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Abstract: The vertical distribution and exchange mechanisms of soil organic and inorganic
carbon (SOC, SIC) play an important role in assessing carbon (C) cycling and budgets.
However, the impact of land use through time for deep soil C (below 100 cm) is not well
known. To investigate deep C storage under different land uses and evaluate how it changes
with time, we collected soil samples to a depth of 500 cm in a soil profile in the Gutun watershed
on the Chinese Loess Plateau (CLP); and determined SOC, SIC, and bulk density. The
magnitude of SOC stocks in the 0-500 cm depth range fell into the following ranking: shrub-
land (17.2 kg m™) > grassland (16.3 kg m™2) > forestland (15.2 kg m?) > cropland (14.1 kg
m2) > gully land (6.4 kg m™). The ranking for SIC stocks were: grassland (104.1 kg m™?) >
forestland (96.2 kg m2) > shrubland (90.6 kg m™) > cropland (82.4 kg m2) > gully land (50.3
kg m2). Respective SOC and SIC stocks were at least 1.6- and 2.1-fold higher within the
100-500 cm depth range, as compared to the 0—100 cm depth range. Overall SOC and SIC
stocks decreased significantly from the 5th to the 15th year of cultivation in croplands, and
generally increased up to the 70th year. Both SOC and SIC stocks showed a turning point at
15 years cultivation, which should be considered when evaluating soil C sequestration. Es-
timates of C stocks greatly depends on soil sampling depth, and understanding the influences
of land use and time will improve soil productivity and conservation in regions with deep soils.
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1 Introduction

Soils hold a large proportion of the world’s carbon (C) in terrestrial ecosystems, and soils
account for two-thirds of this amount, equivalent to 2—3 times the amount of C in the at-
mosphere (Trumbore, 2009; Diaz-Hernandez, 2010). Soil carbon plays an active role in
maintaining the global C balance (Xu et al., 2019). Soil C includes soil organic carbon (SOC)
and soil inorganic carbon (SIC). These carbon reservoirs act not only as a sink, but also as a
source of atmospheric CO, (Diaz-Hernandez, 2010), sensitive to climate change. SOC is
especially sensitive, as SOC carbon sequestration and decomposition processes are con-
trolled by both abiotic (e.g., climatic conditions) and biotic factors (e.g., vegetation belts,
land use shifting). Lin and Zhang (2012) reported that increasing atmospheric temperature
reduced SOC, whereas increasing atmospheric CO, concentration increased SOC inventories.
Increasing these by only a few parts per thousand (0.4%) in global soils each year could re-
move an amount of CO, from the atmosphere equivalent to the amount emitted by fos-
sil-fuels in the European Union (Rumpel et al., 2018). Similar to other biotic factors, the
distribution of vegetation belts and land use are expected to change under the conditions of
global climate change (Adams et al., 1990; Trumbore, 1997; Wang et al., 2016), which
would result in either sequestration or release of carbon in SOC. Therefore, an accurate
evaluation of the amount and rate of C storage in soils is needed to understand the dynamics
of C exchange between the soil and the atmosphere, and the biological influences involved.

Soil depth has a distinct influence on the amount of SOC storage (Wang et al., 2015).
Global stocks of SOC and SIC are approximately 1408 Pg (Batjes, 2016) and 695 - 1738 Pg
(Schlesinger, 1982) in the 0—100 cm soil depth range, respectively. Batjes (1996) and
(Esteban et al., 2000) estimate that the global SOC stock would increase by 33% if SOC
data were extended to depths of 100200 cm, compared to the top 100 cm; indeed, the stock
would further increase by 23% more if a depth of 300 cm was considered. Sommer et al.
(2000) suggested that deep soils in the tropics may store large amounts of C below the up-
permost 100 cm, potentially adding another ~50 Pg to the total global C pool. The SIC pool
has received less attention than the SOC pool in deep soils (Civeira, 2013; Han et al., 2018).
As SIC is an essential component of carbon cycling in climate change models over a wide
range of scales (Liu et al., 2014; Zhang et al., 2015; Civeira, 2016), it warrants increased
attention. Understanding the distribution of both SOC and SIC storage in deep soil layers is
necessary for assessing regional, continental, or global soil C storage and forecasting the
consequences of global climate change.

Similarly, land use also greatly influences soil C stocks (Rumpel and Koégel-Knabner,
2011), as it affects the input and decomposition rate of organic matter in the soil (Ali et al.,
2017). In deep soils, SOC has a stronger association with vegetation, because deeper root
systems may cause greater changes in profiles than those caused by climate change (Esteban
et al., 2000). Therefore, proper SOC management is needed for maintaining and mitigating
the increasing of atmospheric CO, (Rumpel and Kogel-Knabner, 2011; Miltner et al., 2012;
Zhang et al., 2014). This requires an accurate, reliable assessment of the C stored deep in the
soil under different land uses.

Most studies involving C-stock evaluation in different land-use types are currently based
on data acquired from indirect sources, such as soil-series maps, agriculture-related reports,
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and the like (Schlesinger, 1982; Eswaran, 1993; Batjes, 1996; Zhang et al., 2004;
Diaz-Hernandez, 2010). For example, Chinese soil C budgets are usually based on the data-
base from the Chinese Second National Soil Survey conducted in the 1980s (Zhang et al.,
2004; Wang et al., 2010). Although it is easier and less expensive to sample and analyze
soils to shallow depths, the lack of bulk density (BD) data for deep soils contributes to what
may be a considerable error in the estimates of soil C reserves. Currently, most studies on
soil C stocks typically extend to depths of 100 cm, whereas only a few studies have reported
SOC to depths of 300 cm (Harper and Tibbett, 2013; Bi et al., 2018). Plant roots in deep
soils have a significant capacity to sequester C and thus may markedly increase soil C stor-
age calculations. Data to calculate deep soil C reserves to depths of at least 500 cm are much
less commonly available, although critical for improving deep-soil C assessments.

There is a large area and thick package of loess (640,000 kmz) in northwest China, called
the Chinese Loess Plateau (CLP), which holds 1239.85 Tg of C to a depth of 20 cm (Fu et
al., 2014). In order to meet food requirements for the growing human population, land rec-
lamation started in the 1950’s, whereby approximately 336 km® of cropland was opened by
2012, partly under the well-known “Grain for Green” program that has been supported since
1999 by the central government of the People’s Republic of China. Since then, several stud-
ies have been conducted to elucidate the effect of land cultivation on soil C stocks. Some
researchers studied SOC and SIC stocks under grassland, forestland, and shrubland at dif-
ferent restoration times (Wang et al., 2016; Liu et al., 2017). The results of such studies
showed that SIC decreased, while SOC increased with vegetation restoration. Jaiarree et al.
(2011) reported that SOC stocks were reduced by 47% after 12 years of cultivation. How-
ever, studies of SOC and SIC over time of cultivation in reclaimed croplands are lacking.
Estimating the changes in deep soil C storage under reclaimed croplands at different time-
scales would complement those findings and facilitate refined estimates of SOC and SIC
stocks, which in turn can be associated with fixed atmospheric CO,.

Therefore, the objective of this research is to investigate deep SOC and SIC stocks under
cropland, forestland, grassland, shrubland and gully land types over 70 years following rec-
lamation of croplands. In particular, we address the following key questions:

1) How do SOC and SIC stocks change with soil depth under five land-use types?

2) How do these deep-soil C stocks respond to different land-use types?

3) Which land use is optimal for C storage in our study area?

4) How do these stocks vary with time?

2 Material and methods
2.1 Study site

The Gutun watershed (36°46'39"-37°03'34"N, 109°41'02"-109°56'58"E) on the Chinese
Loess Plateau (CLP) covers approximately 24 km®, 46 km east of Yan’an city in Shaanxi
Province (Figure 1). The study area is characterized by a temperate sub-humid climate with
annual mean temperature and precipitation of 9.7°C and 541 mm, respectively; most of the
precipitation occurs between June and September (Zhao et al., 2019).

In all, 21 representative profiles within the Gutun watershed were categorized based on
predominant land use as grassland (two profiles), shrubland (one profile), forestland (two
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Figure 1 Location of the study area and sampling points ting mountain ridges to solve food
(n=21 profiles) under d}fferent land use types. W1th¥n the Gutun shortages, resulting in a series of
watershed. Cropland includes five restoration time frames: . .
RC-5 (light blue star), RC-15 (light green star), RC-35 (yellow unique cropland sequences. We veri-

star), RC-60 (red star), RC-70 (black star). fied the cultivation age by interview-
ing local elders. The selected five cropland sites have been identified under continued cultiva-
tion for 5, 15, 35, 60, and at least 70 years (Figure 1).

2.2 Soil sampling and laboratory analysis

Soil samples were collected from 1 m x 1 m quadrats located by GPS from March to April in
2017. The litter in each site was cleared before sampling. Every site was excavated to a
depth of 500 cm, or until the calcification layer or overflow layer was reached. We used 421
sampling points located on the ridges to determine bulk density (BD) at 10 cm intervals in
the 0-20 cm top-soil layer, and at 20 cm intervals at depths from 20 to 500 cm. Another 421
samples were collected to determine total carbon (TC), SIC, soil water content (SWC), and
particle composition.

A portion of each soil sample was used to measure SWC gravimetrically from weight loss
after drying at 105°C (Wang et al., 2016). The remaining soil in each sample was air-dried
and then sieved through a 2 mm mesh after removing debris. Soil texture was determined by
laser diffraction using a Mastersizer 3000 (Malvern Instruments, England). The total carbon
(TC) was measured by using an elemental analyzer at a combustion temperature of 950°C
(Vario EL cube, Elemental Analyzer, Elementar, Germany). As SIC refers to the carbonate
minerals in the soil, such as CaCO;, MgCO; (Wu et al., 2009; Liu et al., 2017), SIC content
was measured by acid hydrolysis, which released SIC as CO,. Finally, SOC content was
calculated by subtraction of SIC content from TC content. All the experiments were per-
formed at the Xi’an Accelerator Mass Spectrometry Center.

2.3 Calculation of SOC storage and SIC storage

Stored SOC and SIC (kg m'z) were calculated using the following equations (Grimm et al.,
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2008):
soc

stock —

SOCxBDx(1-F, ;) xAd x0.01 )
SIC ok =SICxBDx (1= F, ;) xAd x0.01 2)
where, SOCysock and SICckx represent SOC and SIC storage, respectively; SOC and SIC are
the SOC and SIC contents (g kg '), respectively; BD is the soil bulk density (g cm™); the
occurrence of coarse fragments in the loessal soils of the Chinese Loess Plateau is rare, there-
fore, Feontent 1S usually negligible in the CLP; Ad represents the soil layer thickness (cm).
Two-way ANOVA analysis was applied to determine the significance of any effects from
land use and cropland reclamation time on SOC, SIC and the other parameters under study.
All the differences were evaluated at a significance level of 0.05. Statistical analyses were
performed using Origin 2018b, SPSS 22, Sigmaplot 12.5 and Figures of sampling sites were
drawn by ArcMap 10.2 software.

ontet

3 Results

3.1 Soil basic characteristics

Table 1 shows that soil texture was similar in all soil layers under the five land-use types
studied. Both the highest proportion of silt and clay content and the lowest sand content
were found in gully land soils. Silt content increased gradually with soil depth, whereas sand
content decreased.

Table 1 Soil properties under five land-use types in the Gutun watershed on the Chinese Loess Plateau

Land-use Texture (%)
type Sand Silt Clay
Grassland ~ 19.2+3.8ab  78.243.6a 2.6£0.3bc  1.3+0.1b 126.0+20.3b 2.96+2.22a 16.77+3.00a
Shrubland  19.7+3.0ab  77.6+2.8a 2.740.4bc  1.3+0.1b 92.8447.5¢ 2.76x1.75ab  13.79+2.40bc
Forestland  22.3+4.5a 75.4+4 .3a 2.3+0.4¢ 1.3+0.1b 71.7£19.4¢ 2.58+1.22ab 14.82+1.81ab
Cropland 22.1+5.4a 75.1£5.0a 2.8+0.7b 1.5+£0.2ab  177.2+51.6a 2.04+1.10ab  12.38+3.18¢c
Gully land  18.6+4.2b 78.243.8a 3.2+0.6a 1.4+0.1a 197.7+£31.0a 1.84+1.29b 14.22+2.65bc

BD*(gem™®) SWC(gkg') SOC(gkg™) SIC(g kg ")

*BD, bulk density; SWC, soil water content; SOC, soil organic carbon; SIC, soil inorganic carbon. Different lower-
case letters within columns indicate significant differences among land-use types.

3.2 Carbon content under different land uses and various times of cropland cultivation

The variability of BD was small (<10%) throughout the soil profile under each land-use type,
but overall, it increased with depth. Cropland showed the highest BD values, ranging from
1.01 to 1.82 g cm™, followed by gully land. Shrubland, forestland, and grassland were
comparable in BD, with uniformly low levels (Table 1).

Land use significantly affected SWC (p < 0.05), with the following ranking: gully land >
cropland > grassland > shrubland > forestland (Table 1). There were obvious changes in
SWC between top and deep soil layers; SWC increased with depth in gully land and crop-
lands, in agreement with most farmland in China (Zhu ef al., 2019), whereas in forestland, it
varied over a wide range and decreased to <100 g kg below 40 cm depth, which is classi-
fied as a dried soil layer (Wang et al., 2004).

The mean SOC of all 21 soil profiles and the 0-500 cm soil profile was 2.24+1.39 g kg™ (n=
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Figure 2 Vertical distribution of SOC and SIC along 500-cm deep soil profiles. (a) SOC content (open blue
circles), means (closed red circles), and the coefficient of variations (green squares); (b) SIC content (open light
grey circles), means (closed black circles), and the coefficient of variations (dark red squares).

421), which is lower than values measured at other sites in the CLP (Ma et al., 2012; Wang et
al.,2016; Liu et al., 2017). Overall, surface SOC was higher than that in the subsoil (Figure 2).
Land use influenced SOC content significantly (p < 0.05) (Table 2). In grassland, forestland,
and shrubland, SOC values were generally higher than those in cropland or gully land in the
same soil layers (Table 3). Grasslands were exceptional in that SOC of the 0—60 cm layer,
which was significantly higher than that in the 60—500 cm layer (p < 0.05), while no such
difference was observed for shrubland, forestland, or gully land (p > 0.05) (Table 3).

Cultivation time influenced SOC content significantly (p < 0.05) (Table 2). The corre-
sponding overall mean SOC content for the 500 cm soil profile decreased in the following or-
der: RC70 > RC35 > RC5 > RC60 > RC15 (Table 4). R15 had the lowest SOC content, which
may be caused by agricultural disturbance and rainfall, summer rainfall especially can acceler-
ate the transport of soil organic matter (Zeng et al., 2019). Additionally, SOC content was sig-
nificantly influenced by soil depth (p < 0.05) (Table 2); thus, SOC content in the uppermost
soil layers was higher than that in deeper layers, especially under RC35 and RC70. We also
observed that SOC content was basically unchanged (estimated at every 100 cm interval),
from 100 to 500 cm depth, under five reclaimed croplands. Furthermore, SOC content from 100
to 500 cm depth was significantly higher under RC5, RC35, and RC70 than under RC15 or
RC60.

In general, SIC was found to be much higher than SOC in this study, ranging from 0.17 to
27.4 g kg™'. Average SIC was 13.4 g kg™, with a relatively small coefficient of variation of
24.8%; further, the mean SIC content was approximately six times greater that of the corre-
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sponding SOC content. Mean SIC content decreased with depth along the 0-500 cm profile,
with deeper soil layers containing slightly lower amounts of SIC than the overlying layers
(Figure 2). In line with SOC, grasslands also showed the highest mean SIC; further, SIC
content in grassland and shrubland was significantly higher than in any other land-use type
(» < 0.05) (Tables 1 and 3). SIC was significantly influenced by cultivation time over 70

years (p < 0.05) (Table 2), with RC15 showing extremely low SIC values in the 300—500 cm
depth interval (Table 4).

Table 2 Two-way ANOVA* F and p-values for land-use type, cultivation time, and soil depth effects on soil BD

(g em™), SWC (g kg™), SOC content (g kg™), SIC content (g kg™), SOC stocks (kg m ), and SIC stocks (kg m ™) in
Gutun watershed

Factor of BD SWC SOC SIC SOCS SICS
variation F p F p F p F p F p F p
Land-use types 24.32  0.000 79.060 0.000 11.852 0.000 25320 0.000 3.452 0.009 6.222 0.000
Soil depth 2.310 0.033 6.080 0.000 4.434 0.000 2.121 0.000 4.651 0.000 17.781 0.000
Time 112.59 0.000 36.283 0.000 18.082 0.000 31.666 0.000 21.867 0.000 13.365 0.000

Note: Analysis of variance; BD, bulk density; SWC, soil water content; SOC, soil organic carbon; SIC, soil inorganic carbon

Table 3 Vertical distribution of SOC and SIC contents (g kg™") under five land-use types

Depth (cm) 0-20 20-60 60-100 100-200 200-300 300-400 400-500
Grassland ~ 7.26+4.56aA 3.93+£3.05aAB 2.38+0.93aB  2.51+1.12aB  3.09+1.68aB 2.27+0.61aB 1.88+1.35bB
Shrubland  3.79+1.52abA  1.55+0.8aB 1.07+0.2aB  2.89+2.71aA 2.71£1.25abA 1.77+0.58aB 4.40+1.33aA

SOCForestland  3.29+0.94abA  2.90+1.57aA  2.38+1.49aA  2.08+0.89aA 2.39+0.84abA 3.19+1.61aA 2.03+0.51bA
Cropland ~ 2.52+1.25bA 1.81£1.25aAB 1.46+0.63aB 1.99+1.05aAB 1.89+0.86bAB 2.34+1.07aAB 2.22+1.30bAB
Gully land  1.68+1.27bA  1.61x1.14aA  2.03£1.57aA 2.26+1.77aA 1.42+0.39bA
Grassland 14.97+1.39abB 17.2+2.0abAB 17.4+2.2abAB 16.25+0.92aB 14.18+1.86aB 17.45+3.7aAB 20.18+2.58aA
Shrubland 16.91+0.01aA 16.55£0.21aA 16.45+0.07aA 14.3+2.9abAB 13.31+1.13aB 13.21+1.01bB 10.96+1.44bB

SIC Forestland 14.27+1.37abA 13.97+1.96abA 14.42+1.61abA 14.75+1.12abA 14.57+1.20aA 14.76+2.63aA 17.01+0.53abA
Cropland ~ 13.40+1.61bA 13.39+1.44bA 13.05+2.77bA 12.68+1.69bA 11.99+3.47aA 11.52+4.16bA 11.34+5.04bA
Gully land 15.10+1.40abA 15.66+1.72abA 14.91+1.07abA 14.17+2.86abA 11.88+3.68aA

Note: different lowercase letters within columns indicate significant differences among land use types (p < 0.05);

different uppercase letters within rows indicate significant differences among different soil layers in the same land-use
type (p <0.05).

Table 4 Vertical distribution of SOC and SIC contents (g kg™") from RC5 to RC70 croplands in Gutun watershed

]?:rl;t)h 0-20 20-60 60-100 100-200 200-300 300400 400-500

RC5 2.02+1aAB  1.41+0.94bB 1.63+0.78aAB 2.35+0.96abAB 1.87+0.35bcAB 2.96+0.48abA 2.6+0.77aAB
RCI15 1.82£0.5bA  1.51+1.82bA  1.13+0.66aA 1.45+0.88bA 1.3£0.89cA 1£0.76¢cA 0.72+0.53bA
SOCRC35 3.3+0.83aA  2.4+1.07aAB  1.69+0.26aB  2.12+0.43abAB 2.344+0.53abAB 2.49+0.43abAB 2.9+1.5aAB
RC60 2.61£1.96aA  1.61+1.14bA 1.4+0.75aA 1.69+0.45bA 1.79+0.6cA  2.35+1.28bA  2.03+1.31abA
RC70 3.04+1.18aAB 2.26+1.25aAB  1.50+0.57aB  2.66+1.90aAB 3.03+1.02aAB 3.45+0.77aA
RC5 11.95+1.41bA 12.47+2.5aA  12.66+2.9abA  12.29+1.67bA 13.56+1.45aA 12.9+1.64aA 12.75£2.99aA
RC1514.07£2.21abA  14.29+1.2aA  14.31+1.11aA  12.83+1bAB 10.46+5.41aAB 6.16+5.2bBC  0.94+0.63bC
SIC RC35 13.64+0.37abA 13.44+0.73aA  14.39+1.09aA  13.5£0.51bA 13.12+1aA  12.99+1.82aA 14.13+3.16aA
RC60 14.65+1.39aA 13.52+0.93aAB 13.32+0.83abAB 13.17+0.94bAB  12.33+0.9aB 13.26+1.93aAB 12.9+1.26aAB
RC7012.35£0.25abA 13.13+0.82aA  9.65+5.08bA  16.43+£3.24aA 10.53+3.87aA 13.09+1.48aA

Note: different lowercase letters within columns indicate significant differences among five reclamation times (p <

0.05), while different uppercase letters indicate significant differences between different soil layers at the same reclama-
tion time (p < 0.05).
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3.3 Carbon storage under different land uses and various reclamation times of
croplands

3.3.1 SOC stocks

Overall, SOC reserves were relatively small in the 0-500 cm soil profile; accounting for
11-16% of the TC stocks, and decreasing abundances as follows: shrubland (17.2 kg m™?)
> grassland (16.2 kg m™?) > forestland (15.2 kg m™2) > cropland (14.1 kg m™2) > gully land
(6.37 kg m™) (Figure 3). The spatial distribution of the integral SOC stocks under five
land uses are shown in Figure 4a. It shows gully land sites and RC15 had the lowest
SOC stocks, while land with natural vegetation tended to have higher SOC stocks (Fig-

ure 4a). The proportion of C below

120 EZZsics 100 cm depth accounted for ap-
| [1socs proximately 87%, 71%, 78%, 82%,

100 and 62% of the integral SOC (0-500
N‘; cm) under the five land-use types
& 801 studied, in the order given above.
é 6ol % §§s§, %2252 %é%i,)/ SOC was concentrated in the grass-
g | 486%)/ land surface soils, which was con-
§ 40 gg; sistent with that of Bi ef al. (2018).
4 Figure 5a shows that the SOC stock

20 in the 0-20 cm top layer was sig-

0 (}if;,) 6.37(11% (1145;;%) (}gﬁ) (%g;/i) nificantly higher than those in the

Land-use types
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Cropland Gully land Forestland Shrubland Grassland

Figure 3 Percentage of SOC and SIC stocks in 0-500-cm soil

profiles for five land-use types

400-500 cm interval (p < 0.05). In
contrast, the vertical distribution
pattern in shrublands reached deeper,
with more SOC stored in the subsoil

(Figure 5b).
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The integral SOC stocks under
RC5, RC15, RC35, RC60, and RC70
were 17.2, 8.77, 13.5, 13.2, and 18.1
kg m™ respectively, and the SOC
stocks at 100 cm intervals followed
the same pattern: RC70 > RC5 >
RC35 > RC60 > RC15 (Figure 6a).
The lowest SOC stock was observed
in RC15, the highest was observed in
RC70; moreover, the SOC stock was
slightly lower under RC60 than under
RC35.

Different lowercase letters indicate
significant differences (p<0.05) among
croplands under five different cultiva-
tion times.

Cultivation time significantly af-
fected SOC stocks in reclaimed crop-
lands, according to the two-way
ANOVA (p<0.05) (Table 2). If we ig-
nore the stocks in RCS5, a consistent
temporal trend was observed, showing
that SOC stocks increased gradually in
the reclaimed croplands, which is in
agreement with the result of Liu et al.
(2017), who reported that SOC stocks
increased with restoration time. SOC
values in RC5 were significantly high-
er than in RC15 (p<0.05) (Figure 7),
suggesting that cultivation has led to
soil C losses over at least 15 years,
with SOC losses of approximately
49% of soil C stocks, whereas SOC
stocks in RC70 increased 2.7% relative
to RCS.

3.3.2 SIC stocks

SIC stocks ranged from 50.3 to
104.1 kg m™, accounting for 84%—
89% of TC stocks (Figure 3) and were
approximately six times greater than
SOC stocks. The contribution to SIC
stocks in the 0-500 cm soil layer was

mainly in the form of inorganic C for the five land-use types (Figures 3 and 6). The density
of the overall SIC stocks ranked in the following order: grassland > forestland > shrubland >
cropland > gully land (Figure 3). The SIC spatial distribution of SIC stocks were similar to
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SOC stocks (Figures 4a and 4b). Natural vegetation also had higher SIC stocks than crop-
land. Both soil depth and land-use type influenced SIC stocks significantly (p<0.05) (Table 2).
There was no significant variation of SIC stocks among land-use types at a depth of 0-20 cm,
and no clear pattern was observed at 20—400 cm. Regarding the depth range from 400 to 500
cm in terms of land use, SIC ranked in the following order: grassland > forestland > shrubland
~ cropland (Figure 5c¢). In addition, SIC stocks in grassland and forestland increased with
soil depth, whereas an opposite trend was observed for shrubland and cropland (Figure 5d).

Cultivation time significantly affected SIC stocks (p < 0.05) (Table 2). For example, a
consistent decrease in SIC values with depth was observed for RC15, after which, values for
the 0—200 cm section of the soil profile decreased slightly with time, while deep soil SIC
values (i.e., at 200500 cm) increased with time (Figure 6b). Trends for TC stocks were
similar, as they were dominated by the SIC component (Figures 5c and 6).

4 Discussion
4.1 Sources of variation in SOC and SIC distributions under five land use types

The overall C stocks in grassland, forestland, and shrubland were 23.8, 15.0, and 11.4 kg m'z,
respectively; all higher than the C stocks in cropland, and gully land, where they were the
lowest (Figure 3). In other words, grassland, forestland and shrubland all showed a higher
capacity to fix C compared to cropland; these results are consistent with those of Ali et al.
(2017) and Wang et al. (2016).

Different land-use types are associated with diverse plant communities that influence
SOC due to variability in plant productivity, soil quality, and soil C turnover time (Esteban
et al., 2000; Wiesmeier et al., 2012). In the present study, land use significantly influenced
integral SOC stocks (p < 0.05) (Table 2). In particular, the grassland SOC-stock was highest
among the five land-use types in the top (0-60 cm) soil (Figure 5a), because grasses grow
seasonally and die off every winter, leaving plant litter on the ground surface, facilitating the
accumulation of organic C and rhizosphere microbiota, who use decaying organic matter as
a source of energy.

As Deng et al. (2014) reported, biomass in cropland disturbed by human tillage ac-
tivities tends to increase organic decomposition and C losses; therefore, cropland usually
shows lower SOC contents than other land-use types. The present study showed that,
although SOC content exhibited the same trends as described previously (Wang et al.,
2016; Liu et al., 2017; Yang et al., 2018) (Table 3), in the cropland top soil layer (0-20
cm), with SOC stocks slightly lower than in the grassland, and similar to those found at
20-400 cm depth; but significantly higher than SOC stocks of either grassland or for-
estland at depths of 400-500 cm (p < 0.05) (Figure 5a). This could be attributed to har-
vest practices of farmers in the area, whereby maize straw is allowed to lay fallow on the
ground until November; this method reduces soil erosion and organic C losses, main-
taining SOC reserves at a level comparable to those found in grassland or forestland. On
the other hand, the calculated Pearson correlation coefficient showed that SOC was
positively and significantly influenced by SWC (p < 0.05), and it was directly related to
BD (Equation 1). BD was significantly higher in cropland than in either grassland or
forestland (p < 0.05) (Table 1). Furthermore, we found higher SWC in cropland than in
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other land-use types, as dissolved OC transformed by organic manure might be leached
from the surface and subsequently transported into deeper soil layers by groundwater
(Wang et al., 2016; Zhu et al., 2018), resulting in relatively high SOC stocks under
farmlands in deep soils.

We also found that some SIC was stored in the subsoils of grassland and forestland (Fig-
ure 5d). This could be attributed to the inherent high water-conservation capacity of these
land-uses, allowing a greater proportion of water to percolate downward and eventually
form carbonates that accumulate in the deeper soil layers.

4.2 Management strategy of carbon under reclaimed croplands

SOC stocks decreased from RC5 to RC15 and then steadily increased up to a maximum
value in RC70 (Figure 6a). The second higher, overall initial SOC stocks were observed in
RCS5 (Figure 6a). This could be attributed to the relatively large amounts of C introduced
in the soil when organic manure was used to fertilize the new cropland. After approxi-
mately 15 years under the constant influence of agricultural activities, a large amount of C
is decomposed and readily removed by rainwater as it moves through the soil. This pre-
sumably accounts for the observed SOC reduction in RC15, reflecting conditions that are
not conducive to C fixation. Total SOC stocks subsequently increased with time in RC35
and RC60, which were not significantly different from one another (p > 0.05), while SOC
stocks in RC35 were slightly higher than in RC60 (Figures 5a and 6). This small differ-
ence may have been caused by the introduction of a nursery in RC35, which enhanced soil
C sequestration.

The integral stocks of SOC and SIC were consistently lower in cropland than in grassland,
forestland or shrubland (Table 1), probably because of soil C loss during ploughing after
reclamation (Deng et al., 2014), and the ability of crops to fix C is lower compared to that of
grass or forest. Several scientists have recommended enclosing croplands and allowing the
restoration of natural grasslands to increase SOC stocks (Albaladejo et al., 2013; Liu et al.,
2017) to avoid the abovementioned problem. However, land cultivation in support of the
growing human population in the CLP region is already insufficient. Therefore, we can nei-
ther enclose all the cropland, nor plant reclaimed croplands with nurseries or turn them into
grasslands. Nevertheless, Li ef al. (2016) and Cardinael et al. (2017) demonstrated the ad-
vantages of alternative agroforestry systems to efficiently enhance SOC stocks in agricul-
tural lands to mitigate climate change. Our results are consistent with such an approach.
Therefore, we advise local governments to pursue turf culture or nursery establishment in
newly reclaimed croplands for some years, followed by the adoption of an agroforestry ap-
proach to increase both grain production and C sequestration. Such programs should be con-
tinuously monitored to gain a comprehensive understanding of the evolution of SOC and
SIC inventories with cultivation time.

5 Conclusions

Both SOC and SIC should be estimated over broad areas to evaluate C stocks and their rela-
tionship with different land-use types on the CLP. 1) Grassland, shrubland, and forestland
showed the greatest capacity to accumulate C in soil profiles from the surface to a depth of
500 cm, compared to either cropland or gully land. 2) SIC stocks in these five land-use
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types contributed to 84%—89% of TC stocks, which was much higher than SOC stocks. 3)
Moreover, the amounts of SOC and SIC in deep soil layers (100-500 cm) were greater
than those in the 0—100 c¢m soil depth range. Moreover, it is necessary to accurately quan-
tify the amount of C sequestered and cycled with time. Our data clearly show that cultiva-
tion time significantly influenced SOC and SIC stocks. 4) Soils that were reclaimed 15
years ago for cropping are regarded as poor soils that can optimal for neither crop growth
nor C fixation. 5) Planting a small nursery in the RC35 cropland is better than planting
corn to sequester C. 6) Cultivation has led to C losses equivalent to approximately 60
years of C accumulation, with a TC loss of approximately 23% in the 0-500 cm soil pro-
file on the CLP. Therefore, we suggest that local governments consider laying sod or es-
tablishing nurseries in newly reclaimed croplands for several years, prior to introducing
grain cropping or developing an agroforestry system whereby grain production and C se-
questration might be fostered.
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