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Abstract

Soil salinization is a critical environmental issue restricting agricultural production. Deep return of straw to the soil
as an interlayer (at 40 cm depth) has been a popular practice to alleviate salt stress. However, the legacy effects of
straw added as an interlayer at different rates on soil organic carbon (SOC) and total nitrogen (TN) in saline soils still
remain inconclusive. Therefore, a four-year (2015—2018) field experiment was conducted with four levels (i.e., 0, 6, 12
and 18 Mg ha™) of straw returned as an interlayer. Compared with no straw interlayer (CK), straw addition increased
SOC concentration by 14-32 and 11-57% in the 20—40 and 40-60 cm soil layers, respectively. The increases in soil
TN concentration (8—-22 and 6-34% in the 20—40 and 40-60 cm soil layers, respectively) were lower than that for SOC
concentration, which led to increased soil C:N ratio in the 20—60 cm soil depth. Increases in SOC and TN concentrations
in the 20-60 cm soil layer with straw addition led to a decrease in stratification ratios (0—20 cm:20-60 cm), which
promoted uniform distributions of SOC and TN in the soil profile. Increases in SOC and TN concentrations were
associated with soil salinity and moisture regulation and improved sunflower yield. Generally, compared with other
treatments, the application of 12 Mg ha™ straw had higher SOC, TN and C:N ratio, and lower soil stratification ratio in the
2015-2017 period. The results highlighted that legacy effects of straw application as an interlayer were maintained for at
least four years, and demonstrated that deep soil straw application had a great potential for improving subsoil fertility in
salt-affected soils.
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great potential for agricultural utilization after amelioration
(Rezapour et al. 2017; Yang et al. 2022). Saline soil is
important in global carbon (C) and nitrogen (N) cycling
which are influenced by human intervention (Setia et al.
2011) and more effort is needed to explore the C and N
dynamics in saline soils.

Straw return is widely recommended to maintain and
increase soil C and N contents (Xia ef al. 2018). However,
contradictory effects of straw return on soil C and N have
been observed with different amounts of straw return (Jin
et al. 2020), due to differing local climatic conditions, soil
properties, and straw management (Hao et al. 2022). Soil
organic carbon (SOC) content usually increases with the
amount of straw input (Lou et al. 2011; Jin et al. 2020),
while insufficient straw amendment weakens soil C and
N sequestration due to the limited C input (Zhang et al.
2016). However, excessive straw return usually results in
an undesirable soil C:N ratio (Zhang et al. 2015), restricts
straw decomposition rate (Shahbaz et al. 2017), and
reduces crop production (Islam et al. 2022). Saline soil
always has low soil C and N contents (Huo et al. 2017),
excessive exchangeable Na* content, poor soil structure,
and slow C sequestration rates (He et al. 2022). Deep
return of straw as a soil interlayer is an effective strategy
for saline soil amelioration (Zhao et al. 2013a, b), as it
improves soil structure (Cong et al. 2019), regulates the
soil microbial community (Li et al. 2016), and boosts crop
yield (Zhao et al. 2016). It is important to quantify soil C
and N concentration response to straw return in saline
soil and explore the effects of straw return on saline soil
productivity.

The legacy effect of deep straw return on soil C and
N concentration is influenced by the amount of straw
input (Zhai et al. 2021). Cong et al. (2019) found that the
highest SOC concentration in the 20—40 cm soil depth
layer in the first year after deep burial occurred when
12 Mg ha™' straw was added, however in the second year
it was the highest when 18 Mg ha™" of straw was added.
Further investigation is needed in saline soils which
have poor chemical and physical protection for SOC (He
et al. 2022). Soil C and N concentrations in different soll
layers vary widely depending on the straw management
(Dikgwatlhe et al. 2014), and large increases in soil C and
N are usually found in soil layers near where the straw is
applied (Wang et al. 2015; Wu et al. 2022). For example,
deep straw return at 20—40 cm soil depth increased SOC
content by only 8% in the topsoil (0-20 cm), but by up
to 27% in the subsoil (20-40 cm) (Zheng et al. 2021).
Deep soil straw return resulted in low stratification ratio
of SOC, indicating uniform SOC distribution in the soil
profile (Franzluebbers 2002). Furthermore, the increased
stratification ratio of SOC may be related to the rate and

amount of SOC sequestration (Zhao et al. 2015; Liu et al.
2021). Compared to SOC content, similar or opposite
responses of soil total nitrogen (TN) content to straw
return have been detected (Xia et al. 2018; Wang et al.
2021), which led to varied soil C:N ratios. Thus, it is
necessary to determine the impacts of deep straw return
on SOC, TN, C:N ratio, and stratification ratio, as well as
the influence of experimental length (Berhane et al. 2020),
soil depth (Liu et al. 2021), and the amount of straw input
(Cong et al. 2019) on these parameters.

We conducted a four-year field experiment with four
input levels of straw interlayered at 40 cm depth in the
moderately saline soil of Hetao Irrigation District, China.
We hypothesized that: (1) deep straw return as an
interlayer at 40 cm soil depth would increase the SOC and
TN concentrations in the soil above (20—40 cm) and below
(40-60 cm) the straw interlayer, resulting in a more uniform
distribution of SOC and TN in the soil profile, and (2) a
greater application rate of straw would be conducive to
greater SOC and TN accumulation in the year after straw
burial. We aimed to: (1) quantify the effects of different
rates of straw application as an interlayer on SOC and
TN within the 0-80 cm soil depth in the four years after
straw burial; and (2) determine the optimal rate of straw
application as an interlayer in the semi-arid saline soil.

2. Materials and methods

2.1. Study site

The field experiment was conducted in 2015-2018 at
Yichang lIrrigation Station (41°07°N, 108°00°E, 1022 m
a.s.l.), in Wuyuan County, Inner Mongolia, China. This
region has a semi-arid climate, with annual active
accumulated temperature (=210°C) of 3100°C. The
average annual precipitation is ~200 mm, whereas
potential evaporation is ~2200 mm, indicating severe
water deficit for crop production (Zhang et al. 2019).
Precipitation mainly occurs in summer and autumn, and
the accumulated precipitation during the crop growing
season (i.e., May—October) was 77, 150, 104, and
136 mm in 2015, 2016, 2017 and 2018, respectively
(Fig. 1). The soil is classified as chloride-sulfate moderate
saline soil (4.0 g salt kg™ soil) and has a silty loam
texture. Basic chemical properties in the 0-20 cm layer
were: SOC 6.6 g kg™', TN 0.6 g kg™, total phosphorus
0.7 g kg™, alkaline hydrolyzed nitrogen 57.3 mg kg™,
available phosphorus 10.2 mg kg™', and available
potassium 139 mg kg™'. Soil nutrient concentrations in
deeper soil layers (20-100 cm) are shown in Table 1.
More information of the study site has been provided in
Zhang et al. (2020).
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Fig. 1 Monthly precipitation and evaporation in the growing
period (2015-2018).

2.2, Experimental design

Four straw interlayer treatments were arranged in a
completely randomized design with three replications. The
four treatments consisted of different straw application
rates of 0, 6, 12, and 18 Mg ha™ (CK, SL6, SL12, and
SL18, respectively) (Fig. 2). Each plot was 3.24 m®
(1.8 mx1.8 m) and separated from adjacent plots using
double-plastic sheets buried from the soil surface to a
soil depth of 100 cm to ensure no salt or water transport
between adjacent plots. The top 40 cm of soil was
removed in 20 cm deep layers using a spade and the
soil was placed aside chopped maize straw (C=42%,
N=0.7%) as an interlayer material was uniformly placed
at the 40 cm depth according to the amount required for
each treatment in the first year. The removed soil was
then replaced layer-by-layer and compacted according
to the original soil bulk density. No additional straw was
applied in subsequent years. The soil plots without a straw
interlayer (i.e., CK) was removed and replaced in a similar
manner to ensure similar soil disturbance. The plots were
fertilized with 180 kg N ha™, 53 kg P ha™, and 62 kg K ha™
as base fertilizers, applied as urea (N=46%), diammonium
phosphate (N=18%, P=20%), and potassium sulphate
(K=41%). The mixed fertilizers were strip applied to the

sowing row at a depth of ~10 cm. All plots were mulched
with plastic film at a width of 70 cm and a spacing of 20 cm
every year, and flood irrigated with 185 mm water from the
Yellow River (salt concentration 0.58 g L™) per plot before
sowing. The test crop used was sunflower (Helianthus
annuus L.), which was manually seeded during May 18-31
at a row spacing of 60 cm and a plant spacing of 20 cm
with plastic film mulching. The crop was harvested by
manual removal of sunflower heads in September 19-24.
Other field management practices are shown in Appendix A.

2.3. Soil sampling and measurements

Each year, soil samples were collected in 0-20, 20-40,
40-60, and 60-80 cm layers between the two rows of
sunflower using a soil auger at the sunflower harvest
stage. The soils were naturally air-dried, and manually
sieved (0.149 mm) for SOC and TN determination. SOC
(g kg™") was measured by K,Cr,0,-FeSO, oxidation,
and the TN (g kg™') was determined using the Kjeldahl
method (Bao 2007). SOC and TN storage (Mg ha™') were
determined as below:

SOC storage=SOC contentxBDixHix10 (1)

TN storage=TN contentxBDixHix10 (2)
where BDi, Hi, and 10 represent the soil bulk density (g
cm™®), depth (m) and conversion factor, respectively.

The C:N ratio was determined by dividing the
SOC concentration by the TN concentration. The
stratification ratios were calculated from the SOC and
TN concentrations at 0—20 cm depth divided by those at
20-60 and 60-80 cm depths (Franzluebbers 2002). The
soil moisture content was determined by oven-drying sub-
samples. Soluble salt content (g kg™') was calculated by
multiplying electrical conductivity of soil extracts (ms cm™)
by 3.0111 (Zhang et al. 2020).

2.4. Yield sampling and measurements

At harvest, all sunflower heads in each plot were manually
removed and threshed, and the grain was air-dried until a
constant weight and then weighed to determine the grain
yield per plot.

Table 1 Nutrient concentrations in the 0—100 cm soil layer of the experimental plots measured before starting the field experiment

(May 2015)

Soil depth  Soil organic carbon Total nitrogen Total phosphorus  Alkaline hydrolysis N Available P Available K
(cm) (9kg™) (9kg™) (9kg™) (mg kg™) (mg kg™) (mg kg™)
0-20 6.6 0.6 0.7 57.3 10.2 139
20-40 5.6 0.6 0.6 45.3 8.8 126
40-60 5.2 0.5 0.6 30.7 5.9 121
60-80 4.5 0.4 0.5 29.0 3.8 109
80-100 4.4 0.4 0.5 26.7 2.9 107
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Fig. 2 Field planting and management showing straw interlayer burial, irrigation and sowing.

2.5. Statistical analysis

Data processing system (DPS) was used to perform
statistical analyses. A three-way analysis of variance
(ANOVA) together with the LSD test was carried out to
analyze the effects of experimental year (four levels:
2015, 2016, 2017 and 2018), soil depth (four levels: 0-20,
20-40, 40-60, and 60-80 cm), and straw rate (four levels:
0, 6, 12, and 18 Mg ha™) on SOC and TN concentrations,
and soil C:N ratio (Appendix B). SOC concentration
was significantly influenced by the interaction among
these three factors. Therefore, a two-way ANOVA was
performed to compare the effects of soil depth and straw
rate on soil parameters in each year, and another two-
way ANOVA was performed to examine the influence
of experimental year and straw rate on soil parameters
in each soil layer. When significant interactions were
observed between experimental year and soil depth and
straw rate, one-way ANOVA was conducted between
straw rate in the same experimental year and soil depth.
The Pearson’s correlation coefficients between SOC/TN
and soil salinity/crop yield were calculated using IBM
SPSS Statistics 20.0 (SPSS Inc., ILZZ, USA). Figures
were plotted with Origin 2020.

3. Results
3.1.S0C

The relative changes of SOC concentration in

treatments where straw was applied compared to the
CK treatment were influenced by straw application
rate, and experimental yearxstraw application rate
interaction (P<0.05) (Fig. 3-A). The relative changes of
SOC concentration decreased with experimental year
for the SL6 and SL12 treatments, while it increased with
experimental year for the SL18 treatment. The greatest
SOC changes were found in the 20—-40 and 40-60 cm
soil depths which had changes of 14-32 and 11-57%,
respectively. In the first two years of straw addition,
the relative change in SOC in each soil layer was the
largest in the SL12 treatment, but in later years the SL18
treatment had the greatest increase in SOC. In 2018, the
relative change in SOC in the SL18 treatment was the
largest among all treatments.

The SOC concentration gradually decreased with soil
depth and increased in the treatments with straw added
(P<0.05) (Fig. 4-A). In 2015, the SOC concentration
in the SL12 treatment was 19-57% (P<0.05) greater
than where there was no straw interlayer. In 2016, the
SOC concentration in straw treatments was significantly
greater, by 24-31 and 32-35% (P<0.05), respectively, at
the depths of 20-40 and 40-60 cm, compared with the
CK treatment. Near the end of the study (2017-2018),
the SOC concentration in the SL18 treatment was greater
than in other treatments, the greatest differences being
found at the depths of 20—40 and 40-60 cm.

Straw addition significantly affected SOC storage
(P<0.05) (Fig. 5-A). From 2015 to 2018, the SL6, SL12
and SL18 treatments had 8-22, 14-34, and 16-23%
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Fig. 3 Changes of soil organic carbon (SOC; A), total nitrogen (TN; B) and C:N ratio (C) in soil in with straw addition as an interlayer
relative to the CK for different soil depths during 2015-2018. CK, no straw; SL6, 6 Mg straw ha™'; SL12, 12 Mg straw ha™'; SL18, 18 Mg
straw ha™'. The changes (%) were calculated as: (Value in treatment-Value in CK)/Value in CKx100. Values are mean+SE (n=3).

greater SOC storage, respectively, in the 0—80 cm soil

3.2.TN

depth than the CK treatment. The SL12 treatment had

the greatest SOC storage in the years 2015-2017.

The relative changes in soil TN concentration in the
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0-60 cm soil depth were significantly influenced by straw
addition (P<0.01), and experimental yearxstraw addition
interaction (P<0.01) (Fig. 3-B). Soil TN in treatments
where straw was added (6—18 Mg ha™) was by 8-22 and
6—-34% greater in the 20—40 and 40-60 cm soil depths,

changes in TN concentration were the greatest for the
SL12 treatment in the first three years of the experiment
(2015-2017) but the greatest for the SL18 treatment in
2018.

All straw addition treatments increased soil TN

respectively, than in the CK treatment.

The relative

concentration (Fig. 4-B).
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Fig. 4 Soil organic carbon (SOC; A) and total nitrogen (TN; B) concentrations, and C:N ratio (C) in the soil profile with four rates
of straw applies as an interlayer in 2015-2018. CK, no straw; SL6, 6 Mg straw ha™'; SL12, 12 Mg straw ha™'; SL18, 18 Mg straw
The error bars in the figure represent the minimum significant differences (LSD) at the P<0.05 level.

ha".
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was the greatest in the SL12 treatment, being 13 and
17% greater in 20—40 and 40-60 cm depths, respectively,
than the CK treatment (P<0.05). Similarly, in 2016 the TN
concentrations in the SL6 and SL12 treatments were 18
and 22% greater in the 20—40 cm layer, and 23 and 15%
greater in the 40-60 cm layer than in the control (P<0.05).
In 2017, the differences in soil TN concentration between
the control and the SL12 and SL18 treatments increased
with soil depth, with the increase being 16-22 and 13-
34%, respectively. In 2018, TN in the SL18 treatment was
greater than in the other treatments.

Straw addition significantly increased soil TN storage
(P<0.05) (Fig. 5-B). Compared with the CK treatment,
straw addition increased TN storage by 6-17% in the
years 2015-2018 (P<0.05).

3.3. C:N ratio

The relative changes in soil C:N ratio in straw addition
treatments compared to the CK treatment were higher
in the early stages of the study (2015-2016), especially
in the 20-40 and 40-60 cm soil depths, where soil
C:N increased by 9-12 and 19-26%, respectively.
Subsequently, the relative changes in soil C:N ratio
between treatments fluctuated slightly (Fig. 3-C).

The soil C:N ratio increased at the beginning while
subsequently decreased with soil depth (Fig. 4-C). In
2015, treatments SL6, SL12 and SL18 had greater soil C:N
ratios than the control, by 12, 17 and 9%, respectively in

EECK BNSL6 EESL12 EmSL18

the 20—40 cm soil layer, and 36, 34 and 16% respectively,
in the 40-60 cm layer (P<0.05). In 2016, all straw
addition treatments had greater soil C:N ratios than the
control by 6-15% in the 20-40 cm layer, and the SL12
and SL18 treatments had greater C:N ratios than the
control, by 17 and 21%, respectively, in the 40—-60 cm
layer (P<0.05). In 2017, straw addition (6-18 Mg ha™)
boosted soil C:N ratios by 8—11 and 6-9% in 20—40 cm
and 40-60 cm depths respectively, compared with the CK
treatment. In 2018, there were no significant differences
in soil C:N ratios between treatments.

3.4. Stratification ratios of SOC and TN

The stratification ratios of SOC and TN were influenced by
straw addition (P<0.001) and experimental year (P<0.01)
(Fig. 6). Compared to the CK treatment, straw addition
decreased the stratification ratios (0-20 cm:20-60 cm) of
SOC and TN by 5-15% (Fig. 6-A) and 4-9% (Fig. 6-B),
respectively (P<0.05). In contrast, the stratification ratios
of SOC and TN for the 0—20 cm:60-80 cm layers showed
an opposite trend (P<0.05).

3.5. Soil moisture and salinity contents

Addition of straw increased soil moisture content and
reduced salinity (Table 2). In 2015, straw increased soil
moisture contents by 6-9 and 3-4% in the 0-20 and

20-40 cm soil layers, respectively (P<0.05). In straw

70-20 cm ##20—-40 cm F#40-60 cm ==60-80 cm

0_45 60 75!

a 9076\

OC storagé (Mgﬁh;')i

Fig. 5 Storages of soil organic carbon (SOC; A) and total nitrogen (TN; B) under four rates of straw application as an interlayer in
2015-2018. CK, no straw; SL6, 6 Mg straw ha-'; SL12, 12 Mg straw ha-'; SL18, 18 Mg straw ha-'. Values are meanzSE (n=3).
Within years, different small letters show significant differences (P<0.05) between straw application rates.
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Fig. 6 Stratification ratio of soil organic carbon (SOC) (A) and soil total nitrogen (TN) (B) under four straw application rates. CK, no
straw; SL6, 6 Mg straw ha-'; SL12, 12 Mg straw ha~'; SL18, 18 Mg straw ha-'. Values are meantSE (n=3). Within years, different
small letters show a significant difference (P<0.05) between rates of straw application.

Table 2 Soil moisture percentage and soil salinity concentration before sunflower sowing with four application rates of straw as
an interlayer for different soil depths during 2015-2018

Soil depth Soil moisture content (%) Soil salinity content (g kg™)
Treatment"

(cm) 2015 2016 2017 2018 2015 2016 2017 2018

0-20 CK 17.740.16 ¢ 24.2+0.05d 22.6+0.15¢c 24.4+0.24a 3.4+0.03a 3.7+0.06a 3.1x0.04a 3.5+0.03a
SL6 18.840.09b 25.0+0.04 ¢ 23.3+0.10b 24.5+0.36a 1.9¢0.06b 3.2£+0.03b 2.8+0.05ab 3.2+0.01b
SL12 18.9£0.05b 25.6+0.04 b 23.6+0.08 ab 25.1+0.12a 1.840.08b 2.6+0.03c 2.6+0.03b 3.2+0.06 b
SL18 19.2+0.09a 26.0+0.03a 23.840.06a 25.0+0.15a 2.0£+0.03b 2.740.01c 2.5+0.25b 3.0+0.05c

20-40 CK 20.5+0.06 b 27.3+0.02c 25.4+0.20b 25.3+0.16c 3.9+0.10a 4.0+0.06a 3.7¢0.07a 3.6x0.09 a
SL6 21.240.18a 27.6+0.02b 25.8+0.16 ab 26.10.15b 3.74#0.03a 3.7#0.03b 3.5+0.06 b  3.4+0.12 ab
SL12 21.340.04 a 27.8+0.02a 25.9+0.28 ab 26.9+0.20a 3.4+0.08b 3.4+0.07c 3.2+0.02c 3.3+0.06 b
SL18 21.2+0.06 a 27.8+0.01a 26.3+t0.22a 26.6%0.18ab 3.3+t0.03b 3.1+0.08d 3.0+£0.09c 3.2+0.08 b

40-60 CK 21.1+0.10b 28.5+0.04 c 26.1+0.24a 26.1+0.15c 3.0+0.07a 3.840.07a 3.3¢0.01a 3.1x0.01a
SL6 21.4£0.09 ab 28.9+0.12b 26.4+0.23a 26.6x0.18ab 2.6+0.12b 3.3+0.06 b 3.2+0.01b  2.9+0.05 ab
SL12 21.7+0.09a 29.4+0.02a 26.6+0.26a 26.9+0.13a 2.5+0.06b 3.3+t0.05b 3.1+0.02c  2.9+0.02 bc
SL18 21.4+0.12 ab 29.6+0.21a 26.840.27 a 26.6%0.11ab 2.7+0.05b 3.0£0.06c 3.0+¢0.01d 2.8+0.07c

60-80 CK 21.1+0.13b 29.0+0.04 b 26.7+0.16a 26.5¢0.23b 2.8+0.11a 3.5#0.01a 2.7+0.05a 2.4+0.07 a
SL6 21.7+0.12a 29.6+0.03a 26.6+0.20a 26.8+0.13b 2.8+0.08a 3.2+0.05b 2.6+0.05a 2.3+0.06 a
SL12 21.6+0.04a 29.5%¢0.11a 26.9%0.19a 27.840.13a 2.7+0.01a 3.0+0.06c 2.6+0.03a 2.2+0.12a
SL18 21.4£0.10 ab 29.3+0.10 a 26.8+0.16a 27.0+0.11b 2.8+0.08a 2.7+0.02d 2.6+0.13a 2.2+0.09a

"CK, no straw; SL6, 6 Mg straw ha™"; SL12, 12 Mg straw ha™'; SL18, 18 Mg straw ha™".
Values are mean+SE (n=3). Different small letters show a significantly difference (P<0.05) between straw interlayers.
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addition treatments, the soil salinity content in the 0-20 cm
soil layer was 43-47% lower (P<0.05) than in the CK.
Similarly, in 2016 to 2018, straw addition increased soil
moisture content in the 0—40 cm soil layer, and reduced
soil salinity content. As time progressed, the differences
in soil moisture and salinity contents caused by different
amounts of straw application gradually weakened.

3.6. Sunflower yield and relationships among soil
parameters and sunflower yield

Crop yield was influenced by straw addition (P<0.001),
experimental year (P<0.001) and experimental yearxstraw
addition interaction (P<0.001) (Fig. 7). In 2016, compared
with the CK, straw addition in the SL6, SL12 and SL18
treatments significantly increased crop yield by 20, 28 and
24%, respectively (P<0.05). The crop yield in the SL12 and
SL18 treatments was 8 and 6% greater in 2017, and 21 and
22% greater in 2018 than in the CK (P<0.05), respectively.
The SOC, TN and C:N ratios were positively correlated
with soil moisture, but negatively correlated with soil
salinity (P<0.01). Sunflower yield significantly (P<0.01)
increased with increasing SOC and TN contents (Fig. 8).

4. Discussion

4.1. Effect of straw addition as an interlayer on
SOC in saline soil

Straw addition (6, 12, and 18 Mg ha™) increased SOC

I CK [SL6 mmSL12 @mSL18

Year (Y) P<0.001
6.0k Treatment (T) P<0.001
’ YT P<0.001

Yield (t ha™")
w B
o 3l

N
[$)]

0.0

2016 2017 2018

Fig. 7 Crop yield under four straw application rates 2016 to
2018. CK, no straw; SL6, 6 Mg straw ha'; SL12, 12 Mg straw
ha™'; SL18, 18 Mg straw ha™'. Values are meantSE (n=3).
Within years, different small letters show a significant difference
(P<0.05) between straw application rates.

concentration by 16-24% compared to the CK in the
0-80 cm soil layer in the present study (Fig. 3-A), mainly
due to the exogenous organic material inputs with straw
applications (Cong et al. 2019). Several studies have
demonstrated that straw return to the soil surface at rates
greater than 9 Mg ha™' do not increase SOC content
(Zhang et al. 2011; Cai et al. 2012). In the present study,
deep straw return as interlayers at rates of 12-18 Mg
ha™' increased SOC concentration in the third and
fourth year after the treatments were applied. These
contrasting results may be because of the differences in
straw placement. Under irrigated farmland in semi-arid
saline regions of China, straw applied as an interlayer
in the subsoil usually has slower decomposition and
transformation rates than straw applied to topsoils (Huo
et al. 2017; Latifmanesh et al. 2020) due to the lower
temperature and dissolved oxygen content of subsoils
(Latifmanesh et al. 2020). However, we found that the
SOC concentration in the subsoil increased over the four
years after straw burial (Fig. 4-A). This was likely mainly
due to the lower microbial activity (Liu et al. 2018), and
higher abundance of available mineral surfaces and Ca®"
in the subsoil than in the topsoil (Button et al. 2022), which
would have been beneficial to fixation of straw-derived
microbial biomass carbon and dissolved organic carbon
(Huo et al. 2017), and thus forming stable organo-mineral
complexes (Button et al. 2022). Our results confirmed
that straw applied as interlayers in the subsoil had greater
potential for SOC sequestration than straw returned to the
surface soil.

In the first three years after deep soil straw application,
the SOC concentration in the present study was the
greatest in the treatment where straw was applied at
12 Mg ha™ (Fig. 4-A). Generally, SOC concentration
increases with straw C input that allows good contact
between straw and soil (Jin et al. 2020), but it may be
maintained or decreased when straw C input exceeds the
soil accommodation capacity (Berhane et al. 2020). In
the early period after the burial of a large amount of straw
in the present study (18 Mg ha™), the amount of straw
was excessive and condensed in the restricted soil space,
resulting in the straw being in a reducing environment
(Wang et al. 2015). The large amount of straw applied as
an interlayer likely had poor contact with the soil, which
led to low decomposition rate and low SOC accumulation
(Andruschkewitsch et al. 2013). The C:N ratio in C-rich
maize straw is generally higher than in the soil (Cai et al.
2015). After the addition of 18 Mg straw ha™, microbial
activity would have been restricted by low N availability in
the early stage of straw decomposition (Laird and Chang
2013), prompting microbial competition with the crop for
mineral N from the soil, affecting the composition and
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Fig. 8 Correlations of soil organic carbon (SOC), total nitrogen (TN), C:N ratio, and stratification ratio (SR), with soil moisture, soil

salinity and crop yield from 2015 to 2018.

diversity of soil microorganisms, and thereby reducing
straw decomposition rate (Yang et al. 2015). SOC
concentration was greater at the straw rate of 18 Mg
ha™' than 12 Mg ha™' in the fourth year after straw deep
return. This may be because the limitation of soil space
weakened over time (Zhang et al. 2020) and the greater
straw application rate would have contributed to the
accumulations of SOC in the final year after straw burial.
Deep straw return to the soil as an interlayer increased
SOC concentration and storage in soil layers above and
below the straw (Figs. 3-A, 4-A and 5-A). This is probably
because the straw interlayer improved soil water-holding
capacity and reduced soil salt level (Zhao et al. 2016),
which promoted root growth and increased root C (Zhang
et al. 2019) and inputs of exudates (Haichar et al. 2014).
The improved soil porosity where straw was applied as
an interlayer would have promoted soluble organic C
leaching to the soil layer below the straw interlayer (Huo
et al. 2017). Additionally, the higher SOC concentration
in the 20—60 cm soil layer under the straw interlayers

resulted in a lower stratification ratio (0—20 cm:20-60 cm)
compared with where there was no straw interlayer
(Fig. 6-A). These results indicate that straw application
as an interlayer helped in solving the problem of nutrient
accumulation caused by conventional straw application
methods (e.g., straw mulching or topsoil mixing) (Zou
et al. 2016). This results also indicate that a straw
interlayer buried at 40 cm depth may significantly increase
SOC concentration and storage in the 20—60 cm soil layer,
and furthermore improve the homogenous distribution of
SOC within the soil.

4.2. Effects of straw addition as an interlayer on TN
and C:N ratio in saline soil

Our study found that straw applied as an interlayer
increased soil TN concentration and storage, especially in
the soil near the straw interlayers (Figs. 3-B, 4-B and 5-B),
resulting in a decrease in the stratification ratio of TN
(Fig. 6-B). Straw placement as an interlayer is associated
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with an improvement in soil aggregate structure, and
decrease in soil bulk density (Zhang et al. 2015). C-rich
straw stimulates microorganism growth in the process
of decomposition and promotes the fixation of soil N
(Gao et al. 2020). Additionally, straw return can promote
transformation of mineral N to organic N and reduce N
loss via leaching (Yang et al. 2015). Thus, straw added
as an interlayer has positive effects on TN concentration
and storage in soil layers near the interlayer, further
reducing the stratification ratio of TN concentration.

In our study, the straw interlayers increased the soil
C:N ratio in the 20—60 cm layer (Fig. 4-C). This may be
explained by the nutrient composition of maize straw
which has a C:N ratio of about 65:1 (Cai ef al. 2015). After
being buried in soil, the contribution of the straw interlayer
to SOC is higher than that of TN (Liu et al. 2021). In
addition, saline soils generally have a low C:N ratio,
which may mean that mineralization and decomposition
of SOC are reduced and SOC concentration is increased
when large amounts of organic materials are added into
soil (Tian et al. 2020). These factors can all contribute to
increasing the soil C:N ratio.

Interestingly, we found that the improvement in soil C:N
ratio declined with increase in straw burial time (Fig. 3-C).
As the time of straw burial increased, the difference in
C:N ratio caused by different amounts of straw addition
gradually weakened. In addition, as the burying period
increased, the SOC level gradually stabilizes (Liu et al.
2014). However, straw return with N fertilizer application
enhances N stabilization (Wang et al. 2021), which leads
to a decrease in the C:N ratio.

4.3. Relationships between SOC and TN and mois-
ture and salinity in saline soil

Previous studies have shown that straw applied as an
interlayer can effectively increase water content, reduce
salinity, and significantly increase crop yield (Zhao et al.
2016; Zhang et al. 2020). We found that SOC and
TN were positively correlated with soil moisture and
negatively with salt content during the 2015-2017 period
(P<0.01; Fig. 8). The salt ions, especially exchangeable
Na® ions in saline soil, exacerbate the dispersion of soil
particles, thereby enhancing the solubility and accessibility
of organic matter and the consequent loss of soil C (He
et al. 2022). In the present study, the experimental plots
were irrigated before planting the sunflower crop, and
the straw interlayers could have extended the residential
time of water in the upper part of the straw interlayer and
increased the water content of the soil (Zhang et al. 2020).
Salt leaching is promoted to reduce the soil salt level
in the root zone (Zhao et al. 2016; Zhang et al. 2020).

Additionally, the high-moisture and low-salt environment of
the straw interlayer may be more conducive than the soil
to the survival of soil microorganisms, thereby enhancing
the breakdown of the straw interlayer and increasing the
SOC and TN concentrations (Li et al. 2017).

The SOC and TN concentrations had significant
negative correlations with soil salinity only in 2018
(P<0.01; Fig. 8). With increased length of straw interlayer
burial period, the interlayer becomes thinner, and the
regulation of water and salt weakened (Zhang et al. 2020).
However, in our study the salt content in the 0—40 cm
layer remained at a moderate level within the fourth year
of straw burial. The correlation analysis confirmed that
sunflower yield had a significant positive correlation with
SOC and TN. Overall, from our study in saline soil, straw
applied as an interlayer in a single dose of 12 Mg ha™ is
recommended for improving SOC and TN during the first
three years, and for lowering soil salinity, benefiting soil
water content and crop yield.

5. Conclusion

Legacy effects of straw applied as an interlayer at
40 cm soil depth were investigated in a four-year field
experiment. Compared with no straw interlayer (CK),
the burial of straw interlayers increased SOC and TN
concentrations, especially in soil layers above (20—-40 cm)
and below (40-60 cm) the straw interlayer. Straw addition
resulted in lower stratification ratios (0-20:20-60 cm)
of SOC and TN concentrations, indicating uniform
distributions of SOC and TN. Soil where straw was added
at a rate of 12 Mg ha™ had the highest SOC and TN
concentrations, and C:N ratio in the first three years of the
study, but in the fourth year these parameters were the
highest when 18 Mg ha™ of straw was added. In other
words, greater application rates of straw as an interlayer
may be most beneficial for SOC and TN concentrations
in the longer term. In conclusion, deep straw soil return
as an interlayer with a high input rate was an effective
strategy to promote saline soil amelioration and utilization
for at least four years.

Acknowledgements

This research was funded by the National Natural
Science Foundation of China (31871584), the Agricultural
Science and Technology Innovation Program, Chinese
Academy of Agricultural Sciences (CAAS-ZDRW202201),
the Fundamental Research Funds for Central Non-profit
Scientific Institution, China (1610132020011), the “Open
the list” in charge of the Science and Technology Project
of Ordos, Center for Agro-pastoral Ecology and Resource



CHANG Fang-di et al. | Journal of Integrative Agriculture 2023, 22(6): 1870—1882 1881

Conservation of Ordos City, Inner Mongolia, China (JBGS-
2021-001), and the Inner Mongolia Autonomous Region
Research Project (2021EEDSCXSFQZD011).

Declaration of competing interest

The authors declare that they have no conflict of interest.

Appendices associated with this paper are available on
https://doi.org/10.1016/}.jia.2023.02.025

References

Andruschkewitsch R, Geisseler D, Koch H J, Ludwig B. 2013.
Effects of tillage on contents of organic carbon, nitrogen,
water-stable aggregates and light fraction for four different
long-term trials. Geoderma, 192, 368-377.

Bao S D. 2007. Soil and Agricultural Chemistry Analysis. 3rd
ed. China Agriculture Press, Beijing. pp. 30-34. (in Chinese)

Berhane M, Xu M, Liang Z Y, ShiJ L, Wei G H, Tian X H. 2020.
Effects of long-term straw return on soil organic carbon
storage and sequestration rate in North China upland crops:
A meta-analysis. Global Change Biology, 26, 2686-2701.

Button E S, Pett-Ridge J, Murphy D V, Kuzyakov Y, Chadwick
DR, Jones D L. 2022. Deep-C storage: Biological, chemical
and physical strategies to enhance carbon stocks in
agricultural subsoils. Soil Biology and Biochemistry, 170,
108697.

CaiM, Dong Y J, Chen Z J, Kalbitz K, Zhou J B. 2015. Effects of
nitrogen fertilizer on the composition of maize roots and their
decomposition at different soil depths. European Journal of
Soil Biology, 67, 43-50.

Cai TY, Huang H J, Huang Y W, Lu W T, Jia Z K, Yang B
P. 2012. Effects of different rates of straw mulching and
returning to field on soil labile organic carbon and carbon
pool management index. Journal of Natural Resources, 27,
964-974. (in Chinese)

Cong P, LiY Y, Wang J, Gao Z J, Pang H C, Zhang L, Liu
N, Dong J X. 2019. Increasing straw incorporation rates
improves subsaoil fertility and crop yield in the Huang-Huai-
Hai Plain of China. Archives of Agronomy and Soil Science,
66, 1-15.

Dikgwatlhe S B, Chen Z D, Lal R, Zhang H L, Chen F. 2014.
Changes in soil organic carbon and nitrogen as affected
by tillage and residue management under wheat-maize
cropping system in the North China Plain. Soil and Tillage
Research, 144, 110-118.

Franzluebbers A J. 2002. Soil organic matter stratification ratio
as an indicator of soil quality. Soil and Tillage Research,
66, 95-106.

Gao L, LiW, Ashraf U, LuW J,LiYL,LICY,LiGY, Li GK,
Hu J G. 2020. Nitrogen fertilizer management and maize
straw return modulate yield and nitrogen balance in sweet
corn. Agronomy, 10, 362.

Haichar F E Z, Santaella C, Heulin T, Achouak W. 2014. Root
exudates mediated interactions belowground. Soil Biology
and Biochemistry, 77, 69-80.

Hao X X, Han X Z, Wang S Y, Li L J. 2022. Dynamics and
composition of soil organic carbon in response to 15 years
of straw return in a Mollisol. Soil and Tillage Research,
215, 105221.

He W, WangH, YeWH, TianY L, HuG Q, Lou Y H, Pan H, Yang
Q G, Zhuge Y P. 2022. Distinct stabilization characteristics
of organic carbon in coastal salt-affected soils with different
salinity under straw return management. Land Degradation
& Development, 33, 2246-2257.

Hopmans J W, Qureshi A S, Kisekka I, Munns R, Grattan SR,
Rengasamy P, Ben-Gal A, Assouline S, Javaux M, Minhas
P S, Raats P A C, Skaggs T H, Wang G, De Jong van Lier
Q, Jiao H, Lavado R S, Lazarovitch N, Li B, Taleisnik E.
2021. Critical knowledge gaps and research priorities in
global soil salinity. Advances in Agronomy, 169, 1-191.

Huo L, PangH C, Zhao Y G, Wang J, Lu C, Li Y Y. 2017. Buried
straw layer plus plastic mulching improves soil organic
carbon fractions in an arid saline soil from Northwest China.
Soil and Tillage Research, 165, 286—293.

Islam M U, Guo Z C, Jiang F H, Peng X H. 2022. Does straw
return increase crop yield in the wheat-maize cropping
system in China? A meta-analysis. Field Crops Research,
279, 108447.

Jin ZQ, Shah T, Zhang L, Liu HY, Peng S B, Nie L X. 2020.
Effect of straw returning on soil organic carbon in rice—wheat
rotation system: A review. Food and Energy Security, 9,
€200.

Laird D A, Chang C W. 2013. Long-term impacts of residue
harvesting on soil quality. Soil and Tillage Research, 134,
33-40.

Latifmanesh H, Deng A X, Li L, Chen Z J, Zheng Y T, Bao X
T, Zheng C Y, Zhang W J. 2020. How incorporation depth
of corn straw affects straw decomposition rate and C&N
release in the wheat—corn cropping system. Agriculture,
Ecosystems & Environment, 300, 107000.

Li S, Chen J, ShiJ L, Tian XH, Li X S, LiY B, Zhao H L. 2017.
Impact of straw return on soil carbon indices, enzyme
activity, and grain production. Soil Science Society of
America Journal, 81, 1475—-1485.

LiYY,PangHC, Han XF, Yan S W, Zhao Y G, Wang J, Zhai
Z,Zhang J L. 2016. Buried straw layer and plastic mulching
increase microflora diversity in salinized soil. Journal of
Integrative Agriculture, 15, 1602—1611.

Liu C, Lu M, Cui J, Li B, Fang C M. 2014. Effects of straw
carbon input on carbon dynamics in agricultural soils: A
meta-analysis. Global Change Biology, 20, 1366—1381.

Liu N, LiYY, Cong P, Wang J, Guo W, Pang H C, Zhang L.
2021. Depth of straw incorporation significantly alters crop
yield, soil organic carbon and total nitrogen in the North
China Plain. Soil and Tillage Research, 205, 104772.

Liu X Y, Rashti M R, Dougall A, Esfandbod M, Zwieten L V,
Chen C R. 2018. Subsoil application of compost improved
sugarcane yield through enhanced supply and cycling of



1882 CHANG Fang-di et al. | Journal of Integrative Agriculture 2023, 22(6): 1870—1882

soil labile organic carbon and nitrogen in an acidic soil at
tropical Australia. Soil and Tillage Research, 180, 73-81.

Lou Y L, Xu M G, Wang W, Sun X L, Zhao K. 2011. Return
rate of straw residue affects soil organic C sequestration
by chemical fertilization. Soil and Tillage Research, 113,
70-73.

Rezapour S, Kalashypour E, Asadzadeh F. 2017. Assessment
of the quality of salt-affected soils after irrigation and
cultivation in semi-arid condition. International Journal of
Environmental Research, 11, 301-313.

Sahab S, Suhani |, Srivastava V, Chauhan P S, Singh R P,
Prasad V. 2020. Potential risk assessment of soil salinity
to agroecosystem sustainability: Current status and
management strategies. Science of the Total Environment,
764, 144164.

Setia R, Smith P, Marschner P, Baldock J, Chittleborough D,
Smith J. 2011. Introducing a decomposition rate modifier
in the Rothamsted Carbon Model to predict soil organic
carbon stocks in saline soils. Environmental Science &
Technology, 45, 6396—-6403.

Shahbaz M, Kuzyakov Y, Heitkamp F. 2017. Decrease of
soil organic matter stabilization with increasing inputs:
Mechanisms and controls. Geoderma, 304, 76-82.

TianP, LianHL,Wang ZY, Jiang Y, Li CF, Sui P X, Qi H. 2020.
Effects of deep and shallow tillage with straw incorporation
on soil organic carbon, total nitrogen and enzyme activities
in northeast China. Sustainability, 12, 8679.

Wang S C, LuC A, Huai SC, Yan ZH, Wang J Y, Sun JY,
Raza S. 2021. Straw burial depth and manure application
affect the straw-C and N sequestration: Evidence from *C
and "®N-tracing. Soil and Tillage Research, 208, 104884.

Wang X H, Yang H S, Liu J, Wu J S, Chen W P, Wu J, Zhu L
Q, Bian X M. 2015. Effects of ditch-buried straw return on
soil organic carbon and rice yields in a rice—wheat rotation
system. Catena, 127, 56—63.

Wu G, Ling J, Zhao D Q, Xu Y P, Liu Z X, Wen Y. 2022. Deep-
injected straw incorporation improves subsoil fertility and
crop productivity in a wheat-maize rotation system in the
North China Plain. Field Crops Research, 286, 108612.

Xia L L, Lam S K, Wolf B, Kiese R, Chen D L, Butterbach-Bahl
K. 2018. Trade-offs between soil carbon sequestration
and reactive nitrogen losses under straw return in global
agroecosystems. Global Change Biology, 24, 5919-5932.

YangH S, Yang B, Dai Y J, Xu M M, Koide R T, Wang X H, Liu
J, Bian X M. 2015. Soil nitrogen retention is increased by
ditch-buried straw return in a rice—wheat rotation system.
European Journal of Agronomy, 69, 52-58.

YangJ S, Yao R J, Wang X P, Xie W P, Zhang X, Zhu W, Zhang
L, Sun R J. 2022. Research on salt-affected soils in China:
History, status quo and prospect. Acta Pedologica Sinica,
59, 10-27. (in Chinese)

ZhaiSL,XuCF,WuYC,Liud,Meng YL, Yang H S. 2021.

Long-term ditch-buried straw return alters soil carbon
sequestration, nitrogen availability and grain production
in a rice-wheat rotation system. Crop & Pasture Science,
72, 245-254.

ZhangHY,PangHC, Lu C, Zhang X, Li Y Y. 2019. Subsurface
organic amendment plus plastic mulching promotes salt
leaching and yield of sunflower. Agronomy Journal, 111,
457-466.

Zhang HY, Pang H C, Zhao Y G, Lu C, Liu N, Zhang X L, Li
Y Y. 2020. Water and salt exchange flux and mechanism
in a dry saline soil amended with buried straw of varying
thicknesses. Geoderma, 365, 114213.

Zhang P, Chen X L, Wei T, Yang Z, Jia Z K, Yang B P, Han
Q F, Ren X L. 2016. Effects of straw incorporation on the
soil nutrient contents, enzyme activities, and crop yield
in a semiarid region of China. Soil and Tillage Research,
160, 65-72.

Zhang P, Li H, Jia Z K, Wang W, Lu W T, Zhang H, Yang B
P. 2011. Effects of straw returning on soil organic carbon
and carbon mineralization in semi-arid areas of southern
Ningxia, China. Journal of Agro-Environment Science, 30,
2518-2525. (in Chinese)

Zhang P, Wei T, Li Y L, Wang K, Jia ZK, Han Q F, Ren X L.
2015. Effects of straw incorporation on the stratification of
the soil organic C, total N and C:N ratio in a semiarid region
of China. Soil and Tillage Research, 153, 28-35.

Zhao X, Xue J F, Zhang X Q, Kong F L, Chen F, Lal R, Zhang
H L. 2015. Stratification and storage of soil organic carbon
and nitrogen as affected by tillage practices in the North
China Plain. PLoS ONE, 10, e0128873.

ZhaoY G, Li Y'Y, Hu X L, Wang J, Pang H C. 2013a. Effects
of plastic mulching and deep burial of straw on dynamics
of soil water and salt in micro-plot field cultivation. Acta
Pedologica Sinica, 50, 1129-1137. (in Chinese)

Zhao Y G, Li Y'Y, Wang J, Pang H C, Li Y Y. 2016. Buried
straw layer and plus plastic mulching reduces soil salinity
and increases sunflower yield in saline soils. Soil and Tillage
Research, 155, 363-370.

Zhao Y G, Wang J, Li Y Y, Pang H C. 2013b. Reducing
evaporation from phreatic water and soil resalinization by
using straw interlayer and plastic mulch. Transactions of the
Chinese Society of Agricultural Engineering, 29, 109-117.
(in Chinese)

Zheng S, Dou S, Duan H M, Zhang B Y, Bai Y. 2021.
Fluorescence spectroscopy and *C NMR spectroscopy
characteristics of HA in black soil at different corn straw
returning modes. International Journal of Analytical
Chemistry, 6, 1-9.

ZouHT,Ye XH,LiJQ,LuJ,FanQF, YuN, Zhang Y L, Dang
XL, Zhang Y L. 2016. Effects of straw return in deep soils
with urea addition on the soil organic carbon fractions in a
semi-arid temperate cornfield. PLoS ONE, 11, e0153214.

Executive Editor-in-Chief ZHANG Wei-li
Managing Editor SUN Lu-juan



	Maize straw application as an interlayer improves organic carbon and total nitrogen concentrations in the soil profile: A four-year experiment in a saline soil
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Experimental design
	2.3. Soil sampling and measurements
	2.4. Yield sampling and measurements
	2.5. Statistical analysis

	3. Results
	3.1. SOC
	3.2. TN
	3.3. C:N ratio
	3.4. Stratification ratios of SOC and TN
	3.5. Soil moisture and salinity contents
	3.6. Sunflower yield and relationships among soil parameters and sunflower yield

	4. Discussion
	4.1. Effect of straw addition as an interlayer on SOC in saline soil
	4.2. Effects of straw addition as an interlayer on TN and C:N ratio in saline soil
	4.3. Relationships between SOC and TN and moisture
and salinity in saline soil

	5. Conclusion
	Acknowledgements
	Declaration of competing interest
	References




