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The excessive use of chemical fertilizers in agricultural production has led to diminishing returns, necessitating alternative methods to enhance soil fertility and reduce fertilizer dependency. One promising approach is the integration of leguminous green manure, which improves soil structure, enhances nutrient cycling, and supports sustainable farming practices. However, the application of green manure in systems with continuous fertilizer reduction remains underexplored. This study addresses this gap by investigating the effects of reducing nitrogen and phosphorus fertilizers (N-P) by up to 24% in conjunction with multiple cropping of soybean green manure on soil fertility, organic carbon fractions, and wheat yield. The research employed a pot experiment conducted over two wheat-growing seasons (March 2021 to July 2022) at an experimental station in Baoji, China. Treatments included CK (control, no fertilizer), CF (conventional fertilizer), and reduced N-P fertilizer applications by 6% (RF6), 12% (RF12), 18% (RF18), and 24% (RF24). Key findings revealed that RF12 had no significant impact on wheat grain yield compared to CF. The incorporation of soybean green manure significantly improved soil alkaline nitrogen by 22.3% and available phosphorus by 30.7%, while high-labile organic carbon (H-LOC) and microbial biomass carbon (MBC) increased by 34.5 and 29.6%, respectively. Additionally, a notable increase of 12.4% in soil organic carbon content was observed, suggesting enhanced carbon sequestration potential. This study provides valuable insights into sustainable agricultural practices by demonstrating that incorporating leguminous green manure alongside moderate fertilizer reduction can maintain crop yield, improve soil nutrient availability, and increase organic carbon content, thus supporting reduced reliance on chemical fertilizers and promoting long-term soil fertility and carbon sequestration.
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1 Introduction

Soil carbon sequestration plays a pivotal role in promoting sustainable agriculture and mitigating climate change, as it underpins soil fertility and ecosystem functionality. Chemical fertilizers, while integral to enhancing crop productivity, have increasingly been associated with environmental concerns such as nutrient leaching, greenhouse gas emissions, and soil acidification, alongside diminishing returns due to excessive use (Liu et al., 2022; Hou et al., 2023). This has necessitated the exploration of alternative strategies, such as the use of green manure, which offers potential benefits for soil organic carbon (SOC) dynamics and sustainable farming systems. Leguminous green manure, in particular, is distinguished by its capacity for biological nitrogen fixation and nutrient release, which not only improve soil structure and fertility but also modulate SOC dynamics (Mandal et al., 2003; Carter et al., 2014). These dynamics are governed by distinct SOC fractions, including highly labile organic carbon (H-LOC), low-labile organic carbon (L-LOC), and recalcitrant organic carbon (ROC), each contributing uniquely to SOC storage and turnover (Rahmati et al., 2020; Rossi et al., 2020). However, the specific effects of green manure incorporation on these SOC fractions remain inadequately understood.

The integration of green manure into soil introduces both organic carbon and nitrogen, which may significantly influence SOC fractions and their cycling. Green manure, as a high-quality residue with a low carbon-to-nitrogen (C/N) ratio, is prone to rapid decomposition, facilitating the release of nutrients and contributing to SOC pools (Xu et al., 2021; Lyu et al., 2024). This contrasts with the effects of synthetic fertilizers, which primarily provide inorganic nutrients and indirectly affect SOC dynamics by altering microbial activity (Li et al., 2018; He et al., 2020). The interplay between green manure and synthetic fertilizers is further complicated by phenomena such as the priming effect, where the addition of fresh organic matter accelerates the decomposition of existing SOC (Liu et al., 2015; Zheng et al., 2022). Such trade-offs raise critical questions about the balance between adding new organic carbon (e.g., cellulose and lignin from green manure) and triggering the mineralization of stable carbon stocks. Understanding these mechanisms is essential for optimizing carbon sequestration strategies while mitigating potential SOC losses due to accelerated turnover.

Leguminous green manure, with its high nitrogen content and low C/N ratio, is hypothesized to stimulate SOC turnover by enhancing microbial activity (Zhou et al., 2021; Fan et al., 2022). Simultaneously, the reduction of synthetic nitrogen (N) and phosphorus (P) fertilizers may moderate these dynamics, potentially limiting microbial decomposition rates and influencing SOC stabilization (Han et al., 2021; Liang et al., 2022). This study seeks to investigate the combined effects of green manure incorporation and reduced synthetic fertilizer inputs on SOC fractions (H-LOC, L-LOC, and ROC) and their turnover. The central hypothesis posits that specific SOC fractions will exhibit differential responses, with some fractions being stimulated while others are stabilized, depending on the balance between nutrient inputs and microbial activity. Additionally, the study aims to elucidate how these practices influence the overall carbon sequestration potential of soils, thereby advancing the understanding of sustainable fertilizer management in monoculture systems.

This investigation addresses critical knowledge gaps through a field experiment examining the impacts of green manure incorporation and fertilizer reductions on SOC fractions, soil nutrient dynamics, and crop productivity. The findings aim to inform sustainable agricultural practices, offering a scientific basis for strategies that enhance SOC sequestration while maintaining agricultural yields.



2 Materials and methods


2.1 Experimental site

The outdoor pot experiment was conducted from March 2021 to July 2022 at the experimental station of the College of Agriculture, Baoji College of Arts and Sciences (107°1’ E, 34°4’ N). The site is located in the midsection of the northern slope of the Taibai Mountains, characterized by a temperate continental climate, with an average annual temperature of 7.5–8.2°C, annual precipitation ranging from 180 to 270 mm, and annual evaporation of 1,500–2000 mm. The test soil was the topsoil (0–20 cm) from a wheat field where fertilizer reduction had been implemented for three consecutive years. The soil type was irrigated gray desert soil. Before the experiment started (in 2018), the basic physical and chemical properties of the soil were: pH 7.79, organic matter content 19.5 g/kg, alkaline nitrogen 62.13 mg/kg, available phosphorus 29.85 mg/kg, and available potassium 175.95 mg/kg.



2.2 Experimental design

The pot experiment of multiple cropping green manure after wheat harvest included six treatments: no fertilizer (CK), conventional fertilizer (CF) (applying nitrogen and phosphorus fertilizers only), and nitrogen and phosphorus fertilizer reductions of 6, 12, 18, and 24% (RF6, RF12, RF18, and RF24, respectively). Each treatment was replicated three times. Fertilizers were applied during the wheat season, while no fertilizer was applied during the green manure season. Before the experiment, soil samples from each treatment were taken to measure the basic soil properties.

The pots used in the experiment were high-density polyethylene rectangular containers, 46.5 cm long, 35.0 cm wide, and 22.0 cm high, with each pot filled with 40.0 kg of air-dried soil. After aging, the soil layer was about 20 cm deep. The pots were buried flush with the ground to simulate field soil temperatures. During both the wheat and soybean growing seasons, soil moisture content was controlled to maintain 40–60% of the field water-holding capacity using the weighing method. Wheat was sown on April 1, 2021 (variety: Xin Chun 38), with two rows per pot, row spacing of 15 cm, and each row 10 cm away from the pot edge. After sowing, 80 plants per pot were retained. After wheat was harvested on July 6, soil and plant samples were collected to measure wheat yield and soil fertility indicators. Soybean plants were sown on July for green manuring purpose, following the same sowing method as wheat. After emergence, 10 plants per row were retained, and the green manure was plowed under during the full flowering stage, with plant and soil samples collected. At the time of plowing, the aboveground biomass and nutrient contents of the green manure for each treatment are shown in Table 1. The same wheat growing operations were repeated in 2022, with soil samples taken before sowing (March 28) and after harvest (July 1) to determine nutrient contents.



TABLE 1 Aboveground biomass, dry matter and nutrient contents of soybean in each treatment.
[image: Table1]

The fertilization strategy for the wheat season was as follows: base fertilizer accounted for 24% of the total nutrients, while topdressing accounted for 76% of the total nutrients (with 10% applied during the seedling stage, 30% during the jointing stage, 20% during the booting stage, 10% during the flowering stage, and 6% during the ripening stage). The fertilization amounts for each treatment are shown in Table 2. Urea (N ≥ 46.4%) and superphosphate (P₂O₅ ≥ 46%) were used as the nitrogen and phosphorus sources for the base fertilizer. During topdressing, ammonium phosphate (N ≥ 12%, P₂O₅ ≥ 61%) was used as the phosphorus source, and urea was used to supply the remaining required nitrogen.



TABLE 2 Fertilizer application dose and fertilization strategy of each treatment.
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2.3 Measured items and methods


2.3.1 Plant sample collection and measurement

Wheat and green manure samples were collected at the time of harvest and plowing, respectively. After being killed at 105°C for 30 min, the samples were dried at 75°C to a constant weight to measure dry matter. The wheat plants were divided into grain, husk, and straw (stem and leaves), while the soybean plants were divided into stems, leaves, and pods. Each plant part was ground and passed through a 0.5 mm sieve for determining the contents of carbon (C), nitrogen (N), phosphorus (P), and potassium (K). The carbon content of the plants was measured using the potassium dichromate heating method, while nitrogen, phosphorus, and potassium contents were measured using the digestate after H₂SO₄-H₂O₂ digestion. Nitrogen content was determined using the Nessler’s reagent colorimetric method, phosphorus using the vanadium molybdenum yellow colorimetric method, and potassium using a flame photometer (Cong et al., 2023).



2.3.2 Soil sample collection and measurement

Soil samples were collected five times: during wheat sowing in 2021 (S1), after wheat harvest (S2), after the plowing of green manure (S3), during wheat sowing in 2022 (S4), and after wheat harvest in 2022 (S5). For each pot, six evenly distributed sampling points were selected, and soil was taken from a depth of 20 cm using a stainless steel soil auger with an inner diameter of 3 cm. The soil samples were then air-dried, ground, and sieved through 1.00 mm (18 mesh) and 0.15 mm (100 mesh) sieves. Soil samples passing through the 1.00 mm sieve were used to measure soil pH, alkaline nitrogen (AN), available phosphorus (AP), and available potassium (AK), while samples passing through the 0.15 mm sieve were used to measure soil organic carbon (SOC) and total nitrogen (TN). Soil pH was measured using a potentiometer with a water-to-soil ratio of 2.5:1. SOC was determined using the potassium dichromate heating method, and TN was measured using the semi-micro Kjeldahl method. AN was determined using the alkaline diffusion method, AP using the sodium bicarbonate extraction-molybdenum antimony colorimetric method, and AK using the ammonium acetate extraction-flame photometry method (Cong et al., 2023). Soil microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) (Li et al., 2018) were extracted using the chloroform fumigation method and then determined using the potassium dichromate heating method and semi-micro Kjeldahl method, respectively. Soil organic carbon fractions were measured using the improved acid extraction method as described by Rahmati et al. (2020). The highly labile fraction (H-LOC, g/kg) was extracted with 2.5 mol/L H₂SO₄, and the low-labile fraction (L-LOC, g/kg) was extracted with 13.0 mol/L H₂SO₄. The remaining fraction was considered the recalcitrant fraction (ROC, g/kg). All extracted fractions were measured using the potassium dichromate heating method.



2.3.3 Soil quality evaluation

To evaluate the effects of different fertilizer reduction treatments and the incorporation of green manure on soil quality, the overall data set method based on principal component analysis (PCA) was used (Duan et al., 2024). Thirteen indicators—pH, SOC, TN, C/N ratio, AN, AP, AK, MBC, MBN, MBC/MBN, H-LOC, L-LOC, and ROC—were included to establish the data set and further calculate the soil quality index (SQI). The calculation steps are shown in Equation 1:
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where n is the number of soil parameters, Wi is the weight of the i-th parameter, and Si is the score of the i-th parameter. The weights Wi were derived from PCA. First, components with eigenvalues greater than 1 were retained to determine the number of principal components. Then, factor loadings, variance percentages, and cumulative variance percentages for each principal component were obtained. Finally, the weight for each parameter (Wi) was calculated as the ratio of the communalities of the i-th indicator to the sum of the communalities of all indicators (Iheshiulo et al., 2024). For pH, the score Si was determined using Equation 3, and for other indicators, Equation 2 was used:
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2.4 Data processing and analysis

Analysis of variance (ANOVA) and principal component analysis (PCA) were performed using SPSS 22.0 software. The least significant difference (LSD) method was used to test for significant differences between treatments (p < 0.05). Microsoft Excel 2019 and Origin 2022 software were used for data processing and graph creation.




3 Results


3.1 Wheat dry matter and yield

The reduction of different proportions of chemical fertilizers and the replanting of green manure after wheat harvest significantly affected wheat dry matter and yield formation (Table 3). The dry matter, grain yield, 1,000-grain weight, and the number of grains per spike all reached significant levels between the years (Y) (p < 0.01), indicating that the incorporation of green manure significantly influenced these four indicators. After the replanting and incorporation of green manure, dry matter, grain yield, and the number of grains per spike increased by 15.9–52.4%, 32.2–40.6%, and 6.1–15.5%, respectively. Before the incorporation of green manure, the yield of CF and RF6 treatments was significantly higher than other treatments. However, after the incorporation of green manure, there were no significant differences in yield among the CF, RF6, and RF12 treatments.



TABLE 3 Effects of fertilizer reduction and soybean return on wheat dry matter and yield.
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3.2 Changes in annual soil nutrient content

In all treatments, after the incorporation of green manure (after S3), the available soil nutrient content showed an increasing trend, while changes in pH, organic carbon, and total nitrogen content were less pronounced (Figures 1A–C). The soil alkaline nitrogen content exhibited a rapid increase during the green manure growth season (S2 to S3) and after the 175-day incorporation period (S3 to S4) (Figure 1D). The changes in available phosphorus content showed an upward trend during the 175-day (S4) and 272-day (S5) periods after the incorporation of the green manure (Figure 1E), indicating that phosphorus release from the green manure decomposition occurred slowly. The available potassium content increased rapidly after the 175-day incorporation period (S4), while during the second wheat growing season, it showed a rapid decline (Figure 1F). Compared with the wheat harvest season in 2021, the soil alkaline nitrogen content in 2022 increased by 8.0–45.9%, available phosphorus increased by 20.0–57.3%, and available potassium decreased by 8.8–14.2%.

[image: Figure 1]

FIGURE 1
 Soil nutrient dynamics under reduced application of chemical fertilizer and green manure. (a) Soil pH, (b) Soil organic carbon (g/kg), (c) Soil total nitrogen (g/kg), (d) Alkali-hydrolyzed nitrogen (mg/kg), (e) Soil available phosphorus (mg/kg), (f) Soil available potassium (mg/kg). CK, CF, RF6, RF12, RF18, and RF24 represent the treatments of no fertilizer, conventional nitrogen and phosphorus fertilizer, and nitrogen and phosphorus fertilizer reductions of 6, 12, 18, and 24%, respectively. The values in the table represent the fertilizer application rates for each treatment. S1, S2, S3, S4, and S5 represent the sowing of wheat in 2021 (April 1, 2021), the harvest of wheat in 2021 (July 6, 2021), the green manure of soybean returning to the field in 2021 (September 30, 2021), the sowing of wheat in 2022 (March 28, 2022), and the harvest of wheat in 2022 (July 1, 2022). The values at each point are averages (n = 3).




3.3 Soil organic carbon fractions and microbial biomass carbon and nitrogen contents

Compared to 2021, after the wheat harvest in 2022, the soil organic carbon content significantly increased (p < 0.01), with an increase range of 10.6–14.5% (Table 4). Among them, the high labile organic carbon fraction (H-LOC) increased by 34.7–44.5% (p < 0.01). After the return of green manure to the field, the microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) contents also significantly increased. The two-factor analysis of variance indicated that there were significant differences among the different fertilizer reduction treatments in all indicators, but the interaction between fertilizer reduction and the return of green manure only had a significant effect on the contents of H-LOC, MBC, and MBN (p < 0.01).



TABLE 4 Effects of fertilizer reduction and green manure incorporation on soil organic carbon fractions and microbial biomass carbon and nitrogen contents.
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3.4 Soil quality evaluation

Principal component analysis revealed that there were two principal components with eigenvalues greater than 1 in 2021 and four in 2022. The calculated weights (w_i) and soil quality index (SQI) are shown in Table 5 and Figure 2, respectively. There were no significant differences in SQI between treatments in the wheat harvests of 2021 and 2022. In 2021, the treatments showed a trend of CF > RF6 > RF12 > RF18 > RF24 > CK (p < 0.05), while in 2022, all fertilizer reduction treatments had higher SQIs than CK. The two-factor analysis of variance showed that both fertilizer reduction treatments and the interaction with green manure return had significant effects on SQI (p < 0.01).



TABLE 5 Principal component analysis parameters of soil nutrient indices during wheat harvest in 2021 and 2022.
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FIGURE 2
 Soil quality index under reduced application of chemical fertilizer and green manure in wheat harvest period. Different letters in the same column represent significant differences at the 5% significance level following the LSD test. CK, CF, RF6, RF12, RF18, and RF24 represent the treatments of no fertilizer, conventional nitrogen and phosphorus fertilizer, and nitrogen and phosphorus fertilizer reductions of 6, 12, 18, and 24%, respectively. The values in the table represent the fertilizer application rates for each treatment. ***, **, and * indicate significance at p < 0.001, p < 0.01, and p < 0.05, respectively; “ns” indicates no significance (p > 0.05).





4 Discussion


4.1 Effects of fertilizer reduction and multiple cropping of green manure on wheat yield

Nitrogen fertilizer plays a crucial role in wheat yield formation, contributing the most to yield compared to phosphorus and potassium fertilizers (Hou et al., 2023). Therefore, most studies on fertilizer reduction focus on nitrogen reduction. Due to differences in soil fertility, the potential for nitrogen reduction varies across studies. For example, in fields with high soil fertility, nitrogen reduction of 20 to 60% (Du et al., 2020; Han et al., 2021; Wang et al., 2021) had no significant effect on yield, while in fields with lower soil fertility, reducing nitrogen by 25% (Lu et al., 2021) or 50% (Bonanomi et al., 2020) resulted in yield reduction. Shi et al. (2021) provided suggestions for nitrogen and phosphorus reduction in dryland wheat through long-term experiments, recommending an application of 144 kg hm−2 P₂O₅ when the pre-sowing soil available phosphorus level was 16.9 mg/kg. A three-year positioning experiment conducted in the early stage of this research showed that when nitrogen input was 300 kg hm−2 and phosphorus input was 133 kg hm−2, reducing nitrogen and phosphorus fertilizers by 6% had no significant effect on spring wheat yield, but higher reduction ratios resulted in decreased yields. The yield reduction trend became more pronounced with time, indicating that the potential for fertilizer reduction in low-fertility soils is lower. Therefore, improving soil fertility through green manure return may be an effective way to reduce chemical fertilizer input.

In this study, after multiple cropping of green manure followed by its incorporation into the soil, treatments with nitrogen and phosphorus fertilizer reductions of 6 and 12% showed no significant differences in grain yield, 1,000-grain weight, and the number of grains per spike compared to conventional fertilizer treatments. These findings are consistent with the research of Wei et al. (2024) and Qiao et al. (2021), who found that reducing nitrogen fertilizer by 15% and multiple cropping of hairy vetch increased wheat’s maximum growth rate, 1,000-grain weight, average leaf area index, and total photosynthetic potential, thus increasing grain yield. The results of reducing nitrogen and phosphorus fertilizers and incorporating green manure in this study suggest that short-term incorporation of green manure does not significantly affect the number of grains per spike but mainly affects 1,000-grain weight and dry matter. This is similar to the findings of Zhang et al. (2022), who also observed this phenomenon. The reason may be that the nitrogen fixation characteristics of leguminous green manure, along with the release of nutrients during decomposition, enhanced the soil’s nitrogen and phosphorus supply capacity, which affected the source-to-sink transformation in the crop. Additionally, the nutrient release cycle of green manure decomposition is relatively long, providing nutrients throughout the next crop’s growing season (He et al., 2020; Amede et al., 2021). This further suggests that green manure incorporation supplies additional nutrients during the growing season of subsequent crops, increasing yield and thus enhancing the potential for fertilizer reduction.



4.2 Effects of green manure decomposition on soil nutrients

This study found that incorporating green manure into soil resulted in a notable increase in soil nutrient availability, although changes in pH, organic carbon, and total nitrogen were less pronounced. Nitrogen and potassium exhibited synchronized release patterns during green manure decomposition, whereas phosphorus was released more gradually. Such findings align with prior research, including Zhou et al. (2021) and Yang et al. (2024), which demonstrated that legume green manure decomposition follows a rapid initial release phase, contributing significantly to nutrient availability within 180 days.

The decomposition and incorporation of approximately 24,000 kg/ha of green manure led to substantial increases in soil alkaline nitrogen (8.0–45.9%) and available phosphorus (20.0–57.3%) after 272 days. These results are consistent with long-term studies, such as those by Lyu et al. (2024), highlighting how legume green manure boosts nitrogen and phosphorus contents over extended periods. Conversely, available potassium levels declined (8.8–14.2%), a phenomenon explained by the activation and utilization of soil potassium reserves, as previously reported by Wang et al. (2000).

The role of green manure in improving soil quality became evident in the study’s soil quality index (SQI) assessment, which showed that the incorporation of green manure compensated for nutrient deficiencies caused by reduced chemical fertilizers. Treatments with a 12% reduction in nitrogen and phosphorus fertilizers demonstrated comparable SQI levels to conventional practices, indicating the potential of green manure to sustain soil health under lower fertilizer inputs. Previous research, such as Fan et al. (2022), supports these findings by emphasizing the interaction between legume green manure and fertilizer reduction in enhancing soil nutrient reserves.

The data demonstrate that incorporating green manure improves soil nutrient availability and mitigates the potential adverse effects of chemical fertilizer reduction. These improvements suggest that green manure plays a pivotal role in sustainable nutrient management, enabling reduced reliance on synthetic fertilizers without compromising soil fertility.



4.3 Effects of multiple cropping of green manure on soil organic carbon fractions under fertilizer reduction conditions

Green manure, as an external source of organic carbon, helps to sequester organic carbon in farmland (Liu et al., 2015). The results of this study show that reducing chemical fertilizer while incorporating green manure significantly increased the soil organic carbon content. This could be due to the addition of external carbon from green manure, which directly influenced the increase in both labile and recalcitrant soil organic carbon (SOC) fractions and promoted the decomposition and cycling of SOC (Zheng et al., 2022). In this study, the increase in SOC was significantly correlated with the increase in high-labile organic carbon (H-LOC). The improvement in wheat dry matter after green manure incorporation indirectly increased the return of straw and roots, further contributing to carbon input. The continuous three-year application of chemical fertilizers provided additional nitrogen sources for soil microorganisms, which in turn increased microbial activity and accelerated the decomposition of existing organic matter in the soil (Guo et al., 2017; Shi et al., 2021). This acceleration occurs because nitrogen fertilizers stimulate microbial biomass and activity, enhancing the breakdown of organic matter to release nutrients (Liu et al., 2022). However, this process can deplete soil organic matter stocks over time if not balanced with organic inputs such as green manure (Xu et al., 2021).

The two-factor analysis of variance results (Table 4) indicate that as the fertilizer reduction ratio increased under green manure incorporation conditions, the content of high-labile organic carbon decreased (similar trends were observed for microbial biomass carbon and nitrogen), while there were no significant differences in the low-labile and recalcitrant organic carbon fractions. This may be because, under no fertilizer or low fertilizer conditions, the distribution of organic carbon fractions tends to be stable. The corresponding labile fractions will be both sequestered and decomposed, and the turnover rate within the same soil is considered fixed. Therefore, under no or low fertilizer application, the carbon sequestration efficiency is low, while treatments with higher fertilizer applications have higher labile fractions, and their resistance to decomposition is stronger than that of the former. Some studies have suggested that the quality of organic carbon affects its sequestration in the soil, and different organic materials have different impacts on the soil carbon pool (Chang et al., 2024). Plant residues with a low carbon-to-nitrogen (C/N) ratio and low lignin content are considered high-quality carbon sources and are more likely to form relatively stable SOC. This is because when soil nitrogen availability is high, nutrient-rich microbial communities gradually become dominant and regulate the intensity of SOC decomposition. Therefore, in this study, it is believed that the introduction of low C/N external organic matter from green manure provided carbon and nitrogen sources for soil microorganisms, which increased microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN). By increasing H-LOC, this process alleviated the decomposition of other fractions, changed the turnover of soil carbon, and increased SOC content.




5 Conclusion

In this pot experiment, conducted over two wheat-growing seasons, incorporating green manure alongside a moderate reduction of synthetic nitrogen and phosphorus fertilizers effectively maintained wheat yields while improving soil quality. The study found significant increases in soil nutrient availability, with soil alkaline nitrogen and available phosphorus rising by 22.3 and 30.7%, respectively. Additionally, soil organic carbon content increased by 12.4%, driven by a boost in both labile and microbial biomass carbon fractions. These findings highlight the potential of integrating green manure with reduced fertilizer inputs as a sustainable strategy for enhancing soil carbon sequestration, improving soil fertility, and reducing dependence on chemical fertilizers. The results support the long-term viability of this approach for sustainable agricultural intensification. In summary, on irrigated gray desert soil, the return of approximately 24,000 kg ha−1 of green manure, in conjunction with a 12% reduction in conventional nitrogen and phosphorus fertilizer application (N 300 kg ha−1 and P₂O₅ 133 kg ha−1), was able to maintain wheat yields and increase soil organic carbon content.
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and 24%,respectively. Different leters in the same column represent significant differencesat the 5% significance level ollowing the LSD test. ***, *%, and * indicate significance at p < 0.001,
p < 0.01, and p < 0.05, respectively; “ns” indicates no significance (p > 0.05).
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CK, CE, RF6, RF12, RF18, and RF24 represent the treatments of no fertilizer, conventional nitrogen and phosphorus fertilzer, and nitrogen and phosphorus fertilizer reductions of 6, 12, 18,
and 24%, respectively. The values in the table represent the fertilizer application rates for each treatment.
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CK, CE; RF6, RF12, RF18, and RF24 represent the treatments of no ferilizer, conventional nitrogen and phosphorus fertilizer, and nitrogen and phosphorus fertilizer reductions of 6, 12, 18,
and 24%, respectively. The values in the table represent the fertlizer application rates for each treatment. Different letters in the same column represent significant differences at the 5%
ignificance level. *+%, *¥, and * indicate significance at p < 0.001, p < 0.01, and p < 0.05, respectively; “ns” indicates no significance (p > 0.05).
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