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Abstract

:

Wolfberry (Lycium barbarum L.) production in arid and semi-arid areas is drastically affected by the low utilization rate of soil and water resources and the irrational application of water and nitrogen fertilizers. Thus, this study explored a high-yielding, high-quality, and efficient irrigation and nitrogen regulation model to promote the production efficiency of wolfberry and rational utilization of water and land resources in arid and semi-arid areas. We compared and analyzed the effects of different soil water treatments (the upper and lower limits of soil water were estimated as the percentage of soil water content to field water capacity (θf), with the following irrigation regimen: adequate irrigation (W0, 75–85% θf), mild water deficit (W1, 65–75% θf), moderate water deficit (W2, 55–65% θf), and severe water deficit (W3, 45–55% θf)) and nitrogen levels (no nitrogen (N0, 0 kg·ha−1), low nitrogen (N1, 150 kg·ha−1), moderate nitrogen (N2, 300 kg·ha−1), and high nitrogen (N3, 450 kg·ha−1)) on the growth, physiology, and production of wolfberry. The results showed that water regulation, nitrogen application level, and their interaction significantly affected plant height and stem diameter growth amount (p < 0.05). Additionally, the relative chlorophyll content of wolfberry leaves first increased and then decreased with increasing nitrogen levels and water deficit. The average net photosynthetic rate (Pn), stomatal conductance (gs), intercellular carbon dioxide concentration, and transpiration rate (Tr) reached the highest values in plants exposed to W0N2 (19.86 μmmol·m−2·s−1), W1N1 (182.65 mmol·m−2·s−1), W2N2 (218.86 μmol·mol−1), and W0N2 (6.44 mmol·m−2·s−1) treatments, respectively. Pn, gs, and Tr were highly correlated with photosynthetically active radiation and water vapor pressure difference (goodness-of-fit: 0.366–0.828). Furthermore, water regulation and nitrogen levels exhibited significant effects on the yield and water- (WUE), and nitrogen-use efficiency (NUE) (p < 0.01), and their interactions exhibited significant effects on the yield, WUE, and nitrogen partial productivity of wolfberry plants (p < 0.05). Moreover, the contents of total sugar, polysaccharides, fats, amino acids, and proteins were the highest in W1N2, W1N2, W1N2, W2N3, and W0N2 treatments, respectively, which were increased by 3.32–16.93%, 7.49–54.72%, 6.5–45.89%, 11.12–86.16%, and 7.15–71.67%, respectively. Under different water regulations (except for the W3 condition) and nitrogen level treatments, the net income and input–output ratio of wolfberry were in the order W1 > W0 > W2 > W3 and N2 > N3 > N1 > N0. The TOPSIS method also revealed that the yield, quality, WUE, NUE, and economic benefits of wolfberry improved under the W1N2 treatment, suggesting that WIN2 might be the most suitable irrigation and nitrogen regulation model for wolfberry production in regions with scarce land and water resources such as the Gansu Province and areas with similar climate.
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1. Introduction


Salinization control and soil and water conservation are key to the rational utilization of land and water resources and the improvement in land productivity, as well as the ways to offer complete ecological, economic, and social benefits of soil and water resources [1,2]. Presently, the global salinized land spans approximately 956 million ha, accounting for 8.70% of the total land area, mostly distributed in arid and semi-arid zones in Africa, Asia, and Latin America [3]. According to the Food and Agriculture Organization of the United Nations (FAO) statistics, approximately one-third of the global land area, including more than 25 billion tons of arable land, has been degraded by soil erosion [4]. With a salinized area of 99.13 million ha and 2.4 billion tons of soil eroded annually, which is characterized by wide distribution, type ranges, and considerable regional differentiation, China is one of the countries that face the most serious problems associated with the salinization of arable land resources and erosion [5]. This is contrary to the “120 million ha of arable land red line”, “food security”, and other major national strategic deployment measures. Wolfberry (Lycium barbarum L.) is a perennial deciduous shrub belonging to the family Solanaceae [6], with a variety of biological functions, such as promotion of metabolism and regulation of immunity [7,8], and properties such as anti-aging and resistance to salinity, barrenness, and drought [9]. Thus, wolfberry has become a pioneering species for afforestation of arid and semi-arid areas to ensure saline- and alkaline-land improvement and soil and water conservation [10]. At present, the area under wolfberry cultivation in China spans approximately 100 thousand ha, accounting for more than 80% of the wolfberry cultivation area worldwide, which is mainly distributed in arid and semi-arid areas with a shortage of soil and water resources such as the Ningxia, Xinjiang, Qinghai, and Gansu Provinces [11]. Therefore, exploring appropriate irrigation and nitrogen management methods for wolfberry cultivation is significant for saline-land improvement, soil and water conservation, and developing and utilizing saline-cultivated land resources in China and even globally.



Water and nitrogen are two key factors affecting crop growth and development [12]. Water is required for maintaining cell structure and function, and suitable soil water conditions are conducive to the migration, absorption, and utilization of essential nutrients, such as nitrogen, which promote the growth of crop crowns and roots [13]. Nitrogen is an important element that contributes to protein synthesis and the production of other biologically active substances, and its dissolution in water reduces soil water evaporation, enhances leaf photosynthesis, and promotes the metabolism of photosynthetic products [14]. However, water-nitrogen supply is not always positively associated with crop growth, development, or yield, and excessive water-nitrogen inputs can lead to resource wastage, soil acidification, water pollution, increase in agricultural production costs, and other undesirable consequences [15,16]. Therefore, improving the efficiency of water and nitrogen utilization has become a hot topic in agricultural production. Crops respond to different water and nitrogen conditions through a series of responses [17]. Studies have shown that reasonable nitrogen application under low-to-moderate drought stress can increase chlorophyll content (Soil Plant Analysis Development, SPAD) and photosynthetic enzyme activities of potato leaves and reduce the damage caused by drought stress on the photosynthetic system [18]. Adequate irrigation (200 mm water) of winter wheat, coupled with nitrogen application (240 kg·ha−1), significantly increased the leaf area index and aboveground biomass [19]. Additionally, the application of 225 kg·ha−1 of nitrogen and 600 mm of water significantly increased nutrient accumulation and the yield of maize roots, stems, and leaves [20]. However, under certain water-deficit conditions, an appropriate application of nitrogen fertilizers can improve plant water status, promote root absorption and transport capacity, increase the accumulation of osmotic substances, and improve drought resistance, thus improving the quality of raw coffee beans [21]. Water-nitrogen levels exhibit antagonistic effects on yield, organic acid content, and vitamin C and lycopene contents but synergistic effects on soluble solid content in tomatoes [22].



Nonetheless, studies on the effects of water-nitrogen regulation on crop growth, physiology, and yield primarily focus on grain crops, such as wheat [23,24], potato [25,26], and corn [27,28], and economic crops, such as cotton [29,30] and tomato [31,32], and very few studies focus on economic forest species such as wolfberry. The irrigation area of the Yellow River in Gansu Province, China, is located in the middle and upper reaches of the Yellow River, with sufficient solar radiation (the sunshine duration was more than 2652 h), and the temperature difference between day and night was more than 15 °C, which are suitable for wolfberry cultivation [33]. However, soil erosion and salinization are serious issues in the area, as there is a shortage of water resources, and the soil is poor in nutrients [34]. Therefore, we used wolfberry from this region to address the following aims: (1) to systematically analyze the effects of water and nitrogen regulation on plant height, stem diameter, SPAD value, photosynthetic characteristics, yield, quality, water- (WUE) and nitrogen-use efficiency (NUE), and economic benefits of wolfberry in the Gansu diversion irrigation area; and (2) to conduct a multi-index comprehensive evaluation of each treatment using the TOPSIS method, to determine a water-nitrogen management method for increasing yield and growing high-quality and efficient plants, as well as provide a theoretical basis for the rational utilization of soil and water resources for high-quality production of wolfberry in saline and alkaline areas.




2. Materials and Methods


2.1. Description of the Experimental Site


The study was conducted at the Irrigation Experimental Station (37°23′ N, 104°08′ E; average altitude of approximately 1562 m) of the Jingtaichuan Electric Power Irrigation Water Resource Utilization Center in Gansu Province, in the middle and upper reaches of the Yellow River from May 2022 to September 2022. The region is characterized by a temperate continental arid climate with rare precipitation; the annual average precipitation was 184 mm, the sunshine duration was more than 2652 h, the annual average evaporation was 3029 mm, and the temperature difference between day and night was more than 15 °C. The annual average temperature, radiation, and frost-free period were 8.6 °C, 6.18 × 105 J·cm−2, and 191 days, respectively. The vegetation coverage rate was approximately 18.35%, the soil texture was sandy loam, and the dry bulk weight and field water-holding capacity were 1.61 g·cm−3 and 24.10% (mass water content), respectively. The characteristics of the 0–60 cm soil layer at the test site were as follows: the organic matter content was 13.20 g·kg−1; total nitrogen, total phosphorus, and total potassium contents were 1.62 g·kg−1, 1.32 g·kg−1, and 34.03 g·kg−1, respectively; the contents of available nitrogen, available phosphorus, and available potassium were 74.51 mg·kg−1, 26.31 mg·kg−1, and 173.00 mg·kg−1, respectively; and the pH, salt content, alkalinity, and electrical conductivity were 8.11, 7.38 g·kg−1, 26.56%, and 2.34 dS·m−1, respectively. The meteorological data were obtained from a Davis small weather station installed in the field. The distribution of total precipitation (118 mm) and average daily temperatures (21.3 °C) during the study period are shown in Figure 1.




2.2. Experimental Design and Field Management


We adopted a completely randomized block design, and based on local production practices and previous studies [35], the following two factors were established: irrigation characteristics and nitrogen application levels. The depth of the wet layer of the irrigation plan was 60 cm, and the upper and lower limits of soil water were regulated using the percentage of soil water content to field water capacity (θf). Accordingly, we employed the following irrigation treatments: adequate irrigation (W0, 75–85% θf), mild water deficit (W1, 65–75% θf), moderate water deficit (W2, 55–65% θf), and severe water deficit (W3, 45–55% θf). Nitrogen treatments (using urea with a nitrogen content of 46%) were as follows: no nitrogen (N0, 0 kg·ha−1), low nitrogen (N1, 150 kg·ha−1), moderate nitrogen (N2, 300 kg·ha−1), and high nitrogen (N3, 450 kg·ha−1). Thus, there were 16 treatments in total, with each treatment repeated three times. Wolfberry trees (“Ningqi 5”) were grown in early April 2021, with row spacings of 1.5 m × 3 m and five rows of five trees in each plot (10.2 m × 7.5 m), making a total of 20 trees. Nitrogen fertilizer was applied in a ratio of 6:2:2 at the vegetative growth, full flowering stage, and peak of the summer fruit stage. Phosphate fertilizer (calcium superphosphate with 12% phosphorus content) and potassium fertilizer (potassium chloride with 60% potassium content) were applied at a rate of 130 kg·ha−1 once at the germination stage. The experiment integrated drip irrigation and fertilizers. Irrigation pipes were laid in each row, and valves and water meters (accuracy: 0.0001 m3) were installed to control the amount of irrigation. Drip irrigation was applied 15 cm away from wolfberry trees at a flow rate of 2 L·h−1. Other field management practices and pest control measures were consistent with local farming practices.




2.3. Indicators and Methods for Measurement


2.3.1. Soil Moisture


A portable soil-profile moisture meter with TDR (PICO-BT, IMKO, Germany) was used to measure soil moisture content. Measurements were taken once every 7 days, both before and after irrigation and rainfall events. In addition, the soil moisture content was checked regularly using the drying method.



Water consumption (ET, mm) during the growth period was calculated as follows:


  E T = P +  W 2  −  W 1  + I + K − R −  D P   



(1)




where P is the effective precipitation during the growth period (mm); W2 is the annual water storage (mm) of the 0–120 cm soil layer after harvest; W1 is the annual water storage in the 0–120 cm soil layer (mm) at the beginning of the experiment; I is the irrigation amount (mm); K is groundwater recharge (mm); R is the runoff (mm); and Dp is deep leakage (mm). As the groundwater depth at the study site was <5 m, the terrain was flat, and the single rainfall amount was small, K, R, and Dp could be ignored.




2.3.2. Plant Height and Stem Diameter Growth Amount


Three wolfberry plants with the same growth trend were randomly selected from each set, and the fixed-plant method was used to measure plant height (cm) and stem diameter (mm) using a tape measure at the time of planting (in 2021) and at the end of the growth stage (in 2022). The difference between the values was used to determine the increase in plant height (cm) and stem diameter (mm).




2.3.3. Chlorophyll Content (SPAD)


Three wolfberry plants with the same growth trend were randomly selected from each set, and SPAD values were determined using a portable chlorophyll meter (SPAD-502Plus Konica Minolta, Tokyo, Japan) at the vegetative growth, full flowering, summer fruit, and autumn fruit stages.




2.3.4. Photosynthetic Index


Leaf photosynthetic indexes, including net photosynthetic rate (Pn, μmol·m−2·s−1), transpiration rate (Tr, mmol·m−2·s−1), stomatal conductance (gs, mmol·m−2·s−1), and intercellular carbon dioxide concentration (Ci, μmol·mol−1), were monitored using the LI-6400XT portable photosynthetic measurement system (Li-Cor, Lincoln, NE, USA) at the peak of the summer fruit stage. All measurements were recorded between 08:00 and 18:00 on a sunny day, every 2 h, for 3 days, and their average values were calculated. Three wolfberry leaves, which were completely unfolded outside the branches and free of pests, diseases, and mechanical damage, were selected from each tree for the abovementioned estimations.




2.3.5. Environmental Factor


The water vapor pressure difference (Δe, kPa) and photosynthetically active radiation (PAR, μmol·m−2·s−1) were simultaneously monitored using the LI-6400XT portable photosynthetic measurement system during the peak of the summer fruit stage. Atmospheric temperature (Ta, °C) and relative humidity (RH, %) were measured at Davis, a small automatic weather station at the test base. All measurements were noted between 08:00 and 18:00 on a sunny day, every 2 h, for 3 days, and their average values were used for analyses.




2.3.6. Yield


From the end of July to the end of August 2022, wolfberries from each plot were picked every 7 days, dried naturally, and weighed, and their yield per unit area (Y, kg·ha−1) was recorded according to the plot area.




2.3.7. Water and Nitrogen-Use Efficiency [36]


The following formulas were used to calculate water-use efficiency (WUE) and nitrogen-use efficiency (NUE).




	(1)

	
Irrigation WUE (IWUE, kg·ha−1·mm−1)


  I W U E = Y / I  



(2)








	(2)

	
WUE (kg·ha−1·mm−1)


  W U E = Y / E T  



(3)








	(3)

	
Partial factor productivity of nitrogen (PFPN, kg·kg−1)


  P F P N = Y / N  



(4)













where N is the nitrogen application rate (kg·ha−1).




	(4)

	
Agronomic NUE (ANUE, kg·kg−1)


  A N U E =  (   Y  N P K   −  Y  P K    )  / N  



(5)













where YNPK is the yield of the dried wolfberry fruit (kg·ha−1) in the plots exposed to nitrogen treatment, and YPK is the yield of dried wolfberry fruit (kg·ha−1) from plots not exposed to nitrogen application.




2.3.8. Qualities


According to “Wolfberry: Appendix B” (18672-2002.2002) [37], 50 g of evenly mixed, dried wolfberry fruit was randomly selected for pretreatment. The total sugar content was determined with reference to the titration method, and the polysaccharide content was determined with reference to the spectrophotometry [37]. The protein content was determined using the spectrophotometry, and the fat content was determined via Soxhlet extraction [38]. The total amount of free amino acids in plant tissues was determined by referring to the ninhydrin solution color method [39].




2.3.9. Economic Benefits


The net income was estimated as the difference between total revenue and total cost, and the input–output ratio was determined as the ratio of total revenue to the total cost, where total income was the product of dried wolfberry fruit production and market price, and the total cost included fertilizer, irrigation, field management, and labor costs (including rotary tillage, water and fertilizer irrigation, pruning branches, weeding, and picking fruits).




2.3.10. TOPSIS Method [40]


We first computed the following matrix Mij


   M  i j   =    X  i j         ∑  j = 1  n    X  i j  2         



(6)




where Mij represents the normalized matrix of the original data; i = (1, 2, …, m, m = 16) and j = (1, 2, …, n, n = 13).



Then, we calculated the best set    M i +   , the worst set    M i −   , the distance    D i +    and    D i −    between different indicators, and the best and worst values according to Mij,    M i +   , and    M i −   . Finally, we determined the relative proximity Ci from    D i +    and    D i −    using the following formulas:


   D i +  =     ∑  j = 1  n     (  M  i j   −  M i +  )  2       



(7)






   D i −  =     ∑  j = 1  n     (  M  i j   −  M i −  )  2       



(8)






   C i  =    D i −     D i +  +  D i −     



(9)




where    M i +    is the best advantage set;    M i −    represents the worst set of points;    D i +    is the weighted distance between the ith treatment and the optimal scheme;    D i −    is the weighted distance between the ith treatment and the worst solution; and Ci is the relative proximity.





2.4. Data Analysis Method


Microsoft Excel 2010 was used for data processing and technique for order performance by similarity to ideal solution (TOPSIS) comprehensive evaluation. Origin 2021 was used for generating graphics, and IBM SPSS Statistics 27 was used for variance analysis and determining the significance of differences (p < 0.05).





3. Results


3.1. Effects of Water and Nitrogen Regulation on the Growth of Wolfberry


3.1.1. Plant Height Growth Amount


Water regulation, nitrogen application level, and their interaction significantly affected the plant height growth amount (p < 0.05, Figure 2). Under the conditions of W0 and W2, the plant height growth amount first increased and then decreased with increasing nitrogen levels (following the order N2 > N3 > N1 > N0), with a 7.41%, 17.81%, and 13.04% increase in height in plants exposed to the N1, N2, and N3 treatments, respectively, compared to plants exposed to N0. Under the condition of W1, the plant height growth amount first decreased, then increased, and then decreased with increasing nitrogen levels (following the order N2 > N3 > N0 > N1), with a 0.84%, 29.57%, and 21.04% average increase in height in plants exposed to the N0, N2, and N3 treatments, respectively, compared to plants exposed to N1. Under the condition of W3, the plant height growth amount first increased and then decreased with increasing nitrogen levels (following the order N1 > N2 > N3 > N0), with a 22.78%, 16.38%, and 12.22% increase in height in plants exposed to the N1, N2, and N3 treatments, respectively, compared to plants exposed to N0. Similarly, under the same nitrogen application level, plant height first increased and then decreased with an increasing degree of water deficit (following the order W1 > W2 > W0 > W3), with a 4.81%, 12.76%, and 10.45% average increase in height in plants exposed to the W0, W1, and W2 treatments, respectively, compared to plants exposed to W3. The height of wolfberry plants was 55.48 cm under the W1N2 treatment, which was 7.03–46.08% higher than that observed in plants exposed to other treatments.




3.1.2. Stem Diameter Growth Amount


Water regulation, nitrogen application level, and their interaction significantly affected the stem diameter growth amount of wolfberry plants (p < 0.01, Figure 3). Under the same water control, the stem diameter growth amount of wolfberry plants showed an increasing trend, followed by a decreasing trend (following the order N2 > N3 > N1 > N0), with a 4.91%, 22.89%, and 11.58% average increase in plants exposed to the N1, N2, and N3 treatments, respectively, compared to the plants exposed to N0. However, under the same nitrogen application level, the stem diameter of wolfberry plants exhibited a decreasing trend with increasing water deficit (following the order W0 > W1 > W2 > W3), with a 27.26%, 15.49%, and 10.87% average increase in diameter in plants exposed to the W0, W1, and W2 treatments, respectively, compared to the plants exposed to W3. The stem diameter growth amount was the highest in plants exposed to the W0N2 treatment (16.79 mm), which was 12.46–63.59% higher compared to plants exposed to other treatments.





3.2. Effects of Water and Nitrogen Regulation on the Physiology of Wolfberry


3.2.1. SPAD


Water regulation and nitrogen application levels significantly affected SPAD at different growth stages of wolfberry (p < 0.05, Figure 4). The leaf SPAD of wolfberry first increased and then decreased, following the order full flowering stage > peak of the summer fruit stage > vegetative growth stage > peak of the autumn fruit stage. Under the same water control, with increasing nitrogen application, SPAD values of wolfberry leaves first increased and then decreased. Compared with N0, plants exposed to the N1, N2, and N3 treatments exhibited 4.81–5.95%, 5.03–8.74%, and −2.03–3.18% higher SPAD values, respectively. Under the same nitrogen level, the SPAD value of wolfberry leaves first increased and then decreased with the increase in water deficit, and the SPAD values of leaves exposed to the W0, W1, and W2 treatments increased by 16.07–23.17%, 18.92–23.64%, and 10.24–14.22%, respectively, compared to the leaves exposed to W3.




3.2.2. Photosynthetic Characteristics


Water and nitrogen are essential for various life activities in plants, with both directly affecting photosynthesis—the most important metabolic process in plants [41]. The daily variations in photosynthetic indexes of wolfberry plants under different water and nitrogen treatments are shown in Figure 5. The Pn of wolfberry leaves showed an M-shaped trend, and the peak value was recorded at 10:00 and 16:00. In contrast, gs peaked for the first time at 10:00, then decreased, followed by slightly increasing after 14:00, thereafter reaching the second peak at 16:00 and then decreasing again. Additionally, Ci showed a V-shaped trend during the day, and the lowest intraday value was recorded between 12:00 and 16:00. Furthermore, the Tr was both low and high during the day, with the maximum value noted at 12:00 or 14:00. The daily average Pn, gs, and Tr values decreased with the increase in water deficit, whereas the daily average Ci values first increased and then decreased with the increase in water deficit. Under the same water control, the daily average Pn, gs, Tr, and Ci values of wolfberry leaves first increased and then decreased with the increase in nitrogen application. The highest daily average Pn, gs, Ci, and Tr values were obtained for plants exposed to the W0N2 (19.86 μmol·m−2·s−1), W1N1 (182.65 mmol·m−2·s−1), W2N2 (218.86 μmol·mol−1), and W0N2 (6.44 μmol·m−2·s−1) treatments, which were 3.82–29.13%, 0.32–45.47%, 10.00–49.23%, and 2.22–40.61% higher, respectively, compared to other treatments. We also found that the maximum value of Pn at different time points was noted for plants exposed to the W0 treatment, indicating that water deficit inhibited Pn.




3.2.3. Analysis of Driving Factors of Photosynthetic Parameters Regulated by Water and Nitrogen


	(1)

	
Environmental factors







The daily variation in environmental factors is shown in Figure 6. We noted that PAR, Ta, and Δe showed a unimodal trend, whereby they first increased and then decreased. The peak of PAR and Δe appeared at 12:00, and the daily peak of Ta was recorded at 16:00. The daily mean values of PAR, Δe, and Ta were 1103.69 μmol·m−2·s−1, 3.32 kPa, and 34.39 °C, respectively. The RH decreased within the day, with the maximum value noted at 08:00, which again increased after 16:00, with a daily average of 30.95%.



	(2)

	
Driving factors analysis







We noted that the Pn of plant leaves was not only affected by physiological factors, such as gs and Ci, but also by the comprehensive influence of environmental factors, such as PAR, Ta, and Δe [42]. Thus, to further analyze the relationship between photosynthetic parameters and various environmental factors under different water treatment conditions, a common linear model was used to fit Pn-PAR, gs-Δe (W0), and Tr-PAR (W0, W1, and W2), and a common parabola model was used to fit the relationship between gs–Δe (W1, W2, and W3), and Tr-PAR (W3) (Figure 7). Under different water control treatments, Pn showed an increasing trend with an increase in PAR (R2: 0.644–0.800). The correlation between Pn and PAR was the strongest for plants exposed to the W1 treatment. Tr-PAR (R2: 0.391–0.625) and gs-Δe (R2: 0.366–0.828) also displayed adequate correlations. Moreover, the goodness-of-fit for Tr-PAR was the best for plants exposed to the W1 treatment. However, the goodness-of-fit for gs-Δe was the best for the plants exposed to the W0 treatment. The goodness-of-fit for Tr-PAR and gs-Δe were the weakest for plants exposed to the W3 treatment; this was related to the excess water deficit via the W3 treatment.





3.3. Effects of Water and Nitrogen Regulation on Wolfberry Production


3.3.1. Yield, Water, and Nitrogen-Use Efficiency


Water regulation and nitrogen application levels significantly affected the yield, WUE, and NUE of wolfberry plants (p < 0.01), and their interaction significantly affected yield, WUE, and PFPN (p < 0.05, Figure 8). Under the same water control, the yield, IWUE, WUE, and ANUE first increased and then decreased with the increase in nitrogen application (following the order N2 > N3 > N1 > N0), whereas PFPN decreased with the increase in nitrogen levels. Under the same nitrogen application level, the yield, PFPN, and ANUE first increased and then decreased with the increase in water deficit (following the order W1 > W0 > W2 > W3). Under the N0 and N1 treatments, IWUE and WUE increased with the increase in water deficit and first increased and then decreased with the increase in water deficit in plants under the N2 and N3 treatments. Additionally, the yield, IWUE, WUE, PFPN, and ANUE of wolfberry plants reached the maximum values in plants exposed to the W1N2 (2623.09 kg·ha−1), W2N2 (8.46 kg·hm−2·mm−1), W1N2 (6.83 kg·hm−2·mm−1), W1N1 (14.29 kg·kg−1), and W1N2 (2.56 kg·kg−1) treatments, respectively, which were increased by 6.36–91.72%, 1.68–115.27%, 2.86–98.55%, 4.69–326.57%, and 11.79–782.76%, respectively, compared to plants exposed to other treatments.




3.3.2. Qualities


Water regulation significantly affected the contents of total sugar, polysaccharides, amino acids, proteins, and fats (p < 0.05). In contrast, nitrogen application levels significantly affected the contents of total sugar, polysaccharides, and proteins (p < 0.01), and their interaction significantly affected the contents of polysaccharides and proteins (Table 1). With the increase in nitrogen application, the contents of total sugar, polysaccharides, proteins, and fats first increased and then decreased; the contents of amino acids first increased and then decreased in plants exposed to the W0 and W3 treatments; and increased in plants exposed to the W1 and W2 treatments. However, with the increase in water deficit, the contents of total sugar, polysaccharides, amino acids, proteins, and fats first increased and then decreased, and protein content showed a decreasing trend. The contents of total sugar, polysaccharides, and fats in plants under the W1N2 treatment were the maximum, which was 52.63 g·100 g−1, 5.74 g·100 g−1, and 2.13 g·100 g−1, respectively, and increased by 3.32–16.93%, 7.49–54.72%, and 6.5–45.89% compared to those in plants exposed to other treatments, respectively. The maximum amino acid content in plants under the W2N3 treatment was 10.09%, which was 11.12–86.16% higher than that of plants exposed to other treatments. The maximum protein content in plants under the W0N2 treatment was 13.94 g·100 g−1, which was 7.15–71.67% higher than that of plants exposed to other treatments. The qualities of wolfberry were improved when mild water deficit was combined with medium nitrogen application, and the contents of total sugar, polysaccharides, and fats were significantly increased.




3.3.3. Economic Benefits


Water regulation, nitrogen application levels, and their interaction significantly affected wolfberry yield and economic benefits (p < 0.05, Table 2). We noted that the overall performance of net income and input–output ratio among different water regulations followed the order W1 > W0 > W2 > W3. Compared with W3, the net income of W0, W1, and W2 increased by 67.26%, 80.06%, and 49.70%, respectively, and the input–output ratio increased by 39.41%, 47.96%, and 30.48%, respectively. Under the conditions of W0, W1, and W2, the net income and input–output ratio first increased and then decreased with the increase in nitrogen application (following the order N2 > N3 > N1 > N0). Compared with N0, the net return of N1, N2, and N3 averagely increased by 17.34%, 51.35%, and 33.11%, respectively, and the input–output ratio increased by 10.43%, 31.90%, and 17.18%, respectively. However, under the condition of W3, the net income and input–output ratio increased with the increase in nitrogen application (following the order N3 > N2 > N1 > N0). Compared with N0, the net return of N1, N2, and N3 averagely increased by 3.65%, 13.95%, and 28.57%, respectively, and the input–output ratio increased by 0.78%, 5.45%, and 11.67%, respectively. The net benefit and the ratio of output to the investment of the W1N2 treatment reached the maximum values of 7.41 × 104 CNY·ha−1 and CNY 4.64, respectively.





3.4. Comprehensive Evaluation of Water and Nitrogen Regulation of Wolfberry


The matrix of Mij was obtained using the dimensionless calculation of Equation (6) for the selected 13 evaluation indicators (Table 3). According to Figure 9, among all treatments, W1N2 ranked first, W0N2 ranked second, and W3N0 ranked last. In other words, wolfberry’s yield, quality, water and nitrogen-use efficiency, and economic benefits were better when mild water deficit W1 (65–75% θf) combined with medium nitrogen application rate N2 (300 kg·hm−2).





4. Discussion


4.1. Effects of Water and Nitrogen Regulation on the Growth and Physiology of Wolfberry


Plant height and stem diameter not only reflect the growth rate and potential of plants but are also basic indicators of their health status [43]. Under the same nitrogen application level, the plant height and stem diameter growth amount of wolfberry increased in the order W1 > W2 > W0 > W3 and W0 > W1 > W2 > W3, respectively. These findings are similar to those of Song et al. [44], who conducted a study in Qinghai, China, and Ma et al. [45], who conducted a study in Ningxia, China, on wolfberry, both indicating that appropriate water deficit and reduced nitrogen application are conducive to stress resistance, and too little or too much water and nitrogen inputs are not conducive to crop growth [46]. Similar to the findings of Zhang et al. [47], who conducted research on spinach in Shanghai, China, and Yang et al. [48], who conducted studies on potatoes in Ningxia, China, this study also concluded that the interaction of water regulation and nitrogen application levels significantly affected plant height and stem diameter growth amount in wolfberry. This was mainly because an adequate water and nitrogen ratio can provide a suitable moisture and nutrient-rich environment for crop growth and development [49,50].



The photosynthetic capacity of leaves is an important reflection of the strength of plant photosynthesis and directly determines the level of plant productivity [51]. Water and nitrogen affect photosynthesis through various factors, such as leaf pigments and SPAD values [52]. In this study, the SPAD value of leaves first showed an increasing and then a decreasing trend throughout the growth period, which was manifested in the following order: full flowering stage > peak of the summer fruit stage > vegetative growth stage > peak of the autumn fruit stage. This could be attributed to high temperatures and sufficient light exposure to plants in the blooming and summer fruit periods conducive to synthesizing chlorophylls. In Xinjiang, China, Ma et al. [53] reported that increasing irrigation amount enhanced Pn, Tr, and gs in cotton plants while decreasing Ci. Furthermore, at the same irrigation amount, Pn, Tr, and gs in cotton plants first increased and then decreased with an increase in nitrogen application. However, under the same irrigation amount, Ci exhibited an opposite trend, which was consistent with the results of the present study. This is because moderate and high irrigation amounts increased SPAD values, thereby improving crop photosynthetic capacity and enhancing crop Pn, Tr, and gs [54]. Nonetheless, under a reduced irrigation amount, insufficient water supply destroys chlorophyll structure, resulting in pigment decomposition, reduction in SPAD values, decline in carbon dioxide solubility in mesophyll cells, and thus, a decrease in the photosynthetic rate of crops [55]. However, high nitrogen levels forced the accumulation of nitrate salts in the soil, thus reducing the absorption capacity of roots, causing premature aging of leaves, blocking carbon dioxide in green leaves, and weakening the photosynthetic rate [56]. In this study, we found that the daily variation trend in leaf Pn was M-shaped, and the peak value was recorded at 12:00 and 16:00. Zheng et al. [57] also derived a similar conclusion through their study on wine grapes that was attributed to the phenomenon of “photosynthetic siesta” between 12:00 and 15:00 and the closure of plant stomata at noon owing to high temperatures and light intensity, to reduce water evaporation and thus the rate of photosynthesis. In addition, this study concluded that the intraday gs peaked for the first time at 10:00, then showed a declining trend, followed by a small upward trend after 14:00 that reached the second peak at 16:00 before exhibiting a downward trend again. This was due to the “self-protection” feature of leaves that prevents excessive loss of water. Nonetheless, Ci presented a V-shaped trend, with a decreasing trend from 08:00–12:00, and the lowest intraday values were noted between 12:00 and 14:00. This was primarily due to the increase in Pn between 08:00 and 12:00, which consumed a lot of carbon dioxide, and the closure of stomata between 12:00 and 14:00, which restricted the entry of carbon dioxide into the cells. Moreover, Tr tended to be both low and high during the day, with the maximum values noted at 12:00 or 14:00. This could be because of the low saturated water vapor pressure difference between 12:00 and 14:00, sufficient solar radiation, and high gs.




4.2. Effects of Water and Nitrogen Regulation on Yield and Economic Benefits of Wolfberry


Appropriate water and nitrogen regulation is the key to ensuring high crop yield, as rational allocation of water and nitrogen inputs at different growth stages of crops is conducive to promoting the absorption of nutrients and water [58,59]. In this study, we revealed that the yield and economic benefits of wolfberry first increased and then decreased with the increase in nitrogen levels and irrigation amount, which was similar to the findings of Fu et al. [60], who conducted a study on grapes in northeast China and found that the yield increased with the increase in water and nitrogen inputs when the irrigation amount was 224–358 mm and nitrogen level was 130–162.5 kg·ha−1. Afterward, the yield decreased with an increase in water and nitrogen inputs. Along similar lines, Zhang et al. [61] studied corn in the West Liaohe Plain of China and found that the yield and economic benefits of maize first increased and then decreased with the increase in irrigation amount and nitrogen levels. This could be because an appropriate water and nutrient environment is conducive to maintaining adequate moisture in the soil, enhancing the dissolution and ion exchange capacity of soil nitrogen, improving the root activity of plants, thereby increasing the synthesis of enzymes such as transketolase and carbonic anhydrase, accelerating gs and Pn, improving the accumulation capacity of dry matter, and finally obtaining a higher yield [62]. However, Liu et al. [63], who conducted a study in the Qaidam Basin of China, found that the yield and economic benefits of wolfberry first increased and then decreased with the decrease in irrigation amount and gradually decreased with a decrease in nitrogen levels; these findings are different from those of the present study. This could be attributed to the following two aspects. First, there were differences in the amount of nitrogen applied; in this study, the nitrogen application rate was 0–450 kg·ha−1, whereas, in the case of Liu et al., the rate was 207–345 kg·ha−1; and the lower nitrogen application rate may not have reached the nitrogen requirement threshold of wolfberry. Second, the primary nutrient status of the experimental sites was different; in this study, the nitrogen content was 1.62 g·kg−1, whereas the nitrogen content of the site studied by Liu et al. was 0.36 g·kg−1. Lower soil nitrogen content may lead to increased dependence on the intake of exogenous nitrogen for the growth of wolfberry, thus increasing the nitrogen threshold for the growth of wolfberry.




4.3. Effects of Water and Nitrogen Regulation on Water and Nitrogen-Use Efficiency of Wolfberry


WUE and NUE can directly reflect the response of crops to water and nitrogen inputs [64]. Insufficient nitrogen application through irrigation water leads to a decline in stress resistance and weakens the absorption and utilization of nitrogen by plants. In contrast, excessive nitrogen application through irrigation water results in reduced oxygen levels in the soil and the obstruction of root respiration, which is not conducive to improving WUE and NUE [65,66]. In the irrigation area of the Yellow River in Gansu Province, China, Zhao et al. [67] found that the WUE of wolfberry first increased and then decreased with the increase in water deficit, whereas Li et al. [68] found that WUE of wolfberry was the highest under moderate water deficit, which was consistent with the results of this study. This was mainly because excessive irrigation results in water accumulation in the soil, causing leakage and nutrient loss. However, inadequate irrigation leads to reduced nutrient uptake, limiting the expansion of plant cells, weakening photosynthesis, and reducing dry matter accumulation [69]. Similar to the findings of Li et al. [70] on tomatoes in Xinjiang, China, and Gao et al. [71] on corn in the irrigation area of Northern Henan, China, the present study also found that IWUE and WUE reached their maxima in plants exposed to the W2N2 and W1N2 treatments, respectively. This was because IWUE is the ratio of yield and irrigation water, and WUE is the ratio of yield and water consumption. The yield of wolfberry was higher when mild and moderate water deficit was combined with nitrogen application because, with a relatively low irrigation water amount and consumption, IWUE and WUE were increased. In addition, this study showed that the PFPN of wolfberry plants decreased with the increase in nitrogen levels and similar conclusions were obtained by Abdalhi et al. [72] for corn and cucumber in Jiangsu, China, and Hao et al. [73] for apple in Loess Plateau, China. This was mainly because PFPN is the ratio between yield and nitrogen application, and when the yield increase is lower than the increase in nitrogen levels, PFPN shows a decreasing trend. Consistent with the findings of Jiang et al. [74] on winter wheat in Henan Province, China, this study found that ANUE was the highest under mild water deficit and moderate nitrogen levels because the effects of nitrogen fertilizers depend on soil water conditions. Appropriate water and nitrogen stress can improve drought resistance and the water and fertilizer absorption capacity of plants [24], resulting in higher yield and ANUE when the irrigation amount and nitrogen levels are reduced.




4.4. Effects of Water and Nitrogen Regulation on Qualities of Wolfberry


The effects of water and nitrogen on crop nutrient quality are closely related to the amount of irrigation and nitrogen application. In Shaanxi, China, Lu et al. [75] found that moderate nitrogen levels increased soluble protein content in pepper. In Gansu, China, Song et al. [76] noted that under the same water conditions, starch and protein contents of potato tuber gradually increased with the increase in nitrogen application, but the quality of potato decreased when nitrogen application was extremely high. This was consistent with the results of the present study, which indicated an increase and then a decrease in protein and amino acid contents in wolfberry plants with an increase in nitrogen levels. This may be because appropriate nitrogen application can improve soil microbial activity, significantly increase the quality of underground plant parts, contribute to root growth, increase water absorption, and promote the absorption and transformation of nutrients by crop roots [77]. This study also showed that with the increase in irrigation amount, the content of total sugar and polysaccharides in wolfberry first increased and then decreased. This trend was similar to the one suggested by Ma et al. [78] in the central arid region of Ningxia, China, which suggested that the polysaccharide content in wolfberry was the highest when plants were irrigated with 225 m3·ha−1 of water, and the study conducted by Li et al. [79] in Beijing, China, which indicated that the content of total soluble sugar in cherries irrigated with a moderate amount of water significantly increased when treated with low water and high water levels. This indicated that too much or too little irrigation reduces total sugar and polysaccharide contents in fruits. Moreover, appropriate water stress adjusts the ratio of plant photosynthetic products between vegetative organs and reproductive organs, promotes the movement of photosynthetic products to reproductive organs, and creates conditions conducive to sugar accumulation [80]. In addition, this study reported that with the increase in nitrogen application levels and irrigation amount, the fat content in wolfberry leaves first showed an increasing and then a decreasing trend, primarily because excessive or insufficient nitrogen application through irrigation would inhibit photosynthetic capacity and cause more serious oxidative damage, which would not be conducive to the synthesis of free fatty acids, and ultimately reduce the fat content in leaves. This study showed that the qualities of wolfberry were improved when mild water deficit combined with a medium nitrogen application rate, and the contents of total sugar, protein, and fat were increased most significantly, which was mainly because the appropriate input of water and nitrogen would fully mobilize the absorption and adjustment ability of the plant, and effectively play the interaction effect of water and nitrogen, thereby improving the qualities [81].





5. Conclusions


Appropriate water and nitrogen application can improve the plant height, stem diameter, and SPAD of wolfberry. The average of Pn, gs, Ci, and Tr reached the highest in W0N2 (19.86 μmmol·m−2·s−1), W1N1 (182.65 mmol·m−2·s−1), W2N2 (218.86 μmol·mol−1), and W0N2 (6.44 mmol·m−2·s−1) treatment, respectively. The diurnal variation of leaf photosynthetic parameters (Pn, gs, and Tr) showed a good correlation with PAR and Δe. Water regulation, nitrogen application level, and their interaction significantly affected the yield, WUE, PFPN, net income, and input–output ratio of wolfberry. The total sugar, polysaccharide, fat, amino acid, and protein content was highest in the W1N2, W1N2, W1N2, W2N3, and W0N2 treatments. Then, the rest of the processing was increased by 3.32–16.93%, 7.49–54.72%, 6.5–45.89%, 11.12–86.16%, and 7.15–71.67%. The TOPSIS method showed that the yield, qualities, WUE, NUE, and economic benefits of wolfberry with mild water deficit W1 (65–75%θf) combined with medium nitrogen application N2 (300 kg·ha−1) were better, which was a suitable water and nitrogen control model for the production of wolfberry in the irrigation area of the Yellow River in Gansu Province and similar climate areas.
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Figure 1. Daily precipitation and average temperature during the growing season of wolfberry. 
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Figure 2. Effects of water and nitrogen regulation on plant height growth amount of wolfberry. Different lowercase letters indicate significant differences in plant height growth amount under different water and nitrogen treatments at p < 0.05. W, water treatment; N, nitrogen application treatment; W × N, interaction. ** indicates extremely significant difference at p < 0.01; * indicates significant difference at p < 0.05. 
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Figure 3. Effects of water and nitrogen regulation on stem diameter growth amount of wolfberry. Different lowercase letters indicate significant differences in stem diameter growth amount under different water and nitrogen treatments at p < 0.05. W, water treatment; N, nitrogen application treatment; W × N, interaction. ** indicates extremely significant difference at p < 0.01. 
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Figure 4. Effects of water and nitrogen regulation on SPAD of wolfberry. Different lowercase letters indicate significant differences in SPAD under different water and nitrogen treatments at p < 0.05. W, water treatment; N, nitrogen application treatment; W × N, interaction. ** indicates extremely significant difference at p < 0.01; ns indicates no significant difference. 
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Figure 5. Effects of water and nitrogen regulation on photosynthetic characteristics of wolfberry. W, water treatment; N, nitrogen application treatment. (a–d) indicates Pn, (e–h) indicates gs, (i–l) indicates Ci, (m–p) indicates Tr. Pn, gs, Ci, and Tr were all diurnal variations. 
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Figure 6. Diurnal variation of environmental factors. PAR, Δe, Ta, and RH were all diurnal variations. 
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Figure 7. Relationship between photosynthetic parameters of wolfberry and environmental factors under different treatments of water and nitrogen. 
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Figure 8. Effects of water and nitrogen regulation on yield, water, and nitrogen-use efficiency of wolfberry. Different lowercase letters indicate significant differences in yield, water, and nitrogen-use efficiency under different water and nitrogen treatments at p < 0.05. W, water treatment; N, nitrogen application treatment; W × N, interaction. ** indicates extremely significant difference at p < 0.01; * indicates significant difference at p < 0.05; ns indicates no significant difference. 
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Figure 9. Relative proximity (Ci) and comprehensive ranking under different water and nitrogen regulations. 
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Table 1. Effects of water and nitrogen regulation on the quality of wolfberry.
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Treatment

	
Total Sugars

(g·100 g−1)

	
Polysaccharides (g·100 g−1)

	
Amino Acids (%)

	
Proteins (g·100 g−1)

	
Fats (g·100 g−1)






	
W0N0

	
46.42 ± 1.20 efg

	
4.69 ± 0.17 d

	
6.65 ± 0.61 def

	
10.45 ± 1.03 def

	
1.93 ± 0.31 ab




	
W0N1

	
49.78 ± 1.23 bc

	
5.04 ± 0.27 bcd

	
7.93 ± 0.73 cde

	
12.90 ± 1.17 ab

	
1.79 ± 0.09 ab




	
W0N2

	
49.77 ± 1.85 bc

	
5.11 ± 0.14 bcd

	
9.08 ± 1.05 ab

	
13.94 ± 0.68 a

	
1.89 ± 0.18 ab




	
W0N3

	
48.89 ± 0.44 cd

	
5.12 ± 0.43 bc

	
8.65 ± 0.49 abc

	
13.01 ± 1.13 ab

	
1.94 ± 0.05 ab




	
W1N0

	
48.66 ± 1.20 de

	
3.71 ± 0.22 f

	
6.66 ± 1.08 def

	
11.64 ± 0.47 bcd

	
1.84 ± 0.40 ab




	
W1N1

	
50.94 ± 1.27 ab

	
5.34 ± 0.20 b

	
6.78 ± 1.00 def

	
12.30 ± 1.17 bc

	
2.00 ± 0.33 ab




	
W1N2

	
52.63 ± 0.84 a

	
5.74 ± 0.20 a

	
7.29 ± 1.02 cde

	
12.78 ± 1.03 ab

	
2.13 ± 0.09 a




	
W1N3

	
48.86 ± 0.67 cd

	
4.26 ± 0.30 e

	
8.22 ± 0.41 bcd

	
10.77 ± 0.31 cde

	
1.92 ± 0.11 ab




	
W2N0

	
45.26 ± 0.60 fg

	
3.95 ± 0.09 ef

	
5.42 ± 0.87 g

	
9.54 ± 1.14 efg

	
1.79 ± 0.76 ab




	
W2N1

	
47.17 ± 0.42 def

	
4.93 ± 0.29 bcd

	
6.60 ± 1.07 def

	
11.56 ± 1.03 bcd

	
1.95 ± 0.30 ab




	
W2N2

	
47.66 ± 0.92 de

	
4.87 ± 0.17 cd

	
8.18 ± 1.06 bcd

	
10.48 ± 0.85 def

	
1.90 ± 0.10 ab




	
W2N3

	
47.14 ± 1.33 defg

	
4.09 ± 0.17 ef

	
10.09 ± 1.10 a

	
9.91 ± 0.33 ef

	
1.89 ± 0.20 ab




	
W3N0

	
45.01 ± 1.11 g

	
3.79 ± 0.19 f

	
5.45 ± 0.93 g

	
8.87 ± 0.90 fg

	
1.46 ± 0.35 b




	
W3N1

	
45.94 ± 1.17 efg

	
4.09 ± 0.15 ef

	
6.23 ± 1.06 efg

	
9.34 ± 0.78 efg

	
1.68 ± 0.29 ab




	
W3N2

	
46.64 ± 0.92 efg

	
4.05 ± 0.20 ef

	
6.80 ± 0.01 def

	
9.06 ± 0.65 fg

	
1.59 ± 0.28 ab




	
W3N3

	
45.76 ± 1.59 efg

	
3.71 ± 0.29 f

	
5.89 ± 1.12 fg

	
8.12 ± 0.70 g

	
1.56 ± 0.09 ab




	
Analysis of variance




	
W

	
**

	
**

	
*

	
**

	
*




	
N

	
**

	
**

	
ns

	
**

	
ns




	
W × N

	
ns

	
**

	
ns

	
*

	
ns








Note: mean ± SD, n = 3; different lowercase letters indicate significant differences in quality under different water and nitrogen treatments at p < 0.05. W, water treatment; N, nitrogen application treatment; W × N, interaction. ** indicates extremely significant difference at p < 0.01; * indicates significant difference at p < 0.05; ns indicates no significant difference.













 





Table 2. Effects of water and nitrogen regulation on the benefit of wolfberry.
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Treatment

	
Total Income (×104 CNY·ha−1)

	
Total Cost

(×104 CNY·ha−1)

	
Net Income (×104 CNY·ha−1)

	
Input–Output Ratio






	
W0N0

	
6.40 ± 0.33 f

	
1.98 ± 0.00 h

	
4.42 ± 0.33 fg

	
3.23 ± 0.17 fg




	
W0N1

	
7.37 ± 0.64 de

	
2.02 ± 0.01 f

	
5.35 ± 0.65 de

	
3.65 ± 0.33 de




	
W0N2

	
8.88 ± 0.44 ab

	
2.06 ± 0.01 d

	
6.82 ± 0.44 ab

	
4.32 ± 0.20 ab




	
W0N3

	
8.00 ± 0.56 cd

	
2.11 ± 0.01 a

	
5.89 ± 0.55 cd

	
3.79 ± 0.25 cd




	
W1N0

	
6.68 ± 0.28 ef

	
1.96 ± 0.00 i

	
4.72 ± 0.28 ef

	
3.41 ± 0.14 ef




	
W1N1

	
7.72 ± 0.25 cd

	
2.01 ± 0.01 f

	
5.70 ± 0.25 cd

	
3.83 ± 0.13 cd




	
W1N2

	
9.44 ± 0.47 a

	
2.04 ± 0.00 e

	
7.41 ± 0.47 a

	
4.64 ± 0.23 a




	
W1N3

	
8.47 ± 0.47 bc

	
2.09 ± 0.00 b

	
6.38 ± 0.47 bc

	
4.05 ± 0.23 bc




	
W2N0

	
6.12 ± 0.49 fg

	
1.94 ± 0.00 j

	
4.18 ± 0.49 fg

	
3.15 ± 0.25 fg




	
W2N1

	
6.56 ± 0.14 f

	
1.98 ± 0.00 h

	
4.58 ± 0.14 fg

	
3.31 ± 0.07 ef




	
W2N2

	
7.94 ± 0.30 cd

	
2.02 ± 0.00 f

	
5.92 ± 0.30 cd

	
3.93 ± 0.15 cd




	
W2N3

	
7.53 ± 0.62 d

	
2.07 ± 0.00 c

	
5.46 ± 0.62 de

	
3.63 ± 0.30 de




	
W3N0

	
4.93 ± 0.38 h

	
1.92 ± 0.00 k

	
3.01 ± 0.38 i

	
2.57 ± 0.20 h




	
W3N1

	
5.08 ± 0.50 h

	
1.96 ± 0.00 i

	
3.12 ± 0.50 hi

	
2.59 ± 0.26 h




	
W3N2

	
5.43 ± 0.42 gh

	
2.00 ± 0.00 g

	
3.43 ± 0.43 hi

	
2.71 ± 0.21 h




	
W3N3

	
5.93 ± 0.09 fg

	
2.06 ± 0.01 c

	
3.87 ± 0.10 gh

	
2.87 ± 0.05 gh




	
Analysis of variance




	
W

	
**

	
**

	
**

	
**




	
N

	
**

	
**

	
**

	
**




	
W×N

	
*

	
*

	
*

	
*








Note: mean ± SD, n = 3; different lowercase letters indicate significant differences in economic benefits under different water and nitrogen treatments at p < 0.05. W, water treatment; N, nitrogen application treatment; W × N, interaction. ** indicates extremely significant difference at p < 0.01; * indicates significant difference at p < 0.05. Urea is 3.25 CNY·kg−1, superphosphate is 1 CNY·kg−1, potassium chloride is 4 CNY·kg−1, irrigation water is 0.33 CNY·m−3, labor fee is 150 CNY per person per day, and the remaining cost of each treatment is calculated according to the actual situation. In 2022, the average price of dried Chinese wolfberry is 36 CNY·kg−1.













 





Table 3. Calculation matrix Mij for each evaluation indicator under different water and nitrogen regulation.
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	Treatment
	Irrigation Amount
	Nitrogen Application Rate
	Total Sugars
	Polysac-Charides
	Amino Acids
	Proteins
	Fats
	Yield
	IWUE
	WUE
	PFPN
	ANUE
	Net Income





	W0N0
	0.346
	0.000
	0.243
	0.256
	0.226
	0.237
	0.262
	0.224
	0.152
	0.166
	0.000
	0.000
	0.213



	W0N1
	0.317
	0.134
	0.260
	0.276
	0.269
	0.292
	0.244
	0.258
	0.191
	0.212
	0.445
	0.352
	0.259



	W0N2
	0.284
	0.267
	0.260
	0.279
	0.309
	0.316
	0.258
	0.310
	0.256
	0.248
	0.268
	0.447
	0.330



	W0N3
	0.300
	0.401
	0.256
	0.280
	0.294
	0.294
	0.264
	0.280
	0.219
	0.242
	0.161
	0.193
	0.285



	W1N0
	0.294
	0.000
	0.244
	0.203
	0.226
	0.264
	0.251
	0.234
	0.186
	0.198
	0.000
	0.000
	0.228



	W1N1
	0.299
	0.134
	0.266
	0.292
	0.230
	0.278
	0.273
	0.270
	0.212
	0.228
	0.466
	0.375
	0.276



	W1N2
	0.241
	0.267
	0.275
	0.314
	0.247
	0.289
	0.290
	0.330
	0.322
	0.330
	0.285
	0.500
	0.358



	W1N3
	0.255
	0.401
	0.255
	0.233
	0.279
	0.244
	0.261
	0.296
	0.273
	0.289
	0.171
	0.215
	0.308



	W2N0
	0.242
	0.000
	0.237
	0.216
	0.184
	0.216
	0.244
	0.214
	0.207
	0.221
	0.000
	0.000
	0.202



	W2N1
	0.222
	0.134
	0.247
	0.269
	0.224
	0.262
	0.265
	0.229
	0.243
	0.232
	0.396
	0.158
	0.221



	W2N2
	0.199
	0.267
	0.249
	0.266
	0.278
	0.237
	0.259
	0.278
	0.327
	0.321
	0.240
	0.328
	0.286



	W2N3
	0.210
	0.401
	0.246
	0.223
	0.343
	0.224
	0.258
	0.263
	0.295
	0.263
	0.152
	0.170
	0.264



	W3N0
	0.190
	0.000
	0.235
	0.207
	0.185
	0.201
	0.198
	0.172
	0.212
	0.225
	0.000
	0.000
	0.145



	W3N1
	0.174
	0.134
	0.240
	0.224
	0.211
	0.211
	0.228
	0.178
	0.240
	0.244
	0.307
	0.057
	0.151



	W3N2
	0.156
	0.267
	0.244
	0.221
	0.231
	0.205
	0.216
	0.207
	0.311
	0.286
	0.179
	0.182
	0.166



	W3N3
	0.165
	0.401
	0.239
	0.203
	0.200
	0.184
	0.212
	0.190
	0.270
	0.236
	0.109
	0.061
	0.187
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