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Promoting cropland carbon (C) sequestration through straw return has always been
the focus of numerous studies. However, there is still a lack of comprehensive
understanding of the straw return effects on soil organic carbon (SOC) and soil
inorganic carbon (SIC) sequestration. Therefore, the present study aims to investigate
the effects of long-term straw return on SOC and SIC sequestration across the
0–100 cm soil profile in the maize planting cropland in Northeastern China. The
results showed an increasing trend in SOC contents in the 0–100 cm soil profile
following long-term straw return, while significant decreases in SIC contents were
observed in the surface (0–20 cm) and subsoil (20–60 cm) layers, respectively. In
addition, the SOC stock increased significantly in the subsoil layer following long-
term straw return, by an average value of 44%, which is higher than those observed in
other soil layers. On the other hand, the SIC stock in the subsoil layer increased by an
average value of 24% and decreased in the surface and under-subsoil layers by
average values of 53% and 33%, respectively. Moreover, the exchangeable calcium
contents were positively correlated with SOC and SIC stock, demonstrating the soil
calcium contributes to SOC and SIC sequestration. The present study highlighted the
importance of the subsoil layer for effective straw return strategies in cropland to
promote SOC and SIC sequestration in croplands.
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1 Introduction

Cropland soil is one of the major contributors to carbon (C) sequestration in the terrestrial
ecosystem (Amelung et al., 2020; Rodrigues et al., 2021), which may potentially increase the soil
organic C (SOC) sequestration by 0.4–1.2 billion tons C/year (Lal, 2011). Since most C in
cropland soils is accumulated in the SOC form, providing numerous benefits and partially
offsetting anthropogenic C (Guo and Gifford, 2002). Previous studies have mainly focused on
promoting SOC sequestration, suggesting deeper soils may have great potential than surface soil
layer (Rumpel and Koegel-Knabner, 2011; Button et al., 2022). However, soil inorganic C (SIC)
sequestration in cropland has attracted less attention from researchers.

Deeper soil layers (>20 cm) generally contain more than 50% of the global SOC reserves
(Rumpel and Koegel-Knabner, 2011). Indeed, the SOC dynamics between deeper and surface
soil layers are controlled by different mechanisms (Mulder et al., 2015). Compared to surface
soils, deeper soils are characterized by reduced plant residue inputs, decreased substrate
availability, lower microbial biomass and activities, a greater abundance of available
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minerals, and prevailing oligotrophic conditions (Button et al., 2022).
The SOC sequestration is controlled by the balance between C inputs
and outputs from plant residues under constant long-term
environmental and management conditions (Feng et al., 2022). In
addition, previous studies have confirmed that secondary clay
minerals and short-range-ordered iron (Fe) and aluminum (Al)
phases are critical contributors to SOC accumulation (Chen et al.,
2020). Moreover, exchangeable calcium (Caex) is prevalent in soils and
has been considered an important factor in the mechanism of SOC
stabilization in neutral and calcareous soils (He et al., 2022). On the
other hand, the SIC accounts for nearly 40% of the C reserves
worldwide and is considered also an important cropland soil C
pool (Lal, 2004; Rowley et al., 2018; Kim et al., 2020). Indeed,
recent studies have confirmed that intensive agricultural activities
have accelerated the weathering and dissolution processes of SIC (Kim
et al., 2020). The soil acidification, excessive nitrogen (N) fertilization,
and water balance are the main factors leading to dramatic losses of
SIC in cropland soil (Tao et al., 2022). According to previous studies,
7% of the SIC reserves in the 0–40 cm soil layer were lost,
corresponding to 1.1 Mg/ha, and 7 million ha of cropland has
become carbonate free in China over the 1980–2020 period (Raza
et al., 2020). The SIC accumulation and distribution vary considerably
with soil depth, depending on soil parent material, the partial pressure
of CO2 in soil, soil pH, soil moisture, and cation contents (such as Ca2+

or Mg2+) (Kim et al., 2020; Tao et al., 2022).. Calcium carbonate
(CaCO3) is the main existing form of SIC, hence the calcium source
plays an important role and determines whether carbonate can be
formed (Sun et al., 2022; Wang et al., 2014). SIC in the surface soil
layer may be susceptible to leaching and precipitation into deeper soil
layers under high soil water fluxes, CO2 degassing, and acidic
conditions (Zhao X. et al., 2020). According to the report that the
SIC density have decreased by 38% and 27% at depths of 0–20 cm and
20–40 cm, respectively during the past 30 years (Tao et al., 2022).
Therefore, determining the differences in SOC and SIC sequestration
between surface and deeper soil layers and providing a basis for
evaluating the effectiveness of practices to promote C sequestration
in the soil profile.

Straw return is one of the agricultural practices which maintains or
enhances the fertility and productivity of soils (Yang et al., 2022b).
However, the contribution of the straw return practice to SOC
formation and accumulation remains uncertain. Long-term
experimental field studies demonstrated the benefits of the straw
return practice in SOC sequestration, showing significant increases in
SOC contents in the surface soil layer by an average of 12% following
straw return (Liu C. et al., 2014). The fragmentation of plant detritus from
straw return results in the formation of the particulate SOC, enhancing
soil carbon retention (Witzgall et al., 2021). Moreover, the straw return
could provide favorable water, nutrients, and thermal conditions,
promoting microbial growth and thus enhancing SOC accumulation
in cropland (Turmel et al., 2015). Indeed, previous studies have
demonstrated the important role of straw return in maintaining SOC
storage without regard to the straw residue amounts (Yang et al., 2022a),
depending on soil type, environmental factors (i.e., temperature and
moisture), physicochemical characteristics (i.e., texture, pH, and total
N), and biological characteristics (i.e., microbial community composition
and abundance) (Berhane et al., 2020). There are many differences in
environmental factors, physicochemical, and biological characteristics
between surface and deeper soil layers. Therefore, the contribution of
the straw return to SOC sequestration in the deeper soil layer cannot be

directly determined based on the characteristics of the surface soil layer.
There are limited studies on the assessment of SIC contribution to soil C
pool, and the impacts of straw return in promoting SOC and SIC
sequestration between surface and deeper soil layers remains unclear.

In this study, pairwise sampling was carried out to compare SOC
and SIC sequestration across the 0–100 cm soil profile in the
continuous more than ten years straw return fields in northeastern
China. The main objectives of this study were to: 1) assess the
distribution characteristics of SOC and SIC contents in the soil
profiles; 2) determine the difference in SOC and SIC sequestration
in the soil profiles; (iii) identify the environmental factors that
promote SOC and SIC sequestration in long-term straw return
cropland.

2 Materials and methods

2.1 Study sites

This study was based on spring maize cropping region with straw
return at the Lishu county in Jilin Province, northeastern China. This
region is a typical spring maize-growing area in the Golden Maize Belt of
China (Lv et al., 2015). Themean annual precipitation and temperature of
about 614 mm and 6.9°C, respectively. In this study, four pairs of study
sites were selected for investigating the straw return effects on SOC and
SIC sequestration, the basic information as shown in Table 1. There are
two pairs of locations at each site, we chose one conventional fertilization
cropland as control treatment (CT) and one conventional fertilization
plus long-term straw return as straw return treatment (SR). In study area,
springmaize is typically planted in earlyMay and harvested earlyOctober.
The conventional fertilizers amount about were: N 240 kg/ha, P2O5
110 kg/ha, and K2O 110 kg/ha. The total amount of maize straw return
that remained at harvest every year was about 7.5 t/ha, maize straw was
directly mulched on cropland after harvest for every year. All agronomic
practices were consistent with local farmer practices.

2.2 Soil sampling

In April 2021, we sampled one 100-cm deep soil core from each
quadrat using a soil auger with a 38 mm diameter. Each quadrat was
repeated three times for every treatment. Stratified soil samples were
collected from three intervals taken from the soil horizon at 0–20 cm
(surface layer), 20–60 cm (subsoil layer), and 60–100 cm (under-
subsoil layer). These intervals of soil horizon were divided
according to the degree of agricultural disturbance. In order to
avoid cross-contamination between different sampling plots, the
soil auger was cleaned at least three times before each sampling
until completely removing the attached residues to the soil auger
using purified water (neutral).

2.3. Soil physicochemical properties

The collected soil samples were first homogenized and air-dried
immediately after sampling, then sieved through a 2 mm sieve to
remove roots and impurities. Soil pH was measured in a 1:2.5 soil-
deionized water ratio after equilibration for 30 min. Total C and total
N contents in the soil samples were determined using an elemental
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analyzer (Euro Vector 3000, Italy), following drying at 60°C to a
constant weight and homogenization with a ball mill (Retsch MM301,
Germany). The SOC contents were determined using the potassium
dichromate oxidation method, while SIC was calculated as the
difference between total C and SOC. Soil exchangeable calcium
(Caex) was extracted with 1 mol/L ammonium acetate (pH 7.0),
and measured by an inductively coupled plasma-optical emission
spectrometer (ICP-OES, Avio200, PerkinElmer, United States). In
addition, soil texture was measured using a laser diffraction particle
size analyzer (Microtrac S3500, United States). On the other hand,
edaphic parameters, namely soil temperature, moisture, and salinity,
were measured using a calibrated Frequency Domain Reflectometry
(FDR) (WITU Agricultural Technology, Shenyang, China). To
estimate soil bulk density (BD) in the study sites, according to
(Song et al., 2005):

BD � 1.377 × Exp −0.0048 × SOC( ) (1)
where SOC denote SOC contents (g/kg).

2.4 SOC and SIC stock calculation

The SOC and SIC stock were estimated based on SOC and SIC
contents using the following formulas (You et al., 2020):

SOC stock � SOC × BD × D × 10−1 (2)
SIC stock � SIC × BD × D × 10−1 (3)

where SOC and SIC denote SOC and SIC contents (g/kg); BD denotes
the soil bulk density (g/cm3); D is the soil depths (cm).

2.5 Statistical analysis

The collected data were first assessed for normality and homogeneity
using the Shapiro–Wilk test, then the independent t-test was performed to
assess statistical differences in SOC and SIC contents (stock) between the

long-term straw return and the control treatment. In addition, the
relationships between SOC and SIC contents in different soil layers
were assessed using the Pearson correlation. Differences and
correlations were considered significant at p < 0.05. All statistical tests
were performed using SPSS 22.0 (SPSS Inc. Chicago, IL, United States),
while the obtained results were plotted using OriginPro 2019 (OriginLab,
Northampton, MA, United States). Redundancy analysis (RDA, Canoco
five software) was performed to determine the correlations between
environmental parameters, SOC stock, and SIC stock.

3 Results

3.1 Distribution of SOC and SIC contents

The obtained results revealed increasing trends in SOC contents in
cropland following long-term straw return (Figures 1A–1). The SOC
contents in surface, subsoil, and under-subsoil layers increased by
average values of 35%, 45%, and 33% over control treatment. In long-
term straw return, the SOC ranged from 4.89 g/kg to 17.47 g/kg with
average value of 9.74 ± 3.81 g/kg in the surface layer, 0.94 g/kg to 11.77 g/kg
with average value of 5.01 ± 2.72 g/kg in the subsoil layer, and 0.70 g/kg to
6.06 g/kg with average value of 2.50 ± 1.24 g/kg in the under-subsoil layer.
In control treatment, the SOC contents ranged from 3.48 g/kg to 12.46 g/kg
with average value of 7.24 ± 2.99 g/kg in surface layer, 0.92 g/kg to 8.35 g/kg
with average value of 3.45 ± 2.01 g/kg in subsoil layer, and 0.23 g/kg to
4.69 g/kg with average value of 1.89 ± 1.32 g/kg in sunder-subsoil layer. The
results revealed differences in the increase in SOC contents between soil
layers, showing the greatest increase in the subsoil layer and minimum
increase in the under-subsoil layer.

On the other hand, the SIC contents exhibited decreasing/
increasing trends in cropland after long-term straw return (Figures
1A, 2). The results showed decreases in the SIC contents in the surface
soil and under-subsoil layers by average values of 53% and 19%, but
increases in the subsoil layers by average values of 17% over control
treatment. In long-term straw return, the SIC contents ranged from
0 g/kg to 1.71 g/kg with average value of 0.69 ± 0.67 g/kg in surface

TABLE 1 Basic information of surface soil (0–20 cm) at each study sites.

Site S1 S2 S3 S4

Soil types Mollisol Alfisol Alfisol Arenosol

Location N: 43°18′52″ N: 43°29′17″ N: 43°29′50″ N: 43°26′22″

E: 124°14′27″ E: 123°59′44″ E: 123°59′49″ E: 124°4′2″

Climate monsoon monsoon monsoon monsoon

Straw return started 2007 2008 2008 2010

SOC (g/kg) 11.75 6.36 6.25 4.58

SIC (g/kg) 1.09 2.32 1.78 0.71

Total N (g/kg) 0.87 0.28 0.45 0.34

pH 8.24 8.84 7.85 4.43

Clay (%) 1.82 1.96 1.14 0.57

Silt (%) 58.73 40.51 37.88 28.66

Sand (%) 39.46 57.53 60.98 70.77
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layer, 0 g/kg to 8.50 g/kg with average value of 3.76 ± 2.71 g/kg in
subsoil layer, and 0.33 g/kg to 10.01 g/kg with average value of 2.28 ±
2.16 g/kg in under-subsoil layer. In control treatment, the SIC contents
ranged from 0 g/kg to 2.99 g/kg with average value of 0 g/kg to 1.47 ±
1.08 g/kg in surface layer, 0.22 g/kg to 8.99 g/kg with average value of
3.21 ± 2.19 g/kg in subsoil layer, and 0.33 g/kg to 10.01 g/kg with
average value of 2.80 ± 2.79 g/kg in under-subsoil layer. In addition,
the results revealed an increase in SIC contents in long-term straw
return mainly in the subsoil layer.

The correlation results revealed differences in correlation
coefficients between SOC and SIC contents between soil layers
(Figures 1B–1, B–2, B–3). Indeed, SOC and SIC contents showed a
significant negative correlation coefficient in surface (at p < 0.05,
r = −0.68 in the long-term straw return scenarios) and under-subsoil
layers (at p < 0.01, r = −0.64 in the long-term straw return scenarios,
r = −0.80 in the control scenarios). Whereas no significant correlation
between SOC and SIC contents was observed in the subsoil layer,
however, it suggests some intriguing possibility of the co-sequestration
relationship between SOC and SIC.

3.2 Promotion of SOC and SIC sequestration
in different soil profiles

The results of SOC stock in the 0–100 cm soil profiles suggested
greater sequestration after long-term straw return (Figure 2). In the

surface soil layer, the SOC stock increased by an average value of 33%
and the SIC stock was decreased by an average value of 53% after long-
term straw return in comparison to the control treatment. In the
subsoil, the SOC stock increased by an average value of 44% and SIC
stock increased by an average value of 24% over control treatment.
While in the subsoil layer, the SOC stock increased by an average value
of 32% and the SIC stock was decreased by an average value of 19%
after long-term straw return.

The results revealed significantly higher total C, SOC, and SIC
stock in the subsoil layer than those revealed in the surface and under
subsoil layers (Figure 3). In the long-term straw return, the total C,
SOC, and SIC stock of the subsoil layer accounted for 48%, 27%, and
21% to the total C stock in 0–100 cm soil profile (Figure 3A). In the
control treatment, the total C, SOC, and SIC stock in the subsoil layer
accounted for 41%, 22%, and 19% to the total C stock in 0–100 cm soil
profile (Figure 3B).

3.3 Factors influencing SOC and SIC
sequestration

The RDA analysis demonstrated variations in the influences of
factors on SOC and SIC stock with soil depths (Figure 4). The results
showed increases in the SOC stock in the 0–100 cm soil profiles with
the increasing straw return, clay, total N, salinity, and Caex contents,
while decreases in the SOC stock was observed with increasing pH and

FIGURE 1
Vertical distribution of SOC (a-1) and SIC contents (a-2); Relationships between SOC and SIC contents in the surface (b-1), subsoil (b-2), and under-
subsoil (b-3) layers. Bars indicate mean ± SD values (n = 3); * denotes p < 0.05.
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temperature. On the other hand, SIC stock increased with increasing
pH, temperature, sand, and Caex contents and decreased with
increasing the straw return, clay, total N, and salinity of the soil.

For difference soil layers, the results showed increases in SIC stock
with straw return in the subsoil layer, while decreases in SIC stock was
observed in surface and under-subsoil layers. In addition, SIC stock in

FIGURE 2
Vertical distribution of SOC and SIC stock in straw return (a-1) and control (a-2) scenarios; SOC and SIC stock in the surface (b-1), subsoil (b-2), and
under-subsoil (b-3) layers. Bars indicate mean ± SD values (n = 3).

FIGURE 3
Contribution of total C, SOC, and SIC in each layer to the total C stock in the entire soil profile (0–100 cm) in long-term straw return (A) and control
treatment(B).
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deeper soil layers (subsoil and under-subsoil layers) were strongly and
positively influenced by Caex and pH compared to those in the surface
layer, while SOC stock was strongly and positively influenced mainly
by Caex, particularly in deeper soil layers.

The Pearson’s correlation result showed that Caex contents were
positively correlated with SOC (at p < 0.05) and SIC (at p < 0.001)
stock (Figure 5). The SOC stock increased with increasing total N, silt,
and salinity (at p < 0.001), while the SIC stock gradually increased with
increasing soil pH (at p < 0.001).

4 Discussion

Our results demonstrated that long-term straw return could
promote SOC sequestration. The results revealed increases in SOC
contents in the 0–100 cm soil profiles by an average value range of
33%–45% (Figure 1). The increases in SOC contents were slightly
higher than those reported in previous studies (Berhane et al., 2020;
Liu C. et al., 2014). Indeed, previous studies have shown increases in
SOC contents in the surface soil layer by more than 12% following
straw return in the rice paddy and upland fields through a global scale
meta-analysis, taking into account different durations and cropping

systems (Berhane et al., 2020). Their results revealed increases in SOC
contents in upland and rice paddy fields following straw return by
17.0% and 11.4%, respectively (Xia et al., 2018). The long-term straw
return (over 4 years) resulted in increases in the SOC contents by a
range value of 15.89%–43.19%, with an average value of 27.7%, which
is significantly higher than those observed in a short-term return field
(<4 years), showing increases by a range value of 11.2%–15.67%, with
an average value of 13.4% (Xia et al., 2018). By comparing SOC stock
in different soil layers, it was observed greatest increases in SOC stock
in the subsoil layer by an average value of 44% following long-term
straw return compared to control scenarios (Figure 2). The gradual
decrease in the rate of plant C inputs along the soil profile, moreover,
reduced soil disturbance, aeration, andmicrobial activity in deeper soil
layers (Button et al., 2022), that might also result in longer SOC
residence times in deeper soil layers than in the surface layer. On the
other hand, previous empirical studies have demonstrated strong
effects of mineral protection on SOC in deeper soil layers (He
et al., 2022), where Caex and Fe/Al oxide contents were higher than
in the surface layer (Chen et al., 2021). Moreover, it has been reported
that clay content was positively correlate with bacterial diversity (Xia
et al., 2020) and soil texture could affect both the decomposition of
plant litter and the retention SOC in the soil (Angst et al., 2021). The

FIGURE 4
Redundancy analysis (RDA) results of the effects of environmental factors on SOC and SIC stock in the entire soil profile (0–100 cm) (A), surface layer (B),
subsoil layer (C), and under-subsoil layer (D).
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soil salinity could alter bacterial network modularity and leads to
spatial distribution in cropland soils (Zhao S. et al., 2020). In support
of above speculation, the results of the present study revealed
consistent findings, showing significant effects of soil clay, silt, total
N, and salinity on SOC stock (Figure 4, 5).

In addition, our results revealed different effects of long-term
straw return along the soil profile. The SIC contents decreased in
surface by average values of 53% and increased in subsoil layers by
average values of 17% (Figure 1). Previous studies have shown
significant decreases in SIC contents in the extensive cropland soils
in the eastern part of Northern China (Wu et al., 2009). The loss of
carbonates from surface soil layers is one of the serious
consequences of acidification (Zamanian and Kuzyakov, 2019).
Indeed, water balance and soil acidification could be the main
factors causing dramatic losses in the SIC stock in cropland (Tao
et al., 2022). It has been reported that SIC contents were negatively
correlated with groundwater recharge in the Chinese Loess Plateau
(Liu W. et al., 2014). In addition, the results of previous studies
revealed losses in the SIC storage in the 0–7.3 m soil profile under
rainfed and irrigated cropping systems estimated at 328 Mg/ha and
730 Mg/ha, respectively, compared to the SIC storage in native
vegetation fields (Kim et al., 2020). On the other hand, a global
assessment showed that N fertilization-induced soil acidification
increased the released CO2 amount, reaching 7.48 Tg/year
(Zamanian et al., 2018). Contrary to cropland soils that showed
pH values greater than 7, Deng et al. (2022) was demonstrated that
straw return could significantly decrease soil pH (Deng et al., 2022).
These findings are consistent with those revealed in the present
study, showing positive correlations between the between the SIC
stock and pH values, respectively (Figure 4, 5). The comparison of
the long-term straw return effects on the SIC stock in different soil
layers indicated that the subsoil layer has great potential for SIC
sequestration. Indeed, the SIC stock was increased 24% in the
subsoil layer, while decreased by average values of 53% in surface

layer, and decreased by average values of 33% in under-subsoil
layer over control treatment (Figure 2). Previous studies have
shown that calcium sources in deeper soil layers can determine
whether carbonate formation results in SIC sequestration
(Schlesinger, 2017; Kim et al., 2020). The dissolved calcium ions
in the soil may be leached to groundwater or precipitate as
carbonate if the calcite solubility constant is reached, decreasing
SIC contents in the surface soil layer (Li et al., 2017; Tao et al.,
2022), which is consistent with the results of the present study,
showing higher Caex contents in the subsoil layer than those in the
surface and under-subsoil layers following long-term straw return
(Supplementary Table S1).

The effects of straw return on SOC and SIC sequestration are
regulated by the combination of many environmental variables. The
results showed that Caex contents were positively correlated with SOC
and SIC stock, more particularly in the deeper soil layer. Comparable
evidence was highlighted, showing a strong positive association of
calcium with SOC and SIC in soils (Rowley et al., 2021). Soil calcium
can indirectly promote soil aggregation, leading to the accumulation of
occluded SOC and forming cationic bridges to mineral-associated
SOC (C. Chen et al., 2014; Kalinichev and Kirkpatrick, 2007). Soil
calcium constitutes an equally important fraction of SOC in all soil
types and under various environmental conditions (Wang et al., 2021).
On the other hand, CaCO3 is the most common calcium form of SIC.
Indeed, SIC sequestration can be promoted by applying Ca2+ or using
feedstocks with a high proportion of Ca2+ 4. Under natural conditions,
higher Ca2+ contents are often observed in 30–50 cm soil depth than
those in 0–10 cm soil depth (He et al., 2022). Dissolved Ca2+ in the
under-subsoil layer can be easily leached to groundwater (Li et al.,
2017), which is consistent with the results revealed in the present
study, showing significant increases in Caex contents in the subsoil
layer compared to those in surface and under-subsoil layers
(Supplementary Table S1).

The findings of the current study highlighted the importance of
the subsoil layer for effective straw return strategies to promote SOC
and SIC sequestration in cropland soils. In addition, Ca2+ contents in
the subsoil layer may contributes to prevent SIC depletion and SIC
leaching in surface and under-subsoil layers, respectively. Studies on
the mechanisms leading to greater SOC and SIC sequestration
potentials under long-term straw return are required. Moreover,
particular attention should be devoted to the role of soil calcium in
promoting SOC and SIC sequestration in future studies.

5 Conclusion

In summary, this study comprehensively considered the effect of
long-term straw return on SOC and SIC sequestration, and found the
subsoil layer is worth considered. In surface and under-subsoil layer,
straw return increased SOC stock by 33% and 32%, but reduced SIC
stock by 53% and 19%. In subsoil layer, long-term straw return
resulted in a coordinated increase of SOC and SIC stock, that were
increased by average values of 44% and 24%, respectively. In addition,
Caex contents in the deeper soil layer exhibited higher positive
correlations with SOC (p < 0.05) and SIC stock (p < 0.001) than
those revealed in the soil surface layer suggesting calcium was
beneficial to the increase of SOC and SIC sequestration by long-
term straw return. The present study provides a comprehensive
understanding of the straw return effects on SOC and SIC

FIGURE 5
Pairwise comparisons of environmental factors, SOC stock, and SIC
stock; Color gradients represent Pearson’s correlation coefficients. *, **,
and *** denote significant correlation coefficient at p < 0.05, p < 0.01,
and p < 0.001, respectively.
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sequestration in soil profile to develop effective strategies for
enhancing C sequestration in cropland.
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