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Abstract: Straw return is a crucial strategy for enhancing soil organic matter (SOM). However, the
mechanism of combing straw return with different tillage methods on black soil microbial
community structure, soil organic carbon (SOC) fractions remained unclear. A field experiment was
conducted in black soil using four tillage treatments: conventional tillage without straw return (CK),
no-tillage with straw incorporation (NTS), rotary tillage with straw incorporation (RTS) and deep
tillage with straw incorporation (PTS). Corn yield, the contents and fractions of SOC were measured,
whereas the microbial structure at different soil depths was assessed by high-throughput
sequencing technology. Meanwhile, the correlations between microbial diversity, changes in SOC
fractions, and corn yield was analyzed. As results, the return straw treatments significantly
increased the contents of SOC in the 0-20 cm soil layer (up to 19.82 g kg under RTS) and its labile
fractions, enhanced soil microbial diversity (with an 7.03%-25.14% promoting in Bacterial Chaol
index) and optimized of microbial community structure. Fungal diversity under PTS was the most
prominent in the 20-40 cm depth. Correlation analysis indicated that the active SOC fractions and
microbial diversity jointly explain the yield variation. The findings of this study provide theoretical
for optimizing of the supporting tillage technology for straw return to field, and has important
practical guiding value for the conservation of black soil and the coordinated improvement of
production capacity.

Keywords: straw return; black soil; soil labile organic carbon fractions; microbial diversity; yield

1. Introduction

Microorganisms are among the most biologically active components of soil ecosystems, and play
a pivotal role in maintaining ecosystems functionality [1-4]. As the main decomposers in farmland
ecosystems, they are closely involved in key soil processes, including organic matter decomposition,
nutrient cycling, and humus formation [3,5]. Currently, soil microbial community diversity is widely
recognized as a critical indicator of soil ecological characteristics and serves as an essential metric for
assessing soil quality. Soil microorganisms exhibit high sensitive to ecological perturbation, with their
diversity and community composition being profoundly affected by field management practices
including tillage, fertilization, and irrigation [6,7].

SOC is a key determinant of plant productivity and soil fertility, and its maintenance and
enhancement essential for ensuring food security [8,9]. The active SOC fractions were prone to
decomposition, volatilization, poor stability and easy to be absorbed and utilized by plants and
microorganisms. As well as the main source of energy for soil microbes that could participate in SOC
turnover, regulate crop nutrients availability [10,11]. Adopting methods such as straw returning to
the field and conservation tillage to optimize the agricultural practice strategies, in order to increase
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the input of exogenous carbon and improve the soil microbial environment, and further enhance the
crop yield [12,13].

The selection of appropriate tillage regimes is crucial for improving soil structure, enhancing
crop cultivation suitability, optimizing resource utilization, maintaining soil fertility, and increasing
crop yields [14]. Different tillage practices demonstrate significant variations in their effects on soil
nutrient content and microbial communities [15]. Straw returning represent an environmentally
sustainable agricultural production measure that enhance nutrient effectiveness, improves soil
structure, and induces shifts in the diversity, structure, and composition of soil microbial
communities [16-18]. As a nutrient-rich resources, straw incorporation increases the input of SOC
content. The straw decomposition process, mediated by soil microorganisms, converts stable organic
carbon in straw into labile organic carbon fractions, thereby elevating the content of active organic
carbon in the soil [19]. Straw return is commonly implemented using different tillage practices.
Studies have shown that straw return with conventional tillage increased SOC content by 3.9%-11.2%
in the 10-40 cm soil layer [20]. Compared to conventional tillage, no-tillage practices are more
conducive to forming stable soil aggregates and reducing soil erosion. Straw return combined with
NT reduced the soil disturbance frequency relative to the conventional tillage, effectively maintaining
soil stability [21]. Comminated of RT and straw returning has been widely recognized as a crucial
sustainable management practice, which can effectively mitigate soil erosion and enhances SOC
sequestration [22]. Busar’'s [23] research confirmed that the deep tillage practice exhibit higher
microbial diversity indices, dominance indices, and abundance indices. In addition, Studies have
shown that the model of deep tillage with straw return increase soil microbial activity by changing
soil structure of the lower plough layer [24].

As one of the world’s three major staple crops, corn serves as a crucial position in the agricultural
economy. However, uncertainty remains regarding the corn yield for straw return with appropriate
tillage practices is one of the obstructive factors affecting its large-scale application. Therefore,
revealing the impact of conservation tillage in black soil regions on corn yield and its key factors is
of vital importance for protecting black soil and ensuring national food security [25]. Specifically, this
study aims to: (1) examine how the integration of straw return combined with three tillage practices
to influences SOC, its labile fractions, microbial diversity, community structure, and corn yield; (2)
evaluate the interrelationship among soil carbon fractions, microbial diversity, and corn yield. The
conclusions of this study will provide a theoretical foundation for developing scientifically sound
straw return strategies in agricultural production.

2. Materials and Methods

2.1. Site Description

The experiment was conducted on typical black soil at the Gongzhuling (Figure 1), located in
central Jilin Province, China. The region has cold-temperate continental monsoon climate
characterized by synchronous precipitation and thermal regimes, with mean annual precipitation of
500-600 mm, a frost-free period of approximately 140 days, and an average annual temperature of
4.5 °C.
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Figure 1. Location of the study area.

Meteorological data for the experimental period are presented in Figure 2. The study site
received 599.8 mm annual precipitation with a mean, temperature of 20.4 °C in 2019. The corn
cropping system followed annual rainfed monoculture without supplemental irrigation.
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Figure 2. Changes of precipitation and temperature of Gongzhuling in 2019.

2.2. Experimental Design

The soil is classified as Mollisols with loamy texture, according to the USDA soil Taxonomy. The
in-situ straw mulching experiment was established in spring of 2017, comprising four treatments: (1)
Control subjects (CK): Conventional tillage without straw return; (2) No-tillage with straw mulching
(NTS): Straw coverage on soil surface using no-tillage planter for seeding; (3) Rotary tillage through
straw incorporation (RTS): Mechanically crushed straw uniformly mixed into 0-20 cm soil layer using
a rotary tiller; (4) Deep tillage with straw incorporation (PTS): Straw buried at approximately 25 cm
depth in the soil. The nutrient content of applied straw is shown in Table 1.

Table 1. The nutrient content of corn straw used in the experiment (%).

Total Total Total Total Hemi
Cellulose  Lignin
Carbon Nitrogen Phosphorus Potassium cellulose
41.78 0.92 0.15 1.11 23.45 37.25 2.85

In this study, the experiment followed a randomized complete block design with three
replications. Each plot measured 1040 m? in each region, resulting in a total experimental area of
12480 m? (12 plots). Fertilizer application was consistent across all treatments, including 220 kg hm
of nitrogen fertilizer, 90kg hm-2 of phosphorus fertilizer (P205), and 100 kg hm?2 of potash fertilizer
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(K20). The corn cultivar Dikal59 was sown in late April and harvested in early October. The soil
initial physicochemical properties are shown in Table 2.

Table 2. Initial physical and chemical properties of soil.

oM TN AN AP AK -
(g kg-1) (g kg-1) (mg kg-1) (mg kg-1) (mg kg-1) P
41.78 0.92 0.15 1.11 23.45 37.25

Abbreviations: OM (organic matter), TN (total nitrogen), AN (alkali hydrolyzable nitro gen), AP (available
phosphorus), AK (available potassium).

2.3. Analysis Methods

Soil samples were collected from 0-20 cm and 20-40 cm depths in July 2019 using the “S”
sampling method and trichotomy method. After passing through a 2 mm sieve, samples were stored
at -80 °C for subsequent DNA extraction. Genomic DNA was extracted from soil samples using the
Cetyltrimethylammonium Bromide (CTAB) method. The bacterial 165 rRNA gene was amplified
using primers 27F (5-AGAGTTTGATCMTGGCTCAG-3") and 1492R (5'-
GGTTACCTTGTTACGACTT-3’), while fungal ITS regions were amplified with primers. ITS1F (5'-
CTTGGTCATTTAGAGGAAGTAA-3") and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') [26-28]. PCR
amplification was performed in a 50 pL reaction system with the following condition: initial
denaturation at 94°C for 4 min; denaturation at 94°C for 50 s, annealing at 52°C for 1 min, and
extension at 72°C for 1.5 min; followed by a final extension at 72°C for 14 min. Fluorescence
spectrophotometry was applied to quantify DNA, and the quality of electrophoresis completion of
enriched fragments was assessed using an Agilent 2100 Biosnslyzer. The DNA library fragment size
and distribution patterns were investigated and then sequenced in high throughput on the Illumina
MiSeq platform [29]. Soil organic carbon (SOC) concentration was determined using potassium
dichromate heating method [30]. Dissolved organic carbon (DOC) concentration was determined
using a TOC analyzer [31]. Readily oxidizable organic carbon (ROC) was determined by the
potassium permanganate oxidation method [32]. Microbial biomass carbon (MBC) concentration was
analyzed by the chloroform fumigation and extraction method [33]. In each plot, to avoid border
effects, three random quadrates reach covering 9 m? were selected to determine maize grain yield,
measured by adjusting the grain moisture content to 14% [34].

2.4. Data Analysis

Microbial community alpha diversity indices (Chaol, Shannon, and Simpson) were calculated
using QIIME software [35]. Data processing was performed in Microsoft Excel, while statistical
analysis and visualization were conducted using SPSS 22.0 (IBM, USA) and Origin 2022 (OriginLab,
USA), respectively. Significant differences among treatments were determined using Duncan’s
multiple range test at a 5% significance level (p < 0.05). The correlation between the measured
indicators were evaluated through Pearson correlation analysis [36].

3. Results

3.1. Crop Yield

Compared with conventional tillage without straw return (CK), all straw-incorporated
treatments (NTS, RTS, and PTS) increased corn yield. Notably, RTS and PTS treatments showed
significant yield enhancements of 8.22% and 16.90%, respectively (p < 0.05; Figure 3). In addition, the
physical and chemical properties of the soil are shown in Figure S1.
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Figure 3. Effects of integrating straw return and tillage practices on corn yield in 2019. Bars with different
lowercase letters denote statistically significant differences among treatments (p < 0.05). The values represent
means * se (n = 3). Treatments as followed: CK (no straw + conventional tillage), NTS (straw mulch + no-tillage),

RTS (straw incorporation + rotary tillage), PTS (straw incorporation + deep tillage).

3.2. Soil Organic Carbon and Its Labile Fractions

The variations in SOC, ROC, DOC, and MBC contents under different straw return practices are
shown in Figure 4. Generally, the contents of SOC and its labile fractions decreased with increasing
soil depth. In the 0-20 cm layer, all straw return treatments (NTS, RTS, and PTS) significantly
increased SOC, ROC, DOC, and MBC contents compared to CK (p < 0.05), with the highest values
observed in RTS treatment. In the 20-40 cm layer, these carbon fractions also showed varying degrees
of enhancement across treatments, with PTS treatment exhibiting the highest content.
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Figure 4. Effects of integrating straw return and tillage practices on soil SOC and its labile fractions. Bars with
different lowercase letters denote statistically significant differences among treatments (p < 0.05). The values
represent means * se (n = 3). Abbreviations: SOC (soil organic carbon), ROC (Readily oxidizable organic carbon),
DOC (dissolved organic carbon), MBC (microbial biomass carbon). Treatments as followed: CK (no straw +
conventional tillage), NTS (straw mulch + no-tillage), RTS (straw incorporation + rotary tillage), PTS (straw

incorporation + deep tillage).

3.3. Diversity of Microbial Bacterial and Fungal Communities

The soil bacterial a-diversity indices showed different patterns among treatments (Table 3).
Overall, the Chaol index decreased with soil depth, with the lowest values observed in CK and the
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highest values in RTS (0-20 cm soil layer) and PTS (20-40 cm soil layer) treatments. However, no
significant differences were found for Shannon and Simpson indices across treatments.

For fungal communities, the Chaol index also decreased with increasing soil depth, though this
did not affect Shannon and Simpson indices. Compared to CK, all straw return treatments (NTS, RTS
and PTS) increased the fungal Chaol index. In the 0-20 cm layer, RTS treatment showed the highest
fungal Chaol index, while PTS treatment showed the highest fungal Chaol index in the 20-40 cm
layer. The Simpson index exhibited an opposite trend, with decreased values in all treatments. No
statistically significant differences were observed for Shannon index among treatments.

Table 3. The diversities of microbial communities in the different integrating straw return and tillage practices.

Bacterial Fungal
Dept Treatme
Shanno
h nt Chaol Shannon Simpson Chaol Simpson
n

2991.33+453.76  8.53+0.09  0.998+0.00 475.55+5.9 3.29+0.1 0.871+0.00

CK c b 2a 4c 5a 2a
8.54+0.10  0.997+0.00 527.55+4.8  3.20+0.1  0.852+0.00

0-20 NTS 3341.00+£39.0b b la 9b 7a 1b
cm 3743.33+46.25 8.91+0.06 0.996+0.00 533.16+6.4 3.11+0.1  0.836x0.00

RTS a a 2a 6b Oa 1c
3201.67+60.89  8.54+0.11 0.996+0.00 509.43+4.0 3.27+0.1  0.856x0.00

PTS b b la 6a 9a 2b
2581.33+44.83  8.49+0.08 0.999+0.00 329.19+4.0 3.22+0.1  0.865+0.00

CK c c la 7d 4a la
2938.00£52.29  8.56+0.08 0.998+0.00 366.10+6.1 3.15+0.1  0.853x0.00

20-40 NTS C bc Oa 5¢c 3a 1b
cm 3027.33£31.18  8.74+0.08 0.996+0.00 388.45+5.8 3.17+0.1  0.854+0.00

RTS ab ab la 2b 4a 2b
8.88+0.05 0.996+0.00 448.22+7.1 3.24+0.0 0.856+0.00

PTS 3103.33+£39.9a a la 4a 9a 2b

Bars with different lowercase letters denote statistically significant differences among treatments (p < 0.05). The
values represent means + se (n = 3). Treatments as followed: CK (no straw + conventional tillage), NTS (straw

mulch + no-tillage), RTS (straw incorporation + rotary tillage), PTS (straw incorporation + deep tillage).

3.4. Composition of Bacterial and Fungal Communities at the Phylum Level

At 0-20 cm depth, straw return treatments significantly increased the relative abundance of
Proteobacteria, Acidobacteria, Chloroflexi and Bacteroidetes compared to CK (Figure 5, A). The RTS
treatment showed the greatest enhancement, with increases of 19.14%, 47.00%, 32.76% and 23.26%,
respectively. In contrast, straw return reduced the relative abundance of Actinobacteria and
Firmicutes. At 20-40 cm depth, straw return increased the relative abundance of Proteobacteria,
Acidobacteria and Gemmatimonadetes. The PTS treatment exhibited the highest increase in
Proteobacteria (21.89%). On the contrary, straw return significantly decreased the relative abundance
of Actinobacteria with PTS showing the largest reduction (48.20%).

For fungal communities at 0-20 cm depth, straw return significantly increased the relative
abundance of Ascomycota compared to CK, with the RTS treatment showing the largest increase of
34.95% (Figure 5, B). Straw return elevated the abundance of Chytridiomycota and Zygomycota while
reducing that of Basidiomycota. In deeper soil (20-40 cm), NTS and RTS treatments increased
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Ascomycota and Basidiomycota abundance with depth, whereas PTS boosted Ascomycota (22.51%) and
Zygomycota (47.39%) while decreasing the abundance of Basidiomycota and Glomeromycota.
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Figure 5. Relative abundance of bacteria (A) and fungal (B) communities in different integrated straw return and
tillage practices. Treatments as followed: CK (no straw + conventional tillage), NTS (straw mulch + no-tillage),

RTS (straw incorporation + rotary tillage), PTS (straw incorporation + deep tillage).

3.5. Correlation Analysis of Soil Microbial Community Composition, Organic Carbon Fractions and Crop
Yield

The correlation analysis revealed that, among SOC and its labile fractions, SOC, ROC and DOC
showed significant positive correlations with corn yield (p < 0.05). In contrast, the bacterial Simpson
diversity index exhibited a significant negative correlation with yield (p < 0.05). Furthermore, soil
carbon components (SOC and its labile fractions) were positively correlated with both bacterial and
fungal Chaol diversity indices, while showing negative correlations with Simpson indices (p < 0.05).

4. Discussion

4.1. Effects of Integrated Straw Return and Tillage Practices on Soil Organic Carbon and Its Labile Fractions

SOC serves as a critical component of the soil carbon pool, playing a pivotal role in soil nutrient
cycling. Extensive studies have demonstrated that corn straw return increases organic matter input,
significantly enhancing both total SOC and labile organic carbon fractions [37]. The findings of this
study align with these observations, showing elevated SOC content across both soil layers under
straw incorporation treatments (Figure 4). In the 0-20 cm layer, the RTS treatment exhibited
particularly pronounced SOC accumulation. This enhancement may be attributed to improved straw-
soil contact through rotary tillage, which optimizes soil aeration and water infiltration while
stimulating microbial activity to accelerate straw decomposition. These mechanisms collectively
favor SOC sequestration under RTS treatment [38]. The PTS treatment facilitated SOC accumulation
in deeper soil profiles (0-40 cm) through direct input of exogenous carbon to subsoil layers and
enhanced root growth and rhizodeposition induced by deep tillage [39].

As sensitive indicators of soil quality, labile SOC fractions (DOC and ROC) respond rapidly to
agricultural management practices like straw return [40]. DOC represents a readily available
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microbial carbon source, while ROC comprises oxidizable and mineralizable organic components
[10]. The findings of this study suggest two mechanisms for the increase in organic carbon content of
labile SOC fractions under different straw return treatments: (1) Direct input of decomposable straw-
derived carbon elevating DOC and ROC pools; (2) Straw decomposition enhanced microbial activity,
driving the transformation of organic carbon [41]. The RTS and PTS treatments had the highest DOC
content in the 0-20 cm and 20-40 cm soil layers, respectively. This might be because in RTS, the straw
was fully mixed with the soil, which promoted the decomposition rate of straw and facilitated the
rapid release of dissolved substances [42]; the PTS treatment promoted the migration of active
organic carbon in the soil.

4.2. Effects of Integrated Straw Return and Tillage Practices on the Diversity of Microbial Communities

The RTS treatment significantly increased both the bacterial Chao 1 and Shannon indices of soil
bacteria at 0-20 cm depth (Table.3). The highest Chao 1 index was observed in the PTS treatment at
20-40 cm depth, indicating that straw incorporation promotes the growth of deep soil bacteria
microbial community diversity. However, the Simpson index remained unaffected by straw return.
These findings align with Li et al. [43], who reported inconsistent patterns in bacteria Simpson indices
across different studies. The large amount of nutrients in straw promotes the growth and
reproduction of microorganisms, thus increasing bacterial diversity in farmland soils.

For fungal communities, diversity and richness varied depending on the soil environment and
farmland management practices [44,45]. Straw return also increased the Chao | index of soil fungi
across treatments. The RTS treatments showed the highest fungal diversity in soil at 0-20 cm depth,
likely due to straw-induced modifications in SOC content, soil bulk weight, and moisture conditions
that collectively influenced fungal community development. Notably, the PTS treatment exhibited
the highest mycorrhizal diversity in deeper soil layer [46], suggesting that deep straw incorporation
can modify soil physical properties and consequently enhance overall fungal community diversity in
deeper soil profiles [44,46,47].

4.3. Effects of Integrated Straw Return and Tillage Practices on Bacterial and Fungal Community
Composition

Fierer et al. [48] demonstrated that Proteobacteria in soil primarily participate in organic matter
transformation and soil structure formation, being closely associated with carbon utilization. In this
study, straw incorporation increased the content of labile organic carbon (Figure 4), which
consequently led to an increase in the relative abundance of Proteobacteria. Moreover, deep tilling of
straw also further enhanced the abundance of Proteobacteria in deeper soil [47,49]. Compared to CK,
straw return also increased the relative abundance of Bacteroidetes. As a beneficial bacteria phylum
involved in carbon and nitrogen cycle, Bacteroidetes with soil carbon availability, explaining their
increased relative abundance. Certain microorganisms within Bacteroidetes possess the capability
utilize carbon sources, and straw return specifically promoted the enrichment of these microbial
groups [50]. Notably, Bacteroidetes can secrete Carbohydrate-active enzymes in soil that facilitate the
decomposition of polysaccharides into plant-available forms [51].

In this study, Ascomycota and Basidiomycota were the dominant soil fungal phyla across different
soil layer and treatments, with Ascomycota showing the highest relative abundance. Ascomycota are
well adapted to soil environments and represent a dominant phylum in soils, consistent with
previous studies [1]. Exogenous input of organic matter has been shown to effectively increase the
relative abundance of Ascomycota in soil [52]. The results of this study demonstrate that straw return
effectively increased soil labile organic carbon content, thereby promoting the growth and
multiplication of microorganisms of Ascomycota. Studies have shown that Ascomycetes respond faster
to changes in soil labile organic carbon, while Basidiomycota can decompose to produce specific
enzymes to degrade decomposition-resistant carbon compounds in soil [53]. In addition, NTS
increased the relative abundance of Ascomycetes and Zygomycotain in the subsurface soil layer (0-20
cm), which may be attributed to improved soil physicochemical conditions under straw mulching.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Liu et al. similarly demonstrated that straw return could promote soil moisture storage, increase soil
surface temperature, and improve the topsoil environment, consequently increasing the relative
abundance of Ascomycetes and Zygomycota [54]. The changes in the relative abundance of each phylum
differed between the two soil layers examined. In addition, straw decomposition also produces
organic matter that contributes to the increase of fungal flora, creating favorable growth conditions
for Basidiomycota and supporting their rapid growth.

4.4. Responses of Corn Yield to Integrated Straw Return and Tillage Practices

Different tillage practices can affect corn yield by altering soil properties and hydrothermal
conditions [55]. The results of this study showed that all straw incorporation treatments increased
corn yield regardless of tillage method. However, the NTS treatment did not achieve significant yield
improvement because straw mulching reduces soil temperature, which may negatively affect early
crop growth, particularly in the cold climate of Northeast China [56]. In contrast, both RTS and PTS
treatments significantly increased yield. This can be attributed to: (1) the abundant nutrients in straw
that become available for microbial uptake after decomposition, especially carbon, thereby
participating in nutrient cycling and increasing soil organic matter content; and (2) the slow release
rate of straw-derived nutrients, which can continue to provide nutrients during the later growth
stages of corn,

The integrated straw return and tillage practices affected corn yield through multiple pathways.
Correlation analysis revealed that SOC, its labile fractions, and soil microbial diversity collectively
influenced corn yield. Specifically, SOC, ROC and DOC contents were positive factors affecting yield,
while the bacterial Simpson diversity index showed a significant negative correlation with yield
(Figure 6). These findings are consistent with Ma et al. [57], who reported that straw return increases
both total SOC and the stability of labile organic carbon, thereby enhancing soil carbon sequestration
capacity and improving fundamental soil productivity. Previous studies have demonstrated a linear
relationship between SOM content and crop yield [58]. Tillage practices optimize microbial
community composition by altering bacterial abundance and diversity. The negative effect of the
Simpson index may be related to uneven distribution of microbial populations and competition
among microorganismes.
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Figure 6. Pearson's correlation analysis of crop yield relative to SOC labile carbon, bacterial and fungal diversity
community in different integrated straw return and tillage practices. Abbreviations: SOC (soil organic carbon),
ROC (Readily oxidizable organic carbon), DOC (dissolved organic carbon), MBC (microbial biomass carbon).
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In Northeast China, where corn accounts for 31% of the nation’s total planting area [25], the
experimental results demonstrate the importance of straw return for yield improvement. When
combined with appropriate tillage practices, straw return can effectively enhance corn productivity.

5. Conclusions

This study examined three straw incorporation treatments (no-tillage, rotary tillage, and deep
tillage) in Northeast black soils. All treatments promoted soil organic carbon (SOC) and its labile
fractions, enhanced soil microbial diversity (Chaol and Shannon indices), and improved bacterial
and fungal community structures at the phylum level, and increased corn yield. Microbial
communities and soil organic carbon fractions are sensitive indicators for monitoring soil quality and
crop yield.
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