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Summary

Better understanding of the effects of land use and agricultural management on organic carbon (C) sequestration
is needed to optimize the restoration of fertility in degraded soil, maintain agricultural sustainability and mitigate
emissions of greenhouse gases with C sequestration. Most current studies of C sequestration focus on mature
soil, whereas there has been little research on soil development from C-poor parent material. The aim of
this study was to assess soil organic carbon (SOC) stocks and C sequestration rates during the early stages
of development of a Mollisol from parent material under different types of vegetation, fertilizer application
regimes and organic matter inputs, and to compare the results with C sequestration of a mature Mollisol under
similar management. Carbon stocks were recorded from 2004 to 2012 in the parent material of a Mollisol
under natural fallow (NatF), alfalfa (Medicago sativa L.) (Alfa) or soya beans (Glycine max (Merrill.) L.) and
maize (Zea mays L.) (S–M) rotations with and without fertilizer application and crop residues returned or
removed at harvest. There was a positive non-linear relation between C inputs and SOC stocks; increases in SOC
stocks decreased with larger additions of C. After 8 years of treatments, the SOC stocks at 0–20-cm depth had
increased in the order S–M+ fertilizer+ all residues returned (61%)>Alfa (60%)>S–M+ fertilizer+ part of
residues returned (50%)>NatF (30%)> S–M+ fertilizer without residue return (17%)> S–M without fertilizer
or residue return (7%). These increases in SOC stocks corresponded to annual C sequestration rates of
0.02–0.83 Mg C ha−1 year−1. In contrast, SOC stocks in the 0–20-cm layer of the mature Mollisol changed
little under similar treatments in a wheat (Triticum aestivum L.)–maize–soya bean rotation. Our results have
practical implications for how vegetation and agricultural practices could be used to optimize soil restoration and
C sequestration in a temperate continental monsoon climate.

Highlights

• What management practices and vegetation lead to carbon sequestration during soil development?
• Use of a subsoil (parent material) to study soil development.
• Carbon stocks increased as much in alfalfa as in soya bean–maize rotations with residue return.
• Perennial legume systems sequester carbon comparable to annual systems with larger carbon inputs.

Introduction

The sequestration of soil organic carbon (SOC) contributes to

improvement in soil fertility of agricultural land and mitigation of

greenhouse gas emissions (Lal, 2004; Johnson et al., 2007; Karlen

et al., 2013). The Mollisols in northeast China are losing soil in

certain areas because of erosion related to continuous cultivation
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under poor management that causes losses of C, which affects the

productivity of agricultural soil (Quinton et al., 2010; Liu et al.,

2011). In addition to the soil’s inherent properties (i.e. initial soil

organic C content, soil texture and type of clay), land use such

as type of vegetation (Bell et al., 2012) and agricultural practices

such as the application of chemical fertilizers (Cai & Qin, 2006)

and crop residues (Qiao et al., 2014) also affect SOC stocks. Some

research suggests that chemical fertilizers increase soil C content

by enhancing C input through rhizodeposition and the amount of
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returned residues (Haynes & Naidu, 1998; Purakayastha & Katyal,
1998; Gong et al., 2009), whereas other research indicates that
organic fertilizers increase C stocks more effectively than the use
of mineral fertilizers alone (Srinivasarao et al., 2012).

The two main sources of C input to the soil are humified root
or shoot material, root exudates and other root-borne organic
substances released into the rhizosphere during plant growth
(Kuzyakov & Domanski, 2000). Differences in the amounts of C
returned to the soil as above- and below-ground biomass might
affect C storage. Allmaras et al. (2004) reported that root biomass,
together with root exudates, mucilages and sloughed off tissue, con-
tributed 1.7–3.5 times more C to soil C than above-ground residues
of corn. Rates of humification in soil are also affected by the chemi-
cal composition of plant parts. For example, Halvorson et al. (2002)
reported C sequestration rates of 0.14–0.23 Mg C ha−1 year−1 in a
continuous dryland cropping system in the northern Great Plains of
the USA. Sainju & Lenssen (2011), however, attributed a relatively
large rate of carbon sequestration of 0.33 Mg C ha−1 year−1, with
a returned biomass that included perennial legume forages of
1.04 Mg C ha−1 year−1, to a larger rate of humification because
of the greater input of C from below-ground biomass. Both the
amount and quality of organic matter inputs seem to affect rates of
C sequestration.

In northeast China, Mollisols have formed from a parent material
of illuvial sediments, which had a larger C content than that of
rock; mature Mollisols are well known for their large C content.
The Mollisol parent material, however, has a smaller C content
than the mature Mollisol, and is therefore an ideal medium to study
soil C dynamics during surface soil development. You et al. (2014)
previously reported significant increases in soil C concentration
in the surface soil (0–20 cm) of this parent material under soya
bean (Glycine max (Merrill.) L.) and maize (Zea mays L.) (S–M)
rotations with inputs of fertilizers and crop residues over 5 years
of cultivation. There were no increases in total C under alfalfa
(Alfa) or natural (not seeded) grassland (NatF) over this time
frame. Rates of C sequestration appeared to depend mainly on
the amount of C inputs. However, the C content increased in
the occluded light fraction, determined by density fractionation
by mass (including the free and occluded light fractions, and
the heavy fraction), for all treatments (S–M rotations, Alfa and
NatF). Consequently, the experiment needed to be extended to
obtain a better understanding of the effects of land use and
management for large-scale soil restoration purposes in this region.
We expected that the effects of different agricultural practices on
soil C accumulation in the parent material of Mollisols could be
demonstrated well by using C contents in the parent material as the
baseline.

The objectives of the present research were to measure SOC
stocks in the 0–20-cm layer of parent material of Mollisols for
8 years under different types of vegetation and in S–M rotations
with different fertilizer and residue return management to compare
the effects of the following treatments on SOC stocks: (i) perennial
legume cultivation and naturally occurring grassland, (ii) S–M
rotations with and without fertilizer and (iii) S–M rotations with

residue return and fertilizer or fertilizer only. For comparison,
we also assessed the effects of similar treatments on SOC stocks
in wheat (Triticum aestivum L.)–maize–soya bean rotations in
the surface soil of a mature Mollisol. In addition, we wanted to
quantify the relation between C inputs and SOC stocks in the soil
profile of the parent material. The treatments in the parent material
included two perennials (alfalfa and natural grassland) and S–M
crop rotations with or without chemical fertilizer applications and
different amounts of above-ground residues incorporated into the
soil. We hypothesized that more C would be sequestered under
perennial legumes than non-legumes, and that both fertilizer appli-
cation and residue return management would increase SOC stocks
in S–M rotations.

Materials and methods

Site description and soil sampling

The long-term restoration experiment was in the centre of the
area of Mollisols in northeast China at the State Key Experi-
mental Station of Agroecology, Chinese Academy of Sciences,
Hailun, Heilongjiang province (47∘26′N, 126∘38′E). The Mollisols
have formed from sedimentary materials of loamy loess parent
material (Xiong & Li, 1987). Typical soil profiles are A–AB–BC
(A, 0–0.6 m depth; AB, 0.6–1.15 m; BC, 1.15–1.5 m; C, > 1.7 m).
The depth to bedrock is > 20 m. The soil type is classified as Pachic
Haploborolls according to the USDA Soil Taxonomy (Soil Sur-
vey Staff, 2010). The climate in the region is typical temperate
continental monsoon, characterized by cold winters and hot sum-
mers; the mean annual temperature is 2.2∘C. Total annual precip-
itation averages 550 mm, and about 358 mm occurs from June to
August.

The long-term restoration experiment started in June 2004 with
the construction of 24 enclosed plots (1.4-m long, 1.0-m wide and
0.8-m deep). The enclosures consisted of cement strips (0.2-m wide
and 0.8-m depth) that protruded 0.1 m above the ground. These
enclosures were refilled with parent material taken from below 2-m
depth (C horizon) at a location 10 m from the experimental plots.
The parent material had a semi-blocky structure. A piece of nylon
mesh with 0.075-mm openings was placed on the parent material
at 0.8-m depth to prevent root penetration, but it allowed water
and nutrient exchange. The parent material contained 4.79 g C and
0.41 g N kg−1 soil, and had a pH of 6.88 (soil:deionized water
1:2.5), a soil bulk density (SBD) of 1.35 Mg m−3, 420 g kg−1 clay
(<0.002 mm) and 356 g kg−1 silt (0.02− 0.002 mm). The dominant
clay minerals were vermiculite, chlorite and illite.

In Experiment I, the following six treatments were assigned
to the 24 plots with the parent material as a randomized block
design with four replicates: natural fallow without weed control
(vegetation consisted mainly of Leymus chinensi, Poa annua L. and
Equisetum tataricus) (NatF), N-fixing alfalfa (Medicago sativa L.)
(Alfa) and four S–M rotations: (i) S−M without mineral fertilizer
and biomass removal (F0C0), (ii) S–M with mineral fertilizer and
biomass removal (F1C0), (iii) S–M with mineral fertilizer and
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partial return of residue as a soya bean powder-maize straw mix-
ture (F1C1) and (iv) S–M with mineral fertilizer and all biomass
incorporated (F1C2) (Table 1). The cut biomass in each plot of
NatF and Alfa treatments was left in the fields as mulch. In F1C1,
2250 kg ha−1 ground soya bean seeds that had been baked at 200∘C
and 4500 kg ha−1 chopped (20–50-mm long pieces) maize straw
were incorporated into the soil at the same time as the other residue
return treatments. The C content in soya bean powder and maize
straw was equivalent to the C content of a typical organic manure
application and return of maize straw in this region (Qiao et al.,
2014). In the F1C2 treatment, the entire biomass of each year’s
crop was incorporated, but the maize grain and soya beans were
pulverized as above. The fertilizer sources were diammonium
phosphate and potassium sulphate, applied at 54, 60 and 54 kg N,
P and K ha−1 year−1, respectively, for soya beans and maize. An
additional 140 kg N ha−1−year−1 was applied as urea at the V8
stage of maize growth. The parent material was tilled to 20-cm
depth with a spade to incorporate the chopped crop residue, and
ridges (0.7-m wide and 0.25-m high) were made after applying the
organic amendments. The first crop of the rotation was soya beans.
The crop densities were 70 000 and 270 000 plants ha−1 for maize
and soya beans, respectively. The crops were sown in rows in May
and harvested in October. At harvest, the above-ground biomass in
each plot was cut and weighed, and a subsample was oven-dried
at 60∘C to determine the dry weight of grain and non-grain
biomass.

Experiment II was carried out in a mature Mollisol soil in
a long-term field experiment (established in 1990) of a wheat
(Triticum aestivum L.)–maize–soya bean rotation in a randomized
block design with three treatments, each with three replicates:
(i) no fertilizer and without residues returned (M0C0), (ii) chemical
fertilizer made up of N, P and K (M1C0) and without residues
returned and (iii) application of chemical fertilizers (N, P and
K) and crop residues (M1C1). Each replicate covered a surface
area of 12 m× 5.6 m and was separated from other replicates by a
0.7-m buffer strip. The fertilizer and residue inputs were as follows:
(i) for maize, 120 kg N ha−1, 36 kg P ha−1, 30 kg K ha−1 and 1.8 Mg
C-derived maize residue ha−1, (ii) for soya beans, 20.25 kg N ha−1,
36 kg P ha−1, 30 kg K ha−1 and 1.9 Mg C-derived soybean residue
ha−1 and (iii) for wheat, 75 kg N ha−1, 36 kg P ha−1, 30 kg K ha−1

and 1.7 Mg C-derived wheat residue ha−1. The residues were
chopped into 5-cm long pieces and air-dried before they were
returned to the soil. Urea was split into two applications for the
treatments that received N fertilizer, the basal and supplementary
fertilizers, applied at the ratio of 1:2 for maize. In all plots, the soil
was rotary tilled to a depth of 20 cm and ridges were established
after the crop harvest in autumn.

At each experimental site (Experiments I and II), 20 g soil were
sampled from the surface layer (0–20 cm) of each replicate in
October after the autumn harvest each year from 2004 to 2012.
Five cores of soil were taken with a 50-mm diameter auger
and mixed to form a composite sample. After the visible roots,
fauna and organic debris had been removed by hand, the soil
samples were sieved (< 2 mm) and air-dried. A portion of the

air-dried samples was ground (< 0.25 mm) before the organic
C analyses.

At the end of Experiment I in 2012, four soil cores (100 cm3,
5-cm width) per layer and replicate were taken to measure soil bulk
density (SBD) after drying the soil cores at 105∘C for 48 hours.
Soil from each of the 0–20-, 20–30- and 30–40-cm depth intervals
of three replicates of Experiment I was excavated and mixed
thoroughly to form homogeneous composite samples, from each of
which a subsample was taken. The fourth replicates were kept for
other observations.

Total soil organic C content and total N were analysed with a
VarioEL CHN elemental analyser (Heraeus Elementar Vario EL,
Hanau, Germany) in finely ground subsamples of the air-dried field
samples. The organic C content was estimated after accounting for
CaCO3, which was determined separately as described by Santi
et al. (2006).

Calculations and statistical analyses

Soil organic C stocks in the top 0–40 cm for each treatment were
calculated as:

SOCstock = C × SBD × T,

where C is the organic C concentration (kg Mg−1), SBD is soil bulk
density (Mg m−3) and T is the thickness of the soil layer (m).

Estimates of cumulative C inputs for the six treatments of Experi-
ment I were derived from 8 years (2004–2011) of yield data. Carbon
inputs included above-ground biomass C, root biomass C and exter-
nal C sources, if applicable (Table 1). The average C concentrations
in above-ground biomass and roots, measured every year in the
harvested biomass after oven-drying at 60∘C, were 430, 440, 440
and 430 g C kg−1 dry biomass for grasses, alfalfa, maize and soya
beans, respectively. The root biomass, which was considered as a
C input in all the treatments, was derived from shoot biomass and
published root:shoot ratios observed in other studies. The ratio of
root to above-ground biomass for grasses and alfalfa was assumed
to be 2.0 and 0.4 (Mokany et al., 2006), respectively, and for maize
and soya beans, 0.19 and 0.13, respectively (Zhang & Zhu, 1990).

Carbon stocks were calculated from measurements taken year
after year in the same plots. Therefore, a residual maximum likeli-
hood (REML) model with an ante-dependence covariance structure,
which takes autocorrelation and heteroscedasticity among samples
within treatment plots over time into account, was used (Webster &
Payne, 2002) to assess C sequestration in the 0–20-cm layer of the
six treatments imposed in the subsoil plots (Experiment I) and in
the three treatments in the mature Mollisol soil (Experiment II).

In addition, an exponential regression model was fitted to the
cumulative C input and C stocks at 0–20-cm depth of Experiment I.
The F0C0 treatment was used as the baseline treatment to calculate
the cumulative C inputs and C sequestration rates in the S–M
treatments. At the end of Experiment I in 2012, SOC stocks for the
different treatments were measured in three layers (0–20, 20–30
and 30–40 cm) and evaluated by a mixed effects model with an
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Table 1 Experimental treatments (i.e. crop rotations, inputs of plant material and mineral fertilizer, tillage and sample layers) in the two 8-year experiments

Sample layersd

Experiment Treatments Land use Organic inputsa

Mineral
fertilizer

inputb Tillagec
2004–2012
Depth/cm

2012
Depth/cm

Experiment I, four
replicates

NatF Natural fallow Litter and roots None No 0–20 20–30

Alfa Alfalfa Litter and roots None No
30–40

F0C0 Soya beans or maize Roots only None Yes
F1C0 Soya beans or maize Roots only NPK Yes
F1C1 Soya beans or maize Soya bean seeds,

maize straw, roots
NPK Yes

F1C2 Soya beans or maize Crop straw, seeds and
roots only

NPK Yes

Experiment II, three
replicates

M0C0 Wheat, soya beans or
maize

Roots only None Yes 0–20

M1C0 Wheat, soya beans or
maize

Roots only NPK Yes

M1C1 Wheat, soya beans or
maize

Crop straw and roots NPK Yes

aThe amendment rates in F1C1 were 2250 kg ha−1of baked soya bean powder and 4500 kg ha−1 of maize straw mixed homogeneously.
bDiammonium phosphate was the source of N and P, applied at a rate of 300 kg ha−1 year−1; potassium sulphate (K) was applied at a rate of 120 kg ha−1 year−1.
cTillage to 20-cm depth was carried out manually in both experiments, with ridges made in October after harvest.
dSoil samples were collected from the 0–20-cm depth every October after harvest from 2004 to 2012. A soil profile (0–20, 20–30 and 30–40 cm) was sampled
in 2012 only.
NatF, natural fallow (grasses); Alfa, alfalfa; F0C0, unfertilized soya bean-maize (S–M) F1C0, chemical fertilizer S–M; F1C1, organic amendments plus
chemical fertilizer S–M; F1C2, chemical fertilizer and above-ground crop biomass returned S–M; M0C0, mature surface Mollisol without fertilizer S–M;
M1C0, mature surface Mollisol with chemical fertilizer S–M; M1C1, mature surface Mollisol with chemical fertilizer plus crop residues S–M.

ante-dependence covariance structure to account for autocorrelation
and heteroscedasticity within treatment plots. Differences in SOC
stocks at 0–40-cm depth of the treatments NatF against Alfa, F0C0
against F1C0, and F1C0 and F1C2 were assessed by contrasts
with Fisher’s least significant difference (LSD), with P< 0.05
as the criterion of significance. The response variables of all
three datasets were transformed to natural logarithms (ln) for
the analyses to improve the distribution of the residual errors,
which were assessed by Shapiro–Wilk tests. All analyses were
carried out with sas software version 9.4 (SAS Institute Inc., Cary,
NC, USA).

Results

Soil bulk density

In Experiment I, the soil bulk density in the surface layer (0–20-cm
depth) decreased from 1.35 Mg m−3 to between 0.90 (F1C2 and
F1C1) and 1.13 Mg m−3 (NatF) during 8 years of soil development
(Figure 1). The repeated measures analysis suggested that there
were significant effects from treatment and for time on bulk density
(statistical results not shown); the decrease in bulk density for the
treatments with perennial vegetation was less than that for S–M
rotations with crop residues applied. Bulk density in the mature
Mollisol (Experiment II) ranged from 0.96 to 1.05 Mg m−3. For the

mature Mollisol, the decrease in soil bulk density in the surface
layer (0–20-cm depth) ranged from 0.01 to 0.04 Mg m−3 for the
three treatments, and almost no change occurred over the 8 years
of the experiment.

Carbon content and C stocks

During the 8 years of soil development, the increase in SOC
stocks at 0–20-cm depth for Experiment I ranged from 1.61 to
7.84 Mg C ha−1 in the six treatments (Figure 2a). The SOC stocks
at 0–20-cm depth in NatF and Alfa increased by 30 and 60%,
respectively, in the fertilized S–M systems with residue return it
increased by 50 (F1C1) and 61% (F1C2), respectively, and in the
S–M system without residue return and fertilizer application by 7%
and by 17% with chemical fertilizer application. The carbon content
at 0–20-cm depth increased from 4.8 g C kg−1 in the parent material
to 7.2–12.3 g C kg−1 in the six treatments (Figure 2b). Because
bulk density decreased in general, the increases in SOC stocks
were smaller than those of carbon content. The largest increase in
SOC stocks was for the treatment with the largest C residue inputs
(F1C2), with cumulative inputs of 33.27 Mg dry matter ha−1, and in
the Alfa treatment, with C inputs of 21.19 Mg dry matter ha−1. In
F1C2, the SOC stock after 8 years of restoration was equivalent to
37% of that of a mature Mollisol (M1C0).
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Figure 1 Soil bulk density 2004–2012:
(a) parent material under treatment and
(b) mature Mollisol. NatF, natural fallow
(grasses); Alfa, alfalfa; F0C0, unfertilized soya
bean–maize (S–M) control; F1C0, chemical
fertilizer S–M; F1C1, organic amendments
plus chemical fertilizer S–M; F1C2, chemical
fertilizer and above-ground crop biomass
returned S–M; M0C0, mature surface Mollisol
without fertilizer S–M; M1C0, mature surface
Mollisol with chemical fertilizer S–M; M1C1,
mature surface Mollisol with chemical fer-
tilizer plus crop residues S–M. The standard
error is shown in the upper right of each figure.

Figure 2 Dynamics of (a) soil organic carbon stocks (SOC stocks) and (b) C content in parent material and mature Mollisol soil 2004–2012. NatF, natural
fallow (grasses); Alfa, alfalfa; F0C0, unfertilized soya bean–maize (S–M) control; F1C0, chemical fertilizer S–M; F1C1, organic amendments plus chemical
fertilizer S–M; F1C2, chemical fertilizer and above-ground crop biomass returned S–M; M0C0, mature surface Mollisol without fertilizer S–M; M1C0, mature
surface Mollisol with chemical fertilizer S–M; M1C1, mature surface Mollisol with chemical fertilizer plus crop residues S–M. The standard error is shown
in the upper right of each figure.

In Experiment I, the treatment effects on SOC stocks at 0–20-cm
depth were significant (Table 2). After 8 years, the SOC stocks
at 0–40-cm depth were significantly larger in F1C2 than for
the fertilized S–M treatment without residue return. Soil organic
carbon stocks were not significantly different for F1C0 and F0C0
and the perennials, which suggested that fertilizer application did
not increase SOC stocks at 0–40-cm depth. Furthermore, at this
depth, SOC stocks were greater for Alfa than for NatF (Table 3).

In Experiment II with the mature Mollisol soil, SOC stocks and C
content at 0–20-cm depth in the treatments did not change between
2004 and 2012 (Figure 2, Table 4). Carbon stocks ranged from 54.11
to 57.52 Mg C ha−1 in the three treatments. For each treatment in
the mature Mollisol, the C concentration and C stocks in 2012 were
almost equal to those of 2004.

Carbon inputs and SOC accumulation

In Experiment I, there was a positive non-linear relation between
cumulative SOC stocks (SOCstock) at 0–20-cm depth and C inputs
(R2 = 0.74) according to the following exponential equation:

SOCstock = 12.62 + 11.03

{
1 − exp

(
−

Cinput

14.5

)}
,

where Cinput is the annual biomass C input (Figure 3).
In Experiment I, cumulative C inputs as shoots and roots for the

different vegetation and agricultural practices during the 8 years of
the experiment ranged from 6.79 to 33.27 Mg C ha−1 and were in the
order Alfa>NatF> F0C0 (Figure 4a) and F1C2>F1C1> F1C0
(Figure 4b). The rate of increase in SOC stocks at 0–20-cm depth
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Table 2 Wald chi-squared (𝜒2) and approximate F statistics for soil organic
C stocks transformed to natural logarithms in the subsoil of a Mollisol
soil (Experiment I), determined by a residual maximum likelihood (REML)
model with an ante-dependence covariance structure

Fixed effects DF 𝜒2 F value 𝜒2 probability Probability >F

Block 3 2.7 0.9 0.4387 0.4627
Treatment 5 725.7 145.1 <0.0001 <0.0001
Time 7 1232.0 176.0 <0.0001 <0.0001
Time× treatment 35 237.9 6.8 <0.0001 <0.0001

DF, degrees of freedom.

Table 3 Mean soil carbon (SOC) stocks and standard error (SE) at
0–40-cm depth after 8 years of treatments in the subsoil of a Mollisol soil

Treatments SOC stocks 0–40 cm / Mg ha−1

F1C2 48.20
F1C0 39.93
F0C0 37.61
Alfa 46.87
NatF 41.71
SE 1.35
LSD 2.46

The treatments were fertilized soya bean–maize (S–M) rotation with
(F1C2) and without residue return (F1C0), S–M without fertilizer and
residue return (F0C0), alfalfa (Alfa) and natural fallow (NatF). The least
significant difference (LSD) among these treatments (P< 0.05) and the
standard error (SE) are also given, n= 3.

Table 4 Wald chi-squared (𝜒2) and approximate F statistics for soil organic
carbon stocks data transformed to natural logarithms at 0–20-cm depth in
a mature Mollisol soil (Experiment II), analysed by a residual maximum
likelihood (REML) model with an ante-dependence covariance structure

Fixed effects DF 𝜒2 F value 𝜒2 probability Probability >F

Block 2 5.58 2.79 0.0613 0.1742
Treatment 2 26.22 13.11 <0.0001 0.0175
Time 8 8.97 1.12 <0.3444 0.3659
Time× treatment 16 11.38 0.71 <0.7852 0.7685

DF, degrees of freedom.

from 2004 to 2012 under different land use (natural fallow, alfalfa
and unfertilized S–M without residue return) varied from 0.02 to
0.83 Mg C ha−1 year−1 (Figure 4c). The C sequestration rate among
the fertilized S–M treatments at 0–20-cm depth was between 0.09
and 0.80 Mg C ha−1 year−1 (Figure 4d).

Distribution of SOC after 8 years of soil development

In Experiment I, the contribution of the different soil layers to
SOC stocks in the top 40 cm, assessed in 2012 after 8 years of
soil development, was 37–45% for the 0–20-cm depth, 27–30%
for the 20–30-cm depth and 27−33% for the 30–40-cm depth
(Figure 5a). Both treatments and depth had significant effects
on SOC stocks (Table 5). Among the S−M systems, fertilizer

Figure 3 Relation between cumulative C inputs and soil C stocks at
0–20-cm depth in the parent material under development.

application increased SOC stocks at 20–30-cm depth by 8% (F1C0
compared with F0C0), and residue return increased SOC stocks
by 11% (F1C2 compared with F1C0). At 30–40-cm depth residue
return increased SOC stocks by 7% (F1C2 compared with F1C0).
The soil C content showed the same trend as SOC stocks for the
different treatments (Figure 5b).

Discussion

The present study compared SOC stocks of a young soil (i.e. parent
material under development) under different agricultural practices
and types of vegetation with those of their initial parent material
(i.e. mature Mollisol) during 8 years. The SOC stocks in the parent
material under development increased steadily, and after 8 years of
treatments both the soil that had the largest C inputs and the one in
the Alfa treatment had SOC stocks at 0–20-cm depth equivalent to
37% of the SOC stock of mature surface Mollisols. Over the same
period, bulk density decreased for all the treatments. Both tillage
and additions of organic matter appeared to decrease bulk density;
this decrease was less for the perennial treatments.

The SOC stocks at 0–20-cm depth of the parent material
under treatment showed a strong non-linear relation with C inputs
(Figure 3), which indicated that the parent material had great poten-
tial to sequester added C. The mineral composition of the parent
material, in addition to the saturation deficit of the parent mate-
rial, and the amount of C inputs explain the rapid increase in SOC
stock of the topsoil of Experiment I. In northeast China, 2:1 clays
are dominant in the Mollisols; they have large montmorillonite and
illite contents. The 2:1 clay minerals with a large CEC and large
specific surface area have a larger binding potential to stabilize C
than the 1:1 clay minerals (Greenland, 1965). The relation between
C inputs and soil C sequestration during 8 years of development
suggested a maximum SOC stock of 23.65 Mg ha−1 for this subsoil
(Figure 3). Approximately 95% of the increase in SOC stocks would
be reached with cumulative C inputs of 43.5 Mg ha−1, and additional
inputs would increase SOC stocks only slightly. However, mature
Mollisols have C stocks of > 54 Mg ha−1 (Figure 2a). Consequently,
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Figure 4 (a) Cumulative inputs of carbon in nat-
ural fallow (NatF), alfalfa (Alfa) and unfertilized
soya bean–maize (S–M) rotation, (b) cumulative C
inputs in excess of the unfertilized S–M rotation
without residue return in fertilized S–M without
residue return (F1C0), fertilized S–M with organic
amendments (F1C1) and fertilized S–M with residue
return (F1C2), (c) annual C sequestration rate at
the 0–20-cm depth for NatF, Alfa and F0C0 and
(d) F1C0, F1C1 and F1C2 in relation to the rate of C
sequestration in F0C0. Error bars represent the standard
error.

Figure 5 Distribution of soil (a) organic carbon stocks
(SOC stock) and (b) C content at 0–40-cm depth in the
profile for the six treatments in 2012. The standard error
is shown in the lower right of the figures.

the relation between cumulative C inputs and C stocks that devel-
oped based on this experiment is valid only for this relatively short
initial period of soil formation from parent material.

In contrast to the parent material under development, Experiment
II showed that similar organic C inputs during the same period did
not increase SOC stocks or C content in the surface soil of the
mature Mollisol at the same site. Similarly, Ding et al. (2012) found
no effect on SOC stocks by varying C inputs in a soil with a large
organic matter content in northeast China, probably because that
soil was at equilibrium (Soon, 1998) and saturated with C (Six et al.,
2002). Physiochemical processes place upper limits on SOC stocks;
mature Mollisols are almost saturated with C. The saturation value
of C content for Mollisols has been estimated to be between 27 and
30 g C kg−1 (Qiao et al., 2014).

In the parent material under treatment, the F0C0 had the smallest
and F1C2 the largest rate of C sequestration. Parent material that

received organic amendments as residues in addition to chemical
fertilizer had rapid increases in SOC stocks, which emphasizes the
importance of residue return for C sequestration. For the treatments
that represented agricultural practices, which included removal
of all the above-ground biomass at harvest (F0C0 and F1C0), the
increases in SOC stocks were relatively modest. Contrary to our
hypothesis, fertilizer application alone did not increase carbon
stocks (Table 3).

The SOC stocks under alfalfa after 8 years of continuous cropping
were almost equal to those of the F1C2 treatment (Figure 2).
Continuous alfalfa has been shown to have a positive effect on the
accumulation of SOC and improvement in soil fertility (Kuo et al.,
1997). In our study, the SOC stocks after 8 years under alfalfa were
greater by 44 and 27% than those of the F0C0 and NatF treatments,
respectively (Figure 2, Table 3). The C sequestration rate we
observed (0.83 Mg C ha−1 year−1) was considerably larger than the
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Table 5 Wald chi-squared (𝜒2) and approximate F statistics for soil organic
carbon stocks at 0–20-, 20–30- and 30–40-cm depth of the subsoil after
8 years of treatments, analysed by a residual maximum likelihood (REML)
model with an ante-dependence covariance structure

Fixed effects DF 𝜒2 F value 𝜒2 probability Probability >F

Block 2 7.2 3.6 0.0268 0.0658
Treatment 5 170.6 34.1 <0.0001 <0.0001
Depth 2 516.1 258.1 <0.0001 <0.0001
Depth× treatment 10 104.7 10.5 <0.0001 <0.0001

DF, degrees of freedom.

one reported by Syswerda et al. (2011) of 0.33 Mg C ha−1 year−1 for
the surface layer (0–21 cm) under alfalfa in the northern portion
of the United States corn belt. Zhang et al. (2009), on the other
hand, reported a similar increase in SOC of 0.77 Mg C ha−1 year−1

at 0–15-cm depth over 10 years after the conversion of grassland to
alfalfa in northwestern China.

Among the factors that might explain the relatively large rate of
C sequestration for the alfalfa treatment of the present study are
greater root biomass of perennial vegetation and litter quality. The
amount of root C and rates of SOC sequestration have been shown
to be positively correlated (Rasse et al., 2005; Baker et al., 2007).
Both shoots and roots are sources of C that can help to improve
soil fertility, but perennials allocate relatively more C to roots than
shoots compared with annual crops (Bolinder et al., 2002). In other
experiments, the relative contribution of alfalfa roots to SOC was
2.7 times more than that of the shoots (Puget & Drinkwater, 2001)
and 1.8 times more than that of corn shoots (Molina et al., 2001),
which suggests that root-derived C persists for longer in soil than
shoot-derived C. The length of time over which net C assimilation
occurs, which is longer for perennial vegetation than annual crops,
is also an important factor that affects rates of C sequestration
(Baker et al., 2007). In our study, the greater length of time of
CO2 fixation shown by the perennial plants might have affected
C sequestration rates. High quality litter (e.g. legume biomass and
fine roots), such as alfalfa in our study, is thought to lead to greater
efficiency in microbial carbon use, and therefore more microbial
products and greater rates of C sequestration compared with lower
quality litter (Cotrufo et al., 2013), such as corn residue in the
present study. The decrease in the rate of increase in SOC stocks
with increased rates of C additions in the S–M rotations (Figure 3)
might have resulted partly from the poorer quality of the litter
leading to less efficient C sequestration in the S–M rotations.

Other factors such as physical protection of organic matter against
decomposition might have affected C sequestration (Ding & Han,
2014). For example, soil biota improve soil structure and enhance
aggregation, which provides better physical protection of organic
matter (Six et al., 2002). In the soil of the present experiment, Li
et al. (2014) found that the biomass of total bacteria, Gram-positive
bacteria and fungal phospholipid fatty acids (PLFAs) was largest
and the biomass of eukaryotic PLFAs second largest in alfalfa. This
and the lack of tillage might have led to favourable conditions for
C sequestration in this treatment.

Although the establishment of plant communities is usually a
much faster process than soil development, the vegetation of the
natural fallow treatment did not reach its full growth potential until
the third year. This was probably because the fertility of the parent
material was poor and unable to provide enough nutrients for plant
growth. Forage alfalfa was established more rapidly than vegetation
in natural fallow. Alfalfa, a perennial legume, is tolerant of poor
conditions (Jiang et al., 2007). Nevertheless, it is nutritious as a
livestock feed because of the large N content in its tissues, which
also improves soil quality (Yang & Kay, 2001). The C inputs of
the two perennial crops in the present experiment were greater for
alfalfa than natural fallow, probably because alfalfa can derive N
from symbiotic fixation.

Experiment I also provided an opportunity to study C dynamics
within the soil profile. We observed stratification of SOC stocks
with soil depth. In all treatments, SOC stocks decreased with an
increase in depth. Carbon accumulation occurred in the topsoil first;
at 20–30-cm depth there were some changes in SOC stocks, but
below 30 cm the C content was mostly unchanged.

Conclusions

During the first 8 years of soil development from parent material,
SOC stocks increased with all treatments in this study, including
no fertilizer, chemical fertilizer and fertilizer plus organic residue
amendments. Our study corroborated the results of studies that
found strong relations between changes in SOC stocks and C input,
but our data also showed that the perennial crops, alfalfa and natural
fallow (weeds), sequestered carbon at similar rates to annual crop-
ping with the return of residues. This might have occurred because
of the size of the root biomass, the longer period of net carbon
assimilation of perennial than annual systems and litter quality.
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