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• The amount of remaining straw C was
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a b s t r a c t
Understanding drivers of straw decomposition is essential for adopting appropriate management practice to improve soil fertility and promote carbon (C) sequestration in agricultural systems. However, predicting straw decomposition and characteristics is difﬁcult because of the interactions between many factors related to straw
properties, soil properties, and climate, especially under future climate change conditions. This study investigated
the driving factors of straw decomposition of six types of crop straw including wheat, maize, rice, soybean, rape,
and other straw by synthesizing 1642 paired data from 98 published papers at spatial and temporal scales across
China. All the data derived from the ﬁeld experiments using little bags over twelve years. Overall, despite large
differences in climatic and soil properties, the remaining straw carbon (C, %) could be accurately represented
by a three-exponent equation with thermal time (accumulative temperature). The lignin/nitrogen and lignin/
phosphorus ratios of straw can be used to deﬁne the size of labile, intermediate, and recalcitrant C pool. The remaining C for an individual type of straw in the mild-temperature zone was higher than that in the warmtemperature and subtropical zone within one calendar year. The remaining straw C after one thermal year was
40.28%, 37.97%, 37.77%, 34.71%, 30.87%, and 27.99% for rice, soybean, rape, wheat, maize, and other straw, respectively. Soil available nitrogen and phosphorus inﬂuenced the remaining straw C at different decomposition
stages. For one calendar year, the total amount of remaining straw C was estimated to be 29.41 Tg and future temperature increase of 2 °C could reduce the remaining straw C by 1.78 Tg. These ﬁndings conﬁrmed the long-term
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straw decomposition could be mainly driven by temperature and straw quality, and quantitatively predicted by
thermal time with the three-exponent equation for a wide array of straw types at spatial and temporal scales in
agro-ecosystems of China.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Increasing atmospheric carbon dioxide (CO2) concentration is expected to contribute to global warming (Smith and Fang, 2010; Tian
et al., 2016). Previous work has suggested that agricultural soils can
serve as a potential sink for atmospheric CO2 by sequestrating soil carbon (C) (Lal, 2004; Schmidt et al., 2011). Crop residues such as wheat
straw are a global resource with potential for contributing to soil C
stocks and mitigating climate change (Liu et al., 2014; Lu, 2014).
Straw return not only directly increases C input into the soil, but also improves soil physical and biochemical properties that are essential to
crop growth (Lal, 2008; Liu et al., 2014). The rate of straw decomposition determines how fast the CO2 is returned to atmosphere and ultimately the soil C stocks. Therefore, understanding the drivers of straw
decomposition is critical for adjusting the accuracy of climate change
models, mitigating climate change, and preserving ecosystem functions
(Lin, 2014; Luo et al., 2015).
Straw decomposition is primarily controlled by the climate conditions, straw quality, and soil properties (Wang et al., 2012). Climate conditions such as temperature and precipitation are critical factors that
control the straw decomposition on a large geographical scale
(Gregorich et al., 2016). Many studies have found a strong linear relationship between the decomposition rate constant and mean temperature (Zhang et al., 2008; Wang et al., 2012). At ten sites spanning a
3500-km transect across the agricultural regions of Canada, Gregorich
et al. (2016) found thermal time (accumulative temperature) accurately
described kinetics of straw decomposition over ﬁve years. The different
straw quality has long been thought to determine the decomposition
rates (Wang et al., 2012). Using compound-speciﬁc isotopic analysis,
molecules predicted to persist in soils (such as lignin or lipid) has
been shown to turn over more slowly than the labile compounds
(such as sugars) (Schmidt et al., 2011). The effect of properties such as
soil nutrients and texture to the straw decomposition rate is indirect
(Zhang et al., 2008; Ge et al., 2013). Over the ﬁve years, soil organic C,
soil texture, pH and moisture had minimal discernible inﬂuence on decomposition kinetics over ﬁve years (Gregorich et al., 2016). The decomposition rate was positively correlated with soil nutrients, in
nutrient rich soil with fast rate and nutrients was easy to retention in
early stages of decomposition (Ge et al., 2013). The effects of soil properties on the straw decomposition may differ at different decomposition
stages. However, the responses of these factors to straw decomposition
remain uncertain, especially at spatial and temporal patterns in agroecosystems.
Predicting straw decomposition is difﬁcult because they not only relate to many interacting factors but also depend on the equations of
choice (Prescott, 2010; Derrien and Amelung, 2011). Many empirical
equations based on physical and chemical heterogeneity of the original
material have been proposed to estimate straw decomposition (Feng
and Li, 2001; Adair et al., 2008). Although these empirical equations
have been widely used and provided useful information on straw decomposition and soil C cycling, the results are difﬁcult to extrapolate
under different conditions (Adair et al., 2008; Prescott, 2010). First,
most studies involved one site or a low diversity of crop straw types
and chemistries, making it less representative at larger scales (Gholz
et al., 2000; Gregorich et al., 2016). Second, many studies were conducted for less than ﬁve years, which might be not long enough to reveal
the dynamics of straw decomposition during later phases (Amin et al.,
2013). Finally, due to different starting times of the various straw decomposition experiments, seasonal and high-frequency temperature

variability cannot be neglected (Manzoni et al., 2012). Therefore, these
factors should be considered when choosing the best equation and
using big data both to accurately describe straw decomposition and to
extrapolate to spatial patterns for different crop systems.
The characteristics of straw C fraction that remain in the soil after
one calendar year are referred to as the humiﬁcation coefﬁcient,
which is an indicator of remaining straw C. This humiﬁcation coefﬁcient
is important for estimating the amount of stable organic C and soil C sequestration potential as well as evaluating the parameterization of
models (Janssen, 1984; Galvez et al., 2012). Complete humiﬁcation of
organic material can be accomplished after one calendar year or more,
since humiﬁcation depends on the soil nutrient status, organic material
properties, and climatic conditions (Guo and Lin, 2001; Cai and Qin,
2006). The humiﬁcation coefﬁcient is not a constant value for identical
organic materials under different conditions. The results of different
studies are usually difﬁcult to compare and use. Therefore, understanding the humiﬁcation coefﬁcient value under different conditions is very
important to better understanding of soil C cycling in agro-ecosystems.
In this study, we used a comprehensive dataset to accurately describe the long-term straw decomposition and characteristics at spatial
and temporal patterns in agro-ecosystems. We explored the straw decomposition and characteristics from 1642 straw decomposition data
points paired with daily temperature from 92 climatic stations of
China, spanning different straw types, soil properties, and climate conditions. Our speciﬁc objectives were: (i) to quantify the effect of thermal
time on the six common crop straw decomposition at agro-ecosystems;
(ii) to compare the characteristic of six straw types decomposition
among different climate zones, and (iii) to assess the relative importance of soil properties drivers of straw decomposition during the different decomposition stages.
2. Materials and methods
2.1. Literature search and data sources
We searched the Web of Science (http://apps.webofknowledge.
com) and China Knowledge Resource Integrated Database (http://
www.cnki.net/) for papers published on straw decomposition through
December 2016. Speciﬁc keywords included “the remaining straw C”
or “decomposition and cropland in China”. To avoid publication bias,
the following criteria were established: (i) Agronomic ﬁeld experiments
were included, but incubation experiments were excluded; (ii) The reports clearly stated the speciﬁc timing of the remaining straw C in litterbags; (iii) The remaining straw C data were reported in the form of
ﬁgures or tables (The data presented as equations were ignorEd.); (iv)
At least three measurement values were included during experiments,
and one of the values must be within one year; and (v) Experiments
were not supplemented with anthropogenic factors, such as the addition of fertilizer, to accelerate or decelerate the buildup of remaining
straw C.
From these studies, we directly obtained the remaining straw C percentages (%) as well as their corresponding times (from tables in those
studies). Get Data Graph Digitizer 2.24 software was used to indirectly
obtain data from the graphs. In these studies, the data were presented
as the remaining straw C concentration instead of the percentage of remaining straw C. We estimated the percentage of remaining straw C according to the initial and remaining straw C densities. The data reported
in terms of straw C decomposition were converted to the percentage of
C remaining by taking the difference between 100 and the percentage of
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C decomposition. In addition, we also recorded all available information
that could be used as explanatory factors of the effects of remaining
straw C, including climatic conditions, soil properties (texture and nutrients), and straw properties. Since most researchers did not report
daily temperature data during their experiments, these data were obtained from climatic stations near the study sites via the meteorological
sharing service system of China (http://cma.gov.cn/).
Overall, 98 published papers that met the above criteria were retrieved, resulting in a dataset that included 1642 remaining straw C
data points paired with time and corresponding accumulated temperature (Fig. 1). These data spanned six categories according to straw type:
wheat (341), maize (739), rice (192), soybean (180), rape (120), and
others (70).
2.2. Compilation of the collected dataset
To accurately describe the remaining straw C dynamics, we compared one-, two-, and three- exponent equation to determine the number of C pools:
Rt ¼ R1 e−k1 t

ð1Þ

Rt ¼ R1 e−k1 t þ R2 e−k2 t

ð2Þ

Rt ¼ R1 e−k1 t þ R2 e−k2 t þ R3 e−k3 t

ð3Þ

where Rt is the remaining straw C (%) at time t (year), Rp is the amount
of each C pool (P = 1, 2, or 3), and kp is the decomposition rate of each C
pool. We deﬁned R1 as the difference between 100% and the sum of R2
and R3 (thus, in the one-exponent equation, R1 = 100%, while in the
two-exponent equation, R1 = 100% − R2). Modiﬁed Akaike's information criterion (AICc) was used to select the candidate equations
(Burnham, 2002). This methodology also provides information on
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equation selection uncertainty by calculating Akaike weights (wr) for
each equation (Burnham, 2002).
The thermal time was used to describe the patterns of remaining
straw C dynamics. The concept of thermal time has been used as a
way of adjusting time to account for temperature effects on the rate of
biological processes (Youseﬁ et al., 2014; Gregorich et al., 2016). Brieﬂy,
the thermal time was calculated on the basis of the accumulated daily
degree-days (base temperature of 0 °C) from the date of initial straw application; atmosphere temperature from nearby meteorological stations
was used for these calculations. One thermal year was converted to accumulate temperature of 3652.5 °C (Gregorich et al., 2016). To demonstrate the implications of our ﬁndings, remaining straw C concentration
and amount were predicted under future climate warming based on the
IPCC (2014). One representative scenario (temperature increase of 2 °C)
was selected to predict the remaining straw C concentration and
amount.
The method of Zhang et al. (2014), which involved co-kriging and
kriging classiﬁcations combined with regression, was used to obtain
spatial predictions. The resulting datasets, which have a spatial resolution of 0.01 × 0.01°, have been made available. Based on agricultural statistics, investigating data of farmer and a number of data published in
the literature, the amounts and utilization of crop straw were reported
as described by Gao et al. (2009) and Wang et al. (2015). The regional
level was selected as the spatial unit for both statistical calculations
and mapping. Regional statistics for changes in straw C were calculated
from the data generated by Monte Carlo simulations and were mapped.
Therefore, the total remaining straw C and the release from the six types
of straw were calculated as a baseline for future climate warming
scenarios.
2.3. Statistics
Using the AICc, we tested the signiﬁcant differences among the three
equations that involved thermal time. Our results showed that the

Fig. 1. Locations of the sites studied in this research.
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relationships between remaining straw C and thermal time were ﬁtted
using the three-exponent equation for the six straw types. We used 90%
of the data to ﬁt the relationships between remaining straw C and thermal time, and the other 10% of the data were used to test the accuracy of
the ﬁtted equations. The relationships between the sizes of different C
pools and straw chemical properties were evaluated with linear regression equations. In addition, we used residual values of the remaining C
to explore the inﬂuence of soil properties on the remaining straw C.
The amounts of remaining straw C in one calendar year and one thermal
year were calculated under different temperature zones. All the equation ﬁttings were performed using SigmaPlot 10.0 for Windows.

years for maize. The average decomposition rates of the labile and intermediate C pools were 15.95 yr−1 and 1.02 yr−1, respectively. After one
and ten thermal years, only 34.92% and 11.97% of straw C can be
remained in soil (Fig. 2).
Straw quality profoundly impacted on the size of different C pools
(Fig. 3). The size of the labile C pool signiﬁcantly increased with increasing lignin/N and lignin/P ratios. The size of the intermediate C pool decreased in response to an increase in the lignin/P ratio but not in the
lignin/N ratio. The lignin/N ratio was negatively correlated with the
size of the recalcitrant pool and exhibited a slope of 0.36.
3.4. Systematic biases of remaining straw C

3. Results
3.1. Chemical characteristics of the six straw types
The C concentration of the six types of straw ranged from
412 g C kg−1 (rice) to 446 g C kg−1 (maize) (Table 1). The N and P concentration were signiﬁcantly higher than in soybean straw than in the
other ﬁve straw types. Compared with the soybean straw, the wheat,
maize, rice, rape, and other straw was further characterized by a significantly higher C/N ratio in the order of wheat N rape N maize N rice
N other. The cellulose and lignin contents were considerably higher in
the wheat and rice straw, respectively, than in the other types of
straw. The ratios of lignin/N and lignin/P were highest in the wheat
straw (33.56) and rice straw (231), respectively, whereas the ratios of
lignin/N and lignin/P were lowest in the soybean straw (1.08 and 4.17,
respectively).
3.2. Selection of the best equation describing remaining straw C dynamics
Across all sites and straw types, the three-exponent equation was
selected by the AICc as the best equation to describe the relationship between the remaining straw C and thermal time instead of calendar time
(Table 2). This equation captured approximately 86% of the variability of
the remaining straw C and consisted of three exponential decomposition rates (kp): the labile, intermediate, and recalcitrant C pools. These
equations showed labile (k1 N 5), intermediate (0.5 b k2 b 5), and recalcitrant decomposition (k3 b 0.5) (Fig. 2). The other equations exhibited
Δr values N 7 and wr values b 0.01, indicating that this equation had essentially no support and virtually no chance of being chosen to describe
the remaining straw C.
3.3. Remaining straw C dynamics of the six straw types
The remaining C dynamics of the six straw types signiﬁcantly (P b
0.01) followed a three-exponent equation; the equations showed an
initial rapid rate of C loss, which slowed as the thermal time increased
(Fig. 2). The size of the intermediate C pool (average of 45%) was higher
than that of the labile C pool (average of 37%) and recalcitrant C pool
(average of 19%). The decomposition rate of the recalcitrant C pool
was the lowest, ranged from 0.01 yr−1 for maize to 0.09 yr−1 for rape.
The mean transit thermal time (1/k) of the recalcitrant C pool was the
highest and ranged from 12 thermal years for rape to 70 thermal

Residual analysis was performed to explore whether soil properties
could explain the variance of the remaining straw C (Fig. 4). For one-half
thermal year and one thermal year, the residual remaining C was significantly positively correlated with soil pH (Fig. 4d1–d2), soil clay content
(Fig. 4f1), and soil silt content (Fig. 4f2). A signiﬁcant negative linear
correlation was recorded between the residual remaining C and the
soil organic C, soil available N, soil available P (Fig. 4c2), and soil sand
contents. For one and a half thermal year, only the soil available N and
P affected the residual remaining C, explaining 28% and 27%, respectively (Fig. 4b3 and c3).
3.5. The characteristics of remaining straw C
The determination of temperature revealed different contributions
of remaining C among the different straw types (Table 3). For one calendar year, the value of remaining C in the mild-temperature zone was
higher than that in the warm-temperature and subtropical zones, and
differences due to different straw types were recorded. The remaining
C was highest for rice in the mild-temperature zone (41.13%) and lowest for maize in the subtropical zone (22.05%), indicating that these
values were not constant for the same straw type within a single calendar year; hence, the humiﬁcation coefﬁcient was used. For one thermal
year, the value of remaining C was a ﬁxed value for the same straw type.
The remaining C was highest in the rice straw (40.28%), followed by the
soybean, rape, wheat, maize, and other straw. This ﬁnding indicates that
the straw properties determined the value of C remaining (temperature
was excluded).
3.6. Remaining straw C concentration and amount
The three-exponent equations and driving factors predicted that
the current remaining straw C concentration was estimated to be
145.63 g kg−1 within one calendar year and was strongly spatially correlated, albeit with high variance (Fig. 5a). The greatest remaining C
concentration (165.86 g kg−1) was recorded in northern China; the
least, in southern China (126.91 g kg−1). According to the amount and
utilization of straw, the total remaining straw C amount was 29.41 Tg
(1 Tg = 1012 g) within one calendar year, although the amount differed
by straw type, which followed the order of maize, rice, wheat, rape, soybean, and other straw. Under future temperature increase of 2 °C, the remaining straw C and released amounts were estimated to be 27.63 Tg

Table 1
Initial chemical characteristic of the six straw types.
Straw types

Carbon

Nitrogen

Phosphorus

C/N

g kg−1
Wheat
Maize
Rice
Soybean
Rape plant
Other

437
446
412
422
425
415

Cellulose

Lignin

Lignin/N

Lignin/P

19.97
17.51
29.12
16.44
21.47
19.67

33.56
20.60
29.18
10.75
30.72
19.32

192
85
231
42
137
163

%
5.95
8.50
9.98
15.29
6.99
10.18

1.04
2.06
1.26
3.94
1.57
1.21

73.40
52.43
41.23
27.62
60.90
40.71

42.02
32.72
38.36
37.97
38.62
32.93
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Table 2
Regarding the equations, compared with the one- or two-exponent equations, the three-exponent equation with thermal time more accurately predicted remaining straw carbon across
the cropland datasets of China.

Calendar time

Themal time

Equations

No.

R2

P

AICc

Δr

wr

R1

Rt = R1e-k1t
Rt = R1e-k1t + R2e-k2t
Rt = R1e-k1 t + R2e-k2t + R3e-k3t
Rt = R1e-k1t
Rt = R1e-k1t + R2e-k2t
Rt = R1e-k1 t + R2e-k2t + R3e-k3t

1642
1642
1642
1642
1642
1642

0.65
0.75
0.83
0.67
0.79
0.86

b0.01
b0.01
b0.01
b0.01
b0.01
b0.01

9299
8510
7896
9151
8260
7775

1524
735
121
1376
485
0

0.00
0.00
0.00
0.00
0.00
1.00

100.00
42.56
21.89
100.00
50.95
29.59

and 1.78 Tg in one calendar year, respectively, although the amounts
differed by straw type (Fig. 5b and c). The average released straw C concentration was 10.55 g kg−1; speciﬁcally, the average was 13.25 kg−1
for northern China and 7.25 kg−1 for southern China. The remaining
straw C amount released under future climate warming conditions
could be 6% of the current amount in one calendar year.

R2

R3

57.44
48.99

29.12

49.05
45.26

25.16

k1
1.7712
7.2416
35.4452
1.3333
7.7231
21.8055

k2

k3

0.2464
3.1557

0.1372

0.3002
1.4833

0.0637

4. Discussion
4.1. Evaluation of the remaining straw C dynamics
Understanding the remaining straw C dynamics is crucial for improving soil physical and biochemical properties, adjusting model accuracy

Fig. 2. The three-pool equation with thermal time provided the most accurate predictions of the remaining carbon (%) for the six straw types for across croplands in China. a, wheat; b,
maize; c, rice; d, soybean; e, rape plant; f, other species. ** indicates a signiﬁcant correlation at P b 0.01. Note: Ninety percent of the data were used to ﬁt equations (a–f), and 10% of
the data were used to test the accuracy of the ﬁtted equations (a1–f1).
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Fig. 3. Relationships between the sizes of labile carbon pool (a), intermediate carbon pool (b), and recalcitrant carbon pool (c) with the lignin/nitrogen ratio and the lignin/phosphorus
ratio from three-pool equation of remaining straw carbon. * and ** indicate signiﬁcant correlations at P b 0.05 and P b 0.01, respectively.

and predictability, mitigating climate warming, and preserving the
health of terrestrial ecosystems (Lal, 2008; Liu et al., 2014; Luo et al.,
2015). The duration of remaining straw C experiments is particularly important for understanding actual remaining straw C dynamics at later
stages. Studies involving short-term experiments (less than ﬁve years)
have reported that remaining straw C dynamics are adequately described by single-exponent equation (Wang et al., 2011; Wang et al.,
2012). For medium-term experiments (more than ﬁve years but less
than ten years), two-exponent equation often better describes the remaining straw C dynamics over time (Gregorich et al., 2016). In addition,
many studies have demonstrated that temperature is a major factor that
inﬂuences remaining straw C (Wang et al., 2012; Bradford et al., 2016). In
the ﬁeld, because of differences in the start times of experiments investigating remaining C, seasonal and high-frequency temperature variability
cannot be neglected (Manzoni et al., 2012). Therefore, thermal time instead of calendar time was used to normalize the different data to the
same start time. Our dataset allowed the measurement of remaining
straw C under diverse and ﬂuctuating conditions observed in the ﬁeld.
A three-exponent equation with thermal time described reasonably
well the remaining straw C for long-term experiments (N10 years).
This result was consistent with that of Adair et al. (2008), who used
the same three-exponent equation. In theory and according to the equation performances, the three-exponent equation with thermal time accurately described the remaining straw C dynamics across large spatial
and temporal scales.
The three-exponent equation incorporates C pools of varying decomposition rates and turnover times (Erhagen et al., 2013). Carbon
pools can be controlled by a wide variety of organic material-related
qualities, including the N concentration, P concentration, and lignin content (Gusewell and Freeman, 2005; Zhang et al., 2008). Compared with
labile compounds (such as sugars) in soils, which persist for only a few
weeks, the recalcitrant compounds of organic materials (such as lignin)
can require decades to decompose (Schmidt et al., 2011). In agreement
with the results of those studies, our results showed that the average
decomposition rates of the labile, intermediate and recalcitrant C
pools were 15.95, 1.02, and 0.05 yr−1, respectively. The mean thermal
time (1/k) turnover of the recalcitrant C pool was 12 thermal years for
rape and 70 thermal years for maize. However, the decomposition
rate of the labile pool (15.95 yr−1) was signiﬁcantly higher than that

reported by Adair et al. (2008) (3.55 yr−1), who used the threeexponent equation to assess forest soils. Forest organic materials have
a relatively low initial N concentration, and crop straw has a relatively
high N concentration (Table 1) (Adair et al., 2008); therefore, labile
compounds with a higher N concentration and lower lignin content
will rapidly decompose. We also found that the lignin/N ratio was positively correlated with the size of the labile C pool (Fig. 3). These results
were inconsistent with those of previous studies (Hobbie, 2005; Adair
et al., 2008). As the lignin/N ratio increases (given an initial lignin/N
ratio N 60), the size of the labile mass ﬁrst decreases rapidly but then decreases more slowly as the lignin/N ratio approaches 60 (Adair et al.,
2008). In our study, the lignin/N ratio was b40 (Table 1). Under a
lower lignin/N ratio, lignin is not among the basic on compounds in
the remaining straw C.
4.2. Soil properties can impact on remaining straw C dynamics
The results of the residual analysis showed that the inﬂuence of the
initial soil organic C content, soil pH, and soil texture gradually decreased and that the inﬂuences of the soil available N and P gradually increased for the residual remaining C as the thermal years increased
(Fig. 4). The inﬂuences of the soil available N and P on the remaining
straw C dynamics reﬂect microbial effects (for example, lower C/N and
C/P ratios or greater efﬁciency) (Cotrufo et al., 2013). Thus, in the
early stages of remaining straw C dynamics, soil available N and P induce changes in microbial community attributes, and these changes reduce the response of remaining straw C to increased soil nutrients
(Gusewell and Freeman, 2005). However, Gregorich et al. (2016) reported that soil properties had a minimal discernible inﬂuence on remaining C rates based on 10 sites across agricultural regions. On the
other hand, our results were based on the agro-ecosystems of China,
which have lower soil nutrient contents (Zhu, 2008). Soil available N
and P are not limiting factors for remaining straw C in soils rich in available N and P concentrations (Hobbie, 2005). Therefore, the accuracy of
the three-exponent equation can be further improved via soil properties, especially soil available N and P. Nonetheless, the following two aspects should be further considered to better understand the remaining
straw C in the soil. First, soil nutrients will change as the experiment
progresses. Although a relationship was recorded between the initial
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Fig. 4. Residual straw carbon remaining under different thermal years versus initial soil organic carbon (SOC) (a), initial soil available nitrogen (N) (b), initial soil available phosphorus
(P) (c), initial soil pH (d), soil sand content (e), soil silt content (f), and soil clay content (g). * and ** indicate signiﬁcant correlations at P b 0.05 and P b 0.01, respectively.
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Table 3
Remaining carbon (%) of six straw types under one calendar year and one thermal year.
Straw type

Wheat
Maize
Rice
Soybean
Rape plant
Others

1 calendar year

1 thermal year

MT

WT

S

36.01
31.42
41.13
38.84
38.74
28.69

31.68
28.73
35.03
34.61
35.03
23.93

26.75
22.05
32.00
24.47
30.51
23.51

34.71
30.87
40.28
37.95
37.77
27.99

Note: MT, mild-temperature zone; WT, warm-temperature zone; S, subtropical zone.

soil nutrients and the residual C remaining at different stages, the relationship between soil nutrient dynamics and remaining straw C dynamics remains unclear. Second, soil temperature is an effective factor for
describing remaining straw C dynamics. However, these data could
not be obtained from published papers or the meteorological sharing
service system. Therefore, the effect of soil temperature on remaining
straw C dynamics should be investigated in future research.
4.3. Limitations of the humiﬁcation coefﬁcient
The results of our study demonstrated signiﬁcant differences for humiﬁcation coefﬁcients in response to different straw types and climatic

conditions (Table 3). Similar results were also reported by Wang et al.
(2016), in that humiﬁcation coefﬁcients were signiﬁcantly affected by
the type of organic material and agricultural region. With respect to organic material-related qualities, the lignin content determines the humiﬁcation coefﬁcient (Klotzbücher et al., 2011). We also report that
the humiﬁcation coefﬁcient and lignin content of rice straw were the
highest among all straw types in different temperature zones. Bayer
et al. (2006) assumed that the humiﬁcation coefﬁcient was constant
for a given organic material type and soil tillage system. Nicoloso et al.
(2016) reported that humiﬁcation coefﬁcients signiﬁcantly differed
under different soil management practices. Overall, the humiﬁcation coefﬁcient was mostly regulated by organic material quality, soil properties, and climatic factors. This ﬁnding means that the humiﬁcation
coefﬁcients reported in different studies are difﬁcult to compare and
apply. Some researchers have tried to calculate the humiﬁcation coefﬁcient based on an average annual temperature of 10 °C (Bradbury et al.,
1993; Cayuela et al., 2010). By the same method, we calculated the remaining C from different straw types based on one thermal year (accumulated annual temperature of 3652.5 °C); these values followed the
order of rice N soybean N rape N wheat N maize N and other straw. In
agreement with the results reported by Gregorich et al. (2016), the remaining straw C of wheat was approximately 35% in one thermal year.
Therefore, this approach better reﬂected the remaining C characteristics
because the temperature factor was excluded. The next step should

Fig. 5. Current remaining straw carbon concentration and amount (g kg−1, a) as well as the predicted remaining carbon (C) concentration (g kg−1, b) and released carbon density (g kg−1,
b) under future climate warming conditions (2081–2100, temperature increase of 2 °C for RCP6.0) in one calendar year.
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involve the accurate exploration of the remaining straw C characteristics (in one thermal year) under different soil types.

4.4. Estimation of the remaining straw C amount
Based on the amount and utilization of crop straw and the remaining
straw C dynamics, the current remaining straw C amount was determined to be 29.41 Tg (1 Tg = 1012 g) in one calendar year. The remaining straw C amount in our results was slightly lower than that in other
reports from China (Sun et al., 2010; Lu, 2014). Because of the assumption that all straw was inputted into the soil, the results of those studies
are overestimated (Sun et al., 2010; Lu, 2014). The remaining straw C
amount for maize, rice, and wheat accounted for 83% of the total remaining straw C amount in one calendar year; maize, rice, and wheat
are the main crops in China and produce 38.2%, 23.9% and 15.1% of the
total straw amount, respectively (Gao et al., 2009). Worldwide, approximately 34.4 Tg yr−1 of crop straw is produced, which could lead to the
sequestration of 200 Tg C yr−1 (Lal, 1997). The contribution of straw
from China to global soil C sequestration from straw is approximately
15%. The remaining straw C amounts in China are higher than those in
Europe and the United States (Smith et al., 2000; Follett, 2001). The remaining straw C amounts account for 1.35% of the C emissions from fuel
use (2.18 Pg) in China. The report by the IPCC predicted a global surface
temperature increase of 2 °C (RCP 6.0) by the end of the 21st century
(2081–2100) (IPCC, 2014). This increase may result from the additional
release of greenhouse gases from terrestrial ecosystems in response to
climate warming (Sarmiento, 2000). Under future climate warming
conditions, our results support the view that the amount of straw C release would increase by 1.78 Tg, which accounts for 6% of the amount of
the remaining straw C in one calendar year.

5. Conclusions
The results of this study clearly demonstrated that thermal time
and straw qualities are the key factors that regulate straw decomposition. The remaining C for an individual type of straw in the mildtemperature zone was higher than that in the warm-temperature and
subtropical zones in one calendar year. The remaining C from different
straw types in one thermal year followed the order of rice, soybean,
rape, wheat, maize, and other straw. Both thermal time and threeexponent equation provided the most accurate predictions of the
long-term straw decomposition in agro-ecosystems. The accuracy of
the three-exponent model could be further improved by incorporating
soil properties, especially soil available N and P concentrations. Compared with the humiﬁcation coefﬁcient, the index of remaining straw
C in one thermal year better reﬂected the remaining straw C characteristics (temperature was excluded). Future climate warming may accelerate the straw decomposition rate in the agro-ecosystems of China.
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