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Goji berries (Lycium barbarum L.), widely planted in arid to semi-arid regions, are a functional resource characterized by a homology of medicine and food. Changing extensive water and fertilizer management practices to drip fertigation is one of the most cost-effective ways to achieve the sustainable development of the Goji berry industry. This study explores the effects of different fertilizer combinations on the soil organic carbon pool and L. barbarum yield under drip fertigation in Ningxia, northwestern China. A two-year field experiment (2017–2019) was conducted using different levels of drip nitrogen (40, 60, and 80 mg L−1) and phosphorus (10, 20, and 30 mg L−1) fertigation. Compared with traditional manual fertilization (control), soil organic carbon contents in the 0–20, 20–40, and 40–60 cm layers increased by 33.6–144.4, 39.6–136.8, and 14.0–73.6%, respectively, across all fertigation treatments. With increasing levels of fertigation, the easily oxidizable organic carbon content increased most prominently in the 0–20 cm soil layer and reached the highest value (538 mg kg−1) under treatment with 60 mg L−1 nitrogen plus 10 mg L−1 phosphorus. The microbial biomass carbon contents in the 20–60 cm soil layer was markedly higher under treatment with 60 mg L−1 nitrogen plus 30 mg L−1 phosphorus compared with other treatments. Fertigation increased the soil carbon pool management index and L. barbarum yield. The highest two-year average yield (13,890 kg ha−1) was obtained under treatment with 60 mg L−1 nitrogen plus 30 mg L−1 phosphorus. These findings suggest that drip fertigation with 60 mg L−1 nitrogen plus 30 mg L−1 phosphorus is the optimal practice for carbon sequestration and sustainable production of L. barbarum in arid regions.
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INTRODUCTION
Soil organic carbon (SOC) is one of the most important carbon pools in the global carbon cycle. The use of rational management practices, such as irrigation, can increase the carbon pool in global agricultural soil by approximately 0.4–0.9 Pg C year−1, with a cumulative increase of 24–43 Pg C over a 50-year period (IPCC, 2007; Qi et al., 2014; Danso et al., 2015). According to its function, turnover time, and chemical attributes, the SOC pool can be divided into labile, slow, and inert fractions. Of these, labile organic carbon (LOC), including dissolved organic carbon (DOC), microbial biomass carbon (MBC), and easily oxidizable organic carbon (EOC), results in most of the dynamic changes in the SOC pool (Demessie et al., 2011; Wang et al., 2014). Although LOC accounts for only a small portion of SOC, it can reflect subtle changes in soil quality before responses of SOC to changes in agricultural management (Wang et al., 2017). As a sensitive indicator, LOC not only responds quickly to cultivation practices, but also plays a vital role in regulating the transformation of soil nutrients (Weil and Magdoff, 2004; Wang et al., 2017). Therefore, it is pivotal to closely monitor the dynamics of soil LOC fractions under agricultural management practices.
Goji berries in the genus Lycium (family Solanaceae) are a superior characteristic crop planted widely in the arid to semi-arid regions of Eurasia, Africa, and North and South America (Ili et al., 2020). In Ningxia (an arid region of northwestern China), Goji berry cultivation has become one of the major sources of income. Lycium barbarum L. is a unique green woody vegetable commonly found in Ningxia, with a homology of medicine and food. It is distinctly different from traditional Goji berries (Lycium chinense Mill.) in terms of cultivation techniques and nutrient requirements (Huang et al., 2003; Lai et al., 2010). Ningxia Province has the least water resources in all of China, with limited amounts of rainfall, surface water, and groundwater. During the L. barbarum growing season, irrigation is therefore essential, although it is often excessive, resulting in the unnecessary waste of water resources. Additionally, extensive fertilizer management practices are adopted in most areas of Ningxia, although neither the timing or rate of fertilization nor the type of fertilizer matches the nutrient requirements of L. barbarum. These irrational management practices not only cause a serious waste of resources, but also increase the risk of environmental pollution (Li X. H. et al., 2016; Wang, 2016; Wang et al., 2016). In order to achieve sustainable production in the Goji berry industry, cost-effective management practices therefore need to be applied, with the goal of improving soil quality, increasing crop productivity, and enhancing agricultural economic benefits.
Realizing the efficient utilization and protection of water resources is the common key foundation for China to promote the development of low-carbon technologies and environmental protection, cope with global climate change, and achieve the strategic goals of “carbon neutrality.” Drip fertigation is a new agricultural technology that integrates irrigation and fertilization to enhance water and fertilizer use efficiency, improve crop yield and quality, and increase economic profits. Drip fertigation has been found to reduce water usage by 40% compared with traditional flood irrigation and by 30% compared with spray irrigation (Danso et al., 2015; EI-Metwally et al., 2021). Furthermore, compared with traditional fertilization, drip fertigation has been found to increase both the yield and nitrogen use efficiency in tomatoes (Xing et al., 2015), while a positive role in terms of soil LOC content was also revealed, resulting in overall effects on soil water distribution and the carbon cycle (Singh and Singh, 1993; Qi et al., 2014). Given its advantages, drip fertigation has therefore become an important agricultural management practice with widespread applications, especially in semi-arid and arid regions (Zhang et al., 2009).
At present, drip fertigation is being gradually introduced into Goji berry cultivation in Ningxia. However, responses of the soil LOC pool to major changes in the fertilization approach in L. barbarum fields remain unknown. Additionally, a prerequisite to improving the fertilizer use efficiency and crop yield is the selection of an appropriate rate of fertilization based on the local soil characteristics and specific fertilizer demands. Many studies have document different fertilization rates based on the cultivation of traditional Goji berries or other herbaceous leafy vegetables (Kang et al., 2018), whereas few reports have documented the optimal water and fertilizer management practices for L. barbarum cultivation. In particular, the optimal rates of fertilization for drip fertigation in L. barbarum fields are unclear.
From the perspective of soil–crop systems, this study investigates the effects of different fertilizer combinations on the SOC pool (especially LOC fractions) and L. barbarum yield under drip fertigation. The fertilizer demands of L. barbarum grown in the arid region of Ningxia are also clarified during a two-year field experiment. The objectives of this study are to 1) evaluate the effects of different fertigation treatments on SOC sequestration and determine the responses of soil LOC fractions to major changes in the fertilization approach in L. barbarum fields and 2) explore the effects of different fertilizer combinations on Goji berry yield and identify the optimal fertilization rate for L. barbarum cultivation under drip fertigation. The results could be useful for rational agricultural management and sustainable production of L. barbarum in Ningxia and other arid regions.
MATERIALS AND METHODS
Field Site Description
This study was conducted at the Goji Berry Demonstration Base (35°25′ N, 106°10′ E) of the Research Center of Engineering Technology for Goji Berry, State Forestry Administration of China. The study area is located in an inland arid region located in northwestern China. It has a warm temperate continental monsoon climate with large diurnal temperature variation. The mean annual temperature, precipitation, and evaporation are 8.5°C, ∼180 mm, and ∼1883 mm, respectively. The relative humidity is between 45 and 60%, the frost-free period lasts for 160–170 days, and the average annual sunshine duration ranges from 2,800 to 3,000 h. The soil in the study area is classified as aeolian sandy soil according to the US Department of Agriculture Textural Classification System. The basic properties of the 0–60 cm soil profile before the experiment are summarized in Table 1.
TABLE 1 | The basic properties of aeolian sandy soil in the experiment site.
[image: Table 1]Experimental Design
The field experiment was commenced in March 2017 and lasted for 2 years. Six-year-old Goji berry plants (L. barbarum cv. Ningqi-9) showing consistent growth were selected from an area planted with spacing of 70 × 20 cm and density of 70,000 plants ha−1. Based on the growth requirements of L. barbarum and the nutrient status of local soil (rich in potassium, Table 1), the experiment used a 3 × 3 full factorial design with three levels of drip nitrogen fertigation (40, 60, and 80 mg L−1; N1–N3, respectively) and three levels of drip phosphorus fertigation (10, 20, and 30 mg L−1; P1–P3, respectively). Traditional manual fertilization with nitrogen, phosphorus, and potassium (1,402.5, 292.5, and 132 kg ha−1, respectively) was used as a control (CK). The fertilization rates used in the experiment were based on those previously reported for Solanacae crops, fruit, and vegetables in developed countries (e.g., Israel) (Hagin and Sneh, 2003; Wang et al., 2011) in combination with the soil characteristics in the study area. A total of 10 treatments were arranged in a randomized complete design, with three replicates per treatment. The plants of each treatment were grown in 20 × 5 m plots with five rows each. In the control treatment, Urea (N 46%), KH2PO4 (K2O 34%, P2O5 52%), and KNO3 (K2O 46%, N 14%) were divided evenly into five portions based on the annual fertilization rates and applied by broadcasting. One portion was applied in late March 2017 and the other four portions were applied as top-dressing once in mid-May, June, July, and August during the harvest stage, respectively. Annual fertilization rates of nitrogen, phosphorus, and potassium were 1,402.5, 292.5, and 132 kg ha−1, respectively. The same fertilization procedure was followed throughout the experiment.
Drip irrigation was carried out in each plot in consistent time periods and using a consistent volume of water. Irrigation was started after the soil thawed in late March and ended before the soil froze in November. In the control treatment, chemical fertilizers were applied by broadcasting. In the fertigation treatment, fertilizer solutions were formulated based on the designed nitrogen and phosphorus concentrations, with a potassium concentration of 40 mg L−1. The fertigation device consisted of a water source, a water meter, a hydraulic proportional fertilization pump, a drip irrigation pipe, and a water transmission and distribution pipeline. The proportional fertilization pump had an inlet and outlet diameter of 25 mm, a flow rate of 20–2500 L h−1, and a water pressure of 0.02–0.3 MPa. The built-in drip irrigation pipes had a diameter of 16 mm and wall thickness of 0.20 mm with a working pressure of 50–100 kPa, dripper spacing of 0.30 m, and rated flow of 2.0 L h−1. The fertilizer solutions were applied with water through the proportional fertilizer applicator throughout the growing season. Fertigation was initiated when the soil water content dropped to 80% of the field water-holding capacity, with average daily irrigation of 6 mm. Field management practices, such as weeding and pruning, were consistent across treatments.
Soil Sampling and Analysis
Soil sampling was conducted in all plots after harvest in September 2019. In each plot, soil samples (five each) were taken randomly from depths of 0–20, 20–40, and 40–60 cm. The samples from each depth were mixed thoroughly as composite samples and then transported in an ice box to the laboratory. Each sample was divided into two parts: one part was passed through 1-mm and 0.15-mm sieves after air-drying and manual removal of gravel and plant root residues for analysis of SOC and LOC contents, respectively; the other was passed through a 2-mm sieve and refrigerated for analysis of DOC, MBC, and EOC contents. The basic physicochemical properties of the soil samples were determined following standard testing methods (Bao, 2000). The SOC content was determined using the K2Cr2O7 oxidation–external heating method (Xiong et al., 2016) Soil DOC was extracted by mixing the soil sample with distilled water (1:5, w/v) and then shaking for 1 h on a shaker (25°C, 250 rpm) (Li et al., 2017). The carbon concentration in the extract was measured using a total organic carbon analyzer (Vario TOC; Elementar, Langenselbold, Germany). Furthermore, the MBC and EOC contents were determined using the chloroform fumigation–extraction method (Wang et al., 2010) and KMnO4 oxidation method (Li et al., 2019), respectively.
After stumping in spring, new shoots germinated at the base of the L. barbarum plants. Leaf buds were collected when these new shoots reached 15–20 cm long. The sampling region was free of lignification and the sample length was 8–10 cm. Sampling was conducted once every 5 to 7 days on average at fixed points (three points per plot). The area from which all plants were sampled was 10 m long. After collection, the samples were mixed and weighed to estimate the yield of L. barbarum.
Data Analyses
Carbon efficiency, as a sensitive indicator of carbon quality, was used to estimate carbon availability, which was then used to evaluate soil organic matter and soil fertility (Singh and Singh, 1993) as follows:
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The carbon pool index (CPI) was used to indicate changes in SOC content caused by each experimental treatment, while the carbon pool activity (CPA) was used to indicate soil carbon instability. The carbon pool activity index (CPAI) was used to indicate carbon loss and its impact on carbon stability, while the carbon pool management index (CPMI) was used to evaluate changes in soil LOC fractions (Shen and Cao, 2000):
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The sensitivity index (SI) was then used to indicate the sensitivity of soil LOC fractions in response to changes in soil management practices (Liang et al., 2012):
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Statistical analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY, United States). Two-way analysis of variance, followed by the least significant difference test, was used to compare means between different treatments, and Pearson’s correlation coefficients were used to evaluate the relationship between Goji berry yield and soil LOC fractions. A p-value of less than 0.05 was considered statistically significant.
RESULTS
Changes in Soil Organic Carbon Content Under Drip Fertigation
Drip fertigation with differing fertilizer combinations had differential effects on the SOC contents of each soil layer (Table 2). In the 0–60 cm soil profile, the SOC content tended to decrease with increasing soil depth; meanwhile, compared with the control (1.78–2.77 g kg−1), the SOC content in each layer increased under fertigation treatment (2.32–5.02 g kg−1). In the 10–20, 20–40, and 40–60 cm soil layers, the SOC contents under fertigation treatment increased by 33.6–144.4, 39.6–136.8, and 14.0–73.6%, respectively.
TABLE 2 | Soil organic carbon contents and labile fractions under different treatments.
[image: Table 2]In the 0–20 cm soil layer, when a medium level (60 mg L−1) of nitrogen was applied, the SOC content showed an overall upward trend with increasing phosphorus application, and significant differences were detected between treatments (p < 0.05). When medium and high levels (10 and 20 mg L−1) of phosphorus were applied, a significant increase in SOC content was observed with increasing nitrogen application. The highest SOC content was observed under N3P3 treatment (6.77 g kg−1), with a considerable increase of 144.4% compared with the control. In the 20–60 cm soil layers, there was an evident plow pan effect on SOC across treatments compared with the 0–20 cm soil layer, with an overall downward trend with increasing soil depth. No significant differences were detected between treatments in terms of SOC content under increasing phosphorus application at the same nitrogen level and vice versa. However, the interaction between nitrogen and phosphorus had a significant effect on SOC content in the 0–40 cm soil layers (p < 0.05).
Contents of Soil Labile Organic Carbon Fractions Under Drip Fertigation
Overall, the EOC content decreased first and then increased with increasing soil depth, while the DOC and MBC contents gradually decreased toward deeper soil depths across all treatments (Table 2). In the 0–20 cm soil layer, when the same level of nitrogen was applied, the EOC contents gradually decreased with increasing phosphorus application, although values remained higher than the control except under N1P3 treatment. Under medium and low levels of phosphorus fertigation, no significant differences in soil EOC content were observed between different nitrogen levels. However, under high phosphorus fertigation, significant increases in the EOC content were observed with increasing nitrogen application (p < 0.05). Under a medium level of nitrogen fertigation, soil DOC contents increased significantly with increasing phosphorus application, while under high nitrogen fertigation, DOC contents decreased significantly with increasing phosphorus application, although the values under all three treatments were considerably higher than those of the control (p < 0.05). Under medium and low levels of nitrogen fertigation, the MBC contents increased significantly with increasing phosphorus application (p < 0.05), and was highest under N2P3 treatment, with a substantial increase of 428.6% compared with the control (p < 0.05).
Compared with the control, an increase in EOC, DOC, and MBC contents was observed in each soil layer under fertigation treatment (Table 2). In the 0–60 cm soil profile, the mean EOC content under fertigation treatment ranged from 328 to 406 mg kg−1, while the mean value of the control ranged from 203 to 219 mg kg−1. In general, the EOC content in each soil layer showed an overall upward trend with increasing levels of nitrogen and phosphorus, and this was most evident in the 0–20 cm soil layer. The EOC content was significantly higher under N2P1 treatment (538 mg kg−1) than all the remaining treatments, with an increase of 101.74% compared with the control (p < 0.05). The increase in DOC content in the 0–20 cm soil layer was most pronounced under N1P1 treatment, with an increase of 53.35% compared with the control. In the 40–60 cm soil layer, except under N2P2 and N2P3 treatments, the DOC content decreased compared with the control. The MBC content also decreased significantly with increasing soil depth under each treatment. In the 20–40 and 40–60 cm soil layers, the MBC contents under N2P3 treatment (76 and 33 mg kg−1, respectively) were significantly higher than those under the remaining treatments, with increases of 349.2 and 199.1% compared with the control, respectively (p < 0.05). The interaction between nitrogen and phosphorus had a significant effect on the DOC and MBC contents (p < 0.05), but not on the EOC content in the 0–60 cm soil profile.
Efficiency of Soil Labile Organic Carbon Fractions Under Drip Fertigation
The effects of each fertilizer combination on the efficiency of soil LOC under drip fertigation are shown in Figure 1. Overall, the efficiencies of soil EOC and DOC gradually increased with increasing soil depth, while the efficiency of soil MBC tended to decrease with deepening soil depth across all treatments. In the 0–20 cm soil layer, under high levels of nitrogen and phosphorus fertigation, the efficiency of soil EOC did not differ significantly between treatments compared with the control (Figure 1A). However, under medium and high levels of fertigation, the efficiency of soil DOC decreased remarkably under fertigation treatment compared with the control (p < 0.05, Figure 1B). Except under N2P3 and N3P1 treatment, the efficiency of soil MBC did not change significantly under fertigation treatment compared with the control (Figure 1C).
[image: Figure 1]FIGURE 1 | The efficiency of soil labile organic carbon under different fertigation treatments (N1–N3: 40, 60, and 80 mg L−1, respectively; P1–P3: 10, 20, and 30 mg L−1, respectively). (A) Efficiency of easily oxidized organic carbon; (B) Efficiency of dissolved organic carbon; (C) Efficiency of microbial organic carbon. Data are the mean ± standard error (n = 3). Different lowercase letters above the column indicate significant difference among treatments at the 0.05 significance level.
In the 20–40 cm soil layer, except under N3P1 treatment, there were no significant differences in the efficiency of soil EOC between the fertigation treatment and control. However, a significant difference in the efficiency of soil DOC was observed (p < 0.05). Under a medium level of fertigation, the efficiency of soil MBC increased significantly compared with the control, and the highest value was observed under N2P3 treatment. In the 40–60 cm soil layer, the efficiency of soil EOC generally increased under fertigation treatment compared with the control. The highest efficiency of soil EOC was achieved under N2P3 treatment, followed by N3P1 treatment, with increases of 91.0 and 65.7%, respectively, compared with the control. Under low levels of fertigation, the efficiency of soil DOC significantly differed from the control, while the efficiency of soil MBC increased by 11.7–132.3%. Overall, N2P3 and N1P2 treatment resulted in notable increases in the efficiency of soil LOC compared with the control.
Stability of Soil Labile Organic Carbon (LOC) Fractions Under Drip Fertigation
Compared with the control, the CPI values of total carbon in each soil layer were all greater than 1 under fertigation treatment (Table 3). In the 0–20 cm soil layer, CPI was highest under N3P3 treatment (2.44), while in the 20–60 cm soil layers, the highest CPIs were obtained under N3P2 treatment (2.37 and 1.74).
TABLE 3 | Carbon pool management index (CPMI) under different fertigation treatments.
[image: Table 3]Similarly, the CPMI values of soil LOC tended to increase under fertigation treatment compared with the control. In the 0–20 cm soil layer, the CPMI was highest under N2P1 treatment (206), while in the 20–40 cm soil layer, CPMI values were in the order of N3P1 > N3P3 > N3P2 > N1P1 > N2P3 > N1P3 > N2P1 > N1P2 > N2P2 > control, with highest values under N3P1 treatment (257). In the 40–60 cm soil layer, the CPMI values tended to increase first and then decrease with increasing nitrogen and phosphorus levels under all treatments, but values remained significantly higher than those of the control, and the highest CPMI was observed under N2P3 treatment (276).
Sensitivity of Soil Labile Organic Carbon Fractions Under Drip Fertigation
The SI values of the soil LOC fractions (EOC, DOC, and MBC) under each treatment are presented in Figure 2. In general, the SI values of soil DOC and MBC tended to decrease gradually with increasing soil depth, while those of soil EOC showed no clear trend in the soil profile. The SI values of EOC were higher than those of DOC in the 20–40 cm and 40–60 cm soil layers, and except under N1P1 treatment, the SI values of MBC were higher than those of EOC and DOC in the entire 0–60 cm soil profile, with the highest value obtained under N2P3 treatment (348).
[image: Figure 2]FIGURE 2 | The sensitivity index of soil labile organic carbon under different fertigation treatments (N1–N3: 40, 60, and 80 mg L−1, respectively; P1–P3: 10, 20, and 30 mg L−1, respectively). EOC, easily oxidized organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass carbon.
Crop Yield and Economic Profit Under Drip Fertigation
The effects of drip fertigation on L. barbarum yield differed between fertilizer treatments (Table 4). In 2018, neither the nitrogen level nor the phosphorus level had any significant effect on yield, and the highest yield was obtained under N2P3 treatment (14,326 kg ha−1). After the two-year field experiment, both the nitrogen and phosphorus levels exhibited significant effects on L. barbarum yield (p < 0.01). Under medium and low levels of nitrogen fertigation, the yield differed significantly between treatments with a high level of phosphorus (P3). Similarly, under medium and low levels of phosphorus fertigation, the yield differed significantly between treatments with a high level of nitrogen (N3). Of the 10 treatments, yield was highest under N2P3 followed by N3P3 treatment, with increases of 43.0 and 35.9%, respectively, compared with the control. The two-year average yield of L. barbarum from 2018 to 2019 increased under fertigation treatment compared with the control, and was highest under N2P3 treatment (14,110 kg ha−1) followed by N3P1 treatment (13,577 kg ha−1), with increases of 33.2 and 28.2%, respectively. Furthermore, Pearson’s correlation analysis revealed that L. barbarum yield was significantly correlated with the SOC (r = 0.73, p < 0.01) and EOC (r = 0.88, p < 0.05) contents.
TABLE 4 | The yields of L. barbarum under different fertigation treatments.
[image: Table 4]Compared with the control, fertilizer input was largely reduced under fertigation treatment by 27.4–53.0% (Table 5). The output values of L. barbarum also increased substantially under fertigation treatment, especially with a high level of phosphorus application combined with low, medium, or high levels of nitrogen (N1P3, N2P3, and N3P3; 32.9, 42.9 and 35.8% increases, respectively). Overall, the output efficiency of L. barbarum was highest under N2P3 treatment.
TABLE 5 | Economic profits of L. barbarum under different fertigation treatments.
[image: Table 5]DISCUSSION
Effects of Different Fertilizer Combinations on Soil Organic Carbon Under Drip Fertigation
As an important component of the soil, SOC plays an essential role in soil fertility and agricultural productivity (Su et al., 2006). Meanwhile, as a vital carbon pool of terrestrial ecosystems, SOC plays a crucial role in balancing the global carbon cycle (Preethi et al., 2013; Qi et al., 2014; Kov et al., 2018). Some studies in the past have explored the effects of irrigation on SOC content and crop yield. Gillabel et al. (2007) found that irrigation can increase SOC content in the 0–20 cm soil layer by about 25% in semi-arid farmland. In addition, Qian et al. (2010) showed that irrigation has been identified as the management practice with the greatest potential for carbon sequestration, which can increase crop yields by increasing soil carbon input. A previous study revealed a positive correlation between the SOC content and carbon storage under fertigation (Hu et al., 2010). However, due to differing experimental conditions, no unified conclusion has yet been reached with regards to the effects of nitrogen fertilization on the soil carbon pool, especially the LOC fractions, in farmland.
Mockeviciene and Respsiene. (2021) suggested that long-term application of single chemical fertilizers was disadvantageous in maintaining and improving SOC. Furthermore, although nitrogen fertilization can promote the growth of plant roots, it also reduces the soil carbon/nitrogen ratio, thereby increasing the degradation of original organic carbon and fresh organic carbon, causing a reduction in the SOC content. In the present study, compared with traditional fertilization (control), drip fertigation caused an increase in the SOC content of the L. barbarum plots, while the degree of increase was dependent on the levels of nitrogen and phosphorus applied. A similar finding was reported by Lin (2019). The cumulative biological carbon sequestration was 7.36–22.41% higher than that of other irrigation modes. Therefore, open-field drip irrigation was considered to be an appropriate water-saving irrigation method to enhance carbon sequestration and emission reduction for farmland (Qiu et al., 2010). Our result also indicates that drip fertigation with nitrogen and phosphorus is more effective than traditional fertilization in increasing the SOC pool in the potassium-rich soil planted with L. barbarum.
Because the SOC content tended to decrease with increasing soil depth, the effects of different fertilizer combinations were more pronounced in the 0–20 and 20–40 cm soil layers in the L. barbarum plots. The increase in SOC under drip fertigation is thought to be the result of the following mechanisms.
During fertigation, the fertilizer solution, which contains relatively low nutrient concentrations, irrigates the roots in small amounts multiple times, thereby improving nutrient utilization by the plants, reducing nutrient losses, and substantially increasing the fertilizer use efficiency. Accordingly, these factors help optimize the water, air, and heat conditions for soil rhizosphere microorganisms and crop root activity, to some extent facilitating microbial proliferation and organic matter decomposition, thus contributing to the accumulation of SOC.
Effects of Different Fertilizer Combinations on Soil Labile Organic Carbon Under Drip Fertigation
Soil LOC is composed of EOC, DOC, and MBC (Zhang et al., 2009). Melero et al. (2009) previously reported that EOC is the most sensitive and reliable indicator of the effects of short- and long-term agricultural management practices on soil quality. In the present study, compared with the control, drip fertigation caused an increase in the EOC contents of different soil layers in the L. barbarum plots. Meanwhile, under different levels of nitrogen and phosphorus fertigation, the changes in soil EOC content varied with soil depth, similar to previous findings in wheat and corn fields (Aiziguli·Mulati et al., 2012). One plausible reason for this phenomenon is that soil microbial and enzymatic activities were enhanced by drip nitrogen and phosphorus fertigation, in turn accelerating the decomposition of EOC; however, the decomposition rate decreased with increasing soil depth. DOC, on the other hand, is easily affected by soil pH, microbial biomass and activity, and humidity (Zhang et al., 2016). Here, the soil DOC content was also remarkably higher under drip fertigation compared with the control. Overall, therefore, fertigation caused a considerable increase in the photosynthetic rate, promoting plant growth and increasing the input of plant litter and root exudates into the soil, thereby increasing the soil DOC content (Wu, 2012; Kennedy et al., 2013).
Soil MBC content is indicative of soil microbial activity and is closely related to soil fertility (Yan et al., 2007); however, the response of soil MBC content to nitrogen fertilization is inconsistent. For example, Yang et al. (2018) revealed a considerable increase in the soil MBC content under fertigation in sugar cane fields. In the present study, the MBC contents in each soil layer tended to increase first and then decrease with increasing levels of nitrogen and phosphorus fertigation, with highest values obtained under N2P3 treatment. This result suggests that rational application of nitrogen combined with phosphorus fertigation could increase the soil MBC content in the L. barbarum field. The application of chemical fertilizers increases the decomposition rate of SOC, reducing the carbon/nitrogen ratio of the soil and improving the soil environment, thereby enhancing soil microbial activity. However, with increasing soil depth, the positive effects of different fertigation treatments on soil MBC content were diminished, with differential changes in the three soil layers.
The CPMI of soil LOC can be used to indicate changes in, and the renewal of, soil quality, reflecting the effects of environmental conditions on SOC and LOC fractions. The level of CPMI sensitively reflects the effects of different fertilization approaches on the dynamics of the soil carbon pool (Xu et al., 2006). In the present study, different levels of nitrogen and phosphorus fertigation increased the CPI and CPMI of soil LOC in all three soil layers, although the effects varied with depth. Yue et al. (2014) also found an increase in the CPMI of the topsoil (0–20 cm) of cotton fields under drip fertigation. This increase suggests that fertigation practice plays a role in improving soil fertility. The increases in the SOC content and LOC fractions are beneficial in terms of the CPMI of organic carbon, thereby increasing the SOC pool. However, after the application of a certain proportion of fertilizers, the CPMI of soil LOC showed no further increases, and instead began to decrease. The optimal fertilization rates under drip fertigation therefore require further investigation in terms of local soil characteristics and the fertilizer demands of specific crops.
The efficiency of soil LOC refers to the ratio of soil LOC to soil SOC. A previous study revealed that the higher the efficiency of soil LOC fractions, the higher the availability of soil carbon (Li X. Y. et al., 2016). In the present study, compared with the control, both N2P3 and N1P2 treatments effectively increased the efficiencies of soil EOC, DOC, and MBC in the L. barbarum field. This effect may be attributed to the input of chemical fertilizers, which facilitate microbial activity and thereby accelerate the accumulation of LOC in the soil (Wu, 2012). Moreover, our results also revealed a general decrease in the SI values of soil DOC and MBC with increasing soil depth under all treatments. This suggests that soil DOC and MBC contents reflect the effects of nitrogen and phosphorus fertigation on the LOC fractions in the surface soil. The SI values of MBC were generally higher than those of EOC and DOC in all three soil layers, suggesting that the soil MBC content effectively reflects the effects of fertigation on SOC in the study area.
Effects of Different Fertilizer Combinations on Goji Berry Yield Under Drip Fertigation
Most farmers use excessive fertilization and irrigation, showing high soil moisture fluctuations and eutrophication (Wang et al., 2021). Drip fertigation not only enables reducing total irrigation water supply and fertilizer application rates, but also decreases nitrogen leaching and CO2 emission (Zhao et al., 2021). It is an environmentally friendly, effective modern agricultural technique that achieves high-quality, high-yielding crop production and efficient resource utilization (Yang et al., 2014). In Ningxia, farmers tend to apply excessive water and fertilizers (mainly nitrogen and phosphorus) during the production and management of L. barbarum. The average annual fertilization rates of nitrogen and phosphorus applied by broadcasting are 1,402.5 and 292.5 kg ha−1, both of which are much higher than the levels used in fertigation. The excessive use of fertilizers may lead to an unbalanced soil nutrient status, which, in turn, results in relatively low nutrient use efficiency and crop productivity (Zhang et al., 2021; Zhong et al., 2022). Indeed, compared with traditional manual fertilization, the two-year average yield of L. barbarum increased under drip fertigation, and the input-output ratio increased by an average of 108.8% in 2019. These results suggest that drip fertigation is a useful practice in Goji berry cultivation, increasing water and fertilizer use efficiency, as well as the yield and overall income.
The two-year average yield of L. barbarum reached its highest value under medium-to-high levels of nitrogen and phosphorus fertigation. Given the significant positive correlations of L. barbarum yield and SOC, EOC, and MBC contents, nitrogen and phosphorus fertigation improved the yield of L. barbarum by increasing the SOC pool in the study area. Overall, N2P3 treatment resulted in the highest yield, and this could be attributed to the higher SOC content, LOC fractions, and SI values compared with the remaining treatments. The experimental results suggest that drip fertigation with 60 mg L−1 nitrogen fertilizer plus 30 phosphorus fertilizer is the optimal management practice for cultivation of L. barbarum in the study area in terms of improving yield and reducing fertilizer costs.
CONCLUSION
There has been very little, if any, field investigations on the SOC distribution and sequestration potential or optimal water and fertilizer management practices for L. barbarum cultivation under drip fertigation with different fertilizer combinations. Based on the two-year experimental study, our data indicate that, compared with traditional manual fertilization, drip fertigation with different fertilizer combinations of nitrogen and phosphorus improved the SOC contents and altered their distribution in the surface and deep soil layers treatments. Especially for the LOC fractions, drip fertigation tended to increase the EOC, DOC, and MBC contents in each soil layer. Additionally, different fertigation treatments increased the changes in soil LOC and the overall yield of L. barbarum. On the whole, drip fertigation with 60 mg L−1 nitrogen fertilizer plus 30 mg L−1 phosphorus fertilizer is deemed optimal for improving organic carbon sequestration and increasing L. barbarum yield in the study area. Long-term comprehensive evaluation is now needed to verify the applicability of this sustainable management practice in the production of L. barbarum on arid land in northwestern China and other similar settings.
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NPy 391 £ 0.76ab 320+ 11.820 64 + 3.86a 16 + 0.50¢
NP, 3.07  0.08b¢ 226 + 4.750 58+ 1.51bc 42 £ 7500d
NiPs 320 + 0.06bc 283 + 18.34cd 56+ 1.71c 34 + 5,35
NPy 3.08 + 0:37bc 276 + 8.27cd 46+ 0.91d 53 + 15.14bc
NP, 2.96 + 0.44bc 208 + 11.60d 61 + 3.33ab 49 £ 11.870c
NPy 3.90 £ 031ab 319+ 17.13¢ 50+ 3.16d 76 + 6.93a
NoP; 373 + 03320 500 + 37.74a 56 + 0.72bc 60+ 4.780
NP2 5.02 = 11.25a 308 + 18,520 45+ 1.00d 57 + 10.51b
NoPs 379 £ 051ab 420 + 21.85ab 40+ 0.56¢ 40 £ 0.97cd
N NS o - o
P NS NS N NS
N % Ne - =
40-60 oK 1.78 + 0.20c 219 +2.07d 49 + 4.780c 11 +0.38d
NPy 222 £ 009bc 3112 4.40c 48 + 3.450C 15  0.76cd
NP2 2.08 = 0.166¢ 352 + 1.74c 36+ 1.12e 31+ 7.82ab
NiPs 2.48 £ 001ab 424 + 5.490c 46 + 0.54bC 32+ 541a
NPy 2.49 + 052ab 431 +7.3200 48 £ 261bc 21£6.18¢
NP, 215+ 0.180c 385 + 14.60bc 50+ 1.79b 30 + 10.21ab
NP, 223+ 0.15b¢ 527 + 1.61a 57 +0.4% 33+ 1.94a
NPy 2.06 + 0.06bc 422 £ 6510 47 £ 0.280¢ 23 + 92200
NoP, 300 + 0322 446 + 2,600 40+ 0.67d 32+807a
NaPs 211 £ 0.06bc 377 + 25.400 45+ 1.950 19 = 2.98¢d
N NS NS = NS
P NS NS N &
NxP NS NS E %

The soil organic carbon contents and/abile fractions undir different fertigation treatments (Ny-N5 40, 60, and 80 mg L~1, respectively; P,~Ps 10, 20, and 30 mg L1, respectively). SOC,
soi organic carbon; EQC, easlly oxidized organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass carbon. The values are the means + SE (standard error) of three
replicates, and the different lowercase letters in a row are significantly different at the 0.05 significance level. NS: not significant.
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