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Variation of soil organic carbon
and physical properties in relation
to land uses in the Yellow River
Delta, China

Shuying Jiao, Junran Li?, Yongqiang Li**?, Ziyun Xu?, Baishu Kong?, Ye Li' & Yuwen Shen?

Soil physical properties and soil organic carbon (SOC) are considered as important factors of soil
quality. Arable land, grassland, and forest land coexist in the saline-alkali reclamation area of the
Yellow River Delta (YRD), China. Such different land uses strongly influence the services of ecosystem
to induce soil degradation and carbon loss. The objective of this study is to evaluate the variation of
soil texture, aggregates stability, and soil carbon affected by land uses. For each land use unit, we
collected soil samples from five replicated plots from “S” shape soil profiles to the depth of 50 cm (0-5,
5-10, 10-20, 20-30, and 30-50 cm). The results showed that the grassland had the lowest overall sand
content of 39.98-59.34% in the top 50 cm soil profile. The content of soil aggregates>0.25 mm (R, ,s),
mean weight diameter and geometric mean diameter were significantly higher in grassland than those
of the arable and forest land. R, 5, aggregate stability in arable land in the top 30 cm were higher than
that of forest land, but lower in the soil profile below 20 cm, likely due to different root distribution
and agricultural practices. The carbon management index (CMI) was considered as the most effective
indicator of soil quality. The overall SOC content and CMl in arable land were almost the lowest among
three land use types. In combination with SOC, CMI and soil physical properties, we argued that alfalfa
grassland had the advantage to promote soil quality compared with arable land and forest land. This
result shed light on the variations of soil properties influenced by land uses and the importance to
conduct proper land use for the long-term sustainability of the saline-alkali reclamation region.

Land uses strongly influence the processes and capacity of ecosystem, causing the change of ecosystem func-
tions and services?. Understanding ecological consequence of land use conversion is critical for maintaining
ecosystem services and conserving biodiversity>*. Conversion of land use from natural ecosystems to agricul-
tural ecosystems may lead to the degradation of most of the ecosystem services, which may pose a direct threat
to regional and global substantial environmental developments®. One important property of ecosystems that is
likely to change with land uses is soil carbon stock, which is linked to carbon dioxide (CO,) concentration in the
atmosphere® and may have a significant feedback to the global carbon cycle, as the amount of carbon stored in soil
is approximately twice more than that in the atmosphere”®. Soil organic carbon (SOC) is the main component
of soil carbon stock and plays a critical role in maintaining the services of ecosystems’, such as food production,
water quality provision, soil fertilization, climate change abatement etc!®!!. Land use changes have been largely
expanded over last several decades due to the increase of population and food demand'*'?, which may have
caused increased CO, emission and intensified greenhouse effect'*. Hence, variations of SOC as a result of land
use changes have caught much attention worldwide as a critically important issue for agricultural management,
ecosystem restoration and environmental conservation>®.

Soil physical factors are known to affect SOC. Both aggregate stability and soil particle size are among the
most important soil physical properties'®. Differences in human activities and vegetation types had a strong effect
on the changes in soil biological properties'®!, and biomass and litter types also affected soil organic matter
(SOM)'8. The SOM is an effective indicator of soil resource condition that reflects functional traits such as soil
aggregate stability, water holding capacity, and microbial activity'” and had close relationship with aggregate
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Soil depths | Land uses | BD (gcm™) | SWC (%) Pt (%)
AL 1.33+0.11a 13.80+1.42a |49.94+4.13a
0-5cm GL 1.28+0.04a 8.84+1.12b |51.84+1.61a
FL 1.32+0.07a 3.72+1.57c |50.12+2.68a
AL 1.30+0.08a 16.34+0.43a | 50.92+3.11a
5-10 cm GL 1.37+0.05a 11.12+0.20b |48.28+2.11a
FL 1.34+0.06a 5.79+1.52c |49.46+1.99a
AL 1.25+0.10b 18.13+£0.32a | 52.82+3.71a
10-20 cm GL 1.50+0.02a 13.09+0.45b | 43.44+0.54b
FL 1.28+0.01b 5.69+0.66c |51.77+0.21a
AL 1.39+0.04a 20.56+1.02a |47.40+1.32b
20-30 cm GL 1.38+0.02a 15.15+0.10b | 47.75+0.72b
FL 1.29+0.04b 8.24+0.42c |51.10+1.24a
AL 1.34+0.06a 22.20+£0.38a | 49.48+2.16a
30-50 cm GL 1.36+0.07a 18.56+0.38a | 48.66+2.65a
FL 1.33+0.02a 12.20+£4.39b | 49.90+0.67a

Table 1. Soil water content (SWC), soil bulk density (BD) and total soil porosity (P,) among different land
uses (mean + SD). Different letters at the same soil depth indicate significant difference (n=5, p <0.05) among
different land uses by one-way ANOVA.

stability and soil erodibility*. Therefore, the loss of soil carbon with disturbed cultivation was often linked to the
deterioration of soil physical properties. Conversely, soil aggregation structure had a great extent to affect soil
biological and physic-chemical processes*, and was also closely related to SOM content. Thus, changes of soil
aggregation may play an important role in SOC stock and soil quality under cultivation®. Soil bulk density (BD)
and porosity are functions of SOM, soil particle size and aggregate stability, and soil particle density. Decrease of
SOM would cause the increase of BD and the decrease of porosity, consequently reducing soil infiltration, and
water and air storage capacities®.

Stocks of SOC generally decreased after land use conversion from grassland or forests to arable land due to the
decreased carbon input and physical protection of SOM?, and the increased aboveground carbon output in arable
land. Tillage can break soil aggregates through the action of soil disturbance and make SOM within aggregates
exposed to microbial decomposition*®. According to the conceptual models of soil aggregation, aggregates of
different sizes have different strength of SOM protection®. So agricultural practices within land uses may be the
important reason to alter SOC stocks®, such as reduced tillage, no-till with straw retention and conventional
tillage. The SOC size-fractionation was a sensitive indictor and was used to assessing short-term SOC changes
induced by land uses?*?’. The coarse (2-0.05 mm) organic carbon represented the recently residues derived
from litters and dead roots®. Specifically, the identification of more sensitive SOC fractions would help to detect
changes in SOC pools with different land uses”. Among different SOC pools, those associated with sand fraction
and particulate organic matter intimately showed early alterations in SOC resulting from land uses**°. Also some
studies reported that variation in SOM content through different land uses would lead to a large modification
in soil BD, porosity, infiltration rate, aggregate stability and ultimately cycling®, and land use changes played a
critical role in soil moisture®!.

This study site is located at an area with a fragile wetland ecosystem under saline-alkali stress in the Yellow
River Delta (YRD) of China. Frequent land use conversion occurred in this area due to anthropogenic activities
and secondary salinization, which leads to serious soil degradation and threats the sustainability of the ecosystem.
Charactering carbon changes and soil properties among different land uses is essential to assess the impacts of
land uses on local ecosystem. Some studies have examined the impacts of different land uses on SOC or soil
physicochemical properties in the YRD, but few studies have provided a comprehensive (e.g., deep in the soil
profile of 0-50 c¢m, high density of sampling etc.) understanding of soil physical properties, soil carbon and
their relationship among different land uses. Understanding these relationships in the saline-alkali reclamation
region may be of particular importance for developing proper management practices for sustainable production.
The objectives of this study were: (1) to assess the effect of different land uses on soil particle size and aggregate
stability, (2) to determine the effect of land uses on soil carbon and (3) to provide insights into the coupling
relationships between soil physical properties and soil carbon influenced by different land uses. These results are
expected to help improve the understanding to conduct proper land uses and agricultural management strategies
for the long-term sustainability of the saline-alkali reclamation region.

Results

Soil physical properties for different land uses. Soil water content varied significantly among differ-
ent land uses (P<0.05), and it was lower in the top layers than the deeper layers and followed the order: arable
land > grassland > forest land (Table 1). Soil bulk density (BD) and soil porosity (P,) among the land uses varied
slightly, and significant differences were only detected in the layers of 10-20 cm and 20-30 cm (Table 1).
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Figure 1. Soil particle size among different land uses at 0-50 cm depth. Different letters with the same particle
size at the same soil depth indicate significant difference (n=5, p <0.05) among different land uses by one-way

ANOVA.

Soil depths | Land uses | >5 mm 5-2 mm 2-1 mm 0.5-1 mm 0.5-0.25mm | R 5
AL 14.01+1.68a | 14.18+4.36a 6.54+1.30b 8.03+1.48b 5.64 +1.64b 48.41+9.27b

0-5cm GL 10.57+0.43b | 16.06+2.80a 14.30+1.76a |24.80+3.24a | 14.15%+2.46a 79.89 +4.59a
FL 1.98+1.12¢ 3.03+0.87b 1.70+0.56¢ 2.14+0.62¢ 2.37+0.95c 11.22+£3.50c
AL 16.15+2.57b | 14.86+1.16b 7.86+1.50b 8.60+1.29b 5.58+0.51b 53.04+4.74b

5-10 cm GL 23.67+4.84a |23.72+1091a 12.60+£0.81a | 14.51+2.14a 8.41+2.15a 82.93+£3.92a
FL 4.44+3.65c 4.98+3.63c 1.55+0.87¢ 1.31+£0.69c 1.30+0.44c 13.57£9.06¢
AL 23.04+3.80b | 13.21+2.69b 8.12+2.76b 8.64+1.84b 5.17+0.74b 58.17+7.01b

10-20 cm GL 37.49+3.75a |25.65+2.10a 10.98+0.53a | 11.78+1.55a 6.15+0.66a 92.04+1.49a
FL 2.59+0.57¢c 3.35+0.57¢c 1.28+0.16¢ 1.35+0.15¢ 1.46+£0.53c 10.03+1.07¢
AL 7.06+2.79c | 19.48+11.30a 5.60+1.24b 7.09+2.70b 3.86+1.29b 43.07 £16.94b

20-30 cm GL 39.45+4.08a |25.89+1.39a 9.77+2.8la | 10.76+1.14a 5.38+0.75a 91.25+3.77a
FL 13.68+0.98b 8.58+1.43b 4.53+2.50b 3.62+1.78c 2.37+0.95¢ 32.78+6.21b
AL 9.97+0.43¢c | 12.45+4.83c 6.04+0.22b 4.99+2.04b 3.00+1.58a 36.45+8.49¢

30-50 cm GL 44.76+4.87a | 31.28+4.36a 10.62+1.52a 9.13+£0.98a 3.67+0.49a 99.47 £6.88a
FL 23.50+3.97b | 24.63+1.41b 9.49+1.35a 7.03+1.54ab | 3.81+0.59a 68.46 +3.85b

Table 2. Effect of land uses on soil dry-stable aggregates (%) at different depth (mean + SD). Different letters
with the same soil depth indicate significant difference (n=5, p <0.05) between different land uses by one-way
ANOVA. R ,; is aggregates of diameter >0.25 mm.

Soil particle size among different land uses varied significantly. Soil texture was mainly composed of silt and
sand, and the clay only occupied for less than 12% among three land uses in the YRD, and sand was dominant
soil particle in arable land and forest land, accounting for nearly 80%. Silt and clay contents were generally the
highest in grassland among different land uses in each layer of the top 50 cm soil profile (Fig. 1).

Land uses had strong effect on soil aggregates. The aggregate content at R, ,; had significant difference among
different land uses (Table 2), and this aggregate content was generally the highest in grassland among different
land uses in the entire top 50 cm soil profile. Stability of soil aggregates, as measured by mean weight diam-
eter (MWD) and geometric mean diameter (GMD), followed the order of grassland > arable land > forest land
(Table 3).

Soil organic carbon fractions for different land uses. The concentration of SOC in forest land was
significantly higher than arable land and grassland in the top 5 cm soil layer (Fig. 2a). The overall SOC stock
showed similar patterns with SOC concentration among different land uses, except for the grassland in 10-30 cm
soil profile, which was significant higher than arable land and forest land (Fig. 2b).

The concentration of soil labile carbon (LOC) in arable land was significant lower than both grassland and
forest land in the top 50 cm soil profile (Fig. 3a). The C ¢ to Cqg ratio followed the order of forest land > grass-
land > arable land (Fig. 3b).

The concentration of soil microbial biomass carbon (MBC) decreased with the increase of soil depth among
different land uses and followed the order of forest land > grassland > arable land (Fig. 4a). The Cypc to Copg
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Soil depth (cm)
Parameters Land uses | 0-5 5-10 10-20 20-30 30-50 Average
AL 1.50+0.24a 1.65+0.12b 1.93+£0.19b 1.33+£0.46b 1.23+£0.18¢ 1.53+0.19b
MWD (mm) GL 1.59+0.10a 2.39+0.27a 3.07+0.14a 3.15+0.17a 3.58+0.32a 2.75+£0.04a
FL 0.48+0.08b 0.65+0.30c 0.51+0.05¢ 1.26 £0.09b 2.33+0.18b 1.04+0.11¢c
AL 0.71+0.15b 0.78+0.07b 0.92+0.14b 0.66+0.23b 0.56+0.09¢ 0.73+0.12b
GMD (mm) GL 0.95+0.08a 1.46+0.24a 2.15+0.16a 2.22+0.24a 3.01+£0.65a 1.96+0.08a
FL 0.31£0.02¢ 0.35+0.08c 0.31+£0.01c 0.54+0.05b 1.27£0.14b 0.55+0.05¢
AL 97.33+£0.40a | 97.69+0.40c | 98.20+0.55a | 98.88+0.15a |99.66+0.36a 98.35+0.09a
PAD,5 GL 95.67+1.22b | 98.41+0.35b | 98.25+0.53a | 96.26+3.02b | 98.07+0.98b 97.33+0.65b
FL 97.21+0.45a | 99.14+0.50a | 98.15+0.41a | 99.67+0.04a | 98.83+0.96ab | 98.60+0.17a

Table 3. MWD, GMD values and PAD ,; of soil dry stable aggregates for different land uses (mean+SD).
Different letters with the same soil depth indicate significant difference (n=5, p <0.05) among different land
uses by one-way ANOVA. MWD the mean weight diameter of dry stable aggregates, GMD the geometric mean
diameter of dry stable aggregates, PAD, ,; the >0.25 mm percentage of aggregate disruption.
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Figure 2. (a) Soil organic carbon (SOC) concentration and (b) SOC stock (mean + SD) with different land uses.
Different letters at the same soil depth indicate significant difference (n=5, p <0.05) among different land uses
by one-way ANOVA.
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Figure 3. (a) Soil labile carbon (LOC) concentration and (b) the C; ¢ to Copg ratios (mean + SD) with different
land uses. Different letters at the same soil depth indicate significant difference (n=5, p <0.05) among different
land uses by one-way ANOVA.
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Figure 4. (a) Soil microbial biomass carbon (MBC) concentration and (b) the Cypc to Crg ratios (mean + SD)
with different land uses. Different letters at the same soil depth indicate significant difference (n=5, p <0.05)
among different land uses by one-way ANOVA.

Soil depths | LAND uses | NL (gkg?) L LI CPI CMI
AL 6.86+0.24b 0.01+0.00b | 0.46+0.02c | 0.70+0.02¢c 32.63+0.97c
0-5cm GL 7.99+0.5lab | 0.01+£0.00b | 0.62+0.05b | 0.82+0.05b 50.96 £0.81b
FL 9.66+1.52a 0.02+0.00a | 1.00£0.00a | 1.00£0.00a | 100.00+0.00a
AL 7.10+£0.29a 0.01£0.00c | 0.23+0.05c |2.37+£0.09a 54.72+£9.50b
5-10 cm GL 6.82+0.17a 0.01+0.00b | 0.42+0.02b | 2.29+0.06a 96.37£6.47a
FL 2.93+0.36b 0.03+£0.00a | 1.00£0.00a | 1.00+0.00b | 100.00+0.00a
AL 6.10+0.26a 0.01+0.00b | 0.3+0.05¢ 2.56+0.11a 77.39+8.74b
10-20 cm GL 5.64+0.35a 0.01+0.00b | 0.47+0.1b 2.37+0.14a | 110.78+18.21a
FL 2.34+0.45b 0.03+0.0la | 1.00+0.00a | 1.00+0.00b | 100.00+0.00ab
AL 3.75+0.03a 0.02+0.00b | 0.31+0.03¢c |2.31+0.02b 71.05+6.54c
20-30 cm GL 4.15+£0.31a 0.02+0.00b | 0.44+0.01b |2.58+0.19a | 114.35+5.64a
FL 1.57+0.54b 0.05+0.0la | 1.00+0.00a | 1.00+0.00c | 100.00+0.00b
AL 2.83+0.04a 0.02+0.00c | 0.28+0.04c | 1.84+0.02a 52.08 +6.64c
30-50 cm GL 2.20£0.14a 0.03+0.00b | 0.59+0.03b | 1.45+0.09b 86.11+8.08b
FL 1.48+0.53b 0.06+0.01a | 1.00+0.00a | 1.00£0.00c | 100.00+0.00a

Table 4. Soil carbon management index (CMI) with different land uses (mean + SD). Different letters with the
same soil depth indicate significant difference (n=5, p <0.05) between different land uses by one-way ANOVA.
NL non-labile carbon concentration (g kg™), L Carbon pool lability, LI lability index, CPI Carbon pool index.

ratio was significantly higher in forest land than in arable land and grassland at soil profile below 5 cm (p <0.05)
(Fig. 4b).

We calculated the carbon management index (CMI) for the soil of forest land and used it as the reference
soil. The relationship between NL and CPI and between L and LI had the same patterns of variation (Table 4).
The CMI showed significant difference among different land uses, and changed according to the patterns of the
LOC concentration. The CMI in arable land in the top 50 cm soil profile was the lowest, and decreased with the
increase of soil depth. The CMI in grassland was more than 100 in the depths of 10-20 cm and 20-30 cm, sug-
gesting that the CMI of grassland was higher than forest land (reference soil).

Relationship between soil carbon and physical properties. Pearson’s correlation revealed that the
CPI was significantly (P<0.01) and positively correlated with the SWC, R, ,;, MWD, GMD, BD and silt content
(Table 5). The Cypc to Corg ratio was strongly positively correlated with sand content, but negatively correlated
with the contents of clay, silt and R, ,;, MWD and GMD. A similar, negative correlation was also found between
MBC and R ,5, MWD and GMD. Finally, we found that SWC was negatively correlated with LOC, MBC, Cyz¢
to Copg ratio and LI
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Factors SWC (%) |BD(gem™) | P, (%) Clay (%) | Silt (%) | Sand (%) | Ry,s MWD GMD
SOC -0.193 -0.028 0.039 0.120 0.214 -0.203 0.050 -0.125 -0.136
LOC -0.639** | -0.014 0.022 0.027 0.093 —-0.086 -0.177 -0.202 -0.078
MBC —-0.508** | —0.243 0.246 -0.223 —-0.147 0.155 —-0.366* —-0.450** | —0.378*
LOC:SOC —-0.260 -0.072 0.069 —-0.007 —-0.143 0.125 —-0.124 0.013 0.040
MBC:SOC —-0.391%* | -0.207 0.204 —-0.356* —-0.360* | 0.360* —0.462** | —0.413** | -=0.371*
NLC -0.186 -0.027 0.038 0.121 0.215 —-0.203 0.053 -0.123 -0.136
L -0.256 -0.072 0.070 —-0.004 —-0.142 0.124 -0.122 0.014 0.037
LI -0.801** | -0.215 0.216 -0.253 —-0.288 0.283 —0.469** | —0.402** | —0.281
CPI 0.599** 0.333* —0.334* 0.266 0.338* | -0.329* 0.442%* | 0.483** 0.390**
CMI —-0.408** | 0.213 -0.215 0.142 0.209 —-0.203 0.050 0.208 0.290

Table 5. Pearson’s correlation between the characteristics of soil carbon and soil physical properties.
*Correlation significant at the 0.05 level (two-tailed). **Correlation significant at the 0.01 level (two-tailed).

Discussion

Soil physical properties are critical to soil quality in aspects of root growth, infiltration, water and nutrient hold-
ing capacity®. Land uses and vegetation types can significantly influence soil physical properties, particularly
soil aggregates distribution®**. In this study, the variation of SWC, BD and porosity occurred among three land
uses, the higher SWC observed in arable land was likely related to the fact that farmland undergone the artificial
irrigation. The lower SWC in forest land than that in alfalfa grassland was probably related to the lower surface
cover and the characteristic of roots in forest land, which both lead to greater transpiration®>*¢. This result agreed
with the study of Zhang et al. (2016) that SWC at the grass stage was a significantly higher than that at the for-
est stage®”. The high soil BD of the arable land was likely the result of combined influence of the ploughing in
tillage layer, roots distribution and decreased SOC and soil aggregation, as a result of repeated events of sowing
and harvesting®>’.

Soil particles and soil aggregate are the important physical properties for the process of soil physiochemical
and biological properties, and soil particle size distribution is the fundamental physical factor affecting aggregate
stability®®. Results of our study indicated that sand is the primary soil particle among three land uses in the YRD,
and the lowest sand content of 39.98-59.34% occurred in the grassland in the top 50 cm soil profile (Fig. 1). This
result may be explained by different effects of soil erosion control under different land uses®. The vegetation
types, coverage, and root system condition among different land uses are correlated to soil particle composi-
tion; higher root growth and litter input can improve soil physiochemical and biological properties, accelerate
the formation of humus, reduce the surface wind erosion and facilitate the fixation of fine sand particles. In the
grassland, high vegetation coverage and root activity can prevent soil erosion from rain splash therefore the loss
of fine soil grains, because root activity of plant could greatly affect the distribution of soil particle size in newly
formed wetlands in the YRD?*. The soil aggregates were mainly non water-stable aggregates, and the number of
water-stable aggregates was very small (Tables S1), which may be related with the special saline-alkali environ-
ment and local soil texture due to its new and fast formation of alluvial plain. To a certain extent, the situation of
water-stable aggregates affects soil aeration and erosion resistance, and its small portion indicates the poor soil
fertility and stability in this region. Averaged across three land uses, the contents of silt, clay and soil dry-stable
aggregates (R, ,s) in grassland was highest among all three land uses studies, which is in agree with a previous
study by Liu et al.**. It should be noted that tillage and harvesting practices in arable land and low vegetation
coverage in forest land may promote soil erosion and cause the loss of silt and clay contents and the decrease
of soil aggregate stability in topsoil*"*2. The alfalfa plants generally have a well-developed root system, which
produces more organic matter as the roots decompose. High content of soil organic matter will produce more
soil aggregates and improve the soil structure?®®.

Soil acts as either a carbon source or a carbon sink, and land uses can change the function of source and
sink*>*, For the top soil (0-5 cm), our study found that SOC content and stock in forest land were the highest,
which was resulted from the input of litter on the surface soil. While the arable land had less litter, frequent
disturbance and strong soil respiration in the surface, which accelerated the consumption of SOC in the top
soil**. But at the deeper section of the soil profile (5-50 cm), SOC content and stock in arable land and grass-
land were higher than that in forest land due to continuous root production and decomposition. This result was
probably related to the rich root system of arable land and grassland concentrated in the deeper soil profile!®,
while lower root production and poor soil permeability in forest land, because different vegetation type can
regulate the distribution of SOC through plant growth and root distribution, and the lack of oxygen soil has a
fundamental restriction on microbial decomposition?’. Some studies confirmed that vegetation restoration and
belowground biomass had a close relationship with SOC*, and played a critical role in improving SOC stock in
a degraded saltland*’. Chen et al. confirmed that soil carbon accumulation was strongly driven by the establish-
ment of vegetation®. As a salt-tolerate plant, alfalfa has high biomass and root activity, which is the main reason
why artificial alfalfa grassland has high carbon content and stock compared to arable land and forest land in
the saline-alkali reclamation region. Xiao et al.>® showed that conversion of natural system to other land uses
decreased MBC, and the content of the LOC in TOC indicates soil quality®*>. As CMI is a good indicator of
soil carbon quality®®, we argued that alfalfa grassland, which has the highest CMI values, seems to provide better
options for soil carbon management and soil quality.
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Combined with CMI and soil physical properties, we suggested that grassland was the

Figure 5. Relationship between soil physical properties and soil organic carbon with different land uses. The
photographs in Fig. 5 were taken from three land uses (FL, GL, AL) in the study area by the author ‘Shuying Jiao.

Soil organic carbon, particularly active component of organic carbon, has been reported to act as important
binding agents for soil aggregates and their stability>**, and this assertation was demonstrated by the strong
correlation between CPI and soil physical properties in our study. Moreover, we found that CPI were particularly
sensitive to soil water content (SWC) and aggregate stability. According to Zhao et al., higher SWC could reduce
the impact of soil salinity on soil carbon stock due to the variations of salt concentrations and O, diffusion of
soil layers, because high salinity could influence solubility of SOM, inhibit microbial processes and the final soil
carbon stock®, which could explain higher carbon content and stock in arable land and grassland than those in
forest land in the deeper soil profile. Increased SOC could improve aggregate stability indirectly through increas-
ing energy and nutrient availability for soil microbes®. Moreover, some studies found that the aggregate stability
was related to SOM composition and had good correlations between carbohydrate content and soil aggregate
stability*’. Specifically, the occurrence of SOC and aggregate stability in arable land and grassland were higher
than that in forestland in this region studies, but lower active component of organic carbon in arable land which
resulted in lower carbon management. In brief, land use types had changed the vegetation types with different
disturbance intensities, litter and roots inputs. The soil physical properties changed through biotic process regu-
lated by plants and soil microbial communities; the inputs and accumulation of organic matter resulted from
complex interactions between biotic processes and abiotic processes driven by anthropogenic disturbance and
environmental factors (Fig. 5). Under different vegetation types, the soil texture and soil aggregate stability was
improved; SOC and active carbon increased, followed by the increase of CMI in grassland. Therefore, combin-
ing soil physical properties and soil carbon index with land uses in comprehensive consideration, we believed
that alfalfa grassland is the best land use type to improve soil physical properties and the quality of soil carbon
in the YRD, which experienced frequent secondary salinization in the past decades. As a result, the proper land
use, or the conversion of forest and grassland into arable land should be of concern in the context of soil quality
and environmental degradation. In view of the arable land, to conduct proper agricultural practices, such as less
impact of land tillage practices, may be a better option to improve soil quality for the long-term production and
sustainability of the saline-alkali reclamation region.
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Figure 6. The location of the study area in the Yellow River Delta of Shandong Province and the layout of the
study plots (not to scale); this map was created using the software of Photoshop CS6 and Bigemap 14.1 https://
www.bigemap.com/.

Conclusions

Soil physical properties play an important role in the formation and transformation of soil carbon during the
process of land use and land cover change. The study showed strong changes in soil physical properties and
soil carbon among the arable land, grassland and forest land and these changes were not uniform along the
soil profile to the depth of 50 cm. Overall, we found that alfalfa grassland had effectively improved soil physical
properties and soil carbon, and the soil layer of 20-30 cm may be the turning point for soil physical properties
change between the arable land and forest land. Land management practices, such as plowing and harvesting, had
strong impact on the SOC, suggested by higher SOC in the arable land compared to forest land except 0-5 cm
soil layer. Additionally, CMI of arable land was the lowest relative to grassland and forest land. Therefore, the
long-term conventional cultivation of arable land is not favorable to soil carbon management and soil quality
improvement, and more attention should be paid to improve the soil quality and ecosystem sustainability in the
saline-alkali reclamation region.

Materials and methods

Study site. The study sites are located in the Hekou district of Dongying city, in the Yellow River Delta
(YRD), Shandong Province, China (37°54'10.19" N, 118°31'13.83" E Fig. 6). It is a typical alluvial plain of the
Yellow River and belongs to the semi-humid monsoon climate zone with warm temperate. Mean annual pre-
cipitation is about 692 mm occurring mainly during June, July and August, and mean annual temperature is
13.2 °C with seasonal variation. The soils are mainly of Calcaric Fluvisols (moisture soil) and Gleyic Solonchaks
(coastal saline moisture soil) according to FAO®. The mixed forest is dominated by a Robinia pseudoacacia L.
and an adjacent crop land situated side by side for the study. The cultivation vegetation after reclamation consists
of wheat-maize and purple alfalfa predominantly, the arable land and artificial grassland sometimes were con-
verted to each other due to the serious secondary salinization.

Experimental design. Three typical land use units (annual arable land, artificial grassland and artificial
forestland) were selected according to the main land use types in the study area, and were investigated in detail
for the history and current situation of land cultivation. The annual arable land was ploughed, fertilized, irri-
gated and planted with crop every year since reclamation of the 1950s, and rotationally planted with winter
wheat (Triticum aestivum L.) and summer maize (Zea may L.) under conventional tillage for more than ten
years. Winter wheat was sown in early October and harvested in early June next year, and summer maize was
sown in mid-June and harvested in late September. The artificial grassland was transformed from the previous
arable land in 2011, and then continuously planted with purple alfalfa (Medicago sativa L.) for five years. The
alfalfa was harvested for four times each year as a source of livestock fodder. For the alfalfa field, base fertilizer
was applied at sowing and no other fertilizer was applied during five-year of growth. The forestland is the result
of artificial afforestation occurred in the 1960s on the saline-alkali land dominated with Robinia pseudoacacia
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L. without reclamation. The three types of land use have similar physiographic conditions and slope gradients,
which belongs to the same region and has the same parent materials. The crop and plantation of the study sites
are as follows: (1) annual arable land (AL): wheat-maize rotation plantation; (2) artificial grassland (GL): alfalfa
pasture; (3) Forest land (FL): Robinia pseudoacacia L. forest.

Field work. A field survey was conducted in late September in 2016 (after the summer maize was har-
vested). In this study, we determined the sampling areas according to the size of the communities™, selecting
five 2 mx 2 m plots from representative terrain in the herbaceous communities of the arable land and artificial
grassland, five 5 m x5 m plots in the forest land. The sampling plots were distributed according to a “S” shape
in each land use unit, and 100 m apart between sampling plots. At each sampling plot, three soil sampling sites
were located at the two diagonal corners and the center of the plot. Soils at each sampling site were collected from
soil profiles to 50 cm depth (0-5, 5-10, 10-20, 20-30, and 30-50 cm) by using a drill. A composite soil sample
at certain soil depth was obtained by mixed all these samples at each plot. The composite soil samples for soil
water content (SWC) were stored in sealed aluminum cases to prevent potential moisture loss. Soil samples for
SOC fractionation, particle sizes were stored in zip-top plastic bags. The undisturbed soil samples for aggregate
analysis were wrapped up with paper to avoid destroying the aggregates. Soil bulk density (BD) was measured
at the intermediate position of each soil layer using a cutting ring with inner diameter of 5.0 cm, and volume
of 100 cm?. Overall, 75 composite soil samples were collected, representing three land uses, five depths and five
replicates. The fresh soil samples were immediately taken back to the lab for the analysis preparation.

Laboratory analysis. In the laboratory, the moist soil samples were crushed to pass through 2 mm sieve,
and removed the roots and other debris by tweezers. The sieved soil samples were divided into two sub-samples
for air-dried and stored at low temperature, respectively. A part of air-dried samples was sieved through 0.18 mm
screen to measure the soil SOC and labile organic carbon (LOC). The moist samples about 200 g each sample
were immediately stored at 4 °C to measure the soil microbial biomass carbon (MBC). SWC was determined by
oven-dried at 105 °C to constant weight (approximately 24 h). BD was calculated as the ratio of dry soil weight
by oven-dried at 105 °C for 24 h of the soil (volume: 100 cm?). Total soil porosity (P,), Eq. (1) was obtained from
measured BD and soil particle density (2.65 g cm ™), the calculation equation according to the following:

P, = (1 - @) x 100% (1)
Pp

where P, is the total soil porosity, p,, refers to the soil bulk density, and p,, refers to the soil density (2.65 g cm™).

The pipette method was used to measure the soil particle size with Na hexametaphosphate after soil organic
matter oxidation with H,O, by a Laser Grain-size Analyzer (Mastersizer 3000, Malvern Instruments Inc., Worces-
tershire, UK) with international classification®, then calculated the proportions of the clay (<0.002 mm), silt
(0.002-0.02 mm), and sand (> 0.02 mm) contents.

The soil aggregates were measured by the dry-sieving method and wet-sieving method using soil aggregate
analyzer (TTF-100, Shunlong experimental instrument factory, Shangyu city, China). A set of five stacking sieves
with openings of 5, 2, 1, 0.5 and 0.25 mm were selected to determine the dry-stable aggregates and wet-stable
aggregates with air-dried soil samples of 100 g and 50 g with three replicates respectively. The aggregates were
divided into aggregates sized >5 mm, 2-5 mm, 1-2 mm, 0.5-1 mm, 0.25-0.5 mm. The contents of >0.25 mm
mechanically stable aggregates (R, ,5) were calculated using Eq. (2), for which the>0.25 mm fraction was the most
susceptible to changes in land use or management*®*?, and soil aggregate fractions obtained by the dry-sieving
method have been successfully used to analyze SOC pool®. The soil structural stability was characterized using
the mean weight diameter (MWD), geometric mean diameter (GMD) of soil aggregates according to Egs. (3)
and (4)°"%%. The > 0.25 mm percentage of aggregate disruption (PAD,,;) was calculated using Eq. (5).

M
RO,ZS _ r>0.25 % 100% (2)

T

n
MWD(mm) = ZiZIXiWi 3)
27-1_1 W,-lnXi

GMD(mm) = Ex {’—7 4
P ST W (4)

D — W
PADg s = (Do.2s 0.25) « 100% )

Do.2s

where R, 5 is the content of soil aggregates>0.25 mm, Mr, ,5 is weight of aggregate >0.25 mm, M is the total
weight of soil tested. X; is the mean diameter of each size classes (<0.25 mm, 0.25-0.5 mm, 0.5-1 mm, 1-2 mm,
2-5 mm and >5 mm), and W, is the weight fraction of aggregates in size class i, and #n is the number of size
fractions. D ,5 is the>0.25 mm dry-sieved aggregate content, and W ,; is the > 0.25-mm water-stable aggregate
content.

The total SOC concentrations were determined following the dry combustion method®® using a CHN ana-
lyzer. The MBC was measured by chloroform-fumigation extraction method>"¢*. LOC was determined by using
333 mmol L' KMnO, Oxidation Method, and measured by the spectrophotometric of 565 nm wave length®. The
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total SOC was considered as equal to the total soil carbon because the measured inorganic carbon (carbonates)
contents of the samples were almost nil®. Carbon Management Index (CMI) was calculated using the procedure

outlined below

666, using the no-reclamation forest soil as reference sample:

Non — labile carbon(NL) = TOC — LOC (6)

o C in fraction oxidized by KMnO4 CL
Lability of C(L) = — — =—
C remaining unoxidized by KMnO4  Cyp,

7

Lability of C in sample soil

Lability Index (LI) = (8)

Lability of C in references soil

S le total C Cr S 1
Carbon Pool Index(CPI) = ampre 072 — T oampe 9)
Reference total C ~ Cr Reference

Carbon Management Index (CMI) = CPI x LI x 100 (10)

Statistical analysis. One-way ANOVA was carried out using the SPSS software, ver. 16.0 (IBM, USA) to
analyze the differences of soil physical properties and soil carbon among different land use types. Means of the
main effect were compared using Duncan multiple-range procedure test at P<0.05 for significance. Pearson cor-
relation coefficients were used for the correlation analysis between soil physical properties and soil carbon. All
the figures were produced using Origin 10.0 (Originlab, Northampton, Massachusetts, USA).

Received: 29 January 2020; Accepted: 6 November 2020
Published online: 23 November 2020

References

1.

2.

3.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lawler, J. J. et al. Projected land-use change impacts on ecosystem services in the United States. Proc. Natl. Acad. Sci. U.S.A. 111,
7492-7497 (2014).

Wu, X., Wang, S., Fu, B, Liu, Y. & Zhu, Y. Land use optimization based on ecosystem service assessment: A case study in the Yanhe
watershed. Land Use Policy 72, 303-312 (2018).

Ma, T. et al. Four decades’ dynamics of coastal blue carbon storage driven by land use/land cover transformation under natural
and anthropogenic processes in the yellow river delta, china. Sci. Total Environ. 655, 741-750 (2019).

. Teixeira, Z., Teixeira, H. & Marques, J. C. Systematic processes of land use/land cover change to identify relevant driving forces:

implications on water quality. Sci. Total Environ. 470, 1320-1335 (2014).

. Fu, B. et al. Ecosystem services in changing land use. J. Soils Sediments 15, 833-843 (2015).
. Smith, P. Land use change and soil organic carbon dynamics. Nutr. Cycl. Agroecosys. 81, 169-178 (2008).
. Post, W. M. & Kwon, K. C. Soil carbon sequestration and land-use change: Processes and potential. Glob. Change Biol. 6, 317-327

(2000).

. Guo, L. & Gifford, R. M. Soil carbon stocks and land use change: A meta analysis. Glob. Change Biol. 8(4), 345-360 (2002).
. Ou, Y, Rousseaub, A. N., Wang, L. & Yan, B. Spatio-temporal patterns of soil organic carbon and pH in relation to environmental

factors: A case study of the black soil region of northeastern China. Agric. Ecosyst. and Environ. 245, 22-31 (2017).

Robertson, M. Ecosystems services. Encycl. Environ Health 35(15), 225-233 (2011).

Zheng, Y. H. et al. Contrasting responses of salinity-stressed salt-tolerant and intolerant winter wheat (Triticum aestivum L.)
cultivars to ozone pollution. Plant Physiol. Biochem. 52, 169-178 (2012).

Liu, Z. et al. Photosynthetic characteristics and uptake and translocation of nitrogen in peanut in a wheat-peanut rotation system
under different fertilizer management regimes. Front. Plant Sci. 10, 86 (2019).

Gao, J. et al. Response of summer maize photosynthate accumulation and distribution to shading stress assessed by using *CO,
stable isotope tracer in the field. Front. Plant Sci. 8, 1821 (2017).

Mizanur Rahman, M., Nabiul Islam Khan, M., Fazlul Hoque, A. K. & Ahmed, I. Carbon stock in the Sundarbans mangrove forest:
Spatial variations in vegetation types and salinity zones. Wetlands Ecol. Manag. 23, 269-283 (2015).

Dominguez, J., Negrin, M. A. & Rodrguez, C. M. Aggregate water-stability, particle-size and soil solution properties in conducive
and suppressive soils to Fusarium wilt of banana from Canary Islands (Spain). Soil Biol. Biochem. 33, 449-455 (2001).

Yan, K. et al. Physiological adaptive mechanisms of plants grown in saline soil and implications for sustainable saline agriculture
in coastal zone. Acta Physiol. Plant. 35(10), 2867-2878 (2013).

Chen, P, Yan, K., Shao, H. B. & Zhao, S. J. Physiological mechanisms for high salt tolerance in wild soybean (Glycine soja) from
Yellow River Delta, China: Photosynthesis, osmotic regulation, ion flux and antioxidant capacity. PLoS ONE 8, 12 (2013).

Qi, Y. et al. Response of soil physical, chemical and microbial biomass properties to land use changes in fixed desertified land.
CATENA 160, 339-344 (2018).

Zeh, L., Buddenbaum, H. & Steffens, M. Imaging Vis-NIR spectroscopy-mapping SOM quality and quantity in undisturbed soil
profiles of semiarid steppe in Inner Mongolia. EGU General Assem. 2014 16, 13506 (2015).

Li, X. G, Li, E M., Zed, R., Zhan, Z. Y. & Bhupinderpal, S. Soil physical properties and their relations to organic carbon pools as
affected by land use in an alpine pastureland. Geoderma 139, 98-105 (2007).

Peixoto, R. S. et al. Soil aggregation and bacterial community structure as affected by tillage and cover cropping in the Brazilian
cerrados. Soil Till. Res. 90, 16-28 (2006).

Li, X. et al. Changes in soil organic carbon, nutrients and aggregation after conversion of native desert soil into irrigated arable
land. Soil Till. Res. 104, 263-269 (2009).

Beheshti, A., Raiesi, F. & Golchin, A. Soil properties, C fractions and their dynamics in land use conversion from native forests to
croplands in northern Iran. Agric. Ecosyst. Environ. 148(2), 121-133 (2012).

Scientific Reports |

(2020) 10:20317 | https://doi.org/10.1038/s41598-020-77303-8 nature research



www.nature.com/scientificreports/

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
. Tisdall, J. M. & Oades, J. M. Organic matter and water-stable aggregates in soils. Eur. J. Soil Sci. 33, 141-163 (1982).
60.
61.
62.
63.
64.

65.

Chen, Z., Ti, J. & Chen, F. Soil aggregates response to tillage and residue management in a double paddy rice soil of the Southern
China. Nutr. Cycl. Agroecosyst. 109, 103-114 (2017).

Wei, Y., Wu, X, Xia, J., Shen, X. & Cai, C. Variation of soil aggregation along the weathering gradient: Comparison of grain size
distribution under different disruptive forces. PLoS ONE 11(8), e0160960 (2016).

Yang, X. M., Drury, C. E, Reynolds, W. D. & Tan, C. S. Impacts of long-term and recently imposed tillage practices on the vertical
distribution of soil organic carbon. Soil Till. Res. 100, 120-124 (2008).

Dou, X,, He, P, Zhu, P. & Zhou, W. Soil organic carbon dynamics under long-term fertilization in a black soil of china: Evidence
from stable C isotopes. Sci. Rep. 6, 21488 (2016).

Conant, R. T, Six, J. & Paustian, K. Land use effects on soil carbon fractions in the southeastern United States. I. Management-
intensive versus extensive grazing. Biol. Fertil. Soils. 38, 386-392 (2003).

Balesdent, J., Chenu, C. & Balabane, M. Relationship of soil organic matter dynamics to physical protection and tillage. Soil Till.
Res. 53, 215-230 (2000).

Christensen, B. T. Physical fractionation of soil and structural and functional complexity in organic matter turnover. Eur. J. Soil
Sci. 52, 345-353 (2001).

Hupet, F. & Vanclooster, M. Intraseasonal dynamics of soil moisture variability within a small agricultural maize cropped field. J.
Hydrol. 261, 86-101 (2002).

Zhang, Y. W. & Shangguan, Z. P. The coupling interaction of soil water and organic carbon storage in the long vegetation restora-
tion on the Loess Plateau. Ecol. Eng. 91, 574-581 (2016).

Zhang, L. et al. Spatio-temporal variation of rhizosphere soil microbial abundance and enzyme activities under different vegetation
types in the coastal zone, Shandong China. Plant Biosyst. 148(3), 403-409 (2014).

Yu, J. B. et al. Fractal features of soil particle size distribution in newly formed wetlands in the Yellow River Delta. Sci. Rep. 5, 10540
(2015).

Wang, Y. Q,, Shao, M. A. & Shao, H. B. A preliminary investigation of the dynamic characteristics of dried soil layers on the Loess
Plateau of China. J. Hydrol. 381, 9-17 (2010).

Wang, Y. Q., Zhang, X. C., Cong, W. & Wei, Q. C. Spatial variability of soil moisture on slope-land under different land uses on the
Loess Plateau. Trans. CSAE 22(12), 65-71 (2006).

Chen, H. Y. et al. Root order-dependent seasonal dynamics in the carbon and nitrogen chemistry of poplar fine roots. New For.
48(5), 587-607 (2017).

Six, J. & Paustian, K. Aggregate-associated soil organic matter as an ecosystem property and a measurement tool. Soil Biol. Biochem.
68, A4-A9 (2014).

Gao, P, Niu, X,, Lv, S. & Zhang, G. Fractal characterization of soil particle-size distribution under different land-use patterns in
the Yellow River Delta Wetland in China. J. Soils Sediments 14, 1116-1122 (2014).

Liu, M. Y,, Chang, Q. R., Qi, Y. B,, Liu, J. & Chen, T. Aggregation and soil organic carbon fractions under different land uses on
the tableland of the loess plateau of China. CATENA 115, 19-28 (2014).

Wang, D., Fu, B., Zhao, W., Hu, H. & Wang, Y. Multifractal characteristics of soil particle size distribution under different land-use
types on the loess plateau, china. CATENA 72(1), 29-36 (2008).

Xia, X. Y. et al. Effects of tillage managements and maize straw returning on soil microbiome using 16S rDNA sequencing. . Integr.
Plant Biol. 61(6), 765-777 (2019).

Dameni, H., Wang, J. & Qin, L. Soil aggregate and organic carbon stability under different land uses in the north china plain.
Commun. Soil Sci. Plant Anal. 41(9), 1144-1157 (2010).

Deng, L., Wang, K. B., Chen, M. L., Shangguan, Z. P. & Sweeney, S. Soil organic carbon storage capacity positively related to forest
succession on the Loess Plateau China. CATENA 110, 1-7 (2013).

Wang, W. Q. et al. Improved salt tolerance in a wheat stay-green mutant tasgl. Acta Physiol. Plant. 40(2), 39 (2018).

Yu, J. et al. Distribution of carbon, nitrogen and phosphorus in coastal wetland soil related land use in the Modern Yellow River
Delta. Sci. Rep. 6, 37940 (2016).

Zhao, Q. Q. et al. Effects of water and salinity regulation measures on soil carbon sequestration in coastal wetlands of the Yellow
River Delta. Geoderma 319, 219-229 (2018).

Keller, J. K. et al. Soil organic carbon storage in restored salt marshes in Huntington Beach California. Bull. South. Calif. Acad. Sci.
111(2), 153-161 (2012).

Chen, W. et al. Soil carbon and nitrogen storage in recently restored and mature native Scirpus marshes in the Yangtze Estuary,
China: Implications for restoration. Ecol. Eng. 104, 150-157 (2017).

Xiao, S., Zhang, W,, Ye, Y., Zhao, ]. & Wang, K. Soil aggregate mediates the impacts of land uses on organic carbon, total nitrogen,
and microbial activity in a Karst ecosystem. Sci. Rep. 7, 41402 (2017).

Zhu, L. Q. et al. Short-term responses of soil organic carbon and carbon pool management index to different annual straw return
rates in a rice-wheat cropping system. CATENA 135, 283-289 (2015).

Ghosh, B. N. et al. Effects of fertilization on soil aggregation, carbon distribution and carbon management index of maize-wheat
rotation in the north-western Indian Himalayas. Ecol. Ind. 205, 415-424 (2018).

Sainepo, B. M., Gachene, C. K. & Karuma, A. Assessment of soil organic carbon fractions and carbon management index under
different land use types in Olesharo Catchment, Narok County Kenya. Carbon Balance Manag. 13(1), 4 (2018).

Zhang, B. et al. Soil microbial community dynamics over a maize (Zea mays L.) growing season under conventional-and no-tillage
practices in a rain fed agroecosystem. Soil Tillage Res. 124, 153-160 (2012).

Six, J. et al. Soil organic matter, biota and aggregation in tempérante and tropical soils: Effects of no-tillage. Agronomie 22, 755-760
(2002).

Zhang, T. et al. Assessing impact of land uses on land salinization in the Yellow River Delta, China using an integrated and spatial
statistical model. Land Use Policy 28, 857-866 (2011).

Qi, Y. B. et al. Desert soil properties after thirty years of vegetation restoration in northern Shanxi Province of China. Arid Land
Res. Manag. 29, 454-472 (2015).

Zheng, B. Z. Technical guide to soil analysis 1st edn. (China Agriculture Press, Beijing, 2013).

Zhong, X. L. et al. Physical protection by soil aggregates stabilizes soil organic carbon under simulated N deposition in a subtropical
forest of China. Geoderma 285, 323-332 (2017).

Kemper, W. D. & Rosenau, R. C. Aggregate stability and size distribution. In Methods of soil analysis: part I-physical and mineral-
ogical methods 2nd edn (ed. Klute, A.) 425-442 (American Society of Agronomy and Soil Science, Madison, 1986).

Ju, Z., Du, Z., Guo, K. & Liu, X. Irrigation with freezing saline water for 6 years alters salt ion distribution within soil aggregates.
J. Soils Sediments 19, 97-105 (2019).

Nelson, D. W. & Sommers, L. E. Total carbon, organic carbon, and organic matter. In: Page, A.L. (ed.). Methods of Soil Analysis,
(2nd ed.). ASA Monograph 9(2), 539-579 (1982).

Vance, E. D., Brookes, P. C. & Jenkinson, D. S. An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem.
19(6), 703-707 (1987).

Blair, G. J. & Lefroy, R. D. B. Soil C fractions based on their degree of oxidation and the development of a C management index
for agricultural systems. Aust. J. Agric. Res. 46, 1459-1466 (1995).

Scientific Reports |

(2020) 10:20317 | https://doi.org/10.1038/s41598-020-77303-8 nature research



www.nature.com/scientificreports/

66. Ghosh, B. N. et al. Impact of conservation practices on soil aggregation and the carbon management index after seven years of
maize-wheat cropping system in the Indian himalayas. Agric. Ecosyst. Environ. 216, 247-257 (2016).

Acknowledgements

This study was financially supported by the National Natural Science Foundation of China (No. 31302014), the
National Key Research and Development Project of China (Nos. 2017YFD0800602; 2018YFD0800403), Forestry
Science and Technology Innovation Project of Shandong Province (No. 2019LY005), and Major Science and
Technology Innovation Projects in Shandong Province (2019JZZY010723).

Author contributions

Y.Q.L. and S.Y.J. conceived the research, carried out the field investigations, analyzed the data and wrote the
manuscript. J.R.L. analyzed the data and wrote the manuscript. Y.W.S. reviewed and edited the manuscript.
Z.YX.,B.S.K. and Y.L. coordinated and conducted field investigations and laboratory analysis. All authors read
and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77303-8.

Correspondence and requests for materials should be addressed to Y.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:20317 | https://doi.org/10.1038/s41598-020-77303-8 nature research


https://doi.org/10.1038/s41598-020-77303-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Variation of soil organic carbon and physical properties in relation to land uses in the Yellow River Delta, China
	Results
	Soil physical properties for different land uses. 
	Soil organic carbon fractions for different land uses. 
	Relationship between soil carbon and physical properties. 

	Discussion
	Conclusions
	Materials and methods
	Study site. 
	Experimental design. 
	Field work. 
	Laboratory analysis. 
	Statistical analysis. 

	References
	Acknowledgements


