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Abstract

Straw return into the field reduces the reliance on chemical fertilisers, promoting sustainable straw utilisation, and mitigating
soil nodulation associated with excessive chemical fertiliser application. In this study, we investigated the effects of straw return
on soil carbon and nitrogen fractions and the structural and functional diversity of soil microbial communities. We set up
four treatments: S0 (0% straw returned to the field), S1/2 (50% straw returned), S1 (100% straw returned to the field), and
S2 (200% straw returned to the field). The results revealed that most carbon and nitrogen fractions increased with increased
amounts of straw returned into the field (soil organic carbon and total nitrogen: 6.4–39.8 % and 2.9–15.1 %, dissolved organic
carbon and nitrogen: 1.4–37.9 % and 20.2–33.1 %, microbial biomass carbon and nitrogen: 26.3–129.3 % and 4.7–62.6 %, and
light organic carbon and nitrogen: 52.4–155.9 % and 72.6–166.7 %). High-throughput sequencing and Biolog-ECO revealed
that straw return significantly altered the relative abundance of bacterial and fungal communities and enhanced soil carbon
metabolism. Redundancy and correlation analyses and partial least squares path modelling revealed that Proteobacteria (P =
0.002), Acidobacteriota (P = 0.004), Mortierellomycota (P < 0.05), and amino acid carbon sources (P < 0.01) were correlated
with the changes in soil carbon and nitrogen fractions. Returning straw to the field significantly boosted the soil carbon and
nitrogen fractions and affected soil carbon pools, particularly the active ones, by markedly influencing soil bacterial activity and
consequently altering the soil carbon pool content. Our results provide a scientific and theoretical basis for enhancing nutrient
content in dryland wheat calcareous brown soil, establishing a healthy soil ecological environment, and improving quality and
efficiency in wheat production.

Straw return affects the soil carbon and nitrogen pools and microbial structural and functional
diversity

Abstract

Straw return into the field reduces the reliance on chemical fertilisers, promoting sustainable straw utilisa-
tion, and mitigating soil nodulation associated with excessive chemical fertiliser application. In this study, we
investigated the effects of straw return on soil carbon and nitrogen fractions and the structural and functional
diversity of soil microbial communities. We set up four treatments: S0 (0% straw returned to the field), S1/2
(50% straw returned), S1 (100% straw returned to the field), and S2 (200% straw returned to the field).
The results revealed that most carbon and nitrogen fractions increased with increased amounts of straw
returned into the field (soil organic carbon and total nitrogen: 6.4–39.8 % and 2.9–15.1 %, dissolved organic
carbon and nitrogen: 1.4–37.9 % and 20.2–33.1 %, microbial biomass carbon and nitrogen: 26.3–129.3 % and
4.7–62.6 %, and light organic carbon and nitrogen: 52.4–155.9 % and 72.6–166.7 %). High-throughput se-
quencing and Biolog-ECO revealed that straw return significantly altered the relative abundance of bacterial
and fungal communities and enhanced soil carbon metabolism. Redundancy and correlation analyses and
partial least squares path modelling revealed that Proteobacteria (P = 0.002), Acidobacteriota (P = 0.004),
Mortierellomycota (P < 0.05), and amino acid carbon sources (P < 0.01) were correlated with the changes
in soil carbon and nitrogen fractions. Returning straw to the field significantly boosted the soil carbon and
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nitrogen fractions and affected soil carbon pools, particularly the active ones, by markedly influencing soil
bacterial activity and consequently altering the soil carbon pool content. Our results provide a scientific
and theoretical basis for enhancing nutrient content in dryland wheat calcareous brown soil, establishing a
healthy soil ecological environment, and improving quality and efficiency in wheat production.

Keywords: Straw return; Soil carbon and nitrogen; Structural diversity of soil microorganisms; Soil micro-
bial carbon metabolism; Functional diversity of soil microorganisms

1. Introduction

Straw return to the field is a sustainable alternative to chemical fertilisers for soil enrichment and improving
crop growth because of its renewability and carbon sequestration benefits (Li et al., 2022a). Excessive use of
chemical fertilisers leads to nitrate leaching and residual nutrients in the soil (Patle et al., 2019). Additionally,
straw burning generates substantial amounts of fine particulate matter, affecting human health and safety
(Huang et al., 2021). Returning straw to the field instead of using partial fertilisers can reduce the cost
of agricultural production and air pollution caused by straw burning, improving soil quality. Chen et al.
(2022) reported that straw application enhances soil carbon, nitrogen, and phosphorus cycling, improving
soil physicochemical and biological properties. Straw application significantly increases the levels of stable
and active carbon and nitrogen pools in the soil, increasing wheat yield (Hu et al., 2021; Cui et al., 2022).
Furthermore, straw improves the metabolic function and diversity of microbial communities (Liu et al., 2020;
Jin et al., 2020). However, the effect of straw application on soil nutrients and microorganisms depend on the
amount of straw incorporated. Using a meta-analysis, Wang et al. (2021a) found that soil organic carbon
considerably increased with increases in the quantity of straw incorporated. Moreover, Zhao et al. (2016)
reported that incorporating a low amount of straw had marginal effects on soil microorganisms; however,
incorporating a high amount increased total phosphorus fatty acids, resulting in changes in the microbial
community structure, suggesting that incorporating optimal amounts of straw in the field can increase soil
nutrients and alter the soil microbial diversity.

Soil carbon and nitrogen influence terrestrial ecosystems and global biogeochemical cycles (Han et al., 2020;
Lewis et al., 2021). Studies on soil carbon and nitrogen contents have received attention from researchers
owing to the rapid shifts in global climate and ecology. The cycling and accumulation of soil carbon and
nitrogen are crucial for assessing soil nutrient content (Xiao et al., 2023). Soil carbon and nitrogen fractions
are classified into stable and active pools. Changes in these indicators reflect soil quality and health, par-
ticularly in the context of active carbon and nitrogen pools. Active carbon and nitrogen pools are formed
owing to the accumulation of carbon and nitrogen in the soil because organic matter is involved in biological
and chemical processes. Although they constitute a relatively small proportion of soil organic carbon and
nitrogen, active carbon and nitrogen pools are key indicators of soil quality (Ren et al., 2023a; Wang et al.,
2022a; Benbi et al., 2012). Specifically, soil active carbon is a marker of the soil carbon cycle, carbon seques-
tration potential, and soil response to climate change (Wu et al., 2020a; Benbi et al., 2012). Furthermore, soil
active nitrogen content is used to determine nitrogen transformation, nitrification, reduction, and fixation
processes in the soil (Koković et al., 2021). Soil carbon and nitrogen is derived primarily from underground
root exudation and decomposition of aboveground plant residues (Zhu et al., 2021). Soil microorganisms
play a crucial role in element cycling by decomposing plant residues through metabolic activities, converting
plant organic matter into soil organic matter. Microorganisms increase oil-stable carbon and nitrogen pools
by decomposing organic matter in the rhizosphere soil (Adamczyk et al., 2019). The abundance and activity
of microbial species influence the changes in the carbon and nitrogen fractions, regulating the stability and
efficacy of soil carbon and nitrogen cycles (Wang et al., 2023a; Coonan et al., 2020). Straw application alters
the soil microbial community by providing cellulose and lignin (Yan et al., 2019). Guan et al. (2023) reported
that straw application stimulated the growth of soil microorganisms, affecting the structure and function of
the microbial community. Wu et al. (2020b) found that straw application combined with the application of
inorganic fertilisers considerably altered soil bacterial communities, hypothesised to be correlated with soil
carbon and nitrogen contents, suggesting that straw application stimulates soil microorganisms. However,
whether the straw application changes and optimises the soil nutrient fraction is unclear.
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Therefore, the present study carried out a 5-year straw application experiment to determine its effect on the
contents of soil carbon and nitrogen pool components, soil bacterial and fungal community diversity, and the
capacity of soil microorganisms to metabolise carbon. Furthermore, the study aimed to determine the effects
of incorporating different amounts of straw on soil carbon and nitrogen fractions and microbial structure
and function. The study analyses the effects of soil microorganisms on carbon and nitrogen fractions under
straw application. The results of this study provide a theoretical basis for the improvement of soil nutrient
content and the soil ecological environment in dryland wheat production areas.

2. Materials and methods

2.1. Study area

The experiment was conducted from 2018 to 2023 in Hongtong County, Linfen City, Shanxi Province, China
(36°15’34” N, 111°40’31” E). The study site is in a typical Loess Plateau dryland farming area and has
a temperate continental monsoon climate with an average annual temperature of 12.6 and mean annual
precipitation of 500 mm concentrated from June–September. The study area has calcareous brown soils with
a physical clayiness of approximately 40%. The results of the physicochemical properties of the soil at the
study site are presented in Table S1.

2.2. Experimental design and sample collection

The field experiment was laid in a randomised complete block design with four treatments: S0 (0% straw
returned to the field), S1/2 (50% straw returned to the field), S1 (100% straw returned to the field), and S2
(200% straw returned to the field). The experiment had four blocks. Each plot measured 126 m2 (30 m x4.2
m [length x width]). The experiment was set up in 2018. Wheat was harvested, and straw was returned
to the field in June each year for the 5-year study period. Wheat was sown in mid-October, and fertiliser
was spread in late October each year for the 5-year study period. We crushed the wheat straw into 2 cm
pieces and incorporated it into the field by tilling using a tiller at 0–20 cm soil layer depth. The amount of
straw returned to the field was calculated considering the straw yield of the previous harvest; therefore, the
amount of straw returned to the field differed in each treatment in each recurrent year for the 5-year study
period. Wheat was sown in furrows on a ridge and film. After fertiliser application and land preparation,
the ridge was covered with a film, and the seeds were sown on the side of the film in the furrow. The wheat
variety used was ”Jinmai 47”, planted at 150 kg/hm2sowing rate without irrigation during the experiment.

The fertiliser application rate for each treatment was determined before the sowing of winter wheat by
assessing the nitrate nitrogen in the 0–2 m soil layer and the available phosphorous and potassium in the
0–40 cm soil layer. The calculated fertiliser application rate was adjusted by subtracting the amount of
nutrients contributed by the straw application obtain the final fertiliser application rate. Briefly, the nutrient
content of the straw was measured after harvesting the wheat in each season. The nutrient release rates
for straw nitrogen, phosphorus, and potassium were 50 %, 65 %, and 90 %, respectively, and the amount
of nutrients provided by straw application was determined. Soil samples were collected in June 2023 from
the 0–20 cm soil layer. The amount of fertilisers applied in each year of the 5-year experimental period are
presented in Table S2. The soil at the experimental site had sufficient potassium. Therefore, only nitrogen
and phosphorus fertilisers were applied. Urea (containing 46 % N) was applied as the nitrogen source, and
calcium superphosphate (containing 16 % P2O5) was applied as the phosphorus source. Same fertilisers
were applied throughout the experimental period. After harvesting the winter wheat in June 2023, four soil
samples were randomly collected from each plot from a depth of 0—20 cm. Furthermore, soil samples were
collected for subsequent microbiological analyses as described above. Samples for DNA high-throughput
sequencing and Biolog-ECO analysis were stored in a refrigerator at -80 , and the remaining samples were
stored in a refrigerator at -4 .
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2.3. Sample determination and methods

(1) Analysis of soil carbon and nitrogen indicators

Soil organic carbon content was determined using the potassium dichromate external heating method (Bao,
2000). Soil total nitrogen (TN) content was determined using the Kjeldahl method. Soil microbial biomass
carbon (MBC) and nitrogen (MBN) contents were determined using the K2SO4-chloroform fumigation
method (Wu et al., 2006) and a total organic carbon (TOC) metre (Thermo Fisher Scientific, Waltham,
MA, USA). Soil dissolved organic carbon (DOC) and nitrogen (DON) were extracted using 1 mol/L KCl
and filtered through a 0.45-μm membrane filter (Thermo Fisher Scientific). DOC and DON were determined
using a TOC metre (Thermo Fisher Scientific). For the determination of soil light fraction organic carbon
(LFOC), heavy fraction organic carbon (HFOC), light fraction organic nitrogen (LFON), and heavy fraction
organic nitrogen (HFON), recombinant soil samples were obtained by shaking and centrifuging 1.8 g/cm3

of zinc bromide solution with the soil samples in a centrifuge tube thrice, shaking and centrifuging the soil
samples with 95% ethanol thrice to wash out the excess zinc bromide, and finally shaking and centrifuging
the soil samples with distilled water twice to wash out the excess ethanol. Subsequently, HFOC, HFON,
and LFOC and LFON were determined by the potassium dichromate heating, Kjeldahl, and the difference
subtraction methods.

(2) DNA extraction and sequencing

DNA from the soil samples was extracted using the E.Z.N.A.® soil DNA kit (Omega Bio-Tek, Norcross,
GA, USA). DNA concentration and purity were determined using a NanoDrop2000 spectrophotometer
(Thermo Fisher Scientific). Polymerase chain reaction (PCR) of the V3–V4 variable region of the 16 S
rRNA gene was performed using the primers 338F (5’-ACTCCTACGGGGAGGCAGCAG-3’) and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). The V4 variable region of the 16S rRNA gene was amplified using
PCR. The PCR products were recovered on a 2% agarose gel (Agarose. Konya, Turkey) and purified using
a DNA Gel Recovery and Purification Kit (PCR Clean-Up Kit, Omega Bio-tek, Shengzhen, China). The
recovered products were quantified using Qubit 4.0 (Thermo Fisher Scientific) at the Shanghai Majorbio
Bio-Pharm Technology Co., Ltd., Shanghai, China.

(3) Determination of soil microbial metabolism indicators

Soil microbial carbon metabolism capacity was assessed using a Biolog-ECO microplate (Thermo Fisher
Scientific). Briefly, 10.00 g of the soil sample was added into a conical flask containing 90 mL of 0.85%
sodium chloride solution and shaken for 1 min followed by a 1-min ice bath, and the procedure was repeated
thrice. Next, the mixture was allowed to settle, and a 1000-fold dilution of the soil suspension was prepared,
and 150 μL of the soil suspension was extracted and inoculated onto the Biolog-ECO microplate (Thermo
Fisher Scientific). Finally, the microplate was placed in an incubator for continuous cultivation at 30 for 144
h.

Optical density was measured at 0, 6, 12, 24, 48, 72, 96, 120, and 144 h at the wavelength of 595 nm
using an ELX 808 microplate reader system (Thermo Fisher Scientific). Subsequently, Average well color
development (AWCD) was calculated, and the Shannon (H ), Simpson (D ), and Pielou indices (E )
were calculated to characterise the functional diversity of the soil microbial community using the following
formulas:

ΑΩ῝Δ = Σ (Ci-R) / 31 (1)

where Ci represents the absorbance of each well and R is the absorbance of the control well;

H =- (Pi×lnPi) (2)

where Pi = (Ci-R) / (Ci-R), representing the ratio of the difference between the absorbance
value of the ith hole and the absorbance value of the control hole and the sum of the differences
in the absorbance values of all holes;
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D = 1- Pi
2(3)

E = H / ln S (4)

where S is the number of carbon sources utilised ,

with (Ci-R) > 0.25 pores per pore.

2.4. Statistical analysis

Data processing was performed using Microsoft Excel 2023 (Microsoft Corporation, Redmond, WA, USA),
and different treatments were subjected to analysis of variance and Principal Component Analysis (PCA)
using SPSS 27.0 (IBM, Armonk, NY, USA). Graphical representations, including bar charts, box plots,
line graphs, and PCA plots, were generated using Origin 2022 (OriginLab Corporation, Northampton, MA,
USA). Alpha diversity of the microbial communities was assessed based on the operational taxonomic unit
levels by calculating the Abundance-based coverage estimator (ACE) and Shannon indices. Beta diversity
of the microbial communities was evaluated using Principal Coordinates Analysis (PCoA) using the “vegan”
package in R (RStudio, Boston, MA, USA). Bidirectional cluster heatmaps were created using the “Complex
Heatmap” package in R (RStudio). Pearson correlation analysis and visualisation of correlations were per-
formed using the “corrplot” package in R (RStudio). The “plspm” package in R (RStudio) was utilised to
construct the Partial Least Squares Path Models (PLS-PM) to predict the pathways of explanatory variables.
Redundancy analysis (RDA) was performed using Canoco version 5 (Canoco, Boston, MA, USA).

3. Results

3.1. Soil carbon and nitrogen fractions

Table 1 presents the effects of different straw return rates on soil carbon fractions. S2 increased SOC content
(P < 0.05) by 39.8% and 31.4% compared with those of S0 and S1/2, respectively. Soil DOC content was
significantly (P < 0.05) higher (25.3%–37.9%) in S2 than those in the other treatments. Soil MBC content
increased by 26.3% (S1/2, P < 0.05), 16.7% (S1, P < 0.05), and 55.3% (S2, P < 0.05) with increased straw
return amount. The soil MBC in S2 was 129.3% higher than that in S0. S2 significantly increased the LFOC
content by 155.9% and 67.9% and significantly decreased the HFOC content by 26.7% and 24.1% compared
with those of S0 and S1/2, respectively) (P < 0.05).

All soil nitrogen fractions increased with increased straw return (Table 2). S2 significantly increased the soil
TN content by 15.1% (P < 0.05) compared with that of S0. The DON content in S1 and S2 was significantly
higher than that in S0 by 29.3% and 33.1% higher, respectively (P < 0.05). The S2 treatment resulted in an
average increase of 55.4% in the MBN content compared with those of the S0, S1, and S1/2 treatments. (P
< 0.05). MBN sensitivity in S2 was considerably higher than that in the other treatments. LFON increased
by 72.6%, 20.3%, and 28.5% in S2, S1/2, and S1, respectively (P < 0.05), compared with that in S0. The
HFON content increased with increasing amount of straw returned, with an average increase of 3.7%, but
no significant difference was observed between the treatments (P < 0.05).

3.2. Alpha and beta diversity of soil microbial communities

The richness and diversity of soil microbial communities were assessed using the ACE and Shannon indices
of soil microbial alpha diversity, respectively (Fig. 1). The results revealed that increasing the amount of
straw returned affects the alpha diversity of soil fungal microbial communities (Fig. 1A). PCoA revealed
that different straw return rates affected the soil bacterial and fungal community composition. No significant
differences in beta diversity were detected between bacterial (p = 0.365, R-squared = 0.2796) and fungal
communities (p = 0.063, R-squared = 0.3296) (Fig. S1).
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3.3. Structural diversity of soil microbial communities

Figure 2 reveals that 10 dominant bacterial phyla and genera were detected in the different treatments. Pro-
teobacteria accounted for 21.6%–28.8% of the total sequences at the bacterial phylum level, with maximum
relative abundance values. The Proteobacteria relative abundance was significantly increased by 12.6% (P
< 0.05) in S2 compared with that in S0. Acidobacteriota relative abundance was significantly reduced by
40.3% (P < 0.05) in S2 compared with that in S0. Additionally, the Bacteroidota relative abundance sig-
nificantly differed between S1/2 and S2, and increasing the amount of straw returned significantly increased
Bacteroidota relative abundance by 27.0% (P < 0.05). No significant difference between the treatments was
observed at the bacterial genus level (P > 0.05). (Fig. 2b).

At the fungal phylum level, S2 significantly increased the Mortierellomycota relative abundance by 54.8%
and 56.5% (P < 0.05), compared with those of S0 and S1/2, respectively (Fig. 2c). Additionally, the relative
abundance of unclassified k Fungi differed significantly between S1/2 and S1 (P < 0.05). Ascomycota, Ba-
sidiomycota, Mortierellomycota, and unclassified k Fungi were highly enriched in all treatments, accounting
for 98.1% to 99.2% of the total fungal relative abundance. S2 significantly reduced the relative abundance
ofChaetomium by 48.9% (P < 0.05) compared with that of S1/2 (Fig. 2d). Furthermore, compared with
those of S0 and S1/2, S1 and S2 significantly increased the relative abundance ofunclassified o Polyporales
(P < 0.05).

3.4. Functional diversity of soil microorganisms

Changes in soil microbial activity and functional metabolic indices under different straw return amounts
after 192 h of incubation are presented in Fig. S2. The AWCD values of all treatments increased gradually
with the extension of incubation time in the following sequence: S2 > S1 > S1/2 > S0, indicating that soil
microbial metabolic activity increased with an increased amount of straw returned. The AWCD of each
treatment increased rapidly at 24–72 h and stabilised after 120 h of incubation. Concurrently, the AWCD
in S2 was significantly increased by 94.6% and 70.8% (P < 0.05) compared with those in S0 and S1/2 (Fig.
S3a). The Shannon and Simpson indices demonstrated a progressive increase with increasing levels of straw
returned, and significant differences were noted among the treatments (P < 0.05). No significant difference
(P > 0.05) in the Pielou index was observed among the treatments (Fig. S3d). Principal component and
2-way cluster heatmap analyses were performed based on the AWCD values of 31 carbon sources at 120 h
(Figs 3 and S4). Both analyses revealed similar carbon source utilisation patterns across the treatments,
with S1/2 distinguishing between S0 and S1 and S2 distinguishing between all treatments. Based on the
PCA, the correlation strength between the three principal components and each type of carbon source was
further analysed (Table S3). The carbon sources with an absolute loading value >0.6 were the main carbon
sources for soil microbial metabolism. The results revealed that the types of carbon sources contributing
to the heterogeneity of soil microbial carbon metabolism were primarily carbohydrates, amino acids, and
carboxylic acids, consistent with the cluster heatmap results.

3.5. Correlation between soil carbon and nitrogen fractions and soil microorganisms

Straw application affected the soil carbon and nitrogen fractions and soil microorganisms. It indirectly
affected the soil carbon and reservoirs by affecting soil microorganisms. Bacteria and fungi with high relative
abundances at the phylum and genus levels were selected for RDA (Fig. 4) and Pearson correlation heatmap
analyses (Fig. 5), respectively. The correlation between the two was explained based on these analyses.
The RDA results revealed that among the soil bacteria, Proteobacteria played a major role (P = 0.002) in
explaining the changes in soil carbon fractions, whereas Acidobacteriota was the main factor (P = 0.004)
causing changes in the soil nitrogen fractions. Among the soil fungi, Mortierellomycota explained 30.1 %
and 29.3 % (P < 0.05) of the changes in soil carbon and nitrogen fractions, respectively. Compared to other
carbon sources, carbon sources of amino acids had the highest explanatory power for the changes in soil
carbon and nitrogen fractions (54.3 % and 48.5 %, respectively, P < 0.01).

Results of the correlation heatmap analysis were consistent with those of the RDA (Fig. 5). A significant
(P < 0.05) or highly significant (P < 0.001) positive correlation was observed between Proteobacteria and
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the soil carbon and nitrogen fractions and a significant (P < 0.05) or highly significant (P < 0.001) negative
correlation was observed between Acidobacteriota and the soil carbon and nitrogen fractions. There was
a strong correlation between the two bacteria and the DOC, MBC, and LFON variables (P < 0.001).
Significant positive (P < 0.05) and negative (P < 0.05) correlations in the soil fungi and soil carbon and
nitrogen fractions were observed between Mortierellomycota and Ascomycota, respectively, with a significant
positive correlation (P < 0.01) between Mortierellomycota and DON. Carbon sources with strong correlations
with the soil carbon and nitrogen pools were concentrated in amino acids, carbohydrates, carboxylic acids,
and polymers (particularly amino acids). For example, amino acid carbon sources such as glycyl-L-glutamic
acid and L-asparagine exhibited significant (P < 0.05 and P < 0.01) or highly significant positive correlations
(P < 0.001) with DOC, MBC, and LFON. The PLS-PM results revealed that straw return was the main
factor affecting the soil carbon and nitrogen fractions (Fig. 6). Moreover, straw return significantly (P <
0.05) affected the soil carbon fraction by influencing soil bacterial diversity.

4 Discussion

4.1. Effects of straw return on soil carbon and nitrogen fractions

Straw return increases soil carbon and nitrogen pools and improves the soil environment (Yu et al., 2020;
Ren et al., 2023b). In the present study, straw return to the field increased the stable carbon and nitrogen
pools (SOC, TN, and HFON) and active carbon and nitrogen pools (DOC, MBC, DON, MBN, LFOC, and
LFON) in the 0–20 cm soil layer (Tables 1 and 2). Compared with those in the control, SOC and TN
increased by 6.4%–39.8% and 2.9%–15.1 %, respectively, with increases in the amount of straw returned to
the field. This was because straw applied to the soil as exogenous organic matter increases the soil SOC and
TN storage; thus, crop residues are retained in the soil as derived carbon and nitrogen pools (Zhao et al.,
2019), consistent with the findings by Dai et al. (2021).

The increase in soil active carbon and nitrogen pools as a result of straw return is a consequence of the
straw degradation process releasing large amounts of nutrients and soluble substances and being microbially
mediated and stimulating microbial growth (Zhang et al., 2020). Zhao et al. (2020a) demonstrated that
straw is more readily available to microorganisms for utilisation and decomposition than biochar, increasing
the unstable stable soil organic carbon pools (DOC, MBC, and labile carbon). Straw application induces the
microbial turnover of dead material in the soil, increasing DON and MBN levels (Liu et al., 2021; Hassan,
2013), which is consistent with the results obtained in the present study.

Light (LFOC and LFON) and heavy (HFOC and HFON) fraction organic carbons and nitrogen are deter-
mined considering the carbon and nitrogen fractions after physical density fractionation, which have different
compositions and turnover mechanisms (Crow et al., 2007). The results of the present study revealed that
the LFOC content increased with an increase in the amount of straw returned, whereas the HFOC content
decreased, which is inconsistent with the results of Hao (2023). This may be because the light fraction is
mainly derived from undecomposed plant residues, and straw inputs increase the LFOC and LFON contents
along with the increase in crop residues in the soil (Wang et al., 2021b; Yan et al., 2020). Although soil
HFOC, as a stable carbon pool component, is usually adsorbed to various soil compounds or minerals, straw
inputs stimulated HFOC mineralisation; however, its mineralisation rate was much lower than its formation
rate; thus, HFOC decreased with increases in the amount of straw returned in the present study (Chen et
al., 2019). Hu et al. (2018) revealed that the carbon dynamics of difficult-to-degrade organic carbon are
correlated with the nature of organic matter. Organic matter with a higher content of lignin and polyphenols
is more stable in carbon turnover. HFOC and HFON contents are correlated with the carbon and nitrogen
turnover processes and they exhibited different variations depending on the microbial load, soil depth, and
climatic conditions, which might explain why soil-heavy carbon and nitrogen exhibited different responses
to straw return in the present study (Li et al., 2022b).

4.2. Effects of straw return on microorganism diversity

Straw application alters the biotic and abiotic environmental conditions of the soil and affects its local
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ecology, which in turn affects the structural diversity of soil bacterial and fungal communities (Philippot et
al., 2023). In the present study, soil fungal populations were significantly affected by straw return, as revealed
by the results of the ACE and Shannon indices, whereas the alpha diversity of soil bacterial communities did
not respond significantly to different straw return rates. Bacteria usually have shorter life cycles than those
of fungi and decompose unstable nutrient pools, leading to the dominance of bacteria in the early stage of
straw decomposition, whereas fungi have more stable population dynamics with straw return in the later
stages of decomposition; thus, the alpha diversity of fungi was more considerably affected by straw return
than that of bacteria (Yang et al., 2019; Wang et al., 2021c).

The returned straw is a substrate for microbial growth and improves environmental conditions, improving
microbial activity (Yang et al., 2019; Shan et al., 2021). In the present study, the bacteria that were most
responsive to the straw return were Proteobacteria, Acidobacteriota, and Bacteroidota (Fig. 2a, b). Kim et
al. (2021) exhibited that the Proteobacteria and Acidobacteriota levels in the soil were correlated with soil
pH, terminal electron acceptors, and toxic metals, with Proteobacteria enriched at high soil organic matter
content and Acidobacteriota having contrasting results. The increase in straw return quantities provided
organic material and improved the environmental conditions of the soil. Consequently, both factors exhibited
significant differences across different straw return rates in the present study. Bacteroidota are carbohydrate
degraders in the soil, breaking down complex compounds and playing a role in the breakdown of hemicellulose
in the later stages of straw decomposition. The increase in straw polymers, along with the increase in
microbial accessibility, increased Bacteroidota abundance in the late stage of straw decomposition (Huang et
al., 2023). Fungal communities responded differently to low (S1/2) and high (S1 and S2) amounts of straw
return. Ascomycota, Basidiomycota, and Mortierellomycota were predominant in the fungal community
at the phylum level, and Mortierellomycota andChaetomium exhibited significant variations between the
treatments (Figs 2c and d). However, the relative abundance of each of these fungal groups varied in S1/2,
inconsistent with the results in the other treatments. Ascomycota are saprophytic fungi that decompose plant
and animal debris and organic matter. Chaetomium have an inhibitory effect on phytopathogenic fungi, and
Mortierellomycota, which are saprophytic fungi, enhance phosphorus and iron in the soil. These fungi are
eutrophic fungi (Abuduaini et al., 2021; Ozimek et al., 2020). Contrastingly, Basidiomycota, are important
for lignin and substrate decomposition, are ectomycorrhizal fungi that consume more resources than they
produce, and are oligotrophic (Li et al., 2021). In the present study, the Basidiomycota relative abundance
increased (decrease) in S0–S1/2 and decreased (increase) in S1–S2, suggesting that low and high straw
inputs may have different stimulatory effects on fungal communities. The high abundance of oligotrophic
bacteria in the soil at the early stage of plant residue decomposition and that of eutrophic bacteria at the
later stage of decomposition, coupled with the longer life cycle of fungi than that of bacteria, may have
increased oligotrophic fungi with increasing amounts of straw returned to the field (Wang et al., 2022b),
consistent with findings from this study. Additionally, the input of organic materials changes the structure
of soil microorganisms and activates many soil-borne microorganisms, thereby increasing microbial diversity
(Semenov et al., 2021). Microorganisms with high relative abundances did not show significant differences,
probably due to their differences in periods of action in the decomposition process and competitiveness in
utilising straw polymers (Huang et al., 2023).

Our results showed that straw application enhanced the ability of microorganisms to utilise carbon sources
(AWCD) and enhanced their functional diversity (Shannon, Simpson, and Pielou indices) (Figs S2 and S3).
This was because plant residues and root exudates under straw return provide substrates for microbial
carbon metabolism, affecting the habitat of microorganisms and enhancing the carbon metabolism process
(Zhang et al., 2022; Zhu et al., 2022). As a lignocellulosic biosaccharification feedstock, straw is composed of
cellulose (28–45%), hemicellulose (12–32%), and lignin (5–24%) (Srivastava et al., 2023). Wheat straw has
many carbohydrates and is rich in protein, minerals, silica, and ash (Tufail et al., 2021). Straw application
increases the amounts of carbohydrates, amino acids, and carboxylic acids in the soil, considering compo-
sition and products of decomposition; thus, enhancing the biomass attachment sites for microorganisms on
these substances. Therefore, the observed differences in microbial carbon metabolism between the different
amounts of straw returned to the soil were correlated with increased carbohydrates, amino acids, and car-
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boxylic acid. The results of PCA and cluster analyses, indicating the utilisation of carbon sources in the
different treatments, exhibited that S1/2 was distinguished from S0 and S1, whereas S2 was distinguished
from the rest of the treatments (Figs 3 and S4). This may be because of the low homogeneity of the microbial
community in S1/2 and the difference in the types of microorganisms that decompose straw between the low
and high amounts of straw returned to the field (Zhang et al., 2017). Compared to bacterial communities,
fungal communities are more efficient at decomposing cellulose, hemicellulose, and lignin (Zhang et al., 2017).
The fungal community analyses indicate that S1/2 is distinct from S0, S1, and S2, suggesting a correlation
between the soil fungal community structure and the capacity for carbon metabolism.

4.3. Soil microbes influence changes in soil carbon and nitrogen fractions

Soil microorganisms alter the soil carbon and nitrogen stocks through decomposition and formation of soil
organic matter (Fan et al., 2021). The results of the present study exhibited that straw return to the field
significantly affected the soil carbon pool by affecting the abundance of bacteria such as Proteobacteria,
Acidobacteriota, and Bacteroidota and consequently affecting the soil carbon pool content (Fig. 6). Wu
et al. (2021) reported that straw application significantly increased the soil unstable carbon and nitrogen
fractions and that bacterial communities responded differently to carbon and nitrogen mineralisation, with
Brevundidanas (a member of the subzonal family of Proteobacteria ) stimulating carbon mineralisation,
suggesting that changes in the abundance of Proteobacteria affected the soil active carbon pool content,
consistent with our results that revealed that Proteobacteria was strongly correlated with soil active carbon
pools (DOC and MBC) (Fig. 5). Acidic bacteria are some of the most important microbial populations that
dominate during soil denitrification, and they decrease soil NO and N2O, thereby affecting soil N fractions
(Pessi et al., 2022).Wang et al. (2023b) suggested that elevated levels of soil nitrogen supply increase the
relative abundance of Proteobacteria and Bacteroidota, which are the key bacteria influencing soil nitrogen
cycling and carbon effectiveness. In the present study, we observed positive correlations (to varying degrees)
between the Proteobacteria and Bacteroidota and the soil carbon and nitrogen fractions. Mortierellomycota
exhibited a high degree of interpretability considering changes in soil carbon and nitrogen pool content
(Fig. 4). Mortierellomycota are mostly present in the soil as living organic material and are efficient in
decomposing carbon sources such as chitin polymers and cellulose (Wolińska et al., 2022; Ozimek et al.,
2020), indicating their importance in the soil nutrient pools. Zhao et al. (2020b) reported that compared to
fungi, bacteria play a more important role in carbon and nitrogen cycling, where genes involved in carbon
degradation are from bacteria in eutrophic phyla. In the present study, as oligotrophic fungi grew, bacteria
had a stronger effect on the carbon pool in the PLS-PM results compared with that of fungi (P < 0.05)
(Fig. 6); however, a greater functional potential may occur at a later stage of decomposition because of
the strong degradation of fungi and their longer growth cycle. Additionally, the effects of microorganisms
differ under different environmental conditions because of the differences in the mechanisms of carbon and
nitrogen cycles. Fuchslueger et al. (2019) revealed that the microorganisms involved in the carbon cycle are
more sensitive to temperature changes. Contrastingly, those involved in the nitrogen cycle are more affected
by moisture. Microorganisms involved in the carbon and nitrogen cycles are affected by the fungal: bacteria
ratio, soil environment and properties, and other factors (Ma et al., 2020).

In the present study, among the different types of carbon sources utilised by soil microorganisms, amino
acid-based carbon sources explained the most variation in soil carbon and nitrogen fractions (Fig. 4).
Amino acids circulate very rapidly in the soil cycle, and the strong dynamics of carbon and nitrogen in
the soil are correlated with the high turnover rate of amino acids, which can be rapidly mineralised and
assimilated by microorganisms compared with other types of substances; thus, amino acids are important
nutrient drivers in the soil and had a strong correlation with the soil active carbon and nitrogen pools in
our study (Jones et al., 2009) (Fig. 5). Ning et al. (2022) found that optimal supplementation of amino
acid-based carbon sources favoured straw decomposition in the soil. For example, glycyl-L-glutamic acid
played an important role in straw decomposition, especially in the pre-decomposition stage, which could
provide favourable environmental conditions for soil microbial communities to proliferate and increase their
populations and balance the soil carbon and nitrogen ratio. L-asparagine facilitates nutrient uptake by
microorganisms (Han et al., 2022), and it is effective in the late stage of straw decomposition. Therefore,

9



P
os

te
d

on
16

J
u
l

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
72

11
44

53
.3

78
39

76
6/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

we can speculate that these amino acid carbon sources can increase the active carbon and nitrogen pools of
the soil by promoting nutrient uptake during different periods of straw decomposition. In the present study,
we observed different degrees of significant positive correlations between these carbon sources and active
carbon and nitrogen fractions (Fig. 5). The above analyses revealed that straw return significantly increased
the soil carbon and nitrogen pools and stimulated the effect and driving mechanism of soil microorganisms.
Therefore, the influence of straw input on soil nutrients should not be ignored.

5. Conclusion

The results of the 5-year continuous straw return experiment revealed that the straw return significantly
increased the content of soil carbon and nitrogen pools, particularly active carbon pools, by enhancing the
structural diversity of bacterial communities. Straw return also enhanced the ability of microorganisms to
utilise carbohydrates, amino acids, and carboxylic acid carbon sources, with amino acid carbon sources more
influential in explaining the changes in soil carbon and nitrogen pool contents. Additionally, we observed
differences in the fungal community structure and microbial metabolic activity between low (S1/2) and high
(S1, S2) amounts of straw returned to the field, indicating that the application of an optimal amount of
straw to the field can regulate the soil microbiological environment, affecting the microbial diversity and
consequently the content of soil carbon and nitrogen pools, improving the soil quality through biological
regulation. Our study provides a theoretical basis for the sustainable development of high-efficiency and
high-quality wheat production in drylands.
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Table captions:

Table 1 The soil organic carbon and labile organic carbon components under different straw returned.

Table 2. The soil organic nitrogen and labile organic nitrogen components under different straw returned.

Figure captions:

Fig. 1. The alpha-diversity of soil bacteria (A) and fungi (B) under different straw returned.

Fig. 2. The relative abundance of dominant bacterial and fungal communities at phylum and genus levels
under different straw returned.

Fig. 3. The bidirectional cluster analysis of 31 carbon sources utilized by soil microorganisms under different
straw returned.

Fig. 4. The redundancy analysis (RDA) of soil carbon and nitrogen components and soil microorganisms.

Fig. 5. The heat map analysis of correlation between soil carbon and nitrogen components and soil
microorganisms.

Fig. 6. The partial least squares pathway model (PLS-PM) shows the direct and indirect effects of straw
return, soil bacteria, fungi and soil carbon metabolism capacity on soil carbon and nitrogen components.

Table 1 The soil organic carbon and labile organic carbon components under different straw returned.

Treatment SOC (g·kg-1) DOC (mg·kg-1) MBC (mg·kg-1) LFOC (g·kg-1) HFOC (g·kg-1)

S0 9.31±0.80b 224.32±2.32b 57.40±3.46d 3.26±0.32b 6.36±0.25a
S1/2 9.90±0.65b 227.49±6.85b 72.48±3.63c 4.97±1.45b 6.14±0.38a
S1 11.05±1.20ab 246.89±16.55b 84.78±2.61b 5.73±1.49ab 5.32±0.79ab
S2 13.01±1.58a 309.41±13.35a 131.63±9.32a 8.35±1.40a 4.66±0.46b

Note: SOC: soil organic carbon; DOC: soil dissolved organic carbon; MBC: microbial biomass carbon; LFOC:
light fraction organic carbon; HFOC: heavy organic carbon. The numeric values represent mean ± standard
deviation. Different lowercase letters in a column indicate differences among treatments (P < 0.05), re-
spectively.Table 2 The soil organic nitrogen and labile organic nitrogen components under different straw
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returned.

Treatment TN (g·kg-1) DON (mg·kg-1) MBN (mg·kg-1) LFON (g·kg-1) HFON (g·kg-1)

S0 0.77±0.02b 20.94±3.43b 16.41±0.51b 0.10±0.01c 0.60±0.04a
S1/2 0.79±0.03ab 25.17±2.46ab 17.18±1.38b 0.17±0.01b 0.61±0.05a
S1 0.82±0.07ab 27.08±0.67a 17.99±1.90b 0.20±0.03b 0.62±0.04a
S2 0.88±0.02a 27.87±0.66a 26.68±1.65a 0.26±0.03a 0.67±0.03a

Note: TN: soil total nitrogen; DON: soil dissolved organic nitrogen; MBN microbial biomass nitrogen; LFON:
light fraction organic nitrogen; HFON: heavy organic nitrogen. The numeric values represent mean ± stan-
dard deviation. Different lowercase letters in a column indicate differences among treatments (P < 0.05),
respectively.

Fig. 1 . The alpha-diversity of soil bacteria (A) and fungi (B) under different straw returned.

Note: Different lowercase letters indicate differences between treatments (P < 0.05)
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Fig. 2. The relative abundance of dominant bacterial and fungal communities at phylum and genus levels
under different straw returned.

Note: (a): phylum of bacteria; (b): genus of bacteria; (c): phylum of fungi; (d): genus of fungi.
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Fig. 3. The bidirectional cluster analysis of 31 carbon sources utilized by soil microorganisms under different
straw returned.

Fig. 4. The redundancy analysis (RDA) of soil carbon and nitrogen components and soil microorganisms.

Note: (a) and (d): Soil bacteria; (b) and (e): Soil fungus; (c) and (f): Carbon sources available
to soil microorganisms.
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Fig. 5. The heat map analysis of correlation between soil carbon and nitrogen components and soil
microorganisms.

Note: (a): Soil bacteria; (b): Soil fungus; (c) and (d): Carbon sources available to soil microorganisms.
Stars indicate significant correlation, * indicates P < 0.05; ** indicatesP < 0.01; and *** indicates P <
0.001.

Fig. 6. The partial least squares pathway model (PLS-PM) shows the direct and indirect effects of straw
return, soil bacteria, fungi and soil carbon metabolism capacity on soil carbon and nitrogen components.

Note: (A): Partial least squares path modelling; (B): Effect of different factors on soil carbon and nitrogen
fractions. Stars denote for significance at P < 0.05 and P < 0.01 probability levels (* and **, respectively).

Table S1 The basic physical and chemical properties of initial soil(2018yr).

pH SOC (g·kg-1) TN (g·kg-1) NO3
--N (mg·kg-1) NH4

+-N (g·kg-1) AP (g·kg-1) AK (mg·kg-1)

8.1 9.85 0.85 22 3.45 23.4 289.6

Note: SOC: soil organic carbon; TN: soil total nitrogen; NO3
--N: nitrate nitrogen; NH4

+-N: ammonium
nitrogen; AP: available phosphorous; AK: available potassium.

Table S2 Fertilizer application and straw substitution for fertilizer in each treatment.

Year Treatment The Fertilization dosage(kg·hm-2) Straw application rates(kg·hm-2) Fertilizer substitution ratio(%)

N P2O5 N P2O5

2018˜2019 S0 82.0 76.0 0.0 — —
S1/2 72.0 64.0 3250.0 12.2 15.8
S1 62.0 52.0 6500.0 24.4 31.6
S2 42.0 28.0 13000.0 48.8 63.2

2019˜2020 S0 91.0 35.0 0.0 — —
S1/2 87.0 31.0 1400.0 4.4 11.4
S1 83.0 28.0 2800.0 8.8 20.0
S2 75.0 20.0 5600.0 17.6 42.9

2020˜2021 S0 113.0 — 0.0 — —
S1/2 104.0 — 2826.0 8.0 —
S1 95.0 — 5653.0 15.9 —
S2 77.0 — 11306.0 31.9 —

2021˜2022 S0 63.0 6.0 0.0 — —
S1/2 51.4 — 3626.5 18.4 —
S1 39.8 — 7253.0 36.8 —
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Year Treatment The Fertilization dosage(kg·hm-2) Straw application rates(kg·hm-2) Fertilizer substitution ratio(%)

S2 16.6 — 14506.0 73.7 —
2022˜2023 S0 173.0 67.0 0.0 — —

S1/2 165.8 63.1 2250.0 4.2 5.9
S1 158.6 59.1 4500.0 8.3 11.8
S2 144.2 51.2 9000.0 16.6 23.6

Mean S0 104.4 59.3 0.0 — —
S1/2 96.0 52.7 2670.5 9.4 11.0
S1 87.7 46.4 5341.2 18.8 21.1
S2 71.0 33.1 10682.4 37.7 43.2

Table S3 The loading factors of 31 carbon sources on PC1, PC2 and PC3.

Type of Carbon Source Kind of Carbon Source PC1 PC2 PC3

Carbohydrates β-methyl-D-glucoside 0.576 0.543 0.349
D-xylose -0.227 0.050 0.727
I-erythritol -0.261 0.806 0.084
D-mannitol 0.058 0.917 -0.258
N-acetyl-D-glucosamine -0.694 0.671 -0.172
D-cellobiose 0.094 0.944 -0.009
α-D-lactose 0.366 0.662 0.127
D-galactonic acid γ-Lactone -0.724 0.127 0.393
L-α-glycerol 0.927 -0.268 0.066
Glucose-1-phosphate 0.836 0.253 0.359

Amino acids L-arginine 0.310 0.050 0.535
L-asparagine 0.106 0.288 0.682
L-phenylalanine -0.322 0.441 0.75
L-serine 0.277 0.428 0.823
L-threonine 0.946 0.048 0.039
Glycyl-L-glutamic acid 0.464 0.627 0.527

Carboxylic acid γ-hydroxybutyric acid -0.259 0.281 0.003
α-ketobutyricacid 0.955 -0.262 -0.023
D-glucosaminicacid -0.272 0.832 0.426
D-malicacid 0.512 0.465 -0.452
D-galacturonicacid 0.275 -0.160 0.778
Pyruvicacidmethyl ester -0.620 0.618 0.037
Itaconicacid 0.542 0.103 0.629

Amines Phenethylamine 0.862 0.206 0.255
Putrescine -0.040 -0.200 0.632

Phenolic acid 2-hydroxybenzoicacid 0.807 -0.456 -0.188
4-hydroxybenzoicacid 0.517 0.176 0.037

Polymers Tween40 -0.027 0.695 0.081
Tween80 -0.117 0.829 0.339
α-cyclodextrin 0.730 0.147 0.551
Heparanose 0.653 -0.335 0.168
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Fig. S1. The beta-diversity of soil bacteria (A) and fungi (B) under different straw returned.

Fig. S2. The average well color development (AWCD) of soil microorganisms under different straw
returned.Fig. S3. The AWCD values and diversity indices at 120 h of incubation under different straw
returned.
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Note: a : AWCD value; b : Shannon index;c : Simpson index; d : Pielou index. Different lowercase letters
indicate significant differences between different treatment (P < 0.05).

Fig. S4. The principal component analysis (PCA) of soil microbial community carbon utilization under
different straw returned.
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