniques can both save water and improve economic benefits. Mulched drip irrigation is an irrigation technique that uses plastic film covering and lays drip lines for farmland irrigation. This irrigation method can accurately transport water and nutrients to the soil, while effectively reducing the evaporation of soil water. Reasonable irrigation methods can meet the demands for the normal growth and development of crops and can change the soil physicochemical properties and structure simultaneously, such as changing soil microorganisms, enzyme activities, and other indicators, which in turn affect physiological processes and ultimately lead to increased yields and improved water use efficiency. Deficit irrigation combined with plastic film mulch can reduce crop vegetative growth, increase yield, and improve water use efficiency and is an important water-saving agricultural measure [12].



Water use efficiency (WUE) is an index for determining the relationship between economic yield and water volume, and irrigation water use efficiency (IWUE) is an index to evaluate the efficiency of irrigation in crop production [13,14]. Currently, there are still challenges in maximizing crop productivity, WUE, and IWUE. The deficit irrigation (DI) strategy is a measure that applies less irrigation than optimal crop water requirements to enhance WUE [15,16]. At present, DI is a common irrigation method in arid and semi-arid areas throughout the world. The theory is to maximize crop water productivity rather than harvest per unit of land [17]. Regulated deficit irrigation (RDI), which was first proposed in the mid-1970s, imposes water stress in a certain growth period of crops by changing the allocation of the crop photosynthetic products to various tissues and organs, reduces some vegetative organ growth, increases the economic yield, and achieves the goals of water-saving and yield increase [18]. Reasonably regulated deficit irrigation could enhance the photosynthetic capacity of tomato crops after rehydration, and its WUE was increased while saving irrigation water [19]. Mild water stress improved the structure of the pre-flowering canopy and the distribution of seed assimilates and enhanced the economic yield and WUE of winter wheat [20]. Numerous studies found that RDI can increase crop yield and WUE and has an important impact on a crop’s biological characteristics [21,22,23]. The water deficit period and degree are critical for saving water and maximizing yield [24].



Photosynthesis plays a significant role in crop productivity and may be affected by water deficit. Restrictions on crop growth due to water deficit are always caused by changes in photosynthesis and the distribution of photosynthates [25]. The chloroplast is the main site of photosynthesis in plants. Water stress can damage the photosynthetic mechanism of chloroplasts and reduce the absorption and transformation ability of chlorophyll to light energy. An important link in the physiological process of plants is photosynthesis, and chlorophyll is the basis of photosynthesis and an indicator of photosynthetic capacity. To a certain extent, chlorophyll can reflect the plant’s production and the ability to resist stress. Plant growth and metabolism are influenced by water deficit, which has a particularly prominent effect on photosynthesis [26]. Drought stress limits the photosynthesis and growth of plants, leading to wilting, leaf drop, and even death [27]. The root system of woad is relatively developed, and the requirements for climatic conditions and the soil environment are not strict when this species is planted. Woad can grow normally under certain conditions of drought and low temperature. However, its cultivation in Northwest China was impacted by drought. Water stress will not only impact the growth of woad but also influence its economic yield. We hypothesized that the economic yield and WUE of woad could be improved by mild water deficit regulation. Therefore, the objectives of this study were to determine (1) the effect of RDI under mulched drip irrigation on the photosynthetic characteristics, yield, and WUE of woad and (2) the optimal regulated deficit irrigation degree as well as the optimal regulated deficit irrigation growth period.




2. Materials and Methods


2.1. Experimental Site


The experiment was performed from May to October 2017 to 2019, at the Yimin Irrigation Experimental Station (Figure 2) in Minle County, Gansu Province, China. The experimental station is located at the east end of the Hexi Corridor in Gansu Province (38°39′ N, 100°43′ E). The average altitude at the experimental station is 1970 m (m), and the area has a typical continental desert grassland climate. The multi-year average precipitation and evaporation are 200 and 1638 mm, respectively. The dryness index is 5.85, and the annual sunshine duration is 2932 h (h). The multi-year average temperature is 7.6 °C, and the cumulative temperature is 3500 °C above 0 °C and 2985 °C above 10 °C over the course of a growing season. The rainfall in 2017, 2018 and 2019 were 196.5, 210.3 and 191.3 mm, respectively. The soil type of the farmland is a light loam, the maximum field water capacity is 24% (gravimetric moisture content), there are about 150 frost-free days, and the soil bulk density is approximately 1.46 g per cubic centimeter (g·cm−3). The contents of the soil organic matter, alkali-decomposed nitrogen, available potassium, and available phosphorus in the 0–20 cm soil layer, based on three-year averages, were 12.4 g per kilogram (g·kg−1), 57.3 milligrams per kg (mg·kg−1), 191.7 mg·kg−1, and 15.9 mg·kg−1, respectively. The groundwater table was measured at a depth of approximately 20 m, and there are no saline-alkaline effects in this area. The study site had low rainfall with uneven distribution and insufficient river water supply, leading to an outstanding contradiction between water supply and demand as well as frequent drought stress.




2.2. Experimental Design and Method


In 2017, 2018, and 2019, woad (Isatis indigotica) was sown on 2 May, 9 May, and 4 May using an open-field planting method and was harvested on 11 October, 12 October, and 10 October, respectively. The seeding rate was 33 kg per hectare (kg·ha−2), and the cropping density was 830,000 plants per hectare (ha). The experimental land was plowed mechanically (depth of 30 cm), and weeds were removed mechanically before planting. In addition, 220, 330, and 120 kg·ha−2 urea (N content 46%), superphosphate (P2O5 content 12%, S content 10%, Ca content 16%) and source potassium (K2O content 60%) were added as basic fertilizers. After land leveling, drip irrigation was installed. Three drip irrigation belts (spaced at a distance of 90 cm) were laid in each plot. The dropper spacing and the average dropper flow during irrigation were 30 cm and 2.4 L per hour (L·h−1), respectively. Colorless plastic film (120 cm wide) was used for overlapping full-film covering, and a 5-cm soil layer was covered. Dividers (60-cm-wide plastic film) were installed to inhibit soil moisture percolation between neighboring plots.



A single-factor randomized experiment was applied. Woad growth duration was classified into four periods: seedling, vegetative growth, fleshy root growth, and fleshy root maturity (Table 1). Four deficit levels were classified for soil moisture: adequate water supply (75–85% field water capacity FC), mild water deficit (65–75% FC), moderate water deficit (55–65% FC), and severe water deficit (45–55% FC). Seedlings were not subjected to water deficit. Mild, moderate, and severe water deficit regulations were established during vegetative growth. Mild and moderate water deficit regulations were established during the fleshy root growth period, and a mild water deficit regulation was established during the fleshy root maturity period. Six water deficit regulation treatments and one control treatment were set. There were 3 repetitions per treatment and 21 plots. The plot area was 13.5 m2 (2.7 × 5 m), and the total effective planting area was 283.5 m2. The irrigation method was mulched drip irrigation, and the irrigation volume was metered by a water meter. Soil moisture was controlled within the designed range. When the soil moisture of the planned wet layer was reduced to the lower design limit, irrigation was applied to reach the upper limit.




2.3. Plant Sampling and Measurements


2.3.1. Photosynthetic Physiological Indices


The photosynthetic indices were measured in each growth period. An LI-6400 portable photosynthesis instrument (LI-COR, Lincoln, Nebraska, USA) was used to measure the daily changes in physiological parameters such as the net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) of the third leaf of woad plants. Three plants were selected from each experimental plot, and the average of the results was calculated. The water use efficiency of woad leaves was calculated as follows:


WUEL = Pn/Tr,



(1)




where WUEL is the water use efficiency of woad leaves, Pn is the net photosynthetic rate, and Tr is the transpiration rate.




2.3.2. Dry Matter


Three uniformly growing plants were selected to calculate the accumulation of dry matter in different growth periods. Sampled plants were taken indoors, rinsed repeatedly with clean water, and drained of excess water with filter paper. The aboveground parts of the plant were separated from the roots, dried, and weighed separately.




2.3.3. Yield and Harvest Index


When the woad plants were harvested at maturity, a unit area (1 m2) with uniform growth was selected in each plot and used to calculate the total yield per hectare. The calculation formula for the harvest index of woad was as follows:


HI = Y/Yb,



(2)




where HI is the harvest index of woad; Y is the economic yield per unit area (kg·ha−2); and Yb is the biomass per unit area (kg·ha−2).




2.3.4. Water Use Efficiency and Irrigation Water Use Efficiency


The calculation formula for water use efficiency and irrigation water use efficiency are as follows:


WUE = Y/ET,



(3)






IWUE = Y/I,



(4)




where WUE is water use efficiency (kg·ha−2·mm−1)) and IWUE is irrigation water use efficiency (kg·ha−2·mm−1). For calculating WUE, Y is the yield per unit area (kg·ha−2) and ET is the water consumption depth (mm) per unit area for the whole growth period. For calculating IWUE, I is the irrigation depth (mm) per unit area during the whole growth period.





2.4. Statistical Analysis


Microsoft Excel 2013 software was applied to calculate and process the test data. The SPSS 23.0 software was applied to analyze significant differences. The data were analyzed and plotted using three-year averages.





3. Results


3.1. Photosynthetic Characteristics


3.1.1. Net Photosynthetic Rate


The intensity of photosynthesis and accumulation of photosynthesis products in the leaves of woad were closely related to the net photosynthetic rate (Pn). The Pn of woad showed a unimodal curve during the whole growth period (Figure 3). The Pn had increased from the seedling to the fleshy root growth period and reached the maximum in the fleshy root growth period, while that in the fleshy root growth period began to decrease in each treatment. The Pn had increased the most during the vegetative growth period, while that in the fleshy root growth period increased slightly compared with control (CK). Water deficit was not imposed during the seedling stage, and the Pn was the same in each treatment. The Pn of leaves in the vegetative growth period was significantly higher than that at the seedling stage. The Pn of CK with sufficient water supply was the highest during the vegetative growth period, but there was no significant difference between CK and WT4, and the Pn of other deficit treatments were significantly lower than that of CK. The leaf Pn of WT1 and WT6 showed no significant difference, but were significantly (p < 0.05) reduced by 6.61%, and 6.80%, respectively, compared with CK. The Pn of WT3 significantly decreased by 25.39% compared with CK. These finding showed that all water deficit treatments would decrease the Pn, and the decrease would increase with the degree of water deficit regulation. During the fleshy root growth period, the Pn of the leaf was higher than that in the vegetative growth period. The Pn values of WT1 and WT6 leaves that were rehydrated after mild water deficit regulation adjustment increased significantly by 4.13% and 4.82%, respectively, compared with CK, showing a certain rehydration compensation effect. The Pn of WT3 had increased slightly following rehydration after the severe water deficit regulation, but the increase was still significantly lower than that observed in CK. The Pn at fleshy root maturity was lower than that during fleshy root growth. There was no significant difference among WT1, WT4, and CK at fleshy root maturity. The Pn of the remaining treatments were significantly lower at fleshy root maturity compared with CK, with a decrease of 11.12–29.04%.




3.1.2. Transpiration Rate


The transpiration rate (Tr) of woad leaves increased first and then decreased during the whole growth period (Figure 4). The increase in the vegetative growth period was the highest and reached the maximum during the vegetative growth and fleshy root growth periods. The Tr was influenced by water deficit regulation during the whole growth period. The Tr was the lowest at the seedling stage; all treatments were lower than 3.75 micromole per square meter per second (μmol·m−2·s−1), and there were no significant differences. During the vegetative growth period, WT4 had the highest Tr, with a value of 15.95 μmol·m−2·s−1, which did not differ significantly from that measured in WT1, WT6, and CK. The Tr of WT2, WT3, and WT5 were significantly reduced by 27.86%, 46.79%, and 12.57%, respectively, compared with CK. Mild water deficit regulation during the vegetative growth period did not cause a significant reduction in Tr, while a moderate and severe water deficit caused a significant reduction in Tr. There were no significant differences among WT1, WT4, WT6, and CK after entering the fleshy root growth period. The Tr of WT2, WT3, and WT5 significantly decreased by 36.78%, 45.13%, and 27.12%, respectively, compared with CK. The Tr at the fleshy root maturity had significantly decreased compared with the fleshy root growth period. The Tr did not differ significantly among WT1, WT4, and CK at fleshy root maturity, while the Tr in the vegetative growth and fleshy root maturity periods under a mild water deficit in WT6 had significantly decreased by 20% compared with CK. This indicates that the mild water deficit regulation at fleshy root maturity would significantly decrease the Tr of woad.




3.1.3. Stomatal Conductance


Stomata are the main outlet of water vapor in the process of plant transpiration and also the channel of gas exchange during photosynthesis and respiration. During gas exchange between plants and the atmosphere, water deficit leads to decreased turgor pressure of mesophyll cells and finally to decreased stomatal conductance (Gs). With growth stage progression, Gs in each treatment gradually increased, mainly from the seedling to the vegetative growth period. The Gs at fleshy root growth reached the maximum and began to decrease after entering the fleshy root maturity period (Figure 5). The variation of Gs in each treatment at the seedling stage was the same, with no significant difference. During the vegetative growth period, the Gs of WT4 (1.16 mol·m−2·s−1) was the highest and did not differ significantly from that of WT1, WT6, and CK. Compared with CK, the Gs of WT2, WT3, and WT5 were significantly reduced by 23.30%, 46.60%, and 22.33%, respectively. This indicates that mild water deficit regulation increased Gs, but moderate and severe water deficit significantly decreased Gs. There was no significant difference among WT1, WT4, and WT6 at the fleshy root growth period, while WT1 was significantly increased by 15.6% compared with CK on Gs. This shows that rehydration after mild water deficit regulation had a certain compensation effect. The Gs of the severe water deficit regulation of WT3 (0.38 mol·m−2·s−1) was the lowest at fleshy root maturity, which was significantly reduced by 55.81% compared with CK. This indicates that the influence of water deficit regulation occurred after severe water deficit regulation during vegetative growth, and rehydration had little influence on Gs.




3.1.4. Leaf Water Use Efficiency


With the progression of the growth period, the leaf water use efficiency (WUEL) of each treatment first decreased, reached the lowest value in the vegetative growth period, and then gradually increased (Figure 6). There was no water deficit regulation during the seedling stage and no significant differences in WUEL among treatments. The WUEL of WT1, WT5, and WT6 in the vegetative growth stage was lower than that of CK, and no significant differences were observed. Compared with the control (CK), WT2 and WT3 increased by 17.27% and 40.29%, respectively (p < 0.05). This indicates that moderate and severe deficits improved leaf water use efficiency. During the fleshy root growth stage, the WUEL of each water deficit level increased compared with the CK. No significant difference in WUEL was observed among WT1, WT4, and WT6, while WUEL of WT2, WT3, and WT5 were significantly higher than that of the CK, increasing 46.98%, 50.34%, and 24.83%, respectively. At fleshy root maturity, the WUEL had a smaller increase or decrease compared that during the fleshy root growth period. The WUEL of WT5 was the highest (1.99), with a significant increase of 19.88% compared with the CK. The WUEL of WT3 and WT6 significantly increased by 8.43% and 11.45%, respectively.





3.2. Economic Yield and Yield Components


3.2.1. Economic Yield


The woad economic yield under WT1 was the highest at 8473.45 kg·ha−2, which did not differ significantly from the control (Table 2). The economic yields of WT1, WT4, and the control (CK) showed no significant difference. This indicated that economic yield was not impacted by mild water deficit regulation at the vegetative growth and fleshy root growth periods. The economic yield of the other treatments decreased significantly by 6.74–17.65% compared to the CK (p < 0.05). The economic yields of WT2 and WT3 were significantly reduced by 9.80% and 17.65%, respectively, compared with the CK. This indicates that moderate and severe water deficit regulation would result in a significant decline in the economic yield of woad, which would increase with the aggravation of the water deficit. The economic yield of WT6 was significantly reduced by 6.74% compared with WT4, which showed that economic yield was influenced by the period of the water deficit.




3.2.2. Yield Components


All water deficit levels had an impact on the yield components of woad (Table 2). The control (CK) had the highest number of lateral roots and showed no significant difference from WT1 and WT4. The number of lateral roots in other treatments was significantly (p < 0.05) reduced by 17.09–31.03% compared with the CK. The treatment WT3 had the fewest lateral roots, which were significantly reduced by 31.03% compared with the CK. This shows that the water deficit regulation could inhibit the lateral root growth of the plant, and the inhibition degree increased with the water deficit regulation degree. The taproot length of WT4 was the longest (26.35 cm), which was at the same level as that of WT1 and the CK. Compared with the CK, the taproot length of WT6 decreased by 1% and showed no significant difference. All other water deficits significantly decreased the taproot length by 2.89–16.04%. This indicated that mild water deficit regulation would not influence taproot length significantly, while moderate and severe deficits severely inhibited the taproot length of woad. The taproot diameter of WT4 was the largest (1.78 cm), which was larger than that of CK by 2.89%. The taproot diameter showed no significant difference among WT1, WT4, and the CK, while that for WT2 and WT3 were significantly lower than the taproot diameter of the CK. This indicated that a continuous mild deficit at the vegetative to fleshy root growth stage was conducive to increase the taproot diameter, while moderate and severe deficit could reduce the taproot diameter. The root dry weight of WT1 was significantly increased by 8.49% compared with the CK. The root dry weight of WT3 was significantly reduced by 15.89% compared with the CK. This indicated that mild water deficit regulation was beneficial for the accumulation of root dry matter, while severe deficit inhibited root dry matter accumulation.





3.3. Total Biomass and Harvest Index


The total biomass of CK was the highest (12,576.81 kg·ha−2), which did not differ significantly from that of WT1 and WT4 (Table 2). The total biomass of the other treatments decreased significantly, and the greater the degree of water deficit regulation, the greater the decrease. The total biomass of WT2, WT3, WT5, and WT6 were significantly (p < 0.05) lower than that of the CK by 11.72–18.91%. This indicates that moderate and severe water deficit regulation cause a significant decline in the total biomass of woad. The total biomass of WT5 was significantly reduced by 8.14% compared with WT2, and the total biomass of WT6 was significantly reduced by 8.49% compared with WT1. This showed that continuous moderate water deficit regulation from the vegetative to the fleshy root growth period and mild water deficit regulation at fleshy root maturity significantly decrease the total biomass.



The harvest indexes of the water deficit treatments were between 0.6687 and 0.6830 (Table 2). The harvest index of WT4 was the highest, which was significantly (p < 0.05) higher than that of the CK by 2.29%, indicating that the mild water deficit regulation at the vegetative growth and fleshy root growth stages was beneficial to the improvement of the harvest index. The harvest indexes of WT1, WT2, WT4, WT5, and WT6 showed no significant differences (p > 0.05), with an increase of 0.15–2.29% compared with the CK. The WT3 treatment had the lowest harvest index, which was 0.15% lower than that of the CK, but a significant difference was not observed. This indicates that the harvest index under severe water deficit regulation was not significantly influenced during the vegetative growth period.




3.4. Water Consumption, Water Use Efficiency, and Irrigation Water Use Efficiency


3.4.1. Water Consumption


The woad water consumption (387.38 mm) and irrigation amount (169.96 mm) were the highest in the CK during the whole growth period (Table 3). The total water consumption in other treatments were significantly (p < 0.05) reduced by 4.44–10.21% compared with the CK. Compared with the CK, the irrigation amounts of WT1, WT2, WT4, and WT6 were at the same level, while other treatments were significantly reduced by 15.74–19.45% compared with the CK. The total water consumption showed no significant difference among WT1, WT2, and WT6. The irrigation amounts of WT1, WT2, WT4, and WT6 were at the same level. The total water consumption of WT4 and WT5 were significantly reduced by 7.42% and 8.35%, respectively, compared with the CK. The irrigation amounts of WT4 and WT5 were reduced by 8.23% and 15.74%, respectively, compared with CK, and there were significant differences between WT5 and the CK. The total water consumption and irrigation amount of WT3 were the lowest, and their values were 347.83 mm and 136.90 mm, respectively. The total water consumption and irrigation amount of WT3 were significantly reduced by 10.21% and 19.45%, respectively, compared with the CK.




3.4.2. Water Use Efficiency and Irrigation Water Use Efficiency


Water use efficiency (WUE) and irrigation water use efficiency (IWUE) of WT1 were the highest followed by WT4. There were no significant (p > 0.05) differences between WT1 and WT4. Compared with the CK, the WUE of WT1 and WT4 were significantly (p < 0.05) increased by 7.84% and 6.92%, while their IWUE were significantly increased by 7.95% and 7.91%, respectively. The WUE was at the same level between WT6, and the CK. The WUE of WT5 was the lowest, which was significantly lower than that of the CK by 10.24%. This demonstrated that continuous moderate water deficit regulation would significantly reduce WUE at the vegetative growth and the fleshy root growth stages, and the mild water deficit regulation increased WUE. There were no significant differences in IWUE among WT2, WT3, WT6, and the CK or between WT5 and WT6. The IWUE of WT5 was the lowest, with a reduction of 2.12% compared with the CK, which indicated that a suitable water deficit can improve WUE and IWUE of woad. The IWUE of WT1 and WT6 showed no significant differences, but WUE was significantly different. This shows that the mild water deficit at fleshy root maturity had no significant influence on IWUE, but had a significant impact on WUE.





3.5. Correlations among Various Indices


Table 4 shows the correlation among various indices of woad. The total biomass of woad was significantly positively correlated with net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), taproot length and diameter, lateral root number, root biomass, and irrigation amount with correlations ranging from 0.888 to 0.984 (Table 4). Total biomass and woad yield were not significantly correlated with water consumption. Similar to total biomass, woad yield was also significantly positively correlated with the exact same plant and root characteristics and irrigation amount with correlations ranging from 0.886 to 0.973 (Table 4).





4. Discussion


4.1. Photosynthetic Characteristics


This study showed that the Tr and Gs of WT4 were the highest in the vegetative growth period of woad, with values of 15.95 μmol·m−2·s−1 and 1.16 mol·m−2·s−1, respectively, which were 5.56% and 12.62% higher than those in the control (CK; p < 0.05), but with no significant difference from WT1 and WT6. The Pn, Tr, and Gs of WT2 were significantly reduced by 16.12%, 27.86%, and 23.30%, respectively, compared with the CK. The Pn, Tr, and Gs of WT3 were significantly reduced by 25.39%, 46.79%, and 46.60%, respectively, compared with the CK. The results indicated that mild water deficit regulation during the vegetative growth period did not significantly decrease the Tr and Gs of woad leaves, while moderate and severe deficit regulation decreased Pn, Tr, and Gs significantly, and the decrease increased with increasing water deficit. The reason may be that water stress resulted in decreased Gs, which inhibited the CO2 entry into leaves, while the photosynthetic activity of the mesophyll cells was decreased [28,29]. This conclusion is similar to that reported in a previous study where the Pn, Tr, and Gs of winter wheat were significantly reduced at different periods by regulated deficit irrigation [20]. The stomatal conductance of leaves decreases with a decrease in the soil moisture content, thus limiting photosynthesis [30]. Past research found that RDI reduced the Pn, Tr, and Gs of winter wheat in diverse periods. The photosynthetic rate decrease was mainly because of the Gs decrease and intercellular CO2 concentration [31].



The physiological indices of crops are affected by rewatering after water deficit, which is also one of the core contents of the research on regulated deficit irrigation theory. The Pn and Gs of WT2 during the fleshy root growth period were 1.12% and 7.31% higher, respectively, than those in WT5. This indicated a certain compensation effect after rehydration. A prior study drew a similar conclusion that the Pn, Tr, and Gs of kidney beans were reduced by water deficit, however after rehydration these characteristics were restored but with different recovery rates [32]. The Pn and Tr recoveries were synchronous, but Gs recovered relatively slowly. This might be correlated with the decrease in the soil water content that caused a variation in the leaf water potential. The photosynthetic characteristics of woad improved by timely and moderate water deficit regulation, similar to a study on winter wheat [33].



In this study, the WUEL of WT2 and WT3 increased by 17.27% and 40.29%, respectively, during the vegetative growth period compared with the CK, while WT2, WT3, and CK did not differ significantly (p > 0.05). This indicates that moderate and severe water deficit regulation increased the WUEL of woad. Similar results have been reported in previous research. In previous research, water deficit resulted in a simultaneous decrease in the Pn and Tr for olive trees [34]. However, due to a greater reduction in Tr, the WUEL of the olive leaves improved. For pear-jujube trees, the transpiration rate and stomatal opening of leaves had a more significant response to water deficit than the photosynthetic rate, and the water deficit increased WUEL [35].




4.2. Yield and Yield Components


For winter wheat, mild water stress could improve canopy structure, while moderate water deficit could improve dry matter distribution, thereby increasing yield [20]. Woad leaves are the main photosynthetic organs, and the roots determine the yield. This study found that the taproot length and taproot diameter of WT4 were the largest, which have no significant differences between WT1 and the control (CK). There were no significant differences in taproot diameter and root biomass among WT1, WT4, and the CK. The taproot length, taproot diameter, root biomass, and the number of lateral roots of WT2 decreased compared with the CK. The taproot length, taproot diameter, root biomass, and lateral root number of WT3 were the lowest, which were significantly reduced by 16.04%, 13.29%, 15.89%, and 31.03%, respectively, compared with the CK. This indicates that a mild water deficit had no significant impact on the taproot length but increased the taproot diameter and root dry matter accumulation. Moderate and severe water deficit could seriously restrict the taproot length and taproot diameter, which is not beneficial for root dry matter accumulation. Mild water stress was found to be conducive for grain accumulation, in contrast to normal irrigation or more severe water stress [36]. A wider canopy structure causes poor ventilation under normal water supply conditions, which in turn reduces the soil oxygen concentration and inhibits root activity, thereby reducing the proportion of the photosynthetic products distributed to grains. For soybeans, dry matter distributed to roots increased with increasing water stress but had no impact of total dry matter [37]. This is not completely consistent with the results of this study and may be because woad has a deep nodular root system, similar to that of sugar beet, and therefore has a complex reaction to water stress [38].



The economic yield of WT1 was the highest, and there were no significant differences among WT1, WT4, and the CK. This indicates that the mild water deficit regulation at the vegetative growth and fleshy root growth stages had little influence on economic yield. Similar results were found for winter wheat in southern Australia where different degrees of water deficit at different crop growth stages impacted dry matter distribution and increased yield [39]. The economic yields of WT2, WT3, and WT5 were significantly (p < 0.05) reduced by 9.80%, 17.65%, and 17.74%, respectively, compared with the CK. This indicates that moderate and severe water deficit regulation would cause a significant decrease in the economic yield of woad, which increases with the water deficit. Drought stress reduced wheat grain yield by 20–80% [40,41], while adequate soil water tempered the impacts of temperature and drought on wheat growth and yield [42,43].




4.3. Total Biomass and Harvest Index


Our research found that regulated deficit irrigation at various growth periods of woad caused different degrees of decline in total biomass, and the greater the water deficit, the greater the decrease. The total biomass of the control (CK) was the highest (12,576.81 kg·ha−2), and that of WT1 and WT4 did not decrease significantly compared with the CK. Other treatments were significantly reduced compared with the CK, with a decrease ranging from 8.59% to 18.91%. Two previous studies found that the use of regulated deficit irrigation technology for crops can increase WUE and obtain a higher yield, thereby improving crop quality [44,45].



The ratio of the economic yield to total biomass is called the crop harvest index, which reflects the level of crop production to a certain extent. An appropriate water deficit can improve the harvest index of crops, but an extreme water deficit will seriously inhibit crop growth, reduce economic yield and total biomass, and lead to a decline in the harvest index. This study found that mild and moderate water deficit regulation increased the harvest index of woad, with an increase of 1.00–2.29% compared to the CK. A severe deficit did not improve the harvest index, which is basically consistent with previous research results. This may be due to the severe water deficit regulation of woad resulting in the hardening of the cell wall and difficulty in recovery after rehydration, resulting in a decline in biomass and a decrease in the harvest index. A certain level of drought could facilitate assimilative translocation and enhance the crop harvest index at a certain period [46].




4.4. Water Consumption


This study showed that the total water consumption of the CK was the highest (387.38 mm) throughout the whole growth period, and other treatments were significantly (p < 0.05) lower, by 4.44–10.21%, compared with the CK. Severe water deficit during the vegetative growth period of WT3 resulted in the lowest water consumption during the whole growth period, which at 347.83 mm had 4.44% lower water consumption compared to the CK. This indicated that the decrease in water consumption of woad during the whole growth period increased with aggravation of the water deficit. These results were similar to those for greenhouse tomatoes where regulated deficit irrigation decreased total water consumption and improved WUE without significantly affecting yield [47]. Using adjusted deficit irrigation can reduce water use when producing woad in this area. Reducing waste of irrigation water can alleviate declines in the groundwater level, conserving the environment and contributing to development that is more sustainable.




4.5. Water Use Efficiency and Irrigation Water Use Efficiency


An improvement in WUE can be realized by increasing dry matter accumulation and reducing water consumption [48]. Excessive irrigation could lead to reduced yield, WUE, and IWUE of winter wheat [49]. Over-irrigation might not result in greater yields or optimal economic benefits [50]. Timely and appropriate regulated (RDI) could reduce the total water consumption of crops during the whole growth period, and improve WUE, with no significant impact on yield, while saving water. Prior research found that RDI could reduce total water consumption and improve WUE without significantly affecting the yield of processed tomatoes [51]. In our research, economic yield was the highest in WT1, and there was no significant difference between WT4 and the control (CK). There were no significant differences in WUE and IWUE between WT1 and WT4, but WUE and IWUE of WT1 and WT4 were significantly higher than that of the CK. The reason was that WT1 and WT4 reduced the water consumption during the whole growth period and increased WUE without significantly affecting the yield of woad. Timely and appropriate deficit irrigation or drought stress was beneficial to improve WUE and optimize various physiological indicators without significantly reducing wheat yield. Water stress was beneficial in reducing water consumption and improving WUE for sugar beet production [52].





5. Conclusions


The photosynthetic characteristics, yield, harvest index, and water use efficiency (WUE) of woad were influenced by different degrees of water deficit regulation. During the vegetative growth stage, mild water deficit regulation increased the transpiration rate (Tr) and stomatal conductance (Gs), while moderate and severe deficit regulation significantly decreased the net photosynthetic rate, Tr, and Gs but increased leaf WUE. Rehydration after water deficit regulation exerted a certain rehydration compensation effect. The total biomass of woad was decreased by regulated deficit irrigation during different growth periods. Mild water deficit regulation increased the taproot diameter and the accumulation of root dry matter but did not have a significant impact on the taproot length, thereby increasing the economic yield. Moderate and severe deficit regulation seriously restricted the taproot length and taproot diameter, which was not beneficial to dry matter accumulation and resulted in a decrease in yield. Mild water deficit regulation improved the harvest index during the whole growth period. The mild water deficit regulation at the vegetative growth and fleshy root growth stages reduced the total water consumption and irrigation water amount without significantly reducing the yield and improved WUE for both woad and water used for irrigation. Therefore, the application of mild water deficit continuously during the vegetative growth and fleshy root growth periods was the optimal irrigation method to save water and to achieve high-yielding woad in this area. The universality and applicability of this method in other regions need to be further verified using more sample data from different years and locations. Therefore, future research could focus on the climate conditions and soil texture of different regions.
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Figure 1. Picture of the woad (Isatis indigotica) plant variety used in the experiment. 
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Figure 2. Location of the study area in China and picture of the woad experimental site. 
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Figure 3. Net photosynthetic rate of woad (Isatis indigotica) under different water deficit treatments averaged across three years. Different lowercase letters within a column indicate a significant difference among treatments at p < 0.05. 
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Figure 4. Transpiration rate of woad (Isatis indigotica) under different water deficit treatments. Different lowercase letters within a column indicate a significant difference among treatments at p < 0.05. 
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Figure 5. Stomatal conductance of woad (Isatis indigotica) under different water deficit treatments. Different lowercase letters within a column indicate a significant difference among treatments at p < 0.05. 
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Figure 6. Water use efficiency of leaves of woad (Isatis indigotica) under different water deficit treatments. Different lowercase letters within a column indicate a significant difference among treatments at p < 0.05. 
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Table 1. Irrigation treatment of water deficit at different levels and at different growth stages of woad (Isatis indigotica).
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	Treatments
	Water Deficit

Timing
	Water Deficit Severity
	Seeding
	Vegetative Growth
	Fleshy Root Growth
	Flesh Root

Maturity





	WT1
	Vegetative growth (VG)
	Mild
	75–85% a
	65–75%
	75–85%
	75–85%



	WT2
	VG
	Moderate
	75–85%
	55–65%
	75–85%
	75–85%



	WT3
	VG
	Severe
	75–85%
	45–55%
	75–85%
	75–85%



	WT4
	VG + Fleshy root growth
	Mild
	75–85%
	65–75%
	65–75%
	75–85%



	WT5
	VG + Fleshy root growth
	Moderate
	75–85%
	55–65%
	55–65%
	75–85%



	WT6
	VG + Fleshy root maturity
	Mild
	75–85%
	65–75%
	75–85%
	65–75%



	CK
	N/A
	None
	75–85%
	75–85%
	75–85%
	75–85%







Note: a Percent field capacity (FC).
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Table 2. Effect of different deficit irrigation treatments on the yield components of woad (Isatis indigotica).
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Year

	
Treatments

	
Lateral Root Number

	
Taproot Length

(cm)

	
Taproot Diameter

(cm)

	
Root Biomass

(g)

	
Total Biomass (kg·ha−2)

	
Yield

(kg·ha−2)

	
Harvest

Index






	
2017

	
WT1

	
10.70a

	
23.24a

	
1.64a

	
13.55a

	
12,476.23a

	
8390.80a

	
0.6725ab




	
WT2

	
9.30ab

	
22.20ab

	
1.55bc

	
12.02bc

	
11,015.42d

	
7462.24b

	
0.6774a




	
WT3

	
7.30b

	
18.67c

	
1.40d

	
10.59d

	
10,186.77e

	
6800.36c

	
0.6676b




	
WT4

	
10.30ab

	
23.25a

	
1.66a

	
11.08cd

	
12,084.28b

	
8235.32a

	
0.6815a




	
WT5

	
9.30ab

	
19.93b

	
1.44c

	
11.01cd

	
10,111.34e

	
6819.79c

	
0.6745a




	
WT6

	
9.33ab

	
22.71a

	
1.59b

	
11.88c

	
11,542.37c

	
7713.45b

	
0.6683b




	
CK

	
10.70a

	
23.21a

	
1.63a

	
12.66ab

	
12,489.96a

	
8322.25a

	
0.6663b




	
2018

	
WT1

	
10.67a

	
24.33a

	
1.66a

	
13.47a

	
12,577.33a

	
8475.38a

	
0.6739ab




	
WT2

	
9.36b

	
23.26b

	
1.47bc

	
11.94b

	
11,116.52bc

	
7638.14b

	
0.6871a




	
WT3

	
8.03c

	
19.77d

	
1.42c

	
10.49d

	
10,487.87d

	
6986.12c

	
0.6661b




	
WT4

	
10.63a

	
24.38a

	
1.71a

	
11.07c

	
12,185.38ab

	
8308.44a

	
0.6818a




	
WT5

	
9.67b

	
20.78c

	
1.46bc

	
10.94cd

	
10,212.44d

	
6923.72c

	
0.6780ab




	
WT6

	
8.67bc

	
23.86ab

	
1.53b

	
11.27bc

	
11,524.31b

	
7846.42b

	
0.6809a




	
CK

	
11.00a

	
23.20b

	
1.65a

	
12.58ab

	
12,591.06a

	
8348.91a

	
0.6631b




	
2019

	
WT1

	
11.33a

	
31.28ab

	
1.92bc

	
14.77a

	
12,637.75a

	
8554.18a

	
0.6769bc




	
WT2

	
9.00b

	
30.07c

	
1.72d

	
13.26b

	
11,174.88b

	
7623.76c

	
0.6822b




	
WT3

	
7.67c

	
26.86d

	
1.69d

	
11.31d

	
10,350.15c

	
6959.82d

	
0.6724c




	
WT4

	
11.00a

	
31.41ab

	
1.97a

	
15.08a

	
12,247.66a

	
8398.70a

	
0.6857b




	
WT5

	
8.67bc

	
28.08d

	
1.71d

	
11.69cd

	
10,272.86c

	
6979.25d

	
0.6794bc




	
WT6

	
9.33b

	
30.45bc

	
1.88c

	
13.07bc

	
11,424.15b

	
7934.63b

	
0.6945a




	
CK

	
11.67a

	
31.37ab

	
1.91bc

	
13.29b

	
12,649.42a

	
8521.77a

	
0.6737c




	
Average

	
WT1

	
10.90a

	
26.28a

	
1.74a

	
13.93a

	
12,563.77a

	
8473.45a

	
0.6744ab




	
WT2

	
9.22b

	
25.18b

	
1.58c

	
12.41ab

	
11,102.27c

	
7574.71c

	
0.6823a




	
WT3

	
7.67c

	
21.77d

	
1.50d

	
10.80d

	
10,341.60d

	
6915.43d

	
0.6687b




	
WT4

	
10.64a

	
26.35a

	
1.78a

	
12.41ab

	
12,172.44a

	
8314.15a

	
0.6830a




	
WT5

	
9.21bc

	
22.93c

	
1.54cd

	
11.21c

	
10,198.88d

	
6907.59d

	
0.6773ab




	
WT6

	
9.11b

	
25.67ab

	
1.67b

	
12.07b

	
11,496.94b

	
7831.50b

	
0.6812a




	
CK

	
11.12a

	
25.93a

	
1.73a

	
12.84ab

	
12,576.81a

	
8397.64a

	
0.6677b








Note: Different lowercase letters within a column indicate a significant difference among treatments at p < 0.05.
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Table 3. Water use efficiency of leaves of woad (Isatis indigotica) under different regulated deficit irrigation treatments.






Table 3. Water use efficiency of leaves of woad (Isatis indigotica) under different regulated deficit irrigation treatments.





	
Year

	
Treatments

	
Water Consumption

(mm)

	
Irrigation Amount

(mm)

	
WUE

(kg·ha−2·mm−1)

	
IWUE

(kg·ha−2·mm−1)






	
2017

	
WT1

	
355.25c

	
153.76b

	
23.62a

	
54.57a




	
WT2

	
366.06b

	
149.57b

	
20.39c

	
49.89c




	
WT3

	
343.62d

	
132.12c

	
19.79b

	
51.47d




	
WT4

	
353.93c

	
152.42b

	
23.27a

	
54.03a




	
WT5

	
347.35d

	
135.85c

	
19.63bc

	
50.20d




	
WT6

	
367.23b

	
152.61b

	
21.00b

	
50.54bc




	
CK

	
381.75a

	
165.26a

	
21.80bc

	
50.36b




	
2018

	
WT1

	
363.32bc

	
153.02b

	
23.33a

	
53.39a




	
WT2

	
371.17b

	
150.87b

	
20.58c

	
50.63c




	
WT3

	
348.46bcd

	
133.16c

	
20.05d

	
52.46b




	
WT4

	
362.12bc

	
151.81b

	
22.94a

	
54.73a




	
WT5

	
355.95c

	
137.64c

	
19.45d

	
50.30c




	
WT6

	
362.94bc

	
149.35b

	
21.62b

	
52.34b




	
CK

	
386.55a

	
166.26a

	
21.60b

	
50.22c




	
2019

	
WT1

	
367.09bc

	
170.49ab

	
23.20a

	
50.17a




	
WT2

	
373.30b

	
163.00bc

	
20.40bc

	
46.77b




	
WT3

	
351.41d

	
145.41c

	
19.81bc

	
47.86b




	
WT4

	
359.89cd

	
163.69ab

	
23.34a

	
51.31a




	
WT5

	
361.75cd

	
156.15bc

	
19.29c

	
44.70c




	
WT6

	
367.92bc

	
171.52ab

	
21.57b

	
46.26bc




	
CK

	
393.85a

	
178.35a

	
21.63b

	
47.78ab




	
Average

	
WT1

	
361.89bcd

	
159.09ab

	
23.38a

	
53.38a




	
WT2

	
370.18b

	
154.48ab

	
20.46c

	
49.10ab




	
WT3

	
347.83e

	
136.90c

	
19.88d

	
50.60ab




	
WT4

	
358.65cd

	
155.97ab

	
23.18a

	
53.36a




	
WT5

	
355.02de

	
143.21bc

	
19.46d

	
48.40b




	
WT6

	
366.03bc

	
157.83ab

	
21.40b

	
49.71ab




	
CK

	
387.38a

	
169.96a

	
21.68b

	
49.45ab








Note: Different lowercase letters within a column indicate a significant difference among treatments at p < 0.05.
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Table 4. Correlation analysis of the characteristics of woad (Isatis indigotica).
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	Correlation

Coefficient
	Pn
	Tr
	Gs
	Taproot Length
	Taproot Diameter
	Lateral Root

Number
	Root

Biomass
	Irrigation Amount
	Water

Consumption
	Total Biomass
	Yield





	Pn
	1
	
	
	
	
	
	
	
	
	
	



	Tr
	0.953 **
	1
	
	.
	
	
	
	
	
	
	



	Gs
	0.986 **
	0.925 **
	1
	
	
	
	
	
	
	
	



	Taproot length
	0.888 **
	0.862 *
	0.938 **
	1
	
	
	
	
	
	
	



	Taproot

diameter
	0.955 **
	0.929 **
	0.946 **
	0.915 **
	1
	
	
	
	
	
	



	Lateral root number
	0.970 **
	0.942 **
	0.945 **
	0.835 *
	0.890 **
	1
	
	
	
	
	



	Root

biomass
	0.831 *
	0.907 **
	0.859 *
	0.863 *
	0.792 *
	0.839 *
	1
	
	
	
	



	Irrigation amount
	0.871 *
	0.861 *
	0.885 **
	0.888 **
	0.814 *
	0.840 *
	0.795 *
	1
	
	
	



	Water

consumption
	0.600
	0.599
	0.606
	0.621
	0.483
	0.621
	0.543
	0.891 **
	1
	
	



	Total

biomass
	0.929 **
	0.984 **
	0.912 **
	0.897 **
	0.944 **
	0.892 **
	0.890 **
	0.888 **
	0.625
	1
	



	Yield
	0.934 **
	0.973 **
	0.931 **
	0.935 **
	0.962 **
	0.891 **
	0.895 **
	0.886 **
	0.603
	0.994 **
	1







Note: * Significant difference (p < 0.05); ** indicates a very significant difference (p < 0.01).
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