
Contents lists available at ScienceDirect

Soil & Tillage Research

journal homepage: www.elsevier.com/locate/still

Cropland has higher soil carbon residence time than grassland in the
subsurface layer on the Loess Plateau, China

Ding Guoa, Jing Wanga, Hua Fua,⁎, Haiyan Wena, Yiqi Luob

a State Key Laboratory of Grassland Agro-Ecosystems, College of Pastoral Agriculture Science and Technology, Lanzhou University, Lanzhou 730020, China
b Department of Microbiology and Plant Biology, University of Oklahoma, Norman, OK 73019, USA

A R T I C L E I N F O

Keywords:
Carbon mineralization
Inverse analysis
Residence time

A B S T R A C T

Carbon (C) residence time is one of the key factors that determine the capacity of C storage and the potential C
loss in soil, but it has not been well quantified. Assessing C residence time is crucial for an improved under-
standing of terrestrial C dynamics. To investigate the responses of C residence time to land use, soil samples were
collected from millet cropland (MC) and enclosed grassland (EG) on the Loess Platea, China. The soil samples
were incubated at 25 °C for 182 days. A Bayesian inverse analysis was applied to evaluate the residence times of
different C fractions based on the information contained in the time-series data from laboratory incubation. Our
results showed that soil organic carbon (SOC) mineralization rates and the amount of SOC mineralized sig-
nificantly was increased after the conversion of cropland into grassland due to the increase in labile C fraction.
At the end of the incubation study, 2.1%–6.8% of the initial SOC was released. Our modeling analysis indicated
that the sizes and pool of active C in EG were larger than those in MC. The residence times of slow C pool at the
10–30 cm layers were longer in MC (11.8–15.7 years) than those in EG (14.7–21.9 years). Our inverse analysis
also directly reflected that the active C pool dominated C mineralization in the first 92 days, while the slow C
pool was the largest contributor after 92 days. Conversion of cropland to grassland increases SOC decomposition,
probably through increased active C pool resulted from higher litter input and no ploughing activities. The
declined SOC in subsoil may be attributed to the short carbon residence times in grassland.

1. Introduction

As a key process of the ecosystem C and N cycling, the dynamics of
soil organic carbon (SOC) regulates the supply of nutrient elements to
plants, as well as CO2 emissions into the atmosphere, which is asso-
ciated with global warming (Davidson and Janssens, 2006; Ma et al.,
2013; Mohanty et al., 2013; Wang et al., 2013). SOC is heterogeneous in
nature and consists of different C pools with residence times ranging
from days to millennia (Trumbore, 1997). Carbon residence times de-
termine the capacity of C storage and potential C loss in soil (Luo et al.,
2003), and are crucial parameters of C cycling model (Zhang et al.,
2010; Zhou et al., 2012). Understanding the turnover times of different
C pools would provide us with insight into future SOC dynamics, as well
as global C cycling and climate change (Chen et al., 2013; Friend et al.,
2014).

In most conventional models of C cycling, SOC has been simply
divided into at least three pools with different residence times: an active
pool with residence times of a few days to a few months; a slow pool
with residence times of a few years; and a passive pool with the

residence times of hundreds to thousands years (Parton et al., 1988; Xu
et al., 2006). In the CENTURY model, for example, SOC is partitioned
into three pools that are classified as an active fraction of soil C with
turnover time 1–5 years, a slow SOC fraction with turnover time 20–40
years, and s passive SOC fraction with turnover time 200–1500 years
(Parton et al., 1987). Several methods have been used to determine C
residence times, such as a C balance method that calculates the ratios of
each C pool stock divided by the corresponding flux (Vogt et al., 1996),
radiocarbon (Fröberg et al., 2011; Saggar et al., 1996) and stable iso-
tope techniques (Derrien and Amelung, 2011; Richards et al., 2007).
However, these method had their limitations. For example, a C balance
method is simple and easy to use, but not all C pool stock and the
corresponding flux can be measured (Vogt et al., 1996). Soil radio-
carbon methods usually overestimate residence times of labile C fac-
tions due to the failure of considering the heterogeneity of SOC
(Trumbore, 2000). The soil stable isotope method is only suitable to
estimate C residence time for ecosystems with different isotope sig-
natures of source components (Derrien and Amelung, 2011; Richards
et al., 2007). Because of the uncertainties of estimating residence times
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of different C pools, there are great difficulties in understanding ter-
restrial C dynamics to make policies to mitigate climate change (Friend
et al., 2014; Zhang et al., 2010; Zhou et al., 2012). Thus it is important
to accurately quantify residence times of different C pool for improved
understanding of terrestrial C dynamics.

Data assimilation is an approach that could improve parameter es-
timation by fusing observed data into models and get new information
from available data, which cannot be directly determined from ex-
periments (Luo et al., 2009; Raupach et al., 2005). Among various data
assimilation techniques, Bayesian inversion might be the most common
approach for parameter estimation and has been successfully applied to
estimate the residence times of different C pools (Zhang et al., 2010;
Zhou et al., 2012). For example, Zhang et al. (2010) conducted Baye-
sian inversion to estimate the residence times of soil active, slow and
passive pools by using six biometrics and soil datasets at three different
forest ecosystems in eastern China.

The Loess Plateau is located at the northwest of China with a total
area of 0.63 million km2, and is known for its deep loess (Lu et al.,
2004). Due to the population growth and pressure increases, vast areas
of grassland have been converted to cropland due to the ever-increasing
food demand (Li et al., 2010). Consequently, this region suffers from
severe land degradation and serious soil erosion (Fu et al., 2005), which
has also resulted in a reduced capacity for C sequestration (Chang et al.,
2011). To solve those serious problems, the Chinese government
launched some programmes to convert cropland to grassland, shrub and
forest (Feng et al., 2013; Lü et al., 2012). Generally, conversion of
cropland into grassland might lead to an increase in SOC derived from
decreased carbon loss from soil erosion, increased organic matter inputs
and reduced mineralization due to the removal of tillage (Chang et al.,
2011; Feng et al., 2013). Our previous studies showed that SOC de-
creased in the subsurface layer after cropland was abandoned due to the
downwards movement of surface soil organic matter (Guo et al., 2013;
Li et al., 2008), whereas, the SOC storage within 1 m soil depth in millet
cropland was 40% higher than that in enclosed grassland (Li et al.,
2008), which has not been well explained.

Carbon influx and residence time are two crucial factors for de-
termining C sequestration capacity (Luo et al., 2003). C inputs in soil
are higher in grassland than that in cropland (Li et al., 2008). Therefore,
we hypothesized that C residence times would be longer in cropland
compared to those in grassland. In this study, we measured CO2 evo-
lution from laboratory incubation experiment to examine SOC decom-
position in cropland and grassland. Then we applied Bayesian inverse
analysis to estimate the sizes and residence times of different C pools
based on information contained in incubation data.

2. Materials and methods

2.1. Site description

The study was conducted at the Semi-Arid Climate and Environment
Observatory of Lanzhou University (35° 57′N, 104° 09′E, elevation
1966 m), with a continental semiarid climate. The mean annual pre-
cipitation is about 382 mm and the mean annual air temperature is

6.7 °C. The soil is classified as a Sierozem (inceptisols, USDA Soil
Taxonomy).

The experiment consisted of two land use types: (1) millet cropland
(MC) that had been under conventional tillage for at least 50 years, and
(2) enclosed grassland (EG). Parts of cropland were abandoned for self-
recovery and turned into grassland since 1986. The experimental sites
were located at similar altitudes and slopes (< 5°) and shared a
common bedrock, parent material (loess), and considered to be
homogeneous. Soil physical, chemical, and biological properties were
assumed to be initially similar in the two lands because they were
managed as a single unit during the agricultural period (Lee and Jose,
2003). The texture of the surface soil (0–30 cm) is 14% sand, 76% silt
and 10% clay in MC, and it is 16% sand, 75% silt and 9% clay in EG.
The plants in cropland were Solanum tuberosum L. (potato), Setaria
italica Beauv. (Millet) and Linum usitatissimum L. (Benni) in rotation.
The dominated grasses were Stipa bungeana and Artemisia frigida Willd.
Fertilizers that include organic manure (3000 kg dry matter ha−1) and
chemistry fertilizer (30 kg N ha−1 and 60 kg P2O5 ha−1) were applied
to cropland before sowing. The fertilization was the same for the three
crops, and the organic manure was sheep manure (200 g C kg−1). In-
stead of cutting, the whole crop (including the stubble) was harvested
with little residue left in the field. The depth of tillage is about 10 cm.
Three 50 × 50 m2 plots for each land use type were randomly estab-
lished in 2005, with the distance of over 50 m between them that as-
sured independence of replicates.

2.2. Soil sampling and analysis

Soil samples were collected in May 2012. Two parallel 50 m
transects, 17 m apart, were selected at each plot for soil sampling. Five
soil columns were sampled at each transect at three soil depths (i.e.
0–10, 10–20 and 20–30 cm). The soil samples at each plot were mixed
as one composite sample for the same depth. A subsample of fresh soil
was sieved (< 2 mm) immediately after collection and stored in a re-
frigerator (4 °C) for laboratory incubation. The remaining soil samples
were air-dried for pH, soil organic carbon (SOC), total nitrogen (TN),
and light fraction of soil organic carbon (LF-SOC) analysis.

Soil pH was analyzed at a soil: water ratio of 1:2.5 suspension (w/v)
with a pH meter. SOC was measured by the dichromate oxidation
method (Nelson and Sommers, 1996) and TN by the Kjeldahl method
(Bremner, 1996) (0.25 mm soil sample). The light fraction of soil or-
ganic carbon (LF-SOC) was determined according to the procedure of
(Gregorich and Ellert, 1993). Briefly, 25 g air-dried soil was weighed
into a centrifuge tube with 50 ml NaI solution (density = 1.7 g cm−3).
The tube was shaken for 60 min, and then centrifuged at 1000g for
15 min. The floating material was filtered using a vacuum filter unit
with 0.45 μm Whatman filter paper, and the material retained on the
filter paper was washed with 0.01 M CaCl2 and distilled water, and then
oven dried at 60 °C for 48 h, weighed, and measured for C content. In
addition, soil bulk density (BD) was determined using metal rings of
known volume (100 cm3). Detailed site conditions are shown in
Table 1.

Soil C mineralization was measured by determining the amount of

Table 1
The properties of experimental soil used for incubation study.

Treatment Soil layer depth (cm) BD (g cm−3) pH SOC (mg g−1) TN (mg g−1) LF-SOC (mg g−1)

millet cropland 0–10 1.05 ± 0.04b 8.38 ± 0.14a 7.33 ± 0.21b 0.87 ± 0.02b 0.74 ± 0.12b
10–20 1.07 ± 0.06b 8.36 ± 0.03a 7.16 ± 0.41a 0.96 ± 0.03a 0.56 ± 0.17a
20–30 1.14 ± 0.06a 8.34 ± 0.04b 9.64 ± 0.37a 1.14 ± 0.08a 0.30 ± 0.01a

enclosed grassland 0–10 1.18 ± 0.04a 8.43 ± 0.01a 8.75 ± 0.10a 1.02 ± 0.02a 1.67 ± 0.38a
10–20 1.19 ± 0.04a 8.36 ± 0.04a 6.40 ± 0.60a 0.87 ± 0.04b 0.74 ± 0.13a
20–30 1.20 ± 0.01a 8.57 ± 0.1a 6.01 ± 0.51b 0.77 ± 0.01b 0.36 ± 0.06a

Different letters mean significant differences between the two sites (independent sample t test, P ≤ 0.05, n = 3). BD: bulk density, SOC: soil organic carbon, TN: total nitrogen, LF-SOC:
light fraction of soil organic carbon. Values are mean ± SD.
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CO2 evolved (Alef, 1995). Soil samples (equivalent to 100 g dry mass)
with moisture adjusted to 60% water holding capacity (WHC) were
placed in 1L frosted glass jars with lids. A plastic beaker containing
10 ml of 0.5 M NaOH to absorb CO2 and a beaker of 10 ml of distill
water (prevent soil drying) were placed in the glass jar. Meanwhile,
controls (without soil samples) were also incubated incubators. The
glass jars were placed at a constant temperature 25 °C for 182 days in
RXZ-380 incubators (Ningbo Jiangnan Instrument Factory, zhejiang,
China). On days 2, 4, 6, 9, 12, 16, 20, 27, 34, 48, 62, 92, 122, 152 and
182, CO2-C evolved from soil was determined by titration with 0.1 M
HCl. After the NaOH beaker was taken out, the glass jars were opened
for 2 h to allow replenishment of O2. The soil moisture was checked by
weighting the glass jars and was adjusted with distilled water when
necessary.

2.3. Model description and parameters

The model that we used in this study is a variation of the simple
first-order kinetic model developed by Andren and Paustian (1987).
The model has three carbon pools including active (A1C), slow (A2C)
and passive (A3C) SOC. The model can be represented by the following
first-order kinetic equation:
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Where Rt is the cumulative C mineralization after time t (mg C g−1

soil). Ai (i = 1, 2, 3) describes the initial fraction of labile, slow and
passive SOC (%), respectively, and A1 + A2 + A3 = 1. Ctot is the initial
SOC content (mg C g−1 soil). Ki is the decay rate of the ith pool (day−1).
In this study, partitioning coefficients (i.e., parameter A) and carbon
turnover rates (i.e., parameter K) were the targets to be estimated. The
inverses of the parameter K represent the mean of C residence times.

2.4. Parameter estimation

We used Bayesian probabilistic inversion approach (Xu et al., 2006)
to estimate parameter A and K. Based on Bayes’ theorem, the posterior
probability density function (PDF) p(θ|Z) of parameters θ can be ob-
tained from a prior knowledge of parameters (θ), represented by prior
PDF p(θ), and the information contained in the soil incubation data,
represented by likelihood function p(Z|θ).

∝p θ Z p Z θ p θ( ) ( ) ( ) (2)

To apply Bayes’ theorem, we specified that the prior PDF p(θ) to be
uniformly distribution over specific parameter ranges (Table 2). These
ranges were estimated according to the methods employed by Sch & del
et al. (2013), Weng et al. (2011), Zhou et al. (2010) and Xu et al.
(2006). The likelihood function p(Z|θ) was expressed by Eq. (3) on the
assumption that errors between observed and modeled data followed a

Gaussian distributions.
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Where σ2 is the standard deviation of the observed cumulative C mi-
neralized, Z(t) and X(t) are the observed and modeled cumulative C
mineralized.

The Metropolis-Hastings (M-H) algorithm, which was employed to
construct posterior PDFs of parameters, is a Markov chain Monte Carlo
(MCMC) technique revealing high-dimensional PDFs of random vari-
ables via a sampling procedure (Hastings, 1970; Metropolis et al.,
1953). The details of this algorithm was described by Xu et al. (2006).
We ran the M-H algorithm by repeating two steps: a proposing step and
a moving step. In each proposal step, the algorithm generates a new
parameter θnew on the basis of the previously accepted parameter θold
with a proposal distribution p(θnew|θold) (Eq. (4)).

= + −θ θ r θ θ D( )new old
max min (4)

Where θmax and θ min are the maximum and minimum parameter values
in the prior range. r is a random variable taken from a uniform dis-
tribution between −0.5 and +0.5. D controls the proposing step size
and was set to 5 in this study. In each moving step, parameter θnew is
tested against the Metropolis criterion to examine if it should be ac-
cepted or rejected (Eq. (5)).
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Gelman-Rubin (G-R) diagnostic method was used to examine con-
vergence of MCMC simulation. Five parallel chains were run by starting
with different initial parameter values. When the within-run variation
was roughly equal to the between-run variation, the simulated Markov
chain has reached convergence (Gelman and Rubin, 1992).

Histograms were constructed from the series of samples to display
distributions of parameters in the parameter space. Maximum like-
lihood estimators (MLE) were calculated by observing the parameter
values corresponding to the peaks of marginal distributions. Means of
parameters (θ), were estimated by
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where f is the number of samples given by the M-H algorithm, and
i = 1, 2,…5.

2.5. Statistical analysis

All statistical analyzes were conducted with SPSS 11.5 for Windows
(SPSS, Inc., Chicago, IL, USA). The independent t-test was employed to
compare soil pH, BD, SOC, TN, LF-SOC, and carbon mineralization

Table 2
prior ranges and maximum likelihood estimators (MLE) of parameters for the C dynamics model.

parameters Lower limit Upper limit MLE0−10 cm MLE10−20 cm MLE20−30 cm

MC EG MC EG MC EG

A1 (%) 0 10 2.8 5.17 2.59 4.25 0.99 1.85
A2 (%) 30 80 50.4a 49.7a 51.5a 49.5a 50.2a 49.8a

K1 × 10−2(day−1) 2.74E-2 8 3.07 2.74 3.24 3.4 4.46 5.04
K2 × 10−4(day−1) 2E-2 5.24 1.87 1.75 1.78 2.25 1.25 2.32
K3 × 10−6(day−1) 2E-1 9.24 4.72a 4.72a 4.71a 4.71a 4.74a 4.73a

1/K1 (day) – – 32.6 36.5 30.9 29.4 22.4 19.8
1/K2 (year) – – 14.7 15.7 15.4 12.2 21.9 11.8
1/K2 (year) – – 580.5 580.5 581.7 581.7 578.0 579.2

MC: millet cropland, EG: enclosed grassland, Ai: C pool allocation coefficients (%), Ki: C pool turnover rate (day−1), a Mean value, parameter ranges estimated according to Sch & del et al.
(2013), Weng et al. (2011), Zhou et al. (2010) and Xu et al. (2006).

D. Guo et al. Soil & Tillage Research 174 (2017) 130–138

132



between MC and EG in the same soil layer. The significant difference
was set at p < 0.05. Pearson correlation analysis were used to test the
relationships between the modeled and observed cumulative SOC mi-
neralized.

3. Results

3.1. Carbon mineralization

Our results showed that the temporal patterns of SOC mineraliza-
tion were similar for both land use types (Fig. 1). A rapid carbon mi-
neralization rate occurred during the first 92 days for all land use types,
and followed by a steady and slow carbon mineralization rate in the
next 90 days. The C mineralization rates during the first 92 days were
significantly faster in EG than those in MC in all three layers
(p < 0.05). The cumulative C mineralization for 182 days incubation
ranged from 38.6 to 68.4 mg CO2-C g−1C in EG and from 21.1 to
45.3 mg CO2-C g−1C in MC (Fig. 1). The cumulative C mineralization in
EG were 51%, 47% and 83% greater than those in MC in the 0–10 cm,
10–20 cm and 20–30 cm layer, respectively (p < 0.05).

3.2. Inverse analysis of soil C dynamics

Data-model comparisons are important to evaluate the validity of
the inverse analysis method. The modeled values were closely related to
the observed data (R2 = 0.998, Fig. 2) for both sites. According to the
shape of the posterior PDFs, parameters A1, K1 and K2 were well con-
strained within their prior ranges, and parameters A2 and K3 were

poorly constrained (Fig. 3). The MLEs were calculated for the well
constrained parameters, while mean values were calculated for the
poorly constrained parameters.

Differences in allocation coefficient and residence times were found
between MC and EG (Table 2). The average labile, slow and passive C
pool for all soil depths accounted for 2.13%, 50.7% and 47.2% in MC,
respectively, and for 3.76%, 49.7% and 46.6% in EG, respectively. The
percentage of labile C pool increased after the conversion of cropland
into grassland, while the percentage of slow and passive C pool de-
creased (Table 2). The average residence times of labile, slow and
passive organic carbon pool for all soil depths were 28.33 days, 17.33
years and 580 years in MC, respectively, and 28.57 days, 13.23 years
and 580 years in EG, respectively. Carbon in labile and slow pools had
longer residence times in EG than that in MC in 0–10 cm layer, while
the opposite trends were observed in the10-20 and 20–30 cm layers
(Table 2).

3.3. Carbon mineralization of different carbon pool

The amounts of active C pool mineralized were 0.11–0.46 mg CO2-C
g−1 soil in EG and 0.10–0.21 mg CO2-C g−1 soil in MC. The amount of
slow C pool mineralized was 0.12–0.13 mg CO2-C g−1 soil in EG and
0.10–0.12 mg CO2-C g−1 soil in MC, and the cumulative passive C pool
was consistently low during the whole incubation period (Fig. 4). The
cumulative active and slow C pool mineralized were higher in EG than
that in MC (Fig. 4). The labile C pool contributed for 92% in EG and
89% in MC to the C mineralization rate at the beginning of the in-
cubation study. After 92 days, the contribution of the slow C pool to the

Fig. 1. Soil organic carbon (SOC) mineralization rates (a–c) and cumula-
tive SOC mineralized (d–f) over the whole incubation period at three
depths: 0–10 cm (a and d), 10–20 cm (b and e) and 20–30 cm (c and f) for
millet cropland (MC, closed circles) and enclosed grassland (EG, open
circles). Error bars indicate standard errors.
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C mineralization rate was 52% for EG and 60% for MC. The passive C
pool only contributed about 2% at the end of the incubation study
(Table 3). The results indicated that the active C pool dominated C
mineralization for the first 92 days, while the contribution of the slow C
pool was the largest after 92 days.

3.4. Different C pool dynamics

At the beginning of the incubation study, the active C pool was
0.10–0.44 mg g−1 in EG and 0.09–0.20 mg g−1 in MC, the slow C pool
was 2.99–4.35 mg g−1 in EG and 3.69–4.85 mg g−1 in MC, and the
passive C pool was 2.90–3.93 mg g−1 in EG and 3.27–4.69 mg g−1 in
MC (Fig. 5). The active C pool from EG plot was larger than that from
MC plot. Compared to that in MC, the active C pool declined faster in
EG. The slow and passive C pools were higher in EG at the 0–10 cm
layer and were lower in EG at the 10–30 cm layer, compared with those
in MC. After day 92, active C pool decreased to almost zero for the rest
of the incubation. Only about 3% slow C pool was respired at the end of
incubation. There was almost no change in passive C pool. After
182 days incubation, total SOC declined about 2.1–4.5% in MC and
3.9–6.8% in EG.

4. Discussion

Although strictly separating C pools with different residence times is
challenging (Schädel et al., 2013), it is important to resolve this issue,
as the size and turnover times of different C pools have been shown to
respond differently to environmental conditions and land use changes
(Iqbal et al., 2009). Soil incubation studies can provide a useful way to
assess decomposition rates of different C pools, as there is no new input
of organic C during the incubation study (Schädel et al., 2013). Fur-
thermore, when soil incubation studies last longer than 100 days, the
more recalcitrant C pools will contribute to soil CO2 efflux and the la-
bile C pool will be eventually depleted (von Lützow and Koegel-
Knabner, 2009). Applying the Bayesian inversion approach to optimize
parameter estimation can precisely and simply evaluate the different C
fraction sizes and turnover times based on the information contained in
the time-series data from laboratory incubation experiments (Liang
et al., 2015; Schädel et al., 2013, 2014).

In our study, three out of five parameters were well constrained (A1,
K1 and K2), while parameters A2 and K3 were poorly constrained.
Similar to our studies, Sch & del et al. (2013) found that the turnover
rates of passive pool were not well constrained from a 385 days in-
cubation experiment. Generally, parameters in relation to fast cycling C
processes, such as foliage and fine roots pools, are well constrained, as

Fig. 2. Correlation between observed cumulative soil organic carbon
(SOC) mineralized against simulated cumulative SOC mineralized at three
depths: 0–10 cm (a), 10–20 cm (b) and 20–30 cm (c) for millet cropland
(MC, closed circles) and enclosed grassland (EG, open circles).

Fig. 3. Frequency distribution of the posterior probability density distribution of the five parameters at three depths: 0–10 cm (a–e), 10–20 cm (f–j) and 20–30 cm (k–o) for millet
cropland (MC) and enclosed grassland (EG). Ai: C pool allocation coefficients, Ki: C pool turnover rate.
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has been reported in other studies (Weng et al., 2011; Zhang et al.,
2010). Limited data for calibration is a crucial factor for the poorly
constrained parameters (Weng et al., 2011). Carbon fluxes were mainly
attributed to active constituents of SOC at the beginning of the ex-
periment and to slow fractions of SOC in the latter phase. The passive
fractions of SOC only contributed 2% to the total C efflux. The de-
composition rate of passive C pool was very slow. When we applied the
parameters into model to simulate the dynamics of SOC pool over 4
years, the passive fractions of SOC mineralized only accounted for less
than 3%.

Land-use change affects the physical, chemical and biological
properties of soil, influences the quantity and quality of C input (Raiesi

and Beheshti, 2014; Sharifi et al., 2013), and thus result in various
conditions for the microbial activity. This could be a possible reason for
different values of mineralized C. C mineralization rates and the
amount of C mineralized during incubation were higher in EG plots in
comparison to those in MC plots at all soil depths (Fig. 1). The reduction
in SOC mineralization in cropland demonstrated lower microbial ac-
tivity due to the decline in C availability as a result of the low labile C
fraction following cultivation of grassland soils (Raiesi and Beheshti,
2014). This was in agreement with our results where the amount of SOC
mineralized was positively correlated to the LF-SOC (R2 = 0.98,
p < 0.01) and the active C pool of modeling (R2 = 0.99, p < 0.01).

Physical and chemical fractionation methods can be used to sepa-
rate SOC into functionally different pools, while those pools are not
homogenous in residence time (Schädel et al., 2013). In contrast, SOC
has been divided into multi-C-pool with different residence time in
most models of C cycling. Inverse analysis can extract information
contained in incubation data, and can determine C pool allocation with
different residence time (Schädel et al., 2013). In our study, inverse
analysis clearly showed that the active C pool and its percentage in MC
plots (0.99%–2.8%) was less than that in EG plots (1.85%–5.17%) at all
soil depths (Table 2), which was in agreement with the results of our
experimental study. The lower LF-SOC was observed in MC in com-
parison with EG (Table 1). Since active C pool is labile, a small change
in the global pool size can result in an apparent change in atmospheric
CO2 concentration and result in a rapid impact on the global climate
(Yang et al., 2007). In the surface layer, tillage may expose physical
protection labile or fresh organic C to microbial decomposition as a
result of destruction of soil structure (Guo and Gifford, 2002; Li et al.,
2007; Sharifi et al., 2013), which would result in rapid depletion of
labile C fraction and the accumulation of recalcitrant fraction of SOC
(Qiao et al., 2015; Raiesi and Beheshti, 2014). Ploughing activities also
could reduce soil bulk density thereby increasing soil porosity, pro-
moting soil aeration, which may accelerate loss of SOC through mi-
crobial mineralization (Barral et al., 2007; Raiesi and Beheshti, 2014).
Additionally, the decreases in the sizes of active C pool in the cropland

Fig. 4. Cumulative soil organic carbon (SOC) mineralized of active (a, d and g), slow (b, e and h) and passive (c, f and i) carbon pool at three depths: 0–10 cm (a–c), 10–20 cm (d–f) and
20–30 cm (g–i) for millet cropland (MC, closed circles) and enclosed grassland (EG, open circles).

Table 3
Contribution (%) of each C pool to the total respiration rate for the both soil types on
average of three soil layers.

millet cropland enclosed grassland

Days A1C A2C A3C A1C A2C A3C

2 89.2 10.5 0.3 92.1 7.7 0.2
4 88.5 11.2 0.3 91.5 8.3 0.2
6 87.7 11.9 0.4 90.8 9.0 0.2
9 86.6 13.0 0.4 90.0 9.8 0.2
12 85.4 14.2 0.4 88.9 10.9 0.2
16 83.7 15.9 0.5 87.3 12.4 0.3
20 81.7 17.7 0.6 85.7 14.0 0.3
27 78.6 20.8 0.6 82.9 16.7 0.4
34 74.1 25.1 0.8 78.8 20.7 0.5
48 67.0 32.0 1.0 71.9 27.5 0.6
62 56.3 42.4 1.3 61.8 37.3 0.8
92 40.3 57.9 1.8 46.4 52.4 1.2
122 22.4 75.3 2.3 28.3 70.1 1.6
152 11.5 85.9 2.6 15.5 82.6 1.9
182 5.5 91.7 2.8 7.8 90.1 2.1

AiC: specific C pool; contribution of each C pool to the total respiration rate (r) was
calculated by =r h h/i

t
total
t , where hi

t is the respiration rate of ith pool at time t, and htotal
t is

the total respiration rate at time t.
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might be attributed to the low inputs of plant residues to the soil, which
reduced the fractions of easily decomposable C (Jha et al., 2012a; Raiesi
and Beheshti, 2014) and, consequently, decreased SOC mineralization.
In this area, most of the crop residues including above- and below-
ground parts were removed from the soil because of the special harvest
method, and thereby reduced the return of C to the soil (Guo et al.,
2013; Li et al., 2008). Therefore, significant decreases in soil active C
pool in cropland could be attributed to the combined influences of
lower organic C inputs and plough activities.

In the 0–10 cm layer, the turnover of the active and slow C pool was
slower in EG plots than that in MC plots, while the opposite was ob-
served in the 10–30 cm layers. The results, consistent with our hy-
pothesis, could partly explain why SOC decreases in EG plots in the
subsurface layers. The faster turnover rates of slow C pools in the
10–30 cm layers might be attributed to the higher C inputs in EG plots
than that in MC plots (Guo et al., 2013). It has been suggested that the
increase of C inputs to soils through plant litter can stimulate microbial
respiration enough to outpace the increased C inputs to soil, which
consequently resulted in a reduction in soil C (Langley et al., 2009).
Previous work also showed that the increase of the distribution of fresh
C at depth could stimulate the decline in ancient C (Fontaine et al.,
2007). Although microorganisms can decompose ancient C in subsoil of
cropland, the energy from substrate was not sufficient to support long-
term biological activity due to the lack of fresh C. Chronic fertilizer
additions may also result in reducing fungal biomass and activity and
lignin accumulation, consequently, resulted in a suppression of organic
matter decomposition and SOC accumulation (Frey et al., 2014).
Moreover, the addition of nutrients could increase net humification
efficiency, and sequester C into the more stable fine fraction pool of soil
organic matter (Kirkby et al., 2013). As a result, SOC was higher and
the residence time was longer in cropland compared to those in grass-
land in subsurface soil. Probably, in surface layer, increased soil aera-
tion by tillage and reduction in physical protection of organic C due to
cultivation might have contributed to short residence time in cropland.

The active C pool comprised 0.99%–5.20% of total SOC in the two
land use types. The data was in a similar range with that found by Lim
et al. (2012), who reported that active C pool comprised 0.5%–9.5% of
total SOC. The residence times of active C pool varied from 19.8 to
36.5 days, which was in agreement with previous studies conducted by
Qian et al. (2013) and Yang et al. (2007), but lower than that (2–10

months) estimated by Zhang et al. (2010). Since incubation study was
often performed under optimal temperature and moisture conditions,
that the residence times of SOC in the field may be longer than those in
incubation studies (Schädel et al., 2013). Carbon residence times of
11.8–21.9 years in slow C pools in our study were similar to the studies
by Iqbal et al. (2009) and Jha et al. (2012a). The residence times of the
passive C pool could not be exactly determined as the parameter was
poorly constrained.

Inverse analysis can not only estimate the sizes and turnover times
of different C pools based on dynamic characteristics in soil CO2 flux
data from incubation studies, but also determines the dynamics of dif-
ferent C pools over the whole incubation study (Schädel et al., 2013).
According to inverse analysis, the contribution of active C pool domi-
nated the CO2 efflux up to 90% at the beginning of the incubation,
while the slow C pool was dominating the CO2 efflux after 92 days
(Table 3). The dynamics of contribution of each C pool to total re-
spiration rate was consistent with the pattern of soil C mineralization
rates which was fast during the first 92 days thereafter slow down and
kept relatively stable in the next 90 days (Fig. 1). This reflected a
change from labile to recalcitrant C and has been illustrated in previous
studies (Jha et al., 2012a, 2012b; Wang et al., 2013). The rapid rate of C
mineralization during the early stages of incubation was mainly re-
sulted from the decomposition of the labile C pool (such as sugars and
starches), and the decrease in C mineralization rate at the later stage
was probably due to the rising proportion of recalcitrant C pool (such as
lignin and cellulose) and the loss of labile C pool (Jha et al., 2012a,
2012b). The fraction of total carbon (between 2.1% and 6.8% of the
initial SOC) that respired after 182 days incubation was very low in all
cases. Although the result was lower than those found by some re-
searchers (Sch & del et al., 2013; Weintraub and Schimel, 2003) and
they were in agreement with those reported by Rey and Jarvis (2006),
who showed that 2% ∼ 10% of the initial SOC was released after
270 days of incubation. This indicated that most of the SOC was in the
recalcitrant fraction at our study sites. Previous studies have also found
that more than 85% SOC was in the recalcitrant form and was the
difficultly decomposed component of SOC (i.e. heavy fraction organic
C) (Han et al., 2015).

Inverse analysis of incubation studies can determine the size and
residence time of different C pool and is a powerful technique to ac-
curately estimate SOC dynamics. The C dynamics of soil incubations

Fig. 5. Soil organic carbon pool (SOC) dynamics over the incubation period at three depths: 0–10 cm (a–c), 10–20 cm (d–f) and 20–30 cm (g–i) for millet cropland (MC, closed circles)
and enclosed grassland (EG, open circles). a, e and i active C pool, b, f and j slow C pool, c, g and k passive C pool, d, h and l total SOC pool.
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with different treatment, soil types and vegetation can be analyzed
when using the inverse analysis approach. This modeling approach can
detect even small changes between soils (Schädel et al., 2013). Ap-
plying the Bayesian inversion approach can precisely and simply eval-
uate the different C fraction sizes and turnover times, which can be
applied into ecosystem models and improve understanding of soil C
cycling. Our results clearly showed that land use conversion from
cropland to grassland resulted in being increased rates of SOC miner-
alization and cumulative SOC mineralized due to the increase in the
substrate quality (LF-SOC). Inverse analysis also showed that active C
pool was greater in grassland than in cropland. Low C input and
ploughing activities were the dominant driving factors decreasing ac-
tive C pool in cropland. The modeling results supported our hypothesis
that, the residence times of slow C pool were shorter in grassland in
comparison to cropland, which could partly explain the diminished SOC
in subsoil in grassland. In addition, inverse analysis could directly give
an insight that SOC mineralization was mainly resulted from the labile
C pool during the early stages of incubation and from the resistant C
pool at the later stage. Further research is needed to understand the
change of C residence times as time goes after conversion of cropland
into grassland.
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