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The characteristics of the growing environment (arid and semi-arid regions with abundant light), wastage of water, types of fertilizers used, quality of the plants, and the decline in yield due to the need for large quantities of water and fertilizers are the most significant obstacles to wolfberry cultivation. To cope with the scarcity of water caused by the increase in the area of wolfberry cultivation and to improve the efficiency of the utilization of water and fertilizers, a two-year field experiment was conducted in a typical area of the central dry zone of Ningxia in 2021 and 2022. The effects of different water and nitrogen coupling on the physiology, growth, quality, and yield of wolfberry were investigated, and a water and nitrogen management model with better indicators was constructed based on the TOPSIS model and a comprehensive scoring method. In the experiment, three irrigation quotas of 2,160, 2,565, and 2,970 m3 ha–1 (I1, I2, and I3) and three N applications of 165, 225, and 285 kg ha–1 (N1, N2, and N3) were established; the local conventional management served as the control (CK). The results showed that the growth index of wolfberry was most significantly affected by irrigation, followed by the water and nitrogen interaction effect, and the nitrogen application had the least effect. The growth and development of wolfberry plants mainly takes place during the fruit ripening and flowering periods, and growth almost stops after entering the fruit ripening period. The chlorophyll (SPAD) values were affected by irrigation and nitrogen application to a significant level, except for during the spring tip period, but the effect of water and nitrogen interaction was not significant. The SPAD values of N2 treatment were better under different irrigation. The daily photosynthetic activity of wolfberry leaves peaked between 10:00 am and noon. The daily photosynthetic dynamics of wolfberry were affected by irrigation and nitrogen application to a significant level during the fruit ripening period, and the transpiration rate and leaf water use efficiency were affected by water and nitrogen interaction to a significant level during 8:00 am and noon, while the effect was not significant during the spring tip period. The yield, dry-to-fresh ratio, and 100 grain weight of wolfberry were significantly affected by the irrigation, nitrogen application, and their interaction effects. Specifically, the two-year yield with I2N2 treatment increased by 7.48% and 3.73%, respectively, compared to CK. The quality indices were significantly affected by irrigation and nitrogen application, except for the total sugars; other indexes were also significantly affected by water and nitrogen interaction effects. The evaluation of the TOPSIS model showed that the I3N1 treatment yielded the best quality of wolfberry, and the results of the integrated scoring method based on the growth, physiology, yield, and quality indicators and water-saving objectives showed that the I2N2 (2,565 m3 ha-1, 225 kg ha-1) treatment was the optimal water and nitrogen management mode for drip-irrigated wolfberry. Our findings provide a scientific basis for the optimal irrigation and management of fertilization of wolfberry in arid regions.
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1 Introduction

Wolfberry (Lycium barbarum L.) is a perennial deciduous shrub in the genus Lycium and family Solanaceae (Duan et al., 2022). Its fruits are rich in polysaccharides, total sugars, and other nutrients. It is a medicinal plant with significant beneficial effects on the kidney and liver, as well as enhancing immunity, alleviate fever, and moistening the lungs (Amagase and Farnsworth, 2011; Mao et al., 2011).

The only Lycium genus included in the 2010 edition of the Chinese Pharmacopoeia was Ningxia wolfberry. At the end of 2021, 30,000 ha of land was in use for cultivating this wolfberry in Ningxia Province. The cultivated area has increased over the years, and wolfberry has become a specialty crop that contributes to regional economic growth. Wolfberry planting requires a large quantity of water and fertilizers for high yield and income. Thus, wolfberry cultivation has several challenges, including the low availability of water and fertilizers, high-cost, and poor yield and quality. Additionally, whether the excessive use of water and fertilizers contribute to environmental degradation needs to be determined (Liang et al., 2014; Li et al., 2019a).

Water and nitrogen are the most important factors required for crop growth, particularly considering that adding large quantities of nitrogen during crop growth enhances food production and quality (Lebauer and Treseder, 2008; Canfield et al., 2010; Fan et al., 2017). The distribution of sources of water across the globe does not match the distribution of arable land resources, and more than half of agricultural areas are constrained by water availability to varying degrees (Geng et al., 2016). Ningxia is located inland in northwest China. It suffers from extreme water scarcity and the whole region except for the Yellow River Irrigation Area is a fragile ecological environment. Hence, the expansion of wolfberry cultivation in this region will further intensify the water-land conflict. Since the 1980s, the quantity of N fertilizer used in China has increased considerably, and the input-to-output ratio has decreased sharply. The average utilization efficiency of the three fertilizers with high contents of N, P, and K is about 27.2%, 11.1%, and 31.1%, respectively, and the wide northwest area with poor soils has lower utilization efficiency than the national average (Zhang et al., 2008; Wu et al., 2019). Therefore, optimizing water and nitrogen usage and improving water and nitrogen utilization efficiency are essential for improving food security and developing sustainable agricultural techniques (Mahajan et al., 2012; Sun et al., 2016).

Some studies have shown a prominent interaction between water and nitrogen (Cabrera et al., 2007). Proper water conditions promote plant root development, thus enhancing nitrogen uptake efficiency and conversion rate (Huang et al., 2016). In contrast, an inadequate water supply inhibits nitrogen fertilizer and crop growth, and too much will reduce the efficiency of water and fertilizer use, affecting crop yields, and cause a large amount of soil nitrogen loss or leaching into the deep soil layer to cause soil and groundwater pollution (Badr et al., 2010; Tang et al., 2010; Man et al., 2014). Water and fertilizer coupling technology has a synergistic effect on the growth, yield, and quality of crops, and promotes water and fertilizer conservation and green agricultural development (Sasada et al., 2011; Ma et al., 2020). Water and fertilizer coupling technology is widely used in wheat, maize, rice, and facility vegetable cultivation. Although it can effectively save water and fertilizer, its application is mainly focused on annual crops (Chen et al., 2021; Ma et al., 2021; Deng et al., 2022; Wang et al., 2022; Zhao et al., 2022). Few studies have investigated perennial crops such as wolfberry, and most studies have examined the interactive effects between irrigation and various N, P, and K fertilizers. The identification of the reciprocal effects of irrigation and a specific fertilizer and their mechanism of action is challenging (Liu et al., 2020; Deng et al., 2021; Zhu et al., 2022). Thus, the effect of saving water and fertilizer is not obvious after applying this technology. Therefore, the application of water and fertilizer coupling technology for cultivating perennial crops and optimizing irrigation systems needs further investigation.

The limitations of the distribution area and the specificity of the growth habit have discouraged the development of irrigation systems and related studies on wolfberry. Thus, the effects of water, nitrogen, and their interactions on wolfberry plants need to be determined to use water and nitrogen efficiently in wolfberry cultivation. To address some of these issues, we conducted this study with the following objectives: (1) to determine the effects of irrigation, nitrogen application, and their interaction on the growth, physiology, yield, and quality of wolfberry by conducting a two-year field experiment; (2) to develop an evaluation system based on the physiology, growth, and quality of wolfberry by applying the TOPSIS model and the integrated scoring method; (3) to determine the optimal irrigation quota and content of nitrogen required for the drip irrigation of wolfberry with high efficiency of water and nitrogen utilization, healthy growth of the plants, excellent yield, and high quality of the crop. This study might provide a theoretical foundation and support for developing an intelligent drip irrigation system for wolfberry production.




2 Materials and methods



2.1 Study area

The study was conducted in Ningxia Concentric County, China (105°42’23.05” E, 37°10’36.98” N, 1,228 m). It is a typical arid belt region (Figure 1). The study was conducted from April 2021 to October 2022. The area has a temperate continental semi-arid climate, with an average rainfall of 270 mm; approximately 70% of the annual rainfall occurs between July and September. The drought indicator is approximately 8.84, and thus, supply and demand have a great disparity. The average annual temperature has been 8.6°C for many years, with a large variation in diurnal temperature and an average of approximately 3,024 h of sunlight. The porosity of the soil is 44%, and the field water holding capacity ranges from 13.6% to 15.4%. The physicochemical properties of the soil are listed in Table 1. The groundwater of this region is buried between 20 and 25 m deep and precipitation is minimal and concentrated, making the groundwater and precipitation difficult to use and the only reliable source of water for irrigation is the Yellow River. The precipitation and average daily temperature throughout the fertility period in the two years of the study are shown in Figure 2. The experimental varieties of wolfberry were 8a and 9a Sheng Ningqi No. 7. The plants were grown 0.75 m apart, and a line distance of 3 m was maintained. Wolfberry trees have a trunk diameter of 30–45 mm and a height of 80–110 cm at the start of their reproductive period. They have a four-stage critical reproductive period: the spring tip period (stage 1: late April to mid-May), the flowering period (stage 2: late May to mid-June), the fruit ripening period (stage 3: late June to mid-August), and the defoliation period (stage 4: late June to mid-August) (stage 5: late August to early September).




Figure 1 | Ningxia, China (A), Study Area Location - Hexi Town (B), Experimental design (C), Rundle Manor (D), Experimental area (E), Photosynthesis measure (F) and wolfberry (G).




Table 1 | Physicochemical properties of the soil in the study area.






Figure 2 | The daily rainfall and daily average temperature during the reproductive period of wolfberry in 2021 and 2022.






2.2 Experimental design

The fully randomized experimental design consisted of two factors: irrigation and nitrogen fertilization. Three irrigation amounts, i.e., low water I1 (2,160 m3 ha-1), medium water I2 (2,565 m3 ha-1), and high water I3 (2,970 m3 ha-1), and three N application rates, i.e., low N1 (165 kg ha-1), medium N2 (225 kg ha-1), and high N3 (285 kg ha-1), were used in the experiment following the drip irrigation planting technical protocols (Ningxia Water Resources Department and Ningxia Institute of Water Resources Science, 2017; Zhang, 2021). The experimental design levels are shown in Table 2. The local conventional management standard was used as the control (CK) with the following irrigation quotas, N, P, and K pure nutrients: 2,970 m3 ha-1, 330 kg ha-1, 90 kg ha-1, and 150 kg ha-1, respectively. Each plot had 10 trees with more than 3 m of separation between each plot of wolfberry trees to prevent mutual influence, and the plot area was 22.5 m2. The experiment included nine treatments and one control treatment, with three replications for each treatment, and 30 test plots. A 6 m buffer zone surrounding each test plot was maintained, and the total test area was 675 m2. Urea (46% N), calcium superphosphate (12% P2O5), and potassium sulfate (50% K2O) were used as the test fertilizers. The phosphorus (P2O5) and potassium (K2O) fertilizers were applied quantitatively, based on the relevant results, and set at 66 and 113 kg ha-1, respectively (Deng et al., 2021; Zhang, 2021). We performed above-ground, off-frame drip irrigation, and the drip pipe was laid parallel to each row. Irrigation and nitrogen application were synchronized as follows: 20% and 15% (once) during the spring tip period, 30% and 25% (twice) during the flowering period, 40% and 50% (four times) during the fruit ripening period, and 10% (once) during both defoliation periods. Except for irrigation and fertilization, all other field management practices and levels were identical to those of the surrounding area.


Table 2 | The water and nitrogen management program of wolfberry.






2.3 Observation indicators and methods



2.3.1 Growth indicators

After performing the initial irrigation, three wolfberry trees with comparable growth were selected from each plot. In the upper portion of each subdivision, three new unshaded branches were delineated and measured, and the east-west and south-north crown widths were marked.

The height, length, and diameter of the selected calibrated branches were measured with an accuracy of 0.1 mm using steel measuring tape and Vernier calipers. The east-west and south-north crown widths of each tree were measured with an accuracy of 0.1 mm using steel measuring tape. The first monitoring of each index was carried out on the 10th day after irrigation, and then measured once every 10 days.




2.3.2 Physiological indicators

Three leaves were selected from the demarcated branches, and the leaf SPAD value was determined using a portable (measured every 10 days), hand-held chlorophyll instrument (SPAD-502PLUS, Japan). On a clear and non-windy day, three healthy and uniformly illuminated leaves were selected and monitored every 2 h from 08:00 am to 6:00 pm using a portable photosynthetic measurement system (LI-6800, USA). The monitoring indicators included the net photosynthetic rate (Pn), the transpiration rate (Tr), and stomatal conductance (Gs). The leaf water use efficiency (WUE) was calculated using the formula WUE = Pn/Gs.




2.3.3 Yield and yield composition indicators

At the ripening stage, ripe fruits were collected in batches. The fresh fruit yield and weight of 100 fresh wolfberries were determined using an electronic scale (0.01 g). After drying the fruits, their yield was calculated. To determine the number of grains, the 100-grain weight of the dried fruits was weighed, and 50 g of the dried fruit was randomly weighed in each plot. Finally, the dry-fresh ratio was calculated based on the yield of dried fruits and fresh fruits.




2.3.4 Quality measurement

For each treatment, 500 g of dried fruits were randomly selected for quality determination, and the determination indices included the polysaccharide content, total sugar content, crude fat content, protein content, and betaine content. Polysaccharides were determined by spectrophotometry at 490 nm absorbance, and total sugars were determined using the titration method (General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China and China National Standardization Administration Committee, 2014). The Kjeldahl method was used to determine the protein content (National Health and Family Planning Commission of the People’s Republic of China, 2016a). Betaine was determined using the colorimetric method with a detection limit of 0.04% (Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2009). The Soxhlet extraction method was used to determine the crude fat content (National Health and Family Planning Commission of the People’s Republic of China, 2016b).





2.4 Multi-objective decision-making and comprehensive evaluation



2.4.1 Comprehensive scoring method

Each evaluation indicator was scored according to the evaluation criteria of different indicators. Then, the weighted sum was used to obtain the total score.

Suppose the number of evaluation objects and evaluation indicators are a and b, respectively, and   represents the jth indicator of the ith treatment. Then, the normalized indicator   can be obtained by eliminating the dimensionality of the measured values of each indicator.

 

The indicator weight was determined by the coefficient of variation method of objective weighting. Because the dimensions of the indicators were different, comparing their variability directly was not possible. Thus, the coefficient of variability of the indicators was used to compare their variability (Sun et al., 2022).

 



Here, Vj indicates the coefficient of variation of indicator j; δj indicates the standard deviation of indicator j; χj indicates the mean of indicator j; Wj indicates the weight of indicator j.

The comprehensive score of the treatment   was calculated using equation (4).

 




2.4.2 TOPSIS method

(1) The matrix was constructed based on the original evaluation parameters (Liu et al., 2021a). Suppose there are m evaluation objects and n evaluation indicators. The original data can be expressed as the matrix  = ( ) m×n;   represents the original data of the jth indicator of the ith treatment. The metrics was normalized as follows:

 

Here, i = (1, 2, …, m) and j = (1, 2, …, n)

The normalization matrix can be expressed as   = ( ) m×n. The optimal and inferior vectors composed of the maximum and minimum values of each column were determined using equations (6) and (7), respectively.

 

 

The Euclidean distances (Di+ and Di–) were determined using equations (8) and (9).

 

 

The fit of the ith treatment to the optimal solution   was determined using equation (10).

 





2.5 Data processing and analysis

All data were collated and model calculations were performed in Microsoft Excel 2018. The analysis of variance (ANOVA) was performed on the SPSS 26.0 software to determine the effect of water, nitrogen, and their interaction, and its interaction effects with significance (P< 0.05). The graphs were plotted using Microsoft Excel, GraphPad Prism 8.0, and Origin 21.0.





3 Results and analysis



3.1 Growth indicator



3.1.1 Cumulative growth

The cumulative increase in the growth indices of wolfberry plants in 2021 and 2022 is shown in Figure 3. The growth and development of wolfberry plant height, crown width (E-W), crown width (S-N), branch length, and branch diameter growth indices mainly occurred during the spring tip and flowering periods.




Figure 3 | The effect of water and nitrogen coupling on the cumulative growth of wolfberry plant height (A, B), crown width (E–W) (C, D), crown width (S–N) (E, F), branch length (G, H), branch diameter (I, J) in the fertility periods of 2021 and 2022. The different lowercase letters indicate significant differences, as determined by Duncan’s multiple range test (p < 0.05). CK, control; STP, spring tip period; FP, flowering period; FRP, fruit ripening period.



The two-year cumulative plant height was 41–50.78 cm and 52.89–59.89 cm, respectively (Figures 3A, B). The maximum cumulative height was recorded during the spring tip period of 2022; the maximum and minimum heights were observed in the I3N3 and I1N3 treatments in 2021, and in the I2N3 and CK treatments in 2022, respectively. When water and nitrogen were coupled, the plant height differed between treatments at different growth periods. However, the average plant height did not change significantly with irrigation and nitrogen gradient over the two years.

The cumulative crown width (E-W) growth in 2021 and 2022 was 53–63.11 cm and 59.56–75.77 cm, respectively (Figures 3C, D). The highest growth occurred in the I3N3, and I1N3 treatments, and the poorest growth occurred in the I1N1 and CK treatments. The cumulative growth of the crown width (E-W) increased with the increase in the irrigation quota and nitrogen application in 2021, but the opposite trend was observed in 2022. There were some differences in the cumulative growth of the crown width (E-W) in different fertility periods with water and nitrogen treatments, but the differences were not significant for the whole fertility period.

The cumulative growth of the crown width (S-N) in 2021 and 2022 was 58.22–77.78 cm and 74.78–89.11 cm, respectively (Figures 3E, F). The highest growth occurred in the I1N3 and I2N3 treatments in 2021 and 2022, respectively. The crown width (S-N) growth increased significantly with an increase in nitrogen application under the I1 and I2 irrigation quotas, while under the I3 irrigation quota, the increase in nitrogen application decreased the crown width (S-N) growth.

The cumulative growth of the branches was 50.67–67.44 cm in 2021 and 41.91–60.22 cm in 2022 (Figures 3G, H). The maximum and minimum branch lengths were recorded in the I2N2 and I1N1 treatments. Under I1 irrigation, the branch length increased gradually with nitrogen application, whereas, under I2 and I3 irrigation, it increased initially and then decreased slightly. The interaction between water and nitrogen significantly affected the branch length.

The branch diameter changes in 2021 and 2022 were generally consistent (Figures 3I, J), with cumulative growth ranging from 2.08–2.77 mm and 2–2.68 mm, respectively. The maximum growth in branch diameter was observed in the spring and flowering seasons. Under I1 irrigation, the branch diameter increased gradually with an increase in N application. Under I2 and I3 irrigation, the diameter first increased and then slightly decreased. However, in some treatments, the diameter differed significantly (P< 0.05) during the spring tip and flowering periods, and they were significantly influenced by water and nitrogen coupling.




3.1.2 Analysis of variance for each growth indicator

The results of the ANOVA are shown in Table 3. Except for the fruit ripening stage in 2021, the effects of irrigation on plant height, nitrogen application during the flowering period, and water and nitrogen coupling during the spring tip period were significant. The crown width was significantly influenced by the interaction between irrigation water and nitrogen. The crown width (E-W) experienced a greater influence at all reproductive stages. The crown width (S-N) was only significantly greater during the spring tip period. Irrigation significantly affected the branch length at all growth stages. Flowering and fruit ripening were significantly affected by water, nitrogen, and the coupling of water and nitrogen. The diameter of the branches was significantly affected only by irrigation. Comprehensive analysis showed that irrigation had the greatest effect on the cumulative growth of the indicators, followed by the interaction between water and nitrogen, and then, by nitrogen application.


Table 3 | The results of the analysis of variance for each growth index of wolfberry with water and nitrogen coupling.







3.2 Physiological indicators



3.2.1 Leaf SPAD value

The pattern of variation in the leaf SPAD values was similar between 2021 and 2022 (Figures 4A, B), with a gradual increase from the spring tip period to the flowering period, a slight decrease during the fruit ripening period, and a gradual increase during the defoliation period, which was more pronounced in 2022. There were significant differences (P< 0.05) among other treatments, such as among I2N2, I2N3, and I3N2 during the flowering, fruit ripening, and defoliation periods in 2021, and only between I1N1 treatment and I2N2, I2N3, and I3N2 with medium-to-high water fertilization during the fruit ripening period in 2022 (P< 0.05). The irrigation quotas andnitrogen application in the 2 years of the study had significant (p < 0.05) effects at the flowering, fruit ripening, and defoliation periods, but none of the effects of water and nitrogen interactionreached significant levels. The SPAD maximum values in both years were recorded in the I2N2 treatment and, under the same irrigation level, the SPAD values first increased and then decreased with the increase in nitrogen application, and the overall SPAD values were relatively higher in the N2 nitrogen treatment.




Figure 4 | The effect of water and nitrogen coupling on the SPAD value of wolfberry leaves in 2021 (A) and 2022 (B). Note that different lowercase letters indicate significant differences between different water and nitrogen treatments. ** indicates a highly significant effect (p < 0.01); * indicates a significant effect (p <0.05); and ns indicates no significant effect (p > 0.05). I, irrigation quota; N, amount of nitrogen applied.






3.2.2 Net photosynthetic rate

The daily dynamics of the net photosynthetic rate (Pn) in 2021 and 2022 are shown in Figure 5. A single-peaked pattern was observed during both fertility periods (Figures 5A, B), and the highest peaks occurred between 10:00 am and noon. During the spring tip period, the net photosynthetic rate was higher in the I1N3 and I2N3 treatments, and the highest value reached 18.25 µmol·m-2;·s-1, which occurred in the I1N3 treatment. The fruit ripening period was relatively short and relatively long under the I2N2 and I3N1 treatments, with the highest net photosynthetic rate of 12.63 µmol·m-2·s-1 (I1N3 treatment). The net photosynthetic rate was not significantly affected by irrigation quota, nitrogen application, and their interaction during the spring tip period but was significantly (P< 0.05) affected by irrigation quota and nitrogen application between 8:00 am and 10:00 am during the fruit ripening period. The net photosynthetic rate initially increased and then decreased in response to an increase in the irrigation water; however, the effect of nitrogen application varied across growth stages (Figure 5C). The net photosynthetic rate decreased with an increase in nitrogen application during the spring tip period but increased during the fruit ripening period (Figure 5D).




Figure 5 | Daily dynamics of and changes in the net photosynthetic rate under conditions of water and nitrogen coupling, Pn (A, B), Changes with irrigation and N application (C, D). Note that photosynthetic day dynamics at different fertility stages were expressed as average values in 2021 and 2022, the same applies in Figures 6–8. * indicates a significant effect (p < 0.05); ns indicates no significant effect (p > 0.05).






3.2.3 Transpiration rate

The daily dynamics of transpiration rate (Tr) are shown in Figures 6A, B; two peaks were recorded during both fertility periods. The first peak occurred between 10:00 am and noon, which was followed by a decline with a low transpiration rate between noon and 2:00 pm. A second peak occurred between 2:00 pm and 4:00 pm. At peak times, the transpiration rates in the I1N3, I2N2, I3N2, and CK treatments were more than those in the I1N3, I2N2, and CK treatments. The transpiration rate between 8:00 am and 10:00 am was affected by the irrigation quota, water, and nitrogen interaction during the spring tip period and by the irrigation quota and nitrogen application during the fruit ripening period; both reached significant levels (P< 0.05). The transpiration rate first increased and then decreased with an increase in irrigation at various fertility stages. Additionally, the rate first increased and then decreased with an increase in nitrogen application (Figures 6C, D).




Figure 6 | Daily dynamics of and changes in transpiration rate under conditions of water and nitrogen coupling, Tr (A, B), Changes with irrigation and N application (C, D). ** indicates a highly significant effect (p < 0.01); * indicates a significant effect (p < 0.05); and ns indicates no significant effect (p > 0.05).






3.2.4 Stomatal conductance

The daily dynamics of stomatal conductance (Gs) in 2021 and 2022 are shown in Figure 7. A single-peaked pattern for both fertility periods (Figures 7A, B) started between 8:00 am and 10:00 am, which peaked between 10:00 am and noon, followed by a sharp decline and a slight increase between 2:00 pm and 4:00 pm. During the peak, the stomatal conductance in the I1N1 and I2N1 treatments was relatively high at all reproductive stages. Stomatal conductance was not significantly affected by irrigation quota, nitrogen application, or their interactions during the spring tip period, but it was significantly (P< 0.05) affected by nitrogen application between 10:00 am and noon during the fruit ripening period. During the spring tip period, the stomatal conductance decreased gradually as irrigation water increased (Figure 7C). In contrast, during the fruit ripening period, it increased initially and then decreased as irrigation water increased. Additionally, the stomatal conductance initially decreased and then increased as nitrogen application increased (Figure 7D).




Figure 7 | Daily dynamics of and changes in stomatal conductance under conditions of water and nitrogen coupling, Gs (A, B), Changes with irrigation and N application (C, D). * indicates a significant effect (p < 0.05); and ns indicates no significant effect (p > 0.05).






3.2.5 Leaf water use efficiency

The daily dynamic characteristics of leaf water use efficiency (WUE) in 2021 and 2022 are shown in Figure 8. The two growth periods showed a single peak (Figures 8A, B), which occurred between 10:00 am and noon, followed by a precipitous decline. The water use efficiency of each treatment was greater in the morning than in the afternoon. The water use efficiency of I1N1 treatment was the highest (5.27 µmol·mmol-1), and it was 49.47% and 56.93% higher than that of CK during the spring tip and fruit ripening periods. Leaf water use efficiency was not significantly affected by irrigation rate, nitrogen application, and their interaction during the spring tip period. However, it was significantly affected by leaf irrigation rate, nitrogen application, and their interaction between noon and 2:00 pm during the fruit ripening period (P< 0.01). The water use efficiency of wolfberry leaves decreased initially, then increased with an increase in irrigation water and decreased with an increase in fertilizer application (Figures 8C, D).




Figure 8 | Daily dynamics of and changes in water use efficiency under conditions of water and nitrogen coupling, WUE (A, B), Changes with irrigation and N application (C, D). ** indicates a highly significant effect (p < 0.01); ns indicates no significant effect (p > 0.05).







3.3 Yield and yield composition

The analysis of the yield indicators for wolfberry in 2021 and 2022 is presented in Table 4. The yield in both years ranged from 1,953 to 2,320.94 kg ha-1 and 1,924.87 to 2,391.73 kg ha-1, respectively. The I2N2 treatment produced the best results, with 7.48% and 3.73% higher yields compared to that in CK and 18.84% and 24.25% higher yields compared to that in the treatment with the lowest yield, respectively. The average yield for both years followed the order I2N2 > I3N2 > I2N3 > CK > I3N3 > I3N1 > I2N1 > I1N3 > I1N2 > I1N1. The dry-to-fresh ratio increased with an increase in irrigation and N application; the CK treatment exhibited the greatest increase. Both high water and high fertilizer and low water and low fertilizer treatments were associated with the highest grain yield.


Table 4 | The effect of water and nitrogen coupling on yield and yield composition.






3.4 Quality indicators

The results of the analysis of the indicators of wolfberry quality in 2021 and 2022 are presented in Table 5. In both years, the polysaccharide content in the I2N2 treatment was 20.97% and 28.05% higher than that in CK. In both years, the total sugar content varied. The highest values occurred in the I3N1 and I2N1 treatments, with 10.69% and 9.54% higher values than that in CK. In both years, the I3N1 treatment had the highest betaine content, with increases of 91.67% and 62.5% relative to that in CK. The I2N2 treatment had the highest crude fat content, which was 18.67% and 55.36% higher than that in CK. The protein content was the highest in both I3N2 treatments (2021 and 2022), with an increase of 8.18% and 15.01%, respectively, compared to that in CK.


Table 5 | The effect of water and nitrogen coupling on quality indicators.






3.5 Correlation of physiological, growth, quality, and yield indicators

To further examine the interactions between the physiology, growth, quality, and yield of wolfberry, we performed correlation analysis with the indices (Figure 9). With coefficients of 0.89, 0.96, 1.0, and 0.85, the positive correlations between branch length and branch diameter, Pn, yield, and SPAD were highly significant or significant. The branch diameter was positively correlated with polysaccharide, yield, Pn, crown width, and leaf area. Significant positive correlations or correlation levels between canopy width, polysaccharides, and WUE were observed. With positive correlation coefficients of 0.85 and 0.88, respectively, SPAD showed significant or highly significant correlations with yield and Pn. Pn demonstrated highly significant or significant positive correlations with yield and Gs, as determined by the correlation coefficients of 0.96 and 0.83, respectively. The correlation between Pn and betaine was significantly negative, with a correlation coefficient of –0.81.




Figure 9 | The correlation of physiological, growth, yield, and quality indicators. Note: The data of each indicator is the average of 2021 and 2022; ***indicates highly significant correlation (P< 0.001), **indicates significant correlation (P< 0.01), and *indicates correlation (P< 0.05); Pn, Net photosynthetic rate; Tr, Transpiration rate; Gs, Stomatal conductance and WUE, leaf water use efficiency.






3.6 Comprehensive evaluation



3.6.1 Comprehensive quality evaluation based on the TOPSIS method

All quality indicators were standardized and evaluated based on the TOPSIS method. The overall quality of the treatment was better with a higher optimal treatment Ci value. The best overall quality of both years was found in I3N1, with Ci values of 0.821 and 0.682, respectively, except for the I2N1 treatment, where the overall quality of all other treatments was better than the local conventional management level (CK) (Table 6).


Table 6 | Comprehensive quality evaluation and ranking of wolfberries based on the TOPSIS method.






3.6.2 A comprehensive evaluation of the effects of water and nitrogen coupling on the growth, physiology, yield, and quality

Based on the results of the correlation analysis of the branch length, branch diameter, SPAD value, net photosynthetic rate (Pn), water use efficiency (WUE), yield, and quality, 11 indicators that were highly correlated with the yield and quality of wolfberry were selected. The exhaustive assessment of each treatment was applied to the exhaustive scoring method. Using the coefficient of variation method, the weight distribution of each indicator was determined. Each indicator was assigned a dimensionless individual score to calculate the affiliation, and then, the affiliation of each indicator was multiplied by the weight occupied to determine the overall score. The greater the Csi score, the more effective the treatment. In 2021, the I2N2 treatment received the highest score (0.81), followed by the I3N2 treatment (0.78). In 2022, both treatments had the highest and second-highest scores. Based on the two-year average and water conservation goals, the I2N2 treatment was better (Table 7).


Table 7 | A comprehensive evaluation of the physiology, growth, yield, and quality of wolfberry based on the integrated scoring method.








4 Discussion



4.1 Effect of water and nitrogen coupling on the growth index of wolfberry

Water and nitrogen are extremely important factors affecting crop growth. The proper regulation of water and nitrogen increases water and fertilizer use efficiency and promotes crop growth (Wang et al., 2017; Dai et al., 2019). Plant height, crown width, and branch length are key indicators of the nutritional status of plants and important predictors of fruit yield. In this study, we found that the height, branch diameter, and crown width of wolfberry increased gradually as irrigation water increased. Each indicator continued to increase substantially after the fruiting stage (Jia et al., 2022). In 2021 and 2022, the increase in wolfberry indicators, such as plant height, branch length, and branch diameter, occurred primarily during the spring tip and flowering periods. This increase almost stopped after the fruit-ripening period. The branch length and branch diameter of wolfberry increased as nitrogen application increased in the I1 treatment but decreased as nitrogen application increased in the I2 and I3 treatments. The height of the plants did not change significantly as irrigation and nitrogen application increased. This discrepancy between the findings of our study and those of other studies occurred because, during the pre-growth phase, plant nutrients were primarily allocated to nutritional growth, and as fruit ripening began, competition for water and nutrients developed between reproductive and nutritional growth, resulting in a slowing or cessation of plant growth (Peng et al., 2019). When water is insufficient, a moderate increase in nitrogen can reduce the inhibition of nutrient uptake by water and promote plant growth (Li et al., 2019b). Excessive application of nitrogen in the absence of water stress can reduces the inter-root soil solute potential of the crop to a certain extent, resulting in lower water potential, preventing water and nutrient transport and affecting the nutrient uptake of the crop, while a certain amount of nitrogen application will improve the drought resistance of the crop and thus promote the nutrient uptake of the plant (Wang et al., 2021; Hong et al., 2022). Wolfberry is a perennial plant that can easily adapt. A moderate reduction in the water content did not significantly affect plant height. In contrast, excessive irrigation inhibited the increase in plant height. However, an adequate amount of fertilizer stimulated the growth and development of plant roots (Yin et al., 2018; Landl et al., 2019).




4.2 Effect of water and nitrogen coupling on the physiological characteristics of wolfberry

Chlorophyll (SPAD) is necessary for photosynthesis in plants, which is the most efficient process for fixing light energy and is primarily influenced by soil microclimate changes (Sun et al., 2014; Guo et al., 2017; Fan et al., 2019; Gyimah et al., 2020). Studies have shown that increased irrigation and nitrogen application can elevate leaf nitrogen content, and hence leaf chlorophyll content (Zhu et al., 2022). In this study, the SPAD values of wolfberry leaves showed a trend of increasing and then decreasing throughout the reproductive period, and the N2 treatment was higher under different irrigation amounts. This is different from the related studies, because of the differences in the nutrient distribution among the organs of the plant at different growth periods, with the nutrients mainly allocated to plant growth and development in the spring tip period and the early flowering period, and the nutrients mainly allocated to fruit growth and development after fruit deposition in the late flowering period, resulting in significant changes in chlorophyll in different growth periods (Zhang, 2021). In addition, wolfberry is a perennial crop; the effect of moderate nitrogen and water reduction on leaf SPAD value is not obvious. The daily dynamics of Tr and Pn were bimodal with peaks at 10:00 am and noon and 2:00 pm and 4:00 pm, respectively, and the photosynthetic rate performed better under medium to high moisture treatments (Sun et al., 2019; Li et al., 2021a). In this study, Tr, Pn and Gs were unimodal in different fertility periods, all peaking around 10:00 am and noon, and only the Tr part of the treatment peaked at 2:00 pm and 4:00 pm. The photosynthetic indices tended to increase and then decrease with the increase of irrigation and nitrogen application, but there were some differences in different fertility periods. The temperature in the study area was already at a high level in all reproductive periods of wolfberry, and the relatively low temperature from 8:00 am and noon, with high stomatal opening of the plants, favored the respiration of the plants and the uptake of water and nutrient elements by the roots, therefore the indices such as Tr, Pn, and Gs gradually increased (Zhu et al., 2022). The plants experience a brief siesta phenomenon, and the photosynthetic daily dynamics of each index gradually decreases when the solar altitude angle reaches its maximum at noon. The solar altitude angle then gradually decreases, but the ground is still a cumulative temperature process and the temperature remains high, coupled with the long age of the plant, the root water supply is not timely, and the leaf water loss is not replenished in time, resulting in a lower frequency of leaf photosynthesis, so it is difficult to have a second peak (Li et al., 2021b).




4.3 Effect of water and nitrogen coupling on the yield and quality of wolfberry and comprehensive evaluation

Improving crop yield and quality is the objective of crop cultivation. Several studies have investigated ways to save water and fertilizer while increasing crop yield and quality (Bencze et al., 2014; Sui et al., 2018). Proper irrigation and nitrogen application can increase grain yield and quality. However, the relationship between crop yield, water, and nitrogen is parabolic, implying that water and fertilizer levels above a certain threshold inhibit crop growth and yield (Sandhu et al., 2019; Liu et al., 2020; Liu et al., 2021b). In this study, all yield indicators for 2021 and 2022 first increased and then decreased as irrigation and nitrogen application increased, as found in previous studies. Among the indicators of quality, only the polysaccharide content increased significantly, adding water and nitrogen, whereas the content of the other quality indicators did not increase significantly, which was different from the findings of other studies. Wolfberry is a perennial species, and it can adapt to the arid growing environment as it possesses a good drought-adaptive mechanism. Thus, a moderate reduction in nitrogen and water does not affect its quality (Wang et al., 2018a; Li et al., 2019c). Therefore, quality indicators might be more influenced by soil micronutrients, the appropriate regulation of water and fertilizer, and a favorable growth environment that promotes healthy plant growth and development, which increases crop yield and quality (Wang et al., 2018b; Moreno et al., 2019; Song et al., 2020; Xiao et al., 2021). The I2N2 treatment enhanced the dry fruit yield and quality indices of polysaccharide and crude fat content of wolfberry to varying degrees. The TOPSIS evaluation showed that the I3N1 treatment had the highest overall wolfberry quality, but when combined with the scores for growth, physiology, yield, quality, and other indices, as well as the objectives to save water, the I2N2 treatment was the most effective water and nitrogen management strategy for wolfberry cultivation.

We comprehensively investigated the growth, physiology, yield, and quality of wolfberries in this study. We determined the optimal irrigation quota and nitrogen application for drip irrigation of wolfberry under the coupled regulation of water and nitrogen. However, a comprehensive water and fertilizer management strategy for the wolfberry production system in arid regions still requires optimization. Additionally, wolfberry is extremely sensitive to its growth environment. Thus, the relationship between yield, quality, water and fertilizer utilization efficiency, and the health of the soil needs to be determined to improve the economic efficiency and perform green and efficient development of wolfberry production.





5 Conclusion

The increase in the growth indices of wolfberry occurred primarily during the spring tip period and flowering period, and the increase ceased when the fruit ripening period began. Irrigation had the greatest effect, followed by the interaction of water and nitrogen and then nitrogen application, and a moderate increase in irrigation was beneficial to the growth and development of wolfberry plants. Except for the spring tip period, the SPAD value of wolfberry leaves was significantly affected by irrigation and nitrogen application, but the water and nitrogen interaction effect was not significant. The daily dynamics of leaf photosynthetic indicators showed a peak at 10:00 am and noon and a second peak between 2:00 pm and 4:00 pm that was not significant, and the effect of irrigation and nitrogen application during fruit ripening was more significant. Except for the number of grains and total sugar content, all other yield and quality indicators of wolfberry were significantly influenced by irrigation, nitrogen application, and the interaction effect, where the yield of I2N2 treatment increased by 7.48% and 3.73%, respectively, compared to CK over the two years, and other quality indicators also increased to different degrees. The comprehensive scoring of growth, physiology, yield, and quality indicators, and the water-saving objectives, the irrigation quota, and the nitrogen application rate for multi-objective comprehensive optimization of drip-irrigated wolfberry were found to be 2,565 m3 ha-1 and 225 kg ha-1, which corresponded to the conditions of the I2N2 treatment. Our findings might provide valuable insights into water and fertilizer management and help in improving the irrigation system of drip-irrigated wolfberries in arid regions.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

ZM was mainly responsible for study data collection, analysis, and writing. JY (the corresponding authors) had the overall responsibility for experimental design and project management and overall review of manuscripts. YY, FS, and ZY contributed to data and manuscript preparation. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by the Natural Science Foundation Project of Ningxia (2022AAC03032), the Ningxia First-class Discipline Construction Funding Project for Higher Education Institutions (Grant No. NXYLXK2021A03), and the Graduate Student Innovation Projects of Ningxia University (CCXM2022-19).




Acknowledgments

The authors thank Huashan Su for their efforts in significantly improving the quality of language in the article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1130109/full#supplementary-material




References

 Amagase, H., and Farnsworth, N. R. (2011). A review of botanical characteristics, phytochemistry, clinical relevance in efficacy and safety of lycium barbarum fruit (Goji). Food Res. Int. 44, 1702–1717. doi: 10.1016/j.foodres.2011.03.027

 Badr, M. A., Hussein, S. D., El-Tohamy, W. A., and Gruda, N. (2010). Nutrient uptake and yield of tomato under various methods of fertilizer application and levels of fertigation in arid lands. Gesunde Pflanz. 62, 11–19. doi: 10.1007/s10343–010–0219–5

 Bencze, S., Bamberger, Z., Janda, T., Balla, K., Varga, B., Bedo, Z., et al. (2014). Physiological response of wheat varieties to elevated atmospheric CO2 and low water supply levels. Photosynthetica 52, 71–82. doi: 10.1007/s11099–014–0008-y

 Cabrera, B. L., Molero, G., Bort, J., Nogués, S., and Araus, J. L. (2007). The combined effect of constant water deficit and nitrogen supply on WUE, NUE and Δ13C in durum wheat potted plants. Ann. Appl. Biol. 151, 277–289. doi: 10.1111/j.1744–7348.2007.00195.x

 Canfield, D.-E., Glazer, A.-N., and Falkowski, P.-G. (2010). The evolution and future of earth’s nitrogen cycle. Science 330, 192–196. doi: 10.1126/science.1186120

 Chen, H. B., Tian, J. C., Li, W. C., and Shen, H. (2021). Photosynthesis-yield-quality trials and comprehensive evaluation of drip irrigated broccoli based on water and fertilizer coupling. J. Soil Water Conserv. 35, 235–242. doi: 10.13870/j.cnki.stbcxb.2021.06.032

 Dai, Z. G., Fei, L. J., Huang, D. L., Zeng, J., Chen, L., and Cai, Y. H. (2019). Coupling effects of irrigation and nitrogen levels on yield, water and nitrogen use efficiency of surge-root irrigated jujube in a semi-arid region. agric. Water Manage. 213, 146–154. doi: 10.1016/j.agwat.2018.09.035

 Deng, L. M., Chen, X. F., Wang, X., Cui, R. Y., Zhou, T., and Liu, G. C. (2022). Water-fertilizer coupling: effect on the efficiency of reduced fertilization for wheat in purple soil. Chi. Agric. Sci. Bull. 38, 51–56.

 Deng, Z., Yin, J., Wu, J. B., and Zhang, H. J. (2021). Comprehensive evaluation of water and fertilizer application for lycium barbarum l. based on AHP and entropy weight method. J. drain. Irri. Mach. Eng. 39, 712–719. doi: 10.3969/j.issn.1674-8530.20.0319

 Duan, W. W., Zhang, Z. J., Zhu, J. J., Zhang, D., Qian, D., Teng, F., et al. (2022). Comparative analysis of the phenolic profile of lycium barbarum l. fruits from different regions in China. MOLECULES 27, 5842. doi: 10.3390/molecules27185842

 Fan, Y., Ding, R., Kang, S., Hao, X., Du, T., Tong, L., et al. (2017). Plastic mulch decreases available energy and evapotranspiration and improves yield and water use efficiency in an irrigated maize cropland. Agric. Water Manage. 179, 122–131. doi: 10.1016/j.agwat.2016.08.019

 Fan, Y., Liu, J., Zhao, J., Ma, Y., and Li, Q. (2019). Effects of delayed irrigation during the jointing stage on the photosynthetic characteristics and yield of winter wheat under different planting patterns. Agric. Water Manage. 221, 371–376. doi: 10.1016/j.agwat.2019.05.004

 General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China and China National Standardization Administration Committee. (2014). Wolfberry. National Standards of the People’s Republic of China. GB/T 18672–2014. 1–12. Available at: http://www.eshian.com/standards/33644.html.

 Geng, G., Wu, J., Wang, Q., Lei, T., He, B., Li, X., et al. (2016). Agricultural drought hazard analysis during 1980–2008: a global perspective. Int. J. Climatol. 36, 389–399. doi: 10.1002/joc.4356

 Guo, W., Zhao, Z., Jiao, Z., and Li, J. (2017). Interaction of soil water and nitrogen on the photosynthesis and growth in pinus tabulaeformis seedlings. Sci. SS. 53 (4), 37–48. doi: 10.11707/j.1001–7488.20170405

 Gyimah, A., Wu, J., Scott, R., and Gong, Y. (2020). Agricultural drainage increases the photosynthetic capacity of boreal peatlands. Agric. Ecosyst. Environ. 300, 106984. doi: 10.1016/j.agee.2020.106984

 Hong, T. T., Cai, Z. L., Li, R., Liu, J. C., Li, J. L., Wang, Z., et al. (2022). Effects of water and nitrogen coupling on watermelon growth, photosynthesis and yield under CO2 enrichment. Agric. Water Manage. 259, 107229. doi: 10.1016/j.agwat.2021.107229

 Huang, L., Yang, W. P., Hu, X. Q., Tao, Ye, Yao, S. M., and Ou, X. Q. (2016). Effects of irrigation and nitrogen interaction on water consumption characteristics and nitrogen utilization of winter wheat. J. Soil Water Conserv. 30, 168–174. doi: 10.13870/j.cnki.stbcxb.2016.02.030

 Jia, Z. L., Su, L. T., and Bai, Y. G. (2022). Effect of different water treatments on the growth and yield of lycium barbarum plants in northern xinjiang. Bull. Soil Water Conserv. 42, 99–105. doi: 10.13961/j.cnki.stbctb.2022.01.014

 Landl, M., Schnepf, A., Uteau, D., Peth, S., Athmann, M., Kautz, T., et al. (2019). Modeling the impact of biopores on root growth and root water uptake. Vadose Zone J. 18, 20. doi: 10.2136/vzj2018.11.0196

 Lebauer, D.-S., and Treseder, K.-K. (2008). Nitrogen limitation of net primary productivity in terrestrial ecosystems is globally distributed. Ecology 89, 371–379. doi: 10.1890/06–2057.1

 Li, H. J., Kuang, N. K., Gou, Q. S., Ma, Y. Z., and Li, Q. Q. (2021). Effects of different film mulches on photosynthetic characteristics and yield of summer maize (Zea mays l.) in the north China plain. Arch. Agron. Soil Sci. 67, 179–190. doi: 10.1080/03650340.2020.1718115

 Li, Y. L., Liu, X. G., Hao, K., Yang, Q. L., Yang, X. Q., Zhang, W. H., et al. (2019b). Light-response curve of photosynthesis and model fitting in leaves of mangifera indica under different soil water conditions. Photosynthetica 57, 796–803. doi: 10.32615/ps.2019.095

 Li, H. H., Liu, H., Pang, J., Li, S., Cui, Y., and Sun, J. S. (2019a). Effects of water and nitrogen interaction on growth and nutrient accumulation of potted tomatoes. Trans. Chin. Soc Agric. Mach. 50 (09), 272–279. doi: 10.6041/j.issn.1000-1298.2019.09.032

 Li, T., Xie, Y., Gao, Z., Hong, J., Li, L., Meng, H., et al. (2019c). Year-round film mulching system with monitored fertilization management improve grain yield and water and nitrogen use efficiencies of winter wheat in the dryland of the loess plateau, China. Environ. Sci. pollut. Res. Int. 26, 9524–9535. doi: 10.1007/s11356–019–04337–5

 Li, S., Zhao, L., Sun, N., Liu, Q., and Li, H. (2021b). Photosynthesis product allocation and yield in sweetpotato with different irrigation levels at mid-season. Agric. Water Manage, 246, 708–715. doi: 10.1016/j.agwat.2020.106708

 Liang, H., Hu, K., Li, B., and Liu, H. (2014). Coupled simulation of soil water-heat-carbon-nitrogen process and crop growth at soil-plant-atmosphere continuum system. Trans. Chin. Soc Agric. Eng. 30, 54–66. doi: 10.3969/j.issn.1002–6819.2014.24.007

 Liu, P. Z., Li, M. H., Song, Y. C., Yang, D., Gao, X. D., Ren, X. L., et al. (2021a). Effects of fertigation on yield, water and nitrogen utilization and economic productivity benefit of wolfberry (Lycium barbarum l.). Plant Nutr. Fert. Sci. 27, 1820–1828. doi: 10.11674/zwyf.2021166

 Liu, Y. W., Zhou, X., Han, H. H., Yang, Q. L., and Liu, X. G.. (2021b). Coupling scheme optimization of panax notoginseng considering yield, quality and water-fertilizer use efficiency. Trans. Chin. Soc Agric. Eng. 37, 139–146. doi: 10.11975/j.issn.1002–6819.2021.19.016

 Liu, X. L., Ma, L. H., Li, J. J., Yang, R. H., Liu, Y. J., and Zi, H. (2020). Effect of drip fertigation on lycium yield and quality in sandy land in northern shaanxi. J. Irri. Drain. 39, 13–16. doi: 10.13522/j.cnki.ggps.2020068

 Liu, Y. W., Zhou, X., Han, H. H., Yang, Q. L., and Liu, X. G. (2021). Coupling scheme optimization of panax notoginseng considering yield, quality and water-fertilizer use efficiency. Trans. Chin. Soc Agric. Eng. 37, 139–146. doi: 10.11975/j.issn.1002–6819.2021.19.016

 Ma, J. Q., He, Q. X., and Liu, L. (2021). Optimizing irrigation and fertilization coupling to balance the improvement of yield and water use efficiency of summer maize. J. Irri. Drain. 40, 58–63. doi: 10.13522/j.cnki.ggps.20202036

 Ma, C. J., Xiao, Y., Puig-Bargues, J., Shukla, M. K., Tang, X. L., Hou, P., et al. (2020). Using phosphate fertilizer to reduce emitter clogging of drip fertigation systems with high salinity water. J. Environ. Manage. 263, 8. doi: 10.1016/j.jenvman.2020.110366

 Mahajan, G., Chauhan, B. S., Timsina, J., Singh, P. P., and Singh, K. (2012). Crop performance and water- and nitrogen-use efficiencies in dry-seeded rice in response to irrigation and fertilizer amounts in northwest India. Field Crop Res. 134, 59–70. doi: 10.1016/j.fcr.2012.04.011

 Man, J. G., Yu, J. S., White, P. J., Gu, S., Zhang, Y., Guo, Q., et al. (2014). Effects of supplemental irrigation with micro-sprinkling hoses on water distribution in soil and grain yield of winter wheat. Field Crop Res. 161, 26–37. doi: 10.1016/j.fcr.2014.02.001

 Mao, F., Xiao, B., Jiang, Z., Zhao, J., Huang, X., and Guo, J. (2011). Anticancer effect of lycium barbarum polysaccharides on colon cancer cells involves G0/G1 phase arrest. Med. Oncol. 28, 121–126. doi: 10.1007/s12032–009–9415–5

 Ministry of Agriculture and Rural Affairs of the People’s Republic of China (2009). Determination of betaine in sugar beet colorimetric method. Agricultural industry standards of the People’s Republic of China. NY/T 1746–2009. 1–5. Available at: http://www.doc88.com/p-7169546655518.html.

 Moreno, O. G., Pliego, C., Sarmiento, D., Barcelo, A., and Martinez-Ferri, E. (2019). Yield and fruit quality of avocado trees under different regimes of water supply in the subtropical coast of spain. agric. Water Manage. 221, 192–201. doi: 10.1016/j.agwat.2019.05.001

 National Health and Family Planning Commission of the People’s Republic of China (2016a). National Standard for Food Safety, Determination of Protein in Food: GB 5009.5. National Standards of the People’s Republic of China. 1–9. Available at: http://www.doc88.com/p-1476128315597.html

 National Health and Family Planning Commission of the People's Republic of China (2016b). National standard for food safety determination of fat in food: GB 5009.6. (National Standards of the People’s Republic of China). 1–7. Available at: http://www.doc88.com/p-9919950035016.html

 Ningxia Water Resources Department, and Ningxia Institute of Water Resources Science (2017). Ningxia drip irrigation engineering planning and design guidelines and technical regulations for drip irrigation planting of advantageous specialty crops. (Yingchuan, China: NX.People’s. Pub.) 12, 195. Available at: https://item.kongfz.com/book/41091018.html

 Peng, L., Dong, L. S., Chen, Y. P., Song, A. Y., Zhao, X. M., Cui, Q., et al. (2019). Effects of multiple times of topdressing nitrogen application under equal level on utilization and distribution characteristics of 15N and 13C in winter jujube. Chin. J. Appl. Ecol. 30 (04), 1380–1388. doi: 10.13287/j.1001–9332.201904.029

 Sandhu, O. S., Gupta, R. K., Thind, H. S., Jat, M. L., Sidhu, H. S., and Yadvinder-Singh, (2019). Drip irrigation and nitrogen management for improving crop yields, nitrogen use efficiency and water productivity of maize-wheat system on permanent beds in northwest India. Agric. Water Manage. 219, 19–26. doi: 10.1016/j.agwat.2019.03.040

 Sasada, Y., Win, K. T., Nonaka, R., Win, A. T., Toyota, K., Motobayashi, T., et al. (2011). Methane and N2O emissions, nitrate concentrations of drainage water, and zinc and copper uptake by rice fertilized with anaerobically digested cattle or pig slurry. Biol. Fertil Soils. 47, 949–956. doi: 10.1007/s00374–011–0601–1

 Song, X. D., Liu, F., Wu, H. Y., Cao, Q., Zhong, C., Yang, J. L., et al. (2020). Effects of long-term K fertilization on soil available potassium in East China. Catena 188, 104412. doi: 10.1016/j.catena.2019.104412

 Sui, J., Wang, J., Gong, S., Xu, D., Zhang, Y., and Qin, Q. (2018). Assessment of maize yield-increasing potential and optimum n level under mulched drip irrigation in the northeast of China. Field Crop Res. 215, 132–139. doi: 10.1016/j.fcr.2017.10.009

 Sun, G., Hu, T., Liu, X., Peng, Y., Leng, X., Li, Y., et al. (2022). Optimizing irrigation and fertilization at various growth stages to improve mango yield, fruit quality and water-fertilizer use efficiency in xerothermic regions. Agric. Water Manage. 260, 107296. doi: 10.1016/j.agwat.2021.107296

 Sun, G. Z., Liu, X. G., Xiao, D. Y., Peng, Y. L., Leng, X. X., Huang, Y. F., et al. (2019). Effects of moistube patterns and fertilization levels on growth and physiological characteristics of blueberry. Chin. J. Ecol. 38 (02), 604–611. doi: 10.13292/j.1000–4890.201902.021

 Sun, S. K., Wang, Y. B., Liu, J., and Wu, P. T. (2016). Quantification and evaluation of water footprint of major grain crops in china. J. Hydraul. Eng. 47, 1115–1124. doi: 10.13243/j.cnki.slxb.20150956

 Sun, Y., Wang, X., Wang, N., Chen, Y., and Zhang, S. (2014). Changes in the yield and associated photosynthetic traits of dry-land winter wheat (Triticum aestivum l.) from the 1940s to the 2010s in shaanxi province of China. Field Crop Res. 167, 1–10. doi: 10.1016/j.fcr.2014.07.002

 Tang, L. S., Li, Y., and Zhang, J. (2010). Partial rootzone irrigation increases water use efficiency, maintains yield and enhances economic profit of cotton in arid area. Agric. Water Manage. 97, 1527–1533. doi: 10.1016/j.agwat.2010.05.006

 Wang, Y. C., He, X. C., Li, F. Q., Deng, H. L., Wang, Z. Y., Huang, C. X., et al. (2021). Effects of water and nitrogen coupling on the photosynthetic characteristics, yield, and quality of isatis indigotica. Sci. Rep. 11, 7. doi: 10.1038/s41598–021–96747–0

 Wang, L. M., Huang, D. F., and Zhang, B. C. (2022). Differences in uptake, utilization and loss of nitrogen and phosphorus in a Chinese double rice cropping system under different irrigation and fertilization managements. Chin. J. Appl. Ecol. 33, 1037–1044. doi: 10.13287/j.1001−9332.202204.016

 Wang, Y., Janz, B., Engedal, T., and Neergaard, A. D. (2017). Effect of irrigation regimes and nitrogen rates on water use efficiency and nitrogen uptake in maize. agric. Water Manage. 179, 271–276. doi: 10.1016/j.agwat.2016.06.007

 Wang, D., Li, G., Mo, Y., Cai, M., and Bian, X. (2018a). Evaluation of optimal nitrogen rate for corn production under mulched drip fertigation and economic benefits. Field Crop Res. 216, 225–233. doi: 10.1016/j.fcr.2017.10.002

 Wang, Y. Q., Zhang, Y. H., Zhang, R., Li, J. P., Zhang, M., Zhou, S. L., et al. (2018b). Reduced irrigation increases the water use efficiency and productivity of winter wheat-summer maize rotation on the north China plain. Sci. Total Environ. 618, 112–120. doi: 10.1016/j.scitotenv.2017.10.284

 Wu, D. L., Xu, X. X., Chen, Y. L., Shao, H., Sokolowski, E., and Mi, G. H. (2019). Effect of different drip fertigation methods on maize yield, nutrient and water productivity in two-soils in northeast China. Agric. Water Manage. 213, 200–211. doi: 10.1016/j.agwat.2018.10.018

 Xiao, C., Zou, H. Y., Fan, J. L., Zhang, F. C., Li, Y., Sun, S. K., et al. (2021). Optimizing irrigation amount and fertilization rate of drip-fertigated spring maize in northwest China based on multi-level fuzzy comprehensive evaluation model. Agric. Water Manage. 257, 107157. doi: 10.1016/j.agwat.2021.107157

 Yin, Z. R., Lei, J. Y., Gui, L. G., and Zhang, X. J. (2018). Impact of drip IrrigationAmount on growth, yield and quality of different varieties of wolfberry. J. Irri. Drain. 37 (10), 28–34. doi: 10.13522/j.cnki.ggps.2017.0515

 Zhang, H. J. (2021). Effect of water and fertilizer regulation on growth and soil microzone environment of Chinese wolfberry under hedge-frame drip irrigation conditions. Ningxia U. 03, 46–58. doi: 10.27257/d.cnki.gnxhc.2021.000251

 Zhang, F., Wang, J., Zhang, W., Cui, Z., Ma, W., Chen, X., et al. (2008). Nutrient use efficiencies of major cereal crops in china and measures for improvement. Acta Pedol. Sin. 45, 915–924.

 Zhao, W. J., F., M., Cao, W., Ma, F. F., and Li, H. (2022). Effects of water and fertilizer coupling on the yield and quality of tomatoes. Trans. Chin. Soc Agric. Eng. 38, 95–101. doi: 10.11975/j.issn.1002–6819.2022.02.011

 Zhu, H., Tian, J. C., Yang, F., Ma, B., Yan, X. F., and Hao, X. F. (2022). Effects of water−fertilizer−air−heat coupling on yield and photosynthesis of wolfberry. J. drain. Irri. Mach. Eng. 40, 511–518. doi: 10.3969/j.issn.1674−8530.20.0159




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Ma, Yin, Yang, Sun and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/im2.jpg





OEBPS/Images/M2.jpg
@





OEBPS/Images/fpls-14-1130109-g008.jpg
4.5 2.10
B 3.6
g 2.05
= 2.7
E .
£ 18  Significance 2.00
=6 8:00-18:00
E ’ I: ns; N: ns; IxN: ns
0.0 1.95
8:00-10:00 10:00-12:00 12:00-14:00 14:00-16:00 16:00-18:00 I+ L I Ni N2 Ns
Time (Spring tip period)
=35 B ——LIN: ——IN: b
3 3.0 ——LNs ——LN; 1.40
g 2.5 ——DLN: ——LN;
= ——I:N>
_g. 2.0 3 1.30
ZL5 1.20
=10 1.10
0.5 '
0.0 1.00

8:00-10:00 10:00-12:00 12:00-14:00 14:00-16:00 16:00-18:00 I. I» Is N: N2 N
Time (Fruit ripening period)





OEBPS/Images/M10.jpg
g
BrEb (10)






OEBPS/Images/M6.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effect of water and nitrogen coupling regulation on the growth, physiology, yield, and quality attributes and comprehensive evaluation of wolfberry (Lycium barbarum L.)

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study area

          



          		

            2.2 Experimental design

          



          		

            2.3 Observation indicators and methods

          

            		

              2.3.1 Growth indicators

            



            		

              2.3.2 Physiological indicators

            



            		

              2.3.3 Yield and yield composition indicators

            



            		

              2.3.4 Quality measurement

            



          



          



          		

            2.4 Multi-objective decision-making and comprehensive evaluation

          

            		

              2.4.1 Comprehensive scoring method

            



            		

              2.4.2 TOPSIS method

            



          



          



          		

            2.5 Data processing and analysis

          



        



        



        		

          3 Results and analysis

        

          		

            3.1 Growth indicator

          

            		

              3.1.1 Cumulative growth

            



            		

              3.1.2 Analysis of variance for each growth indicator

            



          



          



          		

            3.2 Physiological indicators

          

            		

              3.2.1 Leaf SPAD value

            



            		

              3.2.2 Net photosynthetic rate

            



            		

              3.2.3 Transpiration rate

            



            		

              3.2.4 Stomatal conductance

            



            		

              3.2.5 Leaf water use efficiency

            



          



          



          		

            3.3 Yield and yield composition

          



          		

            3.4 Quality indicators

          



          		

            3.5 Correlation of physiological, growth, quality, and yield indicators

          



          		

            3.6 Comprehensive evaluation

          

            		

              3.6.1 Comprehensive quality evaluation based on the TOPSIS method

            



            		

              3.6.2 A comprehensive evaluation of the effects of water and nitrogen coupling on the growth, physiology, yield, and quality

            



          



          



        



        



        		

          4 Discussion

        

          		

            4.1 Effect of water and nitrogen coupling on the growth index of wolfberry

          



          		

            4.2 Effect of water and nitrogen coupling on the physiological characteristics of wolfberry

          



          		

            4.3 Effect of water and nitrogen coupling on the yield and quality of wolfberry and comprehensive evaluation

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/im7.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1130109-g002.jpg
(Do) 2Imeraduwd) aderaae AJreq

)
o

g
5
=
Z
=
m

(=3
o

v o o O
AN N o~ -

S O O O O O
&~ O v < 0 A

(uury [reyuter Ajreq

v O

8¢/6/CC0C
¥1/6/CCOT
1€/8/CC0C
L1/8/TT0C
£/8/CC0C

0¢/L/TC0T
9/L/TTOT

{t/9/TT0c
8/9/CC0C

§T/S/TT0c
11/5/CC0T
LTi/TT0T
€1/%/2C0C
0€/6/1C0C
91/6/1C0C
¢/6/120T

61/8/1C0C
$/8/120C

CT/LITT0T
8/L/120C

¥¢/9/1C0C
01/9/120T
LT/S/120C
€1/6/120C
6C//1C0C
S1/%/120C
1/%/120C





OEBPS/Images/table4.jpg
o-fresh ratio

Fruit yield (kg

Hundred grains weig

Number of grains (50g)

LN, 1953.00 ¢ 17.40 abc 426 b 293.00 abe
LN, 1956.16 ¢ 16.79 ¢ 4.28 ab 295.67 ab
LiN; 1984.41 ¢ 1821 a 4.32a 279.67 ¢
LN, 2020.84 ¢ 17.91 ab 4.29 ab 282.00 be
LN, 232094 a 17.24 be 4.28 ab 288.67abc

2021
LN; 2230.26 ab 17.59 abc 426b 290.67 abc
LN, 2172.74 b 17.39 be 413d 293.67 abc
LN, 2221.63 ab 17.96 ab 420 ¢ 297.33 ab
JEVEY 2148.89 b 17.25 be 4.25 be 29733 ab
CK 2159.34 b 17.34 be 432a 302.33 a

1 - 5§ . i

F value of ANOVA N h ns h ns
IxN . P o i
LN, 1924.87 f 14.95 ¢ 4.18d 321.33 ab

2022
LN, 1983.14 ef 15.01 ¢ 4.23 bed 322.00 ab
LN 2035.97 def 15.34 be 4.29 bed 31033 b
LN, 2125.74 cde 15.34 be 4.27 bed 31167 b
LN, 239173 a 16.54 a 420 cd 315.33 6b
LN; 2307.75 ab 16.34 ab 419 cd 30833 b
LN, 2192.29 bed 1523 ¢ 4.34 abc 319.33 ab
LN, 2333.85 ab 15.66 abc 4.36 ab 323.33 ab
N3 2227.90 abc 15.80 abc 4.38 ab 319.33 ab
CK 2305.82 ab 14.77 ¢ 4.48 a 33833 a

1 o - o s

F value of ANOVA N il ® ns ns

IxN ns ns ns ns

Different lowercase letters in the same column indicate significant differences between treatments (P< 0.05); **indicates a highly significant effect (P< 0.01), *indicates a significant effect (P< 0.05),
and ns indicates no significant effect (P > 0.05); the same applies to Table 5 below.





OEBPS/Images/table3.jpg
Spring tip period Flowering period Fruit ripening period

Indices Treatment

2021 2022 2021 2022 2021 2022

1 o . o . i o

Plant height N ns * 3 wE ns ns

IxN g 3 ns ns ns g

1 . . » fis - o

Crown width (E-W) N ns # ns 3 * ns

IxN * . s o o P

1 e At ns ns ns ns

Crown width (S-N) N ns ns ns ns ns ns

IxN b ® ns ns ns ns

1 o - P o o e

Branch length N ns ns xE 3 ns **

IxN ns ns + ns * ns

1 ns 2 e > ns ns

Branch diameter N ns ns ns ns ns ns

IxN ns ns ns ns ns ns

**indicates a highly significant effect (P< 0.01), *indicates a significant effect (P< 0.05), and ns indicates no significant effect (P > 0.05); I, irrigation quota; N, the amount of nitrogen applied; E-W,
East-West; S-N, South-North.





OEBPS/Images/im3.jpg





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1130109-g009.jpg
Plant height 0.4510.180260.13037 041 0.27
Branchlength | 0.71]0.56/ 1.0 [0 1=]0.50L0 280 1d0.41]0.36
Branch diameter 0.55/0.61/0.89 0.67 0.54|0.41
Leafarea 0.41 510.71]0.41 052 0.31
Crown width () 0.30(0.75/0.61 0.84 0.36(0.60{0.50
SPAD : ; 0.70]0.56]0.85| ' [0.58L0320370.2¢
Po [0 1 [0.25/0.83(0.50(0.96,  [0.49+038-031/0.25/0.2
Tr Y )| 1 [028l0540 1 1[0390390500810.41 033
Gs | @ 1 |0.400.71[027047[035026
WUE | @ VW : os¢ loss| [oas]oss|oas
Fruit yield 0.59+0 28 0.41/0.36
Number of grains . '
Polysaccharide

Total Sugar
Betaine
Crude fat

Protein

1.00

0.80

0.60

0.40

0.20

0.00

-0.20

-0.40

-0.60

-0.80

-1.00





OEBPS/Images/M1.jpg
o D )
max(Xy) = min(Xy)

[0





OEBPS/Images/table7.jpg
Comprehensive
score G/ Rank

Membership

[[reatment Growth indicators Physiological indicators  vield Quality indicators

Branch length  Branch diameter ~ SPAD Pn WUE Yield Polysaccharide Total Sugar Betaine Crude fat Protein

LN, 0.00 000 0.00 0.00 000 0.00 030 057 042 042 068 021 10
N, 012 024 044 070 070 001 056 053 0.64 058 026 042 6

IN; 015 059 019 056 028 009 050 031 058 0.16 057 034 8

LN 034 055 034 0.67 027 018 052 0.62 0.08 000 037 033 9

LN, 100 100 100 100 076 100 100 045 021 100 065 081 1

o LNy 083 080 079 077 022 075 080 023 025 054 085 061 4
[ 077 040 053 052 060 087 100 100 058 094 072 3

085 097 079 0.80 100 073 098 0.63 044 053 1.00 078 2

LN 0.62 081 035 070 069 053 091 053 042 095 0.00 0.58 5

K 074 075 053 077 040 056 000 0.00 0.00 037 044 041 7
LN, 0.00 000 0.00 0.00 033 000 009 0.54 012 0.28 058 017 10

LN, 017 044 039 0.08 047 012 041 0.48 041 044 000 033 9

IN; 029 025 0.26 07 047 024 027 037 029 006 052 033 8

LN, 0.65 059 052 065 033 043 044 100 0.08 000 047 044 6

LN, 100 097 100 100 072 100 100 0.44 015 100 055 078 2

e LN; 0.88 082 082 0.80 100 082 062 023 021 041 061 0.63 4
LN, 078 091 040 0.45 037 057 092 0.90 100 052 088 [ 3

LN, 0.96 100 081 081 082 08 098 0.69 0.65 036 100 0.80 1

IN; 092 090 045 0.66 028 065 005 041 046 036 037 0.48 5

CK 087 070 067 079 000 082 000 0.00 0.00 025 041 037 7





OEBPS/Images/im8.jpg





OEBPS/Images/M5.jpg
®





OEBPS/Images/fpls-14-1130109-g001.jpg
104°12°0"E 105°1'0"E 105°S0°0"E 106°39'0"E 107°28'0"E 105°38'0"E 105°43'30"E 105°49'0"E 105°54'30"E 106°0°0"E 106°5°30"E

5 .
g ‘i PN e
L] ‘\. \/\f LN =
\ﬁ =
S Shizui shan -
. ™

=,‘ . ('\\_r”‘ o~ .
S Yin'chuan z
o 2
R @
@

‘,‘ >
° He xi i
z Value =
N'H - O
o u High : 1453 e

““Low:1198

37°18'0"N

Spriag tip period Floweriag period  Fruit ripening period

36°40'0"N

1o B el { '1.7. .
O \ ‘“ ‘c'\‘:‘xﬂ.;:,’{\ '('c:\'ﬁ ""“JU
| -
Legend 3 {Yw’ & \ | a X\ W .w PR Ch
N > R & &l A D i
® Experimentalarea ~ 0 7 \ Y. ;‘,i. ) 8! “}‘Jﬂ fﬁ’? { ¥ vip tp
Central Ningxia Arid Belt V. [ ;

0 2040 80 AR
s Kilometers

36°2'0"N

Wolfberry Photosynthesis measure Experimental area Runde Manor





OEBPS/Images/im9.jpg





OEBPS/Images/M9.jpg
©)





OEBPS/Images/fpls-14-1130109-g005.jpg
16.00

%)

& 12.00

m

8.00
4.00
0.00

Pn /(umol-m=

12.00

8.00

4.00

Pn /(umol-m2-mV)

0.00

8:00-18:00
I: ns; N: ns; IxN: ns
8:00-10:00 10:00-12:00 12:00-14:00 14:00-16:00 16:00-18:00 I:
Time (Spring tip period)
B ——INi ——LN:
: ——IiNs ——LN:
——LN: ——LN;

——LN:

8:00-10:00
L5 N5 IxNEns
8:00-10:00 10:00-12:00 12:00-14:00 14:00-16:00 16:00-18:00 I.
Time (Fruit ripeing period)

L

L

Is N: N2 Ns

I Ni N2 Ns

8.00
7.80
7.60
7.40
7.20

8.00
7.50
7.00
6.50
6.00
5.50
5.00





OEBPS/Images/im4.jpg





OEBPS/Images/M4.jpg
L3
SWiYy @





OEBPS/Images/table6.jpg
Comprehensive quality indicator

Year Treatment D;
Polysaccharide Total Sugar Betaine Crude fat Protein

LN, 0.296 0.319 0.313 0.303 0.320 0.147 0.108 0.423 7
Ny 0311 ‘ 0.318 0.361 ‘ 0.322 0.302 0.100 0.156 0.609 ‘ 2
I;N3 0.307 0.310 ‘ 0.347 ‘ 0.272 0.316 0.140 0.128 0.476 5
LN, 0309 0.320 0.244 0253 0.307 0229 0.044 0.160 10
LN, 0336 [ 0315 i 0271 ; 0373 0319 0.165 0.144 0.466 [ 6
LN, ‘ 0325 0.308 0279 0317 0.328 0.168 0.102 0379 8
2021
LN, 0.329 0.333 0.435 0.323 0.332 0.051 0.231 0.821 1
LN, 0.335 0.321 0.318 0.316 0.335 0.130 0.134 0.507 4
EVY 0.331 0.318 0.315 0.367 0.290 0.129 0.154 0.545 3
CK 0278 0.301 0227 0297 0.310 0232 0.048 0.172 9
z I 0336 I 0333 0435 0373 1 0335
z 0278 0.301 0227 0253 0.290
LN, 0.285 0.317 0.277 0.292 0319 0.224 0.079 0.261 7
LN, 0.310 0.315 0.324 ‘ 0.327 0.273 0.178 0.120 0.404 4
I;N; 0.298 0.312 0.305 0.246 0314 0.241 0.067 0.218 8
LN, 0312 0.330 0272 0233 0.310 0.266 0.059 0.183 10
LN, 0356 0314 0283 0.446 0316 0.142 0233 0.620 2
LN, 0326 0.308 0293 0320 0.321 0.185 0.116 0.387 5
2022
LN, 0.349 0.327 0.420 0.343 0.342 0.103 0.221 0.682 1
15N, 0.354 0.321 0.363 0.310 0.351 0.147 0.171 0.538 3
15N 0.282 0.313 0.332 0.310 0.302 0.185 0.112 0.376 6
CK 0278 0.302 0258 0285 0.305 0.246 0.062 0.200 9
z 0356 0.330 0420 ‘ 0.446 0351
z 0278 0.302 0258 0233 0273

C; indicates the fit degree, Z" indicates the ideal solution, Z" indicates the inverse ideal solution, D;" indicates the distance between each treatment and the ideal solution, and D;” indicates the
distance between each treatment and the inverse ideal solution.





OEBPS/Images/fpls-14-1130109-g006.jpg
(=)}
o
>
%)

nficance
f 3.80

4 0-10:00
%L 4.0 ¢
g 3.60
E
529 3.40
&

0.0 3.20

8:00-10:00 10:00-12:0012:00-14:00 14:00-16:0016:00-18:00 I, I. Is N: N> Ns
Time (Spring tip period)
81 B

E Significance 5.00
8:00-10:00
54 : ; 7 h *; N: *%; IxN: ns 4.80
: = 4.60
= —
——IN: ——IN> ——LNs ——LN; ——LN» 4.40
——LNs ——IsN; ——I:N> ——:Ns ——CK 420

8:00-10:00 10:00-12:00 12:00-14:00 14:00-16:00 16:00-18:00 1. I. Is Ni N> Ns
Time (Fruit ripening stage)

Tr /(mmol-m=2-m!)
o
~






OEBPS/Images/im5.jpg





OEBPS/Images/table2.jpg
Fertility stages

Spring tip period

Flowering period

Fruit ripening period

Defoliation period

Total

2021 2022
Irrigation amount m>  Nitrogen amount kg Irrigation amount m>  Nitrogen amount kg
ha' ha-1 ha' ha

N, N3 N; N> N3

04-30 432 513.0 594 2475 | 3375 | 4275 | 0428 | 432 513.0 594 2475 | 3375 | 4275
0523 | 216 256.5 297 1238 | 1688 2138 | 0523 216 256.5 297 1238 | 1688 | 2138
06-18 432 513.0 594 2888 3938 | 4988 | 0615 432 513.0 594 2888 | 3938 | 49.88
0705 216 256.5 297 2063 | 2813 | 3563 | 0702 216 256.5 297 2063 | 2813 3563
0715 216 256.5 297 2063 | 2813 | 3563 0715 216 256.5 297 2063 | 2813 3563
0725 216 256.5 297 2063 2813 | 3563 0728 216 256.5 297 2063 | 2813 3563
0805 216 256.5 297 2063 | 2813 | 3563 | 0808 216 256.5 297 2063 | 2813 3563
0825 216 256.5 297 1650 | 2250 2850 | 08-28 216 256.5 297 1650 | 2250 | 2850
2160 2565 2970 165 225 285 2160 2565 2970 165 225 285





OEBPS/Images/M8.jpg
®)





OEBPS/Images/fpls-14-1130109-g004.jpg
A

75 — IIN; - I,N3 — LN, = LN — I3N;
] — IIN; LN, IoN3 = 3N = CK I:**
70 I:ns ' 1 T ' N: *
J{N: ns DN e VN : I><N ns
o 65— I*N: ns ) 1 IXN: n o] IxN: ns 1 abab babab
= 1 a a aaa ! ab1 ab ab !
é 60__'3 a2 aaiba V‘Ebabab T ababib
a 554 ] | | | | |
@« | 1 | 1
50 1 | ]
B 1 1 '
A 1 1 1
40— 1 ' Il | 1
Spring tip period Flowenng penod Fruitripening period Defoliation penod
B Growing period (2021)
754 O LNy B N3 O kN2 0 LNy [ IsN3
= IiN; Ny 1.==[3 12?13 = 13N> — CK I:=
704 I:ns N: ns 1 Lo*=
N: ns IXN ns i No==
£ 65 IxN- ns aaaa IxN: ns
= 1
B — a2 ab_, ab
= o0 aa f H bcbcabcT ababc &
= 1 TITET
211 Fesaiy
50 1
1
45 .
1
| 1

40 | |
Spring tip period Flowering period Fruit ripening period Defoliation period
Growing period (2022)






OEBPS/Images/M3.jpg
o






OEBPS/Images/im1.jpg





OEBPS/Images/fpls-14-1130109-g007.jpg
L A ——LN: ——IiN: 125
= ——IiNs ——LN:

L b ——EN: ——ENs 120
= 180 ——LN ——LN: 115
3 ——I5N ——CK

%120 Sigm' icance-¥ o 110
E 60 8:00-18:00 105
8 I: ns; N: ns; IxN: ns o

8:00-10:00 10:00-12:0012:00-14:0014:00-16:0016:00-18:00 I. I. Is Ni N2 N;
Time (Spring tip period)

~ 300 ——IN: ——IN: 135
=] ——IiNs ——LN

".5_‘ 240 ——LN: —— LN B
E 180 —— LN ——LN: 121
QS s ——LsNs ——CK

£ 120 r Sighificance 114
= 60 f10:00-12:00 107
(2] . . . .

& , I: ns; N: *; IxN: ns 100

8:00-10:00 10:00-12:0012:00-14:00 14:00-16:0016:00-18:00 I I Is Ni N2 Ns
Time (Fruit ripening period)





OEBPS/Images/im6.jpg





OEBPS/Images/fpls-14-1130109-g003.jpg
>

(2]
®
i~

60

Plant height (cm)

(E-W)
(o)
{~1

S
Y

fem

Crown Width
w
S

(SN)
~]
wn

fem
5o
o S

Crown Width

Branch length (cm)
o
o

o W W
wn O W

Branch diameter (mm)

Treatments

A~
wn O

—
wn

O  Plant height (cm)
W
(=)

(E-W)
i ~J O
-~ (88 (=}

/em

—
(]

Crown Width
W
15X

-
i

N 0 =

& ® o9

/cm

T Crown Width(S-N)
;S

D W &5 W
[T —]

S

Branch length (cm)

—
o

[

SO R W W
OUIO'JIO’J\O'JIO

Branch diameter (mm)

CK L

O STP EIFP M FRS

Treatments

Is






OEBPS/Images/table1.jpg
Total N Total P Total K Organic material Ammonium N Nitrate N

-1 -1
gkg mgrkg
0-20 8.00 1615 0.46 043 16.19 7.58 12,67 14.69
2021
20-40 8.20 1091 0.42 042 17.15 6.73 4.51 473
0-20 8.06 1524 0.45 0.40 17.00 721 1224 14.17
2022

20-40 8.12 963 0.41 0.41 17.00 6.28 442 4.82





OEBPS/Images/fpls.2023.1130109_cover.jpg
& frontiers | Frontiers in Plant Science

Effect of water and nitrogen coupling
regulation on the growth, physiology, yield,
and quality attributes and comprehensive
evaluation of wolfberry (Lycium barbarum
L)





OEBPS/Images/table5.jpg
Polysaccharide Total sugar Betaine Crude fat Protein

fleatineht (g100g™) (g100g™") (g100g™) (g100g")  (g100g™)

LN, 4.61d 50.43 ab 0.66 be 1.60 cd 11.00 abe
LN, 4.85 ¢ 50.23 ab 0.76 b 1.70 abc 10.37 od
N5 479 ¢ 49.10 be 073 b 143 cd 10.83 abc
LN, 482 c 50.67 ab 052d 133d 10.53 bed
LNy 525a 49.80 be 0.57 cd 197 a 10.97 abc

2021
LN 5.07b 48.70 be 0.59 cd 1.67 be 11.27 ab
LN, 5.13 ab 52.61 a 092 a 1.70 abc 1140 a
LN, 523a 50.73 ab 0.67 be 1.67 be 11.50 a
LN 5.17 ab 50.23 ab 0.67 be 1.93 ab 9.96 d
CK 434 e 4753 ¢ 048 d 1.66 cd 10.63 bed

I - * - * 1S

F value of ANOVA N G A ns * ns
XN * g o o o
LN, 4.21 de 36.47 be 0.77 cde 1.14 bed 10.92 be

2022
LNy 4.57 ¢ 36.29 be 0.90 bed 1.28 be 936d
LN; 441 cd 35.93 be 0.85 cde 0.96 de 10.75 be
LN, 4.60 ¢ 38.00 a 0.76 de 091 le 10.63 be
LN, 525a 36.15 be 0.78 cde 174 a 10.83 be
LN; 482b 3544 cd 0.81 cde 1.25 be 11.00 abc
LN, 516a 37.67 a 117 a ' 134 b 11.72 ab
LNy 523a 36.96 ab 1.01b 1.21 be 1203 a
LN; 4.16 e 36.05 be 0.92 be 121 be 10.36 cd
CK 4.10e 3469 d 0.72 e 1.12 cd 10.46 ¢

1 - e - . o

F value of ANOVA N =¥ 25 ns 5 ns

IxN x 56 . o o

Different lowercase letters in the same column indicate significant differences between the treatments (p < 0.05). ** indicates a highly significant effect (p < 0.01); * indicates a significant effect
(p < 0.05); and ns indicates no significant effect (p > 0.05). CK, control; I, irrigation quota; N, amount of nitrogen applied.





OEBPS/Images/M7.jpg





