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Abstract: In China’s subtropical rice-wheat cropping system, the changes in the soil organic carbon
(SOC) pool due to long-term straw return and its connection with crop yield remain unclear. This
study aims to provide insights into establishing a sensible straw return system by evaluating the
differences in the distribution and variation rates of SOC, light fraction organic carbon (LFOC), heavy
fraction organic carbon (HFOC), particulate organic carbon (POC), and mineral-associated organic
carbon (MOC) in the 0-20 cm soil layer under different durations of straw return. Additionally, the
study analyzes the relationship between the changes in SOC and its fractions and wheat yield. The
experiment was conducted in 2019 in a rice-wheat rotation field with ten years of straw return treat-
ments: no straw return (NR) or 1, 2, 3,4, 5, 6, 7, 8, 9 year(s) of straw return (SR1-9), and an additional
treatment in 2020 (10 years of straw return, SR10). The results revealed that with an increase in the
duration of straw return, the contents of SOC, LFOC, HFOC, and POC gradually increased, showing
the highest increments of 45.88%, 187.22%, 41.55%, 97.89%, and 28.21%, respectively, compared to
the NR treatment. However, after eight years of straw return, the compound annual increase in soil
organic carbon and its components was lower than in years 1-8, indicating a trend of diminishing
increments. The SOC content and its variation were significantly correlated with the content and
variation of LFOC, HFOC, POC, and MOC, with the highest sensitivity observed for the variation
in LFOC, indicating the strong influence of the duration of straw return. The SOC and its fraction
contents showed significant positive correlations with wheat yield, with the highest contribution to
wheat yield increase attributed to an increase in LFOC content. In summary, straw return enhances
the 0-20 cm deep soil carbon pool, with LFOC being the most sensitive indicator, reflecting the
influence of the duration of straw return on soil carbon pools.

Keywords: rice—wheat rotation; soil active organic carbon; light fraction organic carbon; heavy

fraction organic carbon; particulate organic carbon; mineral-associated organic carbon

1. Introduction

As one of the essential factors in the sustainability of agricultural soils, soil organic
carbon (SOC) is closely associated with stable soil structure, crop productivity, and yield
stability [1]. When the SOC content falls below 2%, the soil structural stability diminishes,
constraining high and stable crop yields [1]. Alarmingly, over 80% of cultivated land in
China has SOC levels below this critical threshold. Pan et al. [2], based on data from China’s
second soil survey, analyzed the correlation between organic matter content and crop yields,
revealing that a 1% increase in organic matter content could lead to a 430 kg hm™ increase
in crop yield and a 3.5% improvement in yield stability. Different SOC components exhibit
varying reactivity levels and contribute differently to crop growth; they are influenced by
changes in the external environment. Typically, SOC contains a significant amount of stable
carbon, making it less sensitive to short-term changes in soil quality under different soil or
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crop management practices [3,4]. Therefore, categorizing organic carbon into components
with different reactivity using specific methods is conducive to a deeper understanding
and scientific management of organic carbon turnover.

Physical fractionation methods are less disruptive to SOC and better reflect its structure
and functionality [5]. Standard physical fractionation methods include density fractiona-
tion and particle size fractionation. Density fractionation divides SOC into light fraction
organic carbon (LFOC) and heavy fraction organic carbon (HFOC). In contrast, particle
size fractionation separates it into particulate organic carbon (POC) and mineral-associated
organic carbon (MOC). These four organic carbon fractions exhibit varying levels of reactiv-
ity. LFOC and POC are considered active components of SOC, susceptible to agricultural
management practices, and capable of rapidly reflecting changes in the SOC content. In
contrast, soil HFOC and MOC have lower reactivity and are less susceptible to management
practices, making them better indicators of soil carbon sequestration efficiency [6]. Scholars
have already researched organic carbon fractions by using active organic carbon compo-
nents like LFOC, POC, microbial biomass carbon (MBC), and permanganate-oxidizable
carbon (POXC) in rotation to reflect the impact of environmental changes and agricultural
management practices on organic carbon [7].

Straw return, a significant approach to straw resource utilization in China [8], intro-
duces additional carbon sources, such as humus, into the soil after straw degradation,
improving the soil carbon pool and sustainable agriculture. This practice profoundly im-
pacts the content of SOC, labile organic carbon, LFOC, POC, MBC, and other active SOC
fractions [9,10]. Furthermore, it affects the fate of other SOC components. Studies in China’s
northeastern paddy fields by Yan et al. [10] demonstrated that straw return significantly
influences the content of active organic carbon in the soil. With increasing amounts of
straw return, the soil POC, dissolved organic carbon, and MBC contents markedly increase.
Remarkably, even a relatively low level of straw return (6250 kg hm2) can significantly
boost the soil POC and other active carbon fractions. Research by Zhang et al. [11] in
China’s southern double-cropping rice fields indicated that straw return impacts organic
carbon components in different soil aggregate fractions. It enhances the soil-free light
organic carbon (fLOC) and intra-aggregate particulate organic carbon (iPOC) content in
various aggregate classes, promotes organic carbon transfer from fLOC to iPOC, and re-
duces the MOC content. Studies in rice—wheat rotation fields in eastern and central China
also showed that straw return helps increase soil DOC, POC, and HFOC content [12,13].

However, some studies have suggested that the impact of straw return on SOC and its
components is highly dependent on factors such as the specific amount of straw returned,
soil depth, and experimental locations. Chen et al. [9] conducted experiments in Anhui
and Jiangsu provinces and found that the straw return in double rice-wheat cropping
increased the soil LFOC and POC content by 28-52%, while in Hubei province, there was
no significant increase in either component. Mi et al. [14] conducted research in Zhejiang
province on rice-winter fallow fields and observed that the effects of straw management
on different soil layers” POC content were inconsistent, with the 0-10 cm depth being the
most influenced. The application of straw cover increased the POC content by 13.0%, but
there was no significant effect in the 10-20 cm layer. Zhao et al. [15] investigated the impact
of four different straw return amounts (0 kg hm~2 (S0), 2250 kg hm~2 (S1), 4500 kg hm 2
(52), and 9000 kg hm~2 (S3)) on SOC components. They found, that compared to S0, S1 did
not affect the light fraction soil and LFOC content, while S2 increased them by 14.7% and
33.9%, and S3 increased them by 48.0% and 81.3%. Additionally, S2 and S3 increased the
HFOC content by 39.2-43.1%.

Different components of SOC exhibit varying activity levels, imparting different
functionalities to them. Xu et al. [16] researched the double rice-cropping area of southern
China and demonstrated that rice straw return increased the LFOC content. LFOC and
SOC exhibited similar trends, positively correlating with each other. Furthermore, LFOC
was more sensitive to agricultural management practices and could better indicate SOC
changes. Zhang et al. [17] studied purple paddy soils in southwest China and found that
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HFOC was the primary component of SOC. However, f{LOC was the most responsive to
changes in farming practices and served as a good indicator of SOC variations.

Multiple cropping systems enhance land utilization efficiency and ensure high and
stable crop yields. Intensive double cropping in China’s rice-wheat rotation system ensures
sustained, stable crop yields. However, the extensive use of chemical fertilizers is costly
and may lead to soil degradation [18]. Generating a sensible straw management system is
significant for enhancing soil carbon quality, enhancing soil carbon sequestration capacity,
and achieving sustainable rice-wheat rotation production. Currently, most research on
the impact of straw return on soil LFOC and HFOC in China focuses on paddy fields.
There is insufficient research on the effects of straw return years on the SOC components
in rice-wheat rotation field systems, as well as their relationship with crop yield; thus,
their effect remains unclear. This study aims to deliver a theoretical foundation for the
establishment of a practical straw return system for rice-wheat rotation areas by analyzing
the distribution and variations of SOC, LFOC, HFOC, POC, and MOC under different
straw return durations, as well as the correlation between the contents of the SOC and its
components with wheat yield.

2. Materials and Methods
2.1. Experimental Site

Field experiments were performed in Yangzhou, China (32°23' N, 119°25’ E) beginning
in 2010. The region is defined by a subtropical climate with plenty of rain. The weather
conditions during the experimental period are outlined in Figure 1. The predominant soil
was classified as a Stagnic Anthrosol [19]. Before the experiment, the 0-20 cm soil layer had
the following properties: soil bulk density of 1.45 g cm ™2, organic carbon content of
15.73 g kg1, total nitrogen content of 1.24 g kg~!, available phosphorus content of
16.32 mg kg~!, and available potassium content of 146.12 mg kg~!. This region repre-
sents one of China’s major double-cropping areas for rice and wheat.

== Monthly precipitation = —@— Mean monthly temperature

250 1 - 35
S
200 A
— - 25
é 150 - 2
c 20 o
0 S
s . S ©
2 100 - T
: :
a - 10 &
50 A
H . H H H H 5
) [ il 0. )
5375858585853 55855858882%2
2018 2019 2020

Figure 1. Mean monthly air temperature and monthly precipitation during the research period at
Yangzhou station (Jiangsu, China).

2.2. Experimental Design

In 2019, a completely randomized block approach with ten treatments was employed
encompassing the following: no straw return (NR), and one (SR1), two (SR2), three (SR3),
four (SR4), five (SR5), six (SR6), seven (SR?), eight (SR8), and nine (SR9) consecutive years
of rice straw returning. In 2020, an additional treatment of straw return for ten years (SR10)
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was added compared to 2019. Each treatment was replicated three times, and each plot
measured 4 m x 3 m.

After the rice harvest, a yearly amount of 9000 kg/hm? of residual rice straw was
mechanically chopped into approximately 10 cm lengths and evenly spread within each
plot. A rotary tiller incorporated the rice straw into the soil at a 0-15 cm depth. Wheat
straw was not retained after the wheat harvest.

The wheat used in this experiment was Yangfumai 4. The total nitrogen (N) application
rate during the growth period was 240 kg hm 2, with the ratio of base fertilizer: tillering
fertilizer: jointing fertilizer: heading fertilizer established at 5:1:2:2. Phosphorus (P,05)
and potassium (K,O) fertilizers were applied at rates of 90 and 150 kg hm 2, respectively,
with a base fertilizer: jointing fertilizer ratio of 1:1. Fertilization of rice was carried out
similarly to wheat, with the exception that 150 kg/hm? of urea was introduced at the tiller
and booting stages.

2.3. Sample Collection and Analytical Methods

Soil samples were collected following the wheat harvest in May 2019 and May 2020
using a five-point sampling method. Samples were collected at three depths: 0-5 cm,
5-10 cm, and 10-20 cm, with four replicates for each depth within each plot. Samples
collected from the same depth within each plot were mixed to create one composite sample.
These composite samples were brought back to the laboratory and naturally air-dried. They
were then sieved through a 0.25 mm mesh to remove gravel and crop residues, and used to
determine soil SOC, LFOC, HFOC, POC, and MOC content.

Specific measurement methods were as follows:

SOC content was determined using an external heating method with potassium
dichromate (K,Cr,O7) oxidation [20].

POC content was determined using a dispersion method with a 5 g L~! solution of
sodium hexametaphosphate [21].

MOC was calculated as the difference between the SOC and POC content.

The grain yield of wheat was determined with a moisture content of 12% following
the manual harvest of the three central regions from each plot across 1.2 m?.

The variation rate (VR) was computed as follows [22]:

VR = S CiNR 1000, (1)
i,NR

where VR is the variation rate of the contents of the SOC or its components to a certain
depth; C; is the concentration of the SOC or its component at layer “i” (i = 1, 2, and 3,
represent 0-5 cm, 5-10 cm, and 10-20 cm, respectively); and C; g is the concentration of

"2

the SOC or its component in NR at layer “i”.

2.4. Data Analysis

Statistical analysis was conducted using SPSS 17.0. The differences in the SOC, LFOC,
HFOC, POC, and MOC levels in response to various treatments at the same soil layer
and different depths receiving identical treatments, and wheat yield between treatments
were examined using a one-way analysis of variance (ANOVA) with a least-significant
difference (LSD) (p < 0.05). The Pearson coefficient (p < 0.05 and p < 0.01) was employed
for correlation assessment between the levels of SOC, LFOC, HFOC, POC, and MOC, as
well as between wheat yield and the levels of SOC, LFOC, HFOC, POC, and MOC. Linear
regression analysis was employed to determine the relationship between wheat yield and
the levels of SOC, LFOC, HFOC, POC, and MOC.

3. Results and Analysis
3.1. Soil Organic Carbon

The SOC content in each treatment exhibited an initial increase followed by a decrease
with increasing soil depth (Figure 2). This trend was attributed to the uniform distribution
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of straw tillage in the 0-15 cm soil layer. However, the 0-5 cm soil layer was directly
exposed to the air, resulting in a higher SOC decomposition rate than the 5-10 cm soil layer.
Consequently, the SOC content in the 0-5 cm soil layer was lower than that in the 5-10 cm
soil layer. Additionally, the 10-20 cm soil layer had a lower distribution of soil straw and
residual wheat root residues compared to the upper soil layer, leading to a lower SOC
content in this layer.
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Figure 2. Depth division of soil organic carbon levels upon varied durations of straw return. NR
represents no straw return; SR1-SR10 represents the straw return treatment for 1-10 years. Various
letters over the bars denote a significant alteration between tillage treatments at identical soil depths
atp <0.05.

With the increase in the number of years of straw return, the SOC content in each soil
layer gradually increased in 2019 and 2020. The changes in the SOC content for each soil
layer with increasing years of straw return, compared to the NR treatment, were observed
as follows: In 2019, the SOC content increased by 3.67-41.45% in the 0-5 cm layer, 2.33—
42.23% in the 5-10 cm layer, and 1.41-41.17% at the 10-20 cm depth. In 2020, the SOC
content increased by 1.98-45.79% in the 0-5 cm layer, 1.97-45.66% in the 5-10 cm layer, and
0.18-45.88% in the 10-20 cm layer.
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3.2. Light and Heavy Fraction Organic Carbon

With increased soil depth, the content of LFOC and HFOC exhibited a trend of initial
increase followed by a subsequent decrease (Figure 3). In 2019, the various treatments
showed different increases in LFOC content compared to the NR treatment: In the 0-5 cm
soil layer, the increase ranged from 10.09% in SR1 to 177.74% in SR9. In the 5-10 cm soil
layer, LFOC content increased by 10.23% in SR1 and 184.06% in SR9. In the 10-20 cm soil
depth, the increase ranged from —1.87% in SR1 to 125.81% in SR9.

Similarly, in 2020, the LFOC content in all soil layers gradually increased with the
number of years of straw return, with increases compared to the NR treatment observed
as follows: In the 0-5 cm soil layer, the increase ranged from 2.96% in SR1 to 187.22% in
SR9. In the 5-10 cm soil layer, the LFOC content increased by 1.92% in SR1 and 184.53% in
SR9. The 10-20 cm soil layer increase ranged from 6.75% in SR1 to 145.25% in SR9. The
large increase in LFOC content was mainly due to the active organic carbon in the humus
produced after the decomposition of the returned straw. Notably, the LFOC content in the
0-5 cm and 5-10 cm soil profiles surpassed the NR treatment from SR2 onwards.
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Figure 3. Depth division of soil LFOC and HFOC levels based on varied durations of straw return.
Various letters over the bars denote a significant alteration between tillage treatments at identical soil
depths at p < 0.05.

Regarding the HFOC content, in 2019, it gradually increased with the number of years
of straw return across all soil layers: The 0-5 cm soil depth increase ranged from 2.22%
in SR1 to 35.66% in SR9. In the 5-10 c¢m soil layer, the HFOC content increased by 1.98%
in SR1 and 35.97% in SR9. The 10-20 cm soil layer increase ranged from 1.55% in SR1 to
37.60% in SRO.

In 2020, the HFOC content in the 0-5 cm and 5-10 cm soil profiles continued to increase
with the number of years of straw return, with increases that ranged from 1.93% to 39.36%,
while in the 10-20 cm soil layer, the changes ranged from —0.11% to 41.55% compared to
the NR treatment.

3.3. Particulate Organic Carbon and Mineral-Associated Organic Carbon

Figure 4 outlines the trend of POC content, initially increasing, followed by a subse-
quent decrease as soil depth increased. In 2019, the POC content increased gradually across
all soil layers as the number of years of straw return increased. When comparing the SR1
to SR9 treatments with the NR treatment, the changes in the POC content were as follows:
In the 0-5 cm soil profile, the POC content increased by 1.00-89.47%. In the 5-10 cm soil
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depth, increases ranged from 6.02% to 83.49%. In the 10-20 cm soil layer, increases ranged
from 0.24% to 97.89%.
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Figure 4. Depth division of soil POC and MOC levels based on varied durations of straw return.
Various letters over the bars denote a significant alteration between tillage treatments at identical soil
depths at p < 0.05.

In 2020, the POC content in the 0-5 cm and 5-10 cm soil profiles continued to increase
with the number of years of straw return. Comparing the SR1 to SR10 treatments with the
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NR treatment, the changes in the POC content were observed as follows: In the 0-5 cm
soil layer, the POC content increased by 0.74-91.32%. In the 5-10 cm soil profiles, increases
ranged from 4.14% to 95.45%. Changes in the 10-20 cm soil layer ranged from —0.90% to
95.46%. The significant rise in the POC was mainly due to the aggregation of soil particles
promoted by the adhesive substances produced after straw decomposition.

In contrast, the MOC content did not exhibit a clear pattern with increasing soil depth.
In 2019, the MOC content in the 5-10 cm and 10-20 cm soil layers gradually increased with
the number of years of straw return. When the SR1 to SR9 treatments were compared with
the NR treatment, the changes in the MOC content were as follows: In the 0-5 cm soil layer,
the MOC content increased by 4.61-24.60%. In the 5-10 cm soil depth, increases ranged
from 0.99% to 27.26%. In the 10-20 cm soil layer, increases ranged from 1.82% to 21.64%.

For 2020, the MOC content in the 0-5 cm and 10-20 ¢m soil depths had an initial in-
crease followed by a decrease as the number of years of straw return increased. Comparing
the SR1 to SR10 treatments with the NR treatment, the changes in the MOC content were as
follows: In the 0-5 cm soil layer, the MOC content increased by 2.45-29.04%. In the 5-10 cm
soil layer, the increase ranged from 1.14% to 26.53%. In the 10-20 cm soil layer, the increase
ranged from 0.59% to 24.43%.

3.4. Changes in the Compound Annual Growth Rate of Organic Carbon and Its Components

From Table 1, it is observed that the compound annual growth rate (CAGR) of organic
carbon and its components in various soil layers adhered to the order from highest to
lowest as follows: LFOC > POC > SOC > HFOC > MOC. After eight years of straw return,
the CAGR of SOC and its components in all soil layers were lower than those in years one
to eight of straw return. This indicated that after eight years of straw return, the increase
in the SOC, and its components, in each soil depth lowered. Notably, the reduction in
growth rates was more pronounced in the 0-5 cm and 5-10 c¢m soil depths compared to
the 10-20 cm soil layer. This was primarily due to the lower density of straw return in the
10-20 c¢m soil layer compared to the upper layers, which caused lower SOC contents, and
its components’ contents, in the 10-20 cm soil layer. Consequently, the decomposition rate
was also lower in the 10-20 cm soil depth relative to the upper layers. In 2020, the CAGR
of the MOC in the 10-20 cm soil layer after eight years of straw return was significantly
lower than in 2019. This was mainly attributed to the fact that the MOC content in the SR10
treatment in this soil depth was reduced compared to the SR9 treatment, possibly due to
the transfer of organic carbon from MOC to POC.

Table 1. The compound annual growth rate of the SOC, LFOC, HFOC, POC, and MOC contents.

Soil SOC LFOC HFOC POC MOC
oi

Depth/cm Year Before After Before After Before After Before After Before After
SR8 SR8 SR8 SR8 SR8 SR8 SR8 SR8 SR8 SR8
0-5 2019 4.25 1.38 13.08 3.91 3.74 1.16 7.80 3.90 2.78 0.08
A 2020 4.33 191 12.80 4.69 3.81 1.66 7.06 5.28 3.13 0.10
5.10 2019 4.36 1.06 12.57 10.14 3.88 0.30 7.51 2.78 3.03 0.19
B 2020 4.32 1.91 12.67 4.68 3.81 1.66 7.38 5.16 2.96 0.12
10-20 2019 4.01 2.05 9.98 5.51 3.70 2.89 8.35 4.15 217 2.45
a 2020 4.24 2.31 10.08 6.67 3.92 2.00 7.83 5.61 2.60 0.38

3.5. Variability in SOC and Its Components

Correlation analysis results showed that the LFOC, HFOC, POC, and MOC contents
were significantly correlated (p < 0.01) with the SOC content (Table 2), indicating that all
of these could be used as indicators of the SOC change. The variation of SOC and its
constituents varied across all soil depths (Table 3). In the 0-5 cm and 5-10 cm soil layers, all
treatments exhibited positive values for SOC and its component variation, whereas in the
10-20 cm soil layer, except for the SR1 treatment (LFOC in 2019, HFOC in 2020, and POC in
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2020), the values were positive. The variation in SOC ranged from 1.41% to 45.88%, LFOC
from —1.87% to 187.22%, HFOC from —0.11% to 41.55%, POC from —0.90% to 97.89%, and
MOC from —0.59% to 28.21%.

Table 2. Pearson correlation coefficients among SOC contents and soil organic carbon components.

2019 2020

LFOC

HOC POC MOC LFOC HFOC POC MOC

S0C 0.972 **

0.999 ** 0.969 ** 0.922 ** 0.974 ** 0.999 ** 0.986 ** 0.980 **

Note: ** indicates a significant correlation at p < 0.01.

Table 3. Variation in SOC, LFOC, HFOC, POC, and MOC due to exposure to varied straw return
durations.

Soil Depth Treatments

2019 2020

(cm) SOC/% LFOC/% HFOC/% POC/% MOC/% SOC/% LFOC/% HFOC/% POC/% MOC/%

NR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SR1 3.67 10.09 222 1.00 4.61 1.98 2.96 1.93 0.74 2.45

SR2 10.84 23.15 6.79 7.99 11.84 6.51 23.82 5.72 8.39 5.78

SR3 19.09 45.43 12.08 21.56 18.22 12.03 52.46 10.19 17.15 10.05

SR4 25.80 82.49 17.51 32.85 23.33 18.13 83.91 15.14 34.96 11.63

0-5 SR5 30.89 109.25 26.97 48.92 24.56 24.52 113.38 20.48 4227 17.67
SR6 33.31 132.12 29.12 62.97 2291 31.14 138.41 26.27 50.31 23.75

SR7 36.98 151.10 32.14 73.06 24.33 35.68 150.41 30.46 61.13 25.85

SR8 39.53 167.29 34.11 82.36 24.50 40.38 162.08 34.85 72.60 27.95

SR9 41.45 177.74 35.66 89.47 24.60 43.17 175.10 37.17 79.79 29.04

SR10 / / / / / 45.79 187.22 39.36 91.32 28.21

NR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SR1 2.33 10.23 1.98 6.02 0.99 1.97 1.92 1.97 4.14 1.14

SR2 10.93 22.08 10.44 16.08 9.06 6.53 24.18 5.73 13.16 3.98

SR3 19.03 46.92 17.80 27.96 15.79 12.67 55.53 10.72 23.10 8.66

SR4 26.91 69.81 25.02 43.62 20.85 19.14 80.36 16.36 35.67 12.79

5-10 SR5 32.02 94.35 29.27 55.38 23.54 24.10 109.78 20.21 50.34 14.01
SR6 36.40 112.51 33.04 65.94 25.69 30.74 132.97 26.10 59.02 19.88

SR7 38.35 140.00 33.86 72.20 26.06 36.20 144.84 31.27 67.63 2413

SR8 40.73 157.90 35.56 78.53 27.02 40.26 159.65 34.83 76.74 26.24

SR9 42.23 184.06 35.97 83.49 27.26 43.24 172.46 37.37 87.83 26.11

SR10 / / / / / 45.66 184.53 39.35 95.45 26.53

NR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

SR1 1.41 —1.87 1.55 0.24 1.82 0.18 6.75 —-0.11 —0.90 0.59

SR2 5.48 10.70 5.26 12.17 3.17 3.25 20.95 2.48 8.84 1.12

SR3 12.90 28.86 12.23 28.27 7.61 8.79 35.19 7.64 18.02 5.26

SR4 18.08 49.81 16.74 46.61 8.26 15.47 47.51 14.08 32.62 8.92
10-20 SR5 2491 66.74 23.15 61.43 12.34 21.91 66.32 19.98 43.23 13.77
SR6 29.74 89.28 27.23 74.61 14.29 28.72 81.96 26.40 57.03 17.90

SR7 34.57 100.65 31.79 83.53 17.72 34.80 98.37 32.03 68.40 21.96

SR8 36.98 114.03 33.74 90.01 18.73 39.98 115.58 36.68 82.81 23.61

SR9 41.17 125.81 37.60 97.89 21.64 42.75 131.17 38.89 90.69 24.43

SR10 / / / / / 45.88 145.25 41.55 95.46 23.70

Pearson correlation coefficients

Variation of SOC

0958+ 0990+ 0949 oy / 0959 gog= 0991 0982

Note: ** indicates a significant correlation at p < 0.01.

These results indicated that among the 0-20 cm soil layers, the soil LFOC exhibited
the highest variation, with the highest sensitivity to the years of straw return, followed by
POC, with MOC being the least sensitive. Overall, the variation of SOC and its components
increased as the years of straw return increased in various soil layers. However, in 2020, the
variation of MOC decreased after eight years of straw return. Correlation analysis revealed
a highly significant relationship (p < 0.01) between the variation in LFOC, HFOC, POC, and
MOC and the variation in SOC. HFOC exhibited the highest correlation among these, with
Pearson coefficients of 0.990 (2019) and 0.998 (2020). Although HFOC showed the highest
correlation with SOC variation, its variation was relatively low, which indicates a lower
sensitivity to management measures. In contrast, LFOC exhibited the highest variation
and was considered the optimal indicator for reflecting the influence of straw return on
SOC levels.
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3.6. Wheat Yield

As the years of straw return increased, the wheat yield initially decreased, followed
by an increase (Figure 5). This phenomenon might be due to the observation that when the
duration of straw return was short, the straw did not decompose and convert into organic
matter promptly. This resulted in residual coarse fibers in the soil, adversely affecting
seedling development and reducing yields. As the duration of the straw return extended,
the straw gradually decomposed and entered the soil, improving the soil fertility and
elevating the wheat yield. The findings of the correlation assessment (Table 4) indicated
significant correlations between the contents of SOC, LFOC, HFOC, POC, MOC, and wheat
yield. The linear regression results suggested that the increase in LFOC content contributed
the most to the enhanced wheat yield, possibly due to its higher activity.

12 5 2019
10 A
ab a a
abc abc bc abc if_) ab = 3 o
e/ & ]

Wheat Yield(Mg hm2)
[e)]

0
NR SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8 SR9
12 7 2020
10 A 5 b 5 A a
a a
8_abc c c bc abc aic . i _ —

Wheat Yield(Mg hm2)
&~ o

NR SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8 SR9 SR10

Figure 5. Wheat yield after exposure to various durations of straw return. Various letters over the
bars denote a significant alteration between tillage treatments at identical soil depths at p < 0.05.
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Table 4. Correlation and regression assessment of wheat yield and SOC, LFOC, HFOC, POC, and
MOC levels.

Pearson’s Correlation

Soil Depth (cm) P Carbon Coefficients with Wheat Yield Linear Regression Equation
omponents
2019 2020 2019 2020

SOC 0.901 ** 0.919 ** y=0.1424x + 5.0953 R? = 0.8118  y = 0.103x + 5.9387 R? = 0.8445
LFOC 0.903 ** 0.918 ** y=0.8275x + 7.0535 R> = 0.816  y = 0.5696x + 7.2799 R? = 0.8432

0-5 HFOC 0.899 ** 0.918 ** y=0.1716x + 4.6967 R? =0.809  y = 0.1254x + 5.6479 R = 0.843
POC 0.914 ** 0.925 ** y =0.2587x + 64962 R? = 0.8358  y = 0.1937x + 6.8133 R? = 0.8558
MOC 0.706 * 0.898 ** y =0.2593x +4.1777 R = 0.4988  y = 0.2131x + 5.0443 R? = 0.8058
S0C 0.860 ** 0.917 ** y=0.1329x + 51938 R? = 0.7395  y =0.1001x + 5.9308 R? = 0.8415

LFOC 0.899 ** 0.917 ** y=0.8107x + 7.0502 R? = 0.8087  y = 0.5647x +7.27 R? = 0.8415

5-10 HFOC 0.844 ** 0.917 ** y =0.1559x + 4.8963 R* = 0.7115  y = 0.1214x + 5.6466 R? = 0.84
POC 0.887 ** 0.915 ** y=0.2657x + 6.3383R? = 0.7874  y =0.1789x + 6.8347 R? = 0.8377

MOC 0.816 ** 0.912** y = 0.256x + 4.204 R? = 0.6654 y =0.2229x + 4.8446 R? = 0.831
S0OC 0.902 ** 0.936 ** y=0.1551x + 5.0124 R =0.814  y = 0.1047x + 6.0068 R? = 0.8767
LFOC 0.914 ** 0.911 ** y=1.2298x + 6.8488 R = 0.8348  y = 0.8463x + 7.1417 R? = 0.8294
10-20 HFOC 0.900 ** 0.939 ** y=01773x + 47511 R* = 0.8102  y =0.1193x + 5.8507 R? = 0.8818
POC 0.907 ** 0.929 ** y =0.2466x + 6.5832 R* = 0.8223  y = 0.1758x + 6.951 R? = 0.8631

MOC 0.889 ** 0.935 ** y =0.4125x + 24259 R? = 0.7897  y = 0.2525x + 4.7044 R? = 0.874

Note: * indicates a significant correlation at p < 0.05. ** indicates a significant correlation at p < 0.01.

4. Discussion
4.1. Impact of Straw Return Duration on Soil Organic Carbon Content

Numerous studies have indicated that under straw return conditions, the content of
SOC gradually decreases with increasing soil depth [23-25]. In this experiment, it was
observed that the SOC content in the 10-20 cm depth decreased compared to the 0-5 cm
and 5-10 cm depths. This finding aligns with previous research by Dai et al. [26] conducted
in northern China. However, in the 5-10 cm soil depth, the SOC content in all treatments
increased compared to the 0-5 cm, which is consistent with the trends observed in the
study by Wu et al. [27] on wheat straw return. This discrepancy may be attributed to the
even distribution of wheat straw in the 0-15 cm soil layer in this experiment. The 0-5 cm
soil layer is in direct contact with the atmosphere and has a lower bulk density and higher
porosity, facilitating better soil aeration and promoting SOC decomposition [28].

After 2-3 years of straw return (SR2-SR3), the SOC content in all soil layers was
significantly higher than in the NR treatment (p < 0.05). This result indicates that straw
return can significantly enhance the SOC content [29,30]. However, when the duration of
straw return exceeded eight years, the CAGR of the SOC in all soil layers sharply declined,
which is consistent with the findings of Li et al. [31] in southern rice fields. This decline
may be related to increased soil organic carbon decomposition intensity [32].

4.2. Influence of Straw Return Duration on Soil Organic Carbon Components

LFOC, which is less protected and highly active, is sensitive to external factors such
as agricultural management practices, making it quick to respond to changes in farming
methods. In contrast, HFOC is a relatively stable carbon component in the soil, and its
response to farming practices is less pronounced [16]. The results of this study indicate that
LFOC exhibits the highest variation, underscoring its susceptibility to the impact of straw
return. In all treatments, the LFOC content initially increased and subsequently decreased
at deeper soil depths. This trend can be attributed primarily to the fact that the 0-5 cm soil
layer is in direct contact with the atmosphere, enhancing the decomposition intensity of
LFOC, a highly active organic carbon component [33].

Additionally, wheat root residues were lower in the 10-20 cm soil profiles than in the
5-10 cm soil profiles, resulting in lower additional organic carbon input in the 10-20 cm
soil layer. As the duration of straw return was lengthened, the LFOC and HFOC levels
across all soil layers gradually rose. However, when the straw return duration exceeded
eight years, the CAGR of both the LFOC and HFOC decreased. This decline is primarily
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because of the increase in soil organic matter content influenced by straw return, leading
to a rise in soil microbiota biomass and activity and accelerating the decomposition and
usage rates of LFOC and HFOC in the soil [34].

POC primarily consists of partially decomposed plant residues. It is sensitive to agri-
cultural management practices, while MOC represents a more stable carbon fraction [35,36].
This study revealed that the POC content in all treatments initially increased, followed by a
decrease, alongside soil depth. Furthermore, with the increasing duration of straw return,
the POC content gradually rose in all soil layers. However, the CAGR of the POC content in
all soil layers declined after eight years of straw return. This decrease is primarily attributed
to enhanced soil microbial activity [37]. As the straw return duration increased, the 2019
0-5 cm soil layer, 2020 0-5 cm soil layer, and 10-20 cm soil layer possessed correspondingly
elevated MOC levels, followed by a subsequent decrease. This phenomenon is mainly
due to the production of humic substances and polysaccharides which have adhesive
properties during straw decomposition. They promote the accumulation of soil particles
into granules and the conglomeration of small granules into larger ones, facilitating the
transfer of soil organic carbon into the particle composition. Simultaneously, the stability of
POC is enhanced [15]. With the increasing duration of straw return, more humic substances
are generated from straw decomposition, further strengthening their role in forming and
maintaining soil particle composition and promoting the transfer of SOC from MOC to
POC. The findings outlined in our study also confirm that following eight years of straw
return, the CAGR of MOC in the 10-20 cm soil profiles in 2020 was significantly reduced
compared to 2019, substantiating this observation.

4.3. Relationships among Soil Organic Carbon and Its Components and Their Impact on
Wheat Yield

Under different straw return durations, there were highly significant positive corre-
lations (p < 0.01) among the LFOC, HFOC, POC, MOC, and SOC content. The Pearson
correlation coefficients for 2019 were 0.972, 0.999, 0.969, and 0.922, respectively, while for
2020, they were 0.974, 0.999, 0.986, and 0.980, respectively. These findings indicate that all
four components can indicate SOC variations. Within each soil layer in the 0-20 cm range,
the variation in SOC components was significantly correlated with the variation in SOC.
Furthermore, LFOC showed the highest rate of change, demonstrating the highest sensitiv-
ity to the years of straw return. This suggests that LFOC is the most reliable indicator of
SOC content influenced by the duration of straw return [38].

Crop residues like straw contain carbon, nitrogen, phosphorus, and potassium nutri-
ents, enriching soil fertility and enhancing wheat yield [39,40]. The results of this experi-
ment reveal that as the duration of straw return increases, wheat yield initially decreases
and then increases, except for a decrease in the SR6 treatment in 2019 and the SR9 treatment
in 2020. When the straw return duration is short, and straw does not decompose into humic
substances promptly, residual coarse fibers in the soil can hinder seedling development
and potentially lead to reduced yields. Conversely, excessive straw return can trigger pest
and root diseases, also affecting wheat growth [41]. The correlation assessment indicated
that organic carbon components within the 0-20 cm soil layers are significantly positively
correlated with wheat yield. While organic carbon is not a direct nutrient element for wheat
growth, it is a vital part of soil organic matter. Increased organic carbon content signifies
an increase in soil organic matter content, subsequently enhancing the content of essential
nutrients like nitrogen, phosphorus, and potassium in the soil, promoting increased wheat
yields. Research by Li et al. [42] also demonstrated a significant relationship between wheat
yield and soil organic carbon and total nitrogen content. The highest influence on increased
wheat yield comes from an increased LFOC content, possibly due to enhanced soil organic
matter activity. This can provide the soil with more active nutrient elements, thus favoring
increased wheat yield.
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5. Conclusions

As the duration of straw return was lengthened, the SOC levels within the 0-20 cm soil
layers progressively increased to a corresponding degree, with the SR1-SR10 treatments
showing an increase ranging from 0.18% to 45.88% compared to the NR treatment. Further-
more, the contents of LFOC, HFOC, and POC also increased with the duration of straw
return, with LFOC exhibiting the highest compound annual growth rate (CAGR), followed
by POC. After eight years of straw return, the CAGR of SOC and its components in the
10-20 cm soil layer experienced a significant decline too. But its reduction was smaller than
the 0-5 cm and 5-10 cm soil layers. Therefore, reducing the amount of straw retention and
developing other means of utilizing straw to improve the comprehensive benefit could
be considered.

LFOC displayed the maximum sensitivity to the duration of straw return and serves
as the optimal gauge for the impact of straw return on soil carbon pools. With an increase in
the duration of straw return, the wheat yield exhibited a trend of initial decrease followed
by an increase. The wheat yield was significantly correlated with the content of SOC, LFOC,
HFOC, POC, and MOC, with the rise in LFOC content contributing the most to increased
wheat yield. Therefore, LFOC played an essential role in reflecting soil carbon pool changes
and increasing wheat yield.
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