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Abstract
Introduction This study investigates the effects of different straw return methods on soil properties,

microbial activities, and maize yields in semi-arid regions. It compares three straw return practices:

deep tillage with straw return (DPR), straw incorporated with subsoiling (SSR), and no-tillage

mulching straw return (NTR). The goal is to assess the impact of these practices on soil health and

agricultural productivity.

Methods A seven-year field experiment compared DPR, SSR, and NTR treatments on soil

physical and chemical properties, microbial diversity, and maize yield. Parameters measured

included soil bulk density, water content, alkaline nitrogen, available potassium, organic carbon,

total nitrogen, microbial activity, and maize yield.

Results DPR significantly improved soil bulk density, water content, and levels of alkaline

nitrogen, available potassium, organic carbon, and total nitrogen, enhancing soil fertility. NTR

improved soil water content by reducing disturbance and favoring moisture retention. SSR

increased microbial diversity and improved soil aeration. Path analysis showed that the utilization

of carbohydrates by soil microorganisms positively affected maize yield by optimizing nutrient



and microbial carbon source utilization. DPR increased maize yield by 14.18%, and SSR

increased it by 4.62%.

Discussion The results suggest that straw return practices optimize soil structure, improve fertility,

and enhance microbial activity, promoting crop growth and productivity. Among the practices,

DPR showed the most significant maize yield improvement. The study emphasizes the importance

of microbial functions in nutrient utilization and demonstrates that straw incorporation supports

sustainable agriculture in semi-arid regions.

Keywords: Straw return,soil quality, maize yield, microbial activity, carbon source utilization.

Introduction

The world's population is expected to reach approximately 9.8 billion by 2050; however,

current arable land is unable to meet the growing demand for food (FAO.2018) In China,

especially in regions such as Inner Mongolia and the Loess Plateau, the problem of soil

degradation has been exacerbated by prolonged over-cultivation, excessive fertilizer use, and

over-irrigation. In the Irrigation Area of Inner Mongolia’s Tumu Chuan Plain, for example,

long-term straw-off farming and shallow tillage have led to soil compaction, organic matter loss,

and a decline in soil quality, which in turn has severely constrained agricultural productivity

(Jayasudha et al., 2024; L.-Q. Wang et al., 2024).

As a strategy for agricultural resource management, straw return to the soil has gradually

received widespread attention from researchers worldwide the world, and has been recognized as

an important measure for improving soil quality and restoring soil ecological functions (P. Zhang

et al., 2025).By returning crop residues directly to the field, straw can be decomposed and

transformed by soil microorganisms, promoting nutrient cycling to increase the organic carbon

content of the soil, while simultaneously improving the physical structure of the soil. This, in turn,

effectively increases crop yields and promotes soil health (B. Liu et al., 2024; Song, Gao and Li,

2025; Wei et al., 2025).A number of studies have demonstrated the importance of straw

reclamation in improving soil health, crop yields and agricultural sustainability(Lal, 2004; Chang

et al., 2023). Therefore, exploring straw return methods suitable for the irrigation areas of the

Tuomo River Plain will not only help restore soil health but also increase agricultural productivity

and provide a sustainable solution for future food needs.

A number of studies have shown that returning straw to the soil can promote the increase of

soil microbial numbers and species, improve the structure of microbial communities, enhance soil

biological activity, and thus promote soil fertility and crop growth (Hao et al., 2019). Deep turning

of straw to return it to the soil increases the organic carbon content in the soil by accelerating the

decomposition of straw and promotes the diversity and stability of the bacterial community (Li et



al., 2022; Zhang et al., 2023, 2024). Deep plowing with straw return accelerates straw

decomposition, increases organic carbon content in the soil, and promotes the diversity and

stability of bacterial communities (Kalayu, 2019; Q. Liu et al., 2024). However, different straw

return methods, such as no-till straw covering, straw shredding with deep plowing, straw

shredding with strip tillage, and high-residue retention, yield varying soil fertility improvement

effects due to differences in climate and soil conditions across regions (Hu et al., 2024).

Furthermore, microorganisms in the soil grow and reproduce by metabolizing carbon sources, and

different straw return methods have a significant impact on the metabolism patterns and efficiency

of these carbon sources (Hu et al., 2016; Pan et al., 2023). For example, no-till straw covering

reduces soil disturbance, helping to maintain soil structural stability, promote microbial carbon

source metabolism efficiency, and positively contribute to soil fertility retention (Yin et al., 2023).

Although deep plowing and deep tillage with straw return accelerate straw decomposition and the

release of organic carbon, excessive disturbance leads to the loss of some beneficial

microorganisms, thereby affecting the stability of the soil microbial community (Zhou et al.,

2020).

Tumecheon Plain Irrigation District is located in the south-central part of Inner Mongolia,

with a temperate arid and semi-arid climate, shallow soil tillage, low organic matter content, and

water scarcity, which is one of the bottlenecks limiting the sustainable development of local

agriculture. There is a lack of in-depth research on the combined effects of different straw return

methods on soil microbial communities, enzyme activities, and microbial carbon source utilization

in maize continuous cropping systems, as well as on the mechanisms by which these changes

drive crop yield enhancement. In particular, the interrelationships between soil quality, microbial

metabolic activities, and soil EMFs, and their mechanisms of action in soil health improvement

and yield enhancement, remain insufficiently elucidated. To this end, this study assessed the

combined effects of different straw return methods on soil physical properties, chemical properties,

microbial activities, utilization of carbon sources by soil microorganisms, soil enzyme activities,

and crop yields in a multi-year straw return positioning experimental field over four years of

testing. It also explored the effects of straw return on soil microbial community, soil enzyme

activity, and carbon utilization. The aim is to reveal the influence mechanism of different straw

return methods on soil health, provide a scientific basis for the best practices of straw return under

different soil conditions, and promote the optimization of straw return technology to enhance soil

health, improve crop yield, and promote the sustainable development of agriculture.

2. Materials and Methods
2.1 Study Site



This study is based on the straw return test platform built by the group in the early stage

(implemented in 2018), which is located in the China Cilechuan Modern Agricultural Expo Park

(Beizhitu Village, Goumen Town, Tumet Right Banner, Baotou City, Inner Mongolia, latitude

40°28′28″N, longitude 110°29′5″E). The soil texture is sandy loam, and the area has a

semi-arid mid-temperate continental monsoon climate, with an average annual temperature of

6 ℃ to 8 ℃ , annual precipitation of 247.7, 280.4, 257.9, and 517.8 mm, a frost-free period of

140 days, an elevation of 1,015 m, an annual sunshine hour of 2,806 hours, and an annual active

cumulative temperature of 3,000 ℃ to 3,500 ℃ .Prior to the establishment of the straw return

platform (i.e., in 2017), the soil fertility characteristics were as follows: organic matter content of

22.04 g/kg, alkali-hydrolyzable nitrogen content of 57.82 mg/kg, available phosphorus content of

3.57 mg/kg, and available potassium content of 84.97 mg/kg. Soil nutrient data are shown in Table

S1, and the main meteorological data collected during the experiment are shown in Figure S1.

2.2 Experimental Design

The experimental platform began implementing various straw return practices in the fall of

2018, with four tillage methods: straw incorporated with deep tillage (DPR),straw incorporated

with subsoiling (SSR), no-tillage mulching straw return (NTR), and farmers' shallow rotation

(CK). The experiment started in the third year of straw return, from 2020 to 2024, and soil

samples from the plow layer were collected on the experimental platform. The specific procedures

are as follows: DPR:After maize harvest in autumn, straw is shredded using a rotary tiller,

followed by deep plowing of the soil to a depth of 30-40 cm using a deep plow. The following

spring, traditional sowing is performed with a conventional seeder. SSR : After maize harvest,

straw is shredded using a rotary tiller, followed by deep tillage (35-40 cm) using a deep tiller. The

straw is then mixed into the soil to a depth of 25 cm, and conventional sowing is performed the

following spring. NTR : The shredded straw is spread over the soil surface after maize harvest,

and sowing is done in the following spring using a no-till seeder. CK: Following local farming

practices, the straw is removed after maize harvest, and shallow tillage (15 cm) is conducted. The

conventional sowing method is used in the following spring.

Each treatment was replicated three times, resulting in 12 experimental plots, with each plot

measuring 65 m × 6 m. Fertilizer was applied at rates of 3 kg ha⁻¹ of pure nitrogen, 1.5 kg ha⁻¹ of

P₂O₅, and 1.5 kg ha⁻¹ of K₂O. Nitrogen fertilizer was applied in a 3:7 ratio during the elongation

and booting stages, while P₂O₅ and K₂O were applied as basal fertilizers. Other management

practices followed those commonly used in the study area.

2.3 Soil and Crop Sampling



The sampling was conducted in May 2021 and May 2024, prior to maize sowing (the third

and eighth consecutive years of the experiment), using the "S" sampling method. Soil samples

were collected from the 0-45 cm soil layer of each plot using a soil auger (TG-25; Shaoxing

Bowei Equipment Co., Ltd., China). The samples were passed through a 2 mm sieve to remove

plant and animal residues, as well as other debris. The remaining soil was further sieved with a 2

mm sieve, and excess samples were discarded. The soil samples were then divided into four

portions, sealed in bags, and immediately transported to the laboratory. One portion was stored at

room temperature for the analysis of soil bulk density (BD), soil organic matter (SOM), total

nitrogen (TN), alkali-hydrolyzable nitrogen (AN), available phosphorus (AP), available potassium

(AK), and organic matter (SOM). A second portion was stored at 4°C for the determination of

soil hydrogen peroxide (H₂O₂) activity, RUBP carboxylase (RUBP) activity, soil β-glucosidase

(S-β-GC) activity, and microbial carbon source utilization.

2.4 Determination of Indicators and Methods

2.4.1 Soil Properties Measurement

SM (Soil Moisture): Gravimetric method (Klute, A. 1986); BD : Aluminum can method

(Blake, G. R., & Hartge, K. H. 1986); AN : Alkaline diffusion method (Bremner, 1965); AP :

Olsen and Sommers method (‘Olsen SR, Sommers LE,1982); AK: Flame photometry

method(Allen, S. E., & Grimshaw, H. M. 1986); SOM : Potassium dichromate method (Walkley

and Black, 1934); TN : Kjeldahl method(Bremner, 1960); H₂O₂ : Potassium permanganate titration

method (S. Zhang et al., 2025); RUBP : Sandwich ELISA method (Díaz‐González, 2005); S-β

-GC : Near-infrared spectroscopy method (Dick et al., 2013).

2.4.2 Calculation of Soil Quality Index

The soil quality index (SQI) was estimated using the total dataset method. First, all s

oil properties were normalized to dimensionless scores ranging from 0 to 1. The soil prop

erties were then divided into two categories. For properties that improve with soil quality

(TN, AN, AP, AK, and SOM), the "more is better" method was applied using Equation 1.

For properties where lower values indicate better soil quality (e.g., BD), the "less is bett

er" method was applied with Equation 2 (Kalayu et al., 2019; Song et al., 2024; Zhou et

al. 2020)：

Ascending affiliation function: SL=
0.1 � ≤ �10.9 ∗（� − �1）/(�2 − �1) + 0.1 �1＜�1.0 � ≥ �2 (1)



Descending affiliation function:SL=
0.1 � ≥ �20.9 ∗（�2 − �）/(�2 − �1) + 0.1 �1＜�1.0 � ≥ �1 (2)

Next, principal component analysis (PCA) was used to determine the weight (Wi) of each
indicator, based on the ratio of its variance to the cumulative variance. The soil quality was then
calculated using the following equation:

SQI = �=1
� �� × ���

(3)

Where Wi represents the weight of the i-th indicator, SL is the score of the indicator, and n is the

total number of indicators.

The Biolog-ECO plate contains six categories of carbon sources (Table S2): carbohydrates (n

= 10), amino acids (n = 6), polymers (n = 4), phenols (n = 2), amines (n = 2), and carboxylic acids

(n = 7) (Preston-Mafham, Boddy and Randerson, 2002; Feigl et al., 2017) 。

2.4.3 Soil EMF

Enzyme activity was used to evaluate the multifunctionality of the soil ecosystem

(Delgado-Baquerizo et al., 2020). Z-scores were applied to standardize the activity of each soil

enzyme, followed by calculation of the mean value (Delgado‐Baquerizo et al., 2016):Zi = x−misd (4)Zscore = average(Zi) (5)

Where Zi represents the enzyme activity, x, mi, and sd correspond to the measured enzyme

activity, the mean enzyme activity, and its standard deviation, respectively.

2.4.4 Carbon Source Utilization

Carbon source utilization capacity of soil microorganisms was estimated using average well

coloration (AWCD) and determined using the Biolog-ECO microplate method (Zhou et al., 2024).

The procedure consisted of weighing a fresh soil sample equivalent to 5 g of dry soil in a sterile

conical flask. Then, 45 ml of 0.85% sterile NaCl solution was added, sealed and shaken at 2, 000

r/min for 15 min, and left to stand for 15 min before collecting the supernatant. The supernatant

was diluted 100-fold with sterile NaCl solution on a clean bench and inoculated into Biolog. eco

microtiter plates with 8-channel spotter, 150-1 µl per well. inoculated plates were incubated in a

biochemical incubator at 25 ℃ for 10 days, and good absorbance (OD) at 590 nm was read every

24 hours during the incubation period. Absorbance was measured according to the following



formula:

Microbial metabolic activity：AWCD=[ (�� − �]/�� (6)

Microbial diversity index：H=-∑Piln（Pi） (7)

Microbial uniformity index：E=H/ln(SR) (8)

Microbial carbon source utilization rate：SAWCD=(∑ODi/N) ���/�����/�� × 100% (9)

Where Ci is the OD value of each carbon source pore, R is the OD value of the control

pore,N is the number of microporous holes (N=31), Pi is the ratio of the optical density ODi of the

ith microporous hole to that of all the holes, SR is the number of carbon sources utilized, and

SAWCD is the average rate of change of the color of each pore for a particular type of carbon

source. n is the total number of microporous holes for a particular type of carbon source.

2.5 Yield Measurement and Seed Assessment

The measurement area of each plot was 36 square meters. Within each area, the number of

ears harvested was counted and the fresh weight and moisture content of the grain after manual

threshing were measured. The measurements were then converted to yield at 14% moisture

content. In addition, 10 ears were left in each plot and air-dried. At 14% moisture content, the

number of grains and 100-grain weight were measured.

2.6 Statistical Analysis

Line plots of microbial characteristics were drawn using Origin (2019).SPSS (SPSS 19.0,

SPSS Inc., Chicago, USA) was used to perform analysis of variance (ANOVA), principal

component analysis (PCA), Spearman's correlation analysis (P-value) and cluster analysis. The

relationship between soil microbial characteristics and soil physicochemical properties was

investigated using Spearman correlation analysis. One-way analysis of variance (ANOVA) was

used to analyze whether the differences in soil physicochemical properties and microbial

characteristics were significant (P < 0.05) under different organic substitution patterns.

Differences between means were indicated by different letters using least significant difference

(LSD; P < 0.05).

Partial Least Squares Path Modeling (PLS-PM) was used to determine the role of microbial

carbon metabolism in improving soil fertility and crop yields under different straw returns using

the “plspm” package of R software (Sanchez et al., 2013). The model was constructed based on

theoretical relationships between variables, including exogenous (soil nutrients) and endogenous

(microbial carbon utilization, microbial KEGG homologous genes, and microbial



composition).Path coefficients in the PLS-PM, which represent the effect of variables on each

other, were normalized to a range from -1 to 1. Positive values indicate positive correlation and

negative values indicate negative correlation. Bootstrap resampling (n=48) was performed to

estimate the statistical significance of path coefficients and their confidence intervals. Absolute

values of the path coefficients indicate the strength of the effect, and the associated p-values were

used to assess the statistical significance of these relationships. Total effects were calculated to

assess the overall impact of each variable on corn yield. The overall performance of the PLS-PM

model was assessed using the goodness-of-fit (GoF) index.The GoF index was categorized into

three levels: weak (0.1 ≤ GoF ≤ 0.25), moderate (0.25 ≤ GoF ≥ 0.36), and strong (GoF >

0.36).Models with a GoF > 0.36 were considered reasonable (Tenenhaus., 2004).

3. Results
3.1 Effect of Different Straw Return Methods on Soil Physical Properties

Tillage practices significantly affected soil bulk density (BD) and soil moisture content (SM)

(P < 0.01; Fig S2). Compared with CK treatments, straw return treatments significantly decreased

soil bulk density (1.68%-6.80%; P < 0.05) and increased moisture content (9.22%-12.61%; P <

0.05), whereas the DPR and SSR was significantly lower than NTR by 4.27% and 5.03%,

respectively, while NTR treatment water content was not significantly different from DPR and

SSR. Between years, the CK treatment increased the soil bulk weight yearly (2.09% in 2024

compared to 2021), while the DPR and SSR treatments significantly decreased the soil bulk

weight (6.53% and 2.80% in 2024 compared to 2021, respectively, P < 0.05) and increased the

soil water content (5.22 and 1.57 percentage points in 2024 compared to 2021, P < 0.05).The NTR

treatment was the most prominent in increasing soil water content, by 5.40 percentage points in

2024 over 2021.

3.2 Effects of Different Straw Return Methods on Soil Chemical Properties

Soil alkali-hydrolyzable nitrogen (AN), available phosphorus (AP), available potassium

(AK), soil organic matter (SOM), and total nitrogen (TN) content of the treatments differed

significantly among tillage practices, and between years.The straw return treatment significantly

enhanced soil nutrients (P < 0.01; Fig S3a-3e), and the DPR treatment significantly enhanced the

content of available potassium, organic carbon, and total nitrogen compared with SSR and DPR,

whereas SSR significantly increased the alkali-hydrolyzable nitrogen, and NTR significantly

increased the content of available phosphorus. Between different years, AN, AK, SOM and TN

were significantly increased by 11.1%, 7.01%, 5.3% and 8.60% (P < 0.05), respectively, in DPR

treatment in 2024 compared to 2021, while AK, SOM and TN were increased by 8.14%, 2.45%



and 8.27% respectivelyin SSR treatment, and AN, AP and TN were increased by 3.75%, 0.8 % and

6.7%, respectively, in NTR treatment.

3.3 Effects of Different Straw Return Methods on Soil Quality Index Over the Years

Soil quality index (SQI) as shown in Fig. There were highly significant differences (P < 0.01,

Fig 1a-b) between tillage practices, years and interactions. The DPR treatments were significantly

higher than the other treatments by 6.58%-206.90% (P < 0.05) among treatments; SSR and NTR

were significantly higher than the CK treatments by 187.93% and 181.48% (P < 0.05),

respectively. Across years, CK, DPR and SSR treatments SQI tended to increase with the year of

implementation.

Figure 1. Soil Quality Index and Soil Physicochemical Properties Scores under Different Straw Return

Methods. Error bars represent the standard error of the mean (n = 3). Different lowercase letters in the columns

indicate significant differences between treatments (P < 0.05). CK, conventional shallow tillage; DPR, deep tillage

with shredded straw return; SSR, deep loosening with mixed straw return; NTR, no-tillage with straw cover. SQI,

Soil Quality Index. T, straw return treatment. Y, years. Significance levels: **, P < 0.01; *, P < 0.05; NS, no

significant difference at P > 0.05.

3.4 Effects of Different Straw Return Methods on Soil Enzyme Activity Over the Years

Soil H₂O₂, S-β -GC, and RUBP enzyme activities of the treatments were significantly

different among tillage methods, years, and their interactions (P < 0.01; Figure 2a-2c). Soil carbon

cycle enzyme activities were significantly increased by straw return treatment compared with CK,

and H₂O₂, S-β -GC, and RUBP activities were significantly increased by 11.10% - 14.55%,

13.18% - 23.72%, and 6.27% - 12.63% by DPR and SSR between return methods compared with

NTR treatment, respectively. The enzyme activities of the straw return method treatments

increased gradually with years, and the H₂O₂, S-β-GC, and RUBP enzyme activities increased by

92.35% - 108.49%, 48.12% - 98.27%, and 24.20% - 52.86%, respectively, in 2024 compared with

2021. Correlation analysis showed that H₂O₂, S-β-GC, and RUBP activities were closely related

to soil organic matter, available potassium, nitrogen, and moisture (P < 0.05).



Figure 2. Comparison of Soil Enzyme Activities and Soil Properties under Different Straw Return Methods.

H2O2, hydrogen peroxide enzyme; S-β-GC, soil β-glucosidase; RUBP, RUBP carboxylase.

3.5 Effects of Different Straw Return Methods on Soil Ecosystem Multifunctionality (EMF)

Soil EMF values characterize soil ecological functions, and there were highly significant

differences among tillage practices, years, and their interactions (P < 0.01, Fig. 3a). The

straw-returned treatment was significantly higher than CK among the treatments. Between the

years of return, the EMF values increased significantly with year, and the DPR, SSR, and NTR

treatments were significantly higher by 155.59%, 139.09%, and 105.48%, respectively, compared

with the CK treatment (P < 0.05). Linear fitting analysis showed that soil EMF was positively

correlated with soil quality index (SQI) (R² = 0.63, Fig. 3b).

Figure 3. Soil Ecosystem Multifunctionality (EMF) under Different Straw Return Methods and Its



Relationship with Soil Quality Index (SQI).

3.5 Effects of Different Straw Return Methods on Soil Carbon Source Utilization Over the
Years

The AWCD values of the straw return treatment increased with years, whereas the carbon

utilization of the CK treatment decreased (Fig. S4). Soil microbial carbon metabolism activity

(AWCD value) stabilized after 168 h of incubation, so the day 7 AWCD value (AWCD ₇ ) was

chosen as an indicator. Microbial diversity index and evenness index differed significantly (P <

0.01) between years. Overall, in the Evenness index, CK treatment was significantly higher than

other treatments by 21.42% - 23.61%, and there was no significant difference among other

treatments, while the diversity index was not significantly different among treatments. The

Shannon index among different years showed a decreasing trend in CK treatment from 2021 to

2024, which was significantly lower by 46.85% compared to 2021, respectively. The Evenness

index, which was significantly lower by 30.56%, 41.80%, and 37.70% in CK, DPR, and SSR

treatments in 2024 compared to 2021, respectively.

Figure 4. Soil Microbial Community Diversity under Different Straw Return Methods. Shannon index,

diversity index; Evenness index, evenness index.

Based on the biological ecological panel, the utilization rates of the six major categories of

carbon sources were analyzed and found to be significantly different among years, tillage, and

their interactions (P < 0.01, Fig. 5a-f). Overall, among the treatments, the utilization of the six

major categories of carbon sources was significantly higher in the straw-returned treatment than in

CK, while DPR and SSR were significantly higher in the straw-returned treatment than in the

NTR treatment, in which the utilization of carbohydrate-type, amino acid-type, carboxylic

acid-type, and amine-type carbon sources in the SSR treatment was significantly higher than the

other treatments (P < 0.05), with an average higher utilization of 55.18%, 44.05%, 71.13%, and

78.19%, with preference, while the DPR treatment had a preference for the utilization of

polymer-based carbon sources, which was significantly higher than the other treatments by

14.01% - 146.14%.



Overall, among the treatments, the utilization rates of the six major categories of carbon

sources were significantly higher in the straw-returned treatments than in CK, while DPR and SSR

were significantly higher than in the NTR treatments. In this context, the utilization rates of

carbohydrates, amino acids, carboxylic acids, and amines in the SSR treatment were significantly

higher than in the other treatments (P < 0.05), with an average of 55.18%, 44.05%, 71.13%, and

78.19%, respectively, showing a preference for these six categories. Meanwhile, the DPR

treatment had a utilization preference for polymer-based carbon sources, which was significantly

higher (P < 0.05) than other treatments by 14.01% - 146.14%.

Between years, the utilization of various types of carbon sources in straw-returned treatments

showed an increasing trend, specifically, the DPR treatment showed an increasing trend of

preference for the utilization of sugars, amino acids, carboxylic acids, and amines; the SSR

treatment showed an increasing preference for the utilization of sugars, amino acids, carboxylic

acids, and amines year by year; the NTR treatment showed an increasing trend of preference for

the utilization of amino acids, carboxylic acids, phenolic acids, and polymers, while the preference

for sugars. The preference of soil microorganisms for carboxylic acids, amines, phenolic acids,

and polymers under CK treatment showed a decreasing trend.

Correlation analysis showed that six types of carbon sources were positively correlated with

soil carbon cycle-related enzymes (P < 0.01; Fig. 5g); carbohydrate carbon sources were

positively correlated with soil TN, SOM, AK, AN, SM, and the Shannon index (P < 0.05). Amino

acid carbon sources showed a highly significant positive correlation (P < 0.01) with soil TN, AN,

and SM. Carboxylic acids, phenolic acids, and polymers showed highly significant positive

correlations (P < 0.01) with soil TN, SOM, AN, and SOM.



Figure 5. Carbon source utilization rates by soil microbes under different straw-return treatments.

3.6 Corn Yield and Driving Factors under Different Straw Return Treatments

The straw return treatment (T), year (Y), and their interaction (T*Y) had a significant effect

on corn yield (P < 0.01, Fig. 6a). The DPR treatment significantly increased corn yield by 14.18%



and 4.62% compared to CK and NTR, respectively, with no significant difference observed

between DPR and SSR (P > 0.05). Linear regression analysis indicated a positive correlation

between crop yield and the Soil Quality Index (SQI) (R² = 0.7), suggesting that improvements in

soil quality contributed to increased corn yield (Fig. 6b).

The Partial Least Squares Path Modeling (PLS-PM) model, based on soil microbial activity,

enzyme activity, and nutrient characteristics (Fig. 6c), revealed the path structure of "microbial

metabolic function— enzyme activity— soil nutrients— yield." Soil carbon source metabolism

(SAWCD1) acted as an exogenous latent variable, directly influencing SAWCD2, which further

enhanced SAWCD3, significantly boosting the microbial community's functional activity.

SAWCD2 promoted SAWCD3 activity, strengthening the microbial community’s regulation of

soil enzyme activity. SAWCD3 optimized soil nutrient supply by regulating H₂O₂ levels, which in

turn enhanced nutrient utilization via increased S-β -GC activity. Nitrogen (N) and potassium

(AK) were strongly correlated, with AK enhancing soil potassium utilization. AK also facilitated

the accumulation of Soil Organic Matter (SOM), thus improving soil quality. Ultimately, SOM

significantly enhanced soil quality and increased corn yield, highlighting the critical role of soil

organic matter accumulation in improving agricultural yield.Figure 6d displays the total effects of

each latent variable on yield: Carboxylic acids (0.53), Amino acids (0.47), RUBP (0.30), AK

(0.56), and Carbohydrates (0.46). Carbohydrates played a key role in influencing yield through

multiple intermediary pathways.

The PLS-PM model demonstrated a good fit (GOF = 0.84) with a high explanatory power (R

² for Yield = 0.85). These results indicate that there exists a multi-level interrelationship between

soil microbial metabolic function, soil enzyme activity, and soil nutrients, with straw return

treatments enhancing yield through the regulation of this system structure.



Figure 6. Relationship between Corn Yield and Soil Quality Index under Different Straw Return Treatments

and Its Driving Factors.The study employed Partial Least Squares Path Modeling (PLS-PM) to investigate the

impact of soil microbial activity, soil enzyme activity, and soil nutrients on corn yield under different straw return

treatments. SAWCD1,Carbohydrates;SAWCD2,Amino acids,;and SAWCD3,Carboxylic acids. Red lines represent

positive paths, while blue lines represent negative paths. The width of the lines indicates the size of the effect. The

numbers on the lines represent the effect size, and statistical significance is marked with * and ** when the effect

is significant at p < 0.05 and p < 0.01, respectively. Dashed lines represent non-significant pathways.

4. Discussion
4.1 The Impact of Different Straw Return Treatments on Soil Quality

The results of the present study showed that compared with CK, straw fertilization

significantly improved the soil quality index (SQI) in all starw-return treatments and different

years, with a maximum increase of 206.90% (P < 0.05), indicating that straw fertilization can

significantly enhance the ecological function of the soil and improve the overall health of the soil

system. This increase was mainly attributed to the improvement of soil organic matter content,

physicochemical structure and microbial habitat conditions by straw fertilization (Anning et al.,

2023; R.-Z. Liu et al., 2024). Among the three straw return methods, DPR has the most significant

effect in improving SQI, and its advantages are mainly reflected in alleviating soil compaction,

increasing porosity, and promoting the uniform distribution of straw and nutrients in the profile,

thus accelerating soil structure remodeling and nutrient regeneration (Li et al., 2024).In contrast,

the SSR and NTR treatments promoted microbial diversity and water retention more significantly,

with SSR improving aeration by breaking up the plow subsoil and increasing Shannon's diversity

index by 32.98%, and NTR slowing down water evaporation and increasing soil water-holding

capacity by reducing disturbance and maintaining ground cover (X. Wang et al., 2024).The above

differences indicated that there was a functional differentiation in the mechanism of soil quality

improvement among the different methods: DPR was dominated by the structure-nutrient pathway,

while SSR and NTR favored the micro-ecological regulation pathway (Liu et al., 2023).In

addition, the SQIs of CK, DPR and SSR treatments showed a continuous increasing trend with the

prolongation of cropping years, indicating that straw return measures have significant cumulative

effects and time-dependence, and the long-term application can help to realize the stable



enhancement of soil system functions (Zhu et al., 2024).

4.2 The Impact of Different Straw Return Treatments on Soil EMF

Straw return significantly increased soil EMF, with all straw return treatments showing

significantly higher EMF compared to the CK treatment (Fig. 3a). This suggests that straw input

can enhance soil multifunctionality by increasing carbon source supply and activating microbial

metabolic functions (Brown and Jones, 2024). There were notable differences in the extent of

EMF enhancement among the different return methods, with SSR performing the best, followed

by NTR and DPR treatments. SSR improved soil aeration and pore structure by breaking the plow

pan, providing a more suitable habitat for microbial communities and promoting functional

expression (Yao et al., 2023). NTR, by maintaining surface cover and reducing human disturbance,

created a stable and moist microenvironment, which was beneficial for microbial network

formation in the long term (Xiao et al., 2022; Wen et al., 2023). Although DPR initially improved

aeration and nutrient supply, its stronger disturbance may interfere with the surface microbial

structure, limiting the sustained growth of EMF (Delgado-Baquerizo et al., 2016). Moreover, EMF

was significantly positively correlated with the Soil Quality Index (SQI) (R² = 0.63, Fig. 3b),

indicating that improvements in physical and chemical properties provide the foundational support

for microbial functional diversity expression (Huo et al., 2024).

4.3 The Impact of Different Straw Return Treatments on Soil Carbon Source Utilization

The AWCD value reflects the efficiency of microbial carbon source utilization and carbon

metabolic activity. The higher the AWCD, the stronger the microbial carbon source utilization and

carbon metabolism activity (Bertini et al., 2021). The results of this study show that different

straw return treatments significantly altered the efficiency and preference of soil microbes for six

types of carbon sources (carbohydrates, amino acids, carboxylic acids, amines, phenolic acids, and

polymers) by regulating soil structure and nutrient conditions (P < 0.01). Compared to CK, all

straw return treatments significantly enhanced carbon source metabolic activity, with the largest

increases observed in DPR and SSR treatments. This indicates that organic matter input effectively

enhances the metabolic potential and substrate adaptability of soil microbes (Liu et al.,2025). SSR

treatment significantly increased the utilization of carbohydrates, amino acids, carboxylic acids,

and amines, with respective increases of 55.18%, 44.05%, 71.13%, and 78.19% compared to other

treatments. This suggests that SSR treatment improves soil aeration and the micro-ecological

environment, promoting microbial community diversity and functional redundancy (Liu et al.,

2022). In contrast, DPR treatment exhibited a specific preference for polymer carbon sources, with



utilization rates 14.01% to 146.14% higher than those of other treatments. This is closely related

to its ability to rapidly release macromolecular organic matter (Peng et al., 2024).

Regarding temporal changes, the utilization rates of various carbon sources under straw

return treatments generally showed an increasing trend over the years, reflecting a significant

cumulative response (Ding et al., 2024). Both SSR and DPR treatments continuously enhanced the

utilization of soluble carbon sources, while NTR treatment progressively improved the utilization

of amines, phenolic acids, and polymers, although the utilization of sugars began to decline

slightly after 2022. Under the CK treatment, carbon source metabolic activity continuously

declined, reflecting the coexistence of reduced microbial function and soil quality degradation.

Correlation analysis revealed significant positive correlations between carbon source

utilization rates and the activities of carbon cycling-related enzymes (Fig.5g. P < 0.01), validating

the enzymatic regulatory mechanisms of microbial metabolic activity (Delgado-Baquerizo et al.,

2016). Among these, the utilization rates of carbohydrates, amino acids, and carboxylic acids were

significantly positively correlated with TN , SOM, AN, AK, SM, and Shannon index. These

results suggest that microbial carbon source metabolism is not only influenced by the type of

carbon source but is also jointly regulated by nutrient conditions and community structure (Liu et

al., 2023).

4.4 The Impact of Different Straw Return Treatments on Corn Yield and Its Driving Factors

The primary goal of straw return is to improve soil quality and achieve higher crop yields

within a short period (Shrivastava and Kumar, 2015). This study indicates that straw return

treatments (such as DPR, SSR, and NTR) significantly influenced corn yield (P < 0.01, Fig. 6a).

The DPR treatment increased the yield by 14.18% and 4.62% compared to CK and NTR,

respectively, while no significant difference was observed between SSR and DPR (P > 0.05),

suggesting that DPR has a significant advantage in enhancing corn yield in the short term. This

finding is consistent with research showing that straw return improves soil organic matter (SOM)

and enhances nutrient utilization efficiency (Yan et al., 2022). SOM directly promotes crop

nutrient absorption and metabolic product synthesis by increasing soil available potassium (AK)

and nitrogen (N) content (Wei et al., 2023). The Soil Quality Index (SQI) was significantly

positively correlated with corn yield (R² = 0.7, Fig. 6b), further confirming the role of soil quality

improvement in boosting crop yield (Vizioli et al., 2021).

The PLS-PM model revealed that SAWCD1 not only directly affects nutrient content but also

optimizes soil fertility by regulating microbial carbon source utilization and enzyme activity (Fig.

6c). The effects of SAWCD1 significantly influenced corn yield through multiple intermediary

pathways, particularly by enhancing soil enzyme activity and carbon source utilization efficiency



(Tian et al., 2025). Moreover, the positive correlation between soil enzyme activity and crop yield

indicates that straw return not only improves soil fertility through increased SOM and microbial

activity but also promotes nutrient cycling by enhancing soil carbon metabolism (Bei et al., 2022).

In conclusion, straw return enhances corn yield by improving microbial carbon metabolism,

soil enzyme activity, and soil quality. Different straw return methods regulate microbial functions

and soil nutrients through multiple pathways, providing a theoretical basis for agricultural yield

enhancement and sustainable management.

5. Conclusion

Overall, this study demonstrated the effects of different straw-returning methods on soil

quality, microbial function, and crop yield. Straw return significantly improved the soil quality

index (SQI) and enhanced soil fertility by increasing soil organic matter, improving soil structure,

and water retention capacity. DPR and SSR treatments significantly increased soil enzyme

activities, promoted soil nutrient mineralization, and enhanced nutrient availability. NTR

treatment significantly improved microbial diversity and carbon source utilization by reducing soil

disturbance and maintaining surface cover, especially excelling in amino acid, carboxylic acid,

and polymer carbon source utilization. Utilization efficiency, especially in the utilization of amino

acid, carboxylic acid, and polymer carbon sources, was further promoted by improving microbial

metabolism. Ultimately, straw return significantly increased corn yield, especially the DPR

treatment, which increased the yield by 14.18%. This study provides a scientific basis for

optimizing straw-returning technology, enhancing soil health and crop yield, and promoting

sustainable agricultural development.
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