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Abstract Few studies have comprehensively evalu-

ated the method of estimating the net ecosystem carbon

budget (NECB). We compared two approaches for

studying the NECB components on the crop seasonal

scale as validated by the soil organic carbon (SOC)

changes measured over the 5-year period of 2009–2014.

The field trial was initiated with four integrated soil–

crop system management (ISSM) practices at different

nitrogen application rates relative to the local farmer’s

practices (FP) rate, namely, N1 (25 % reduction), N2

(10 % reduction), N3 (FP rate) and N4 (25 % increase)

with no nitrogen (NN) and FP as the controls. Compared

with the FP, the four ISSM scenarios of N1, N2, N3 and

N4 significantly increased rice yields by 9.5, 19, 33 and

41 %, while increasing the agronomic nitrogen use

efficiency (NUE) by 71, 75, 99 and 79 %, respectively.

The SOC sequestration potentials were estimated to be

-0.15 to 0.35 Mg C ha-1 year-1 from the net primary

production minus heterotrophic respiration approach

and -0.32 to 0.67 Mg C ha-1 year-1 from the gross

primary production minus ecosystem respiration

approach for the 2010–2011 rice–wheat annual cycle.

Similarly, the annual topsoil carbon sequestration rate

over 2009–2014 was measured to be -0.22 Mg C

ha-1 year-1 for the NN plot and 0.13–0.42 Mg C ha-1

year-1 for the five fertilized treatments. Both NECB

approaches provided a sound basis for accurate assess-

ment of the SOC changes. Compared to the SOC

sequestration rate from the FP, the proposed N3 and N4

scenarios increased the SOC sequestration rates while

also improving rice yield and NUE.

Keywords Agronomic nitrogen use efficiency �
Integrated soil–crop system management � Net

ecosystem carbon budget � SOC sequestration rate �
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Introduction

Globally society is facing a major climate challenge

due to rapidly increasing greenhouse gases (GHGs)

including carbon dioxide (CO2), methane (CH4) and

nitrous oxide (N2O) in the atmosphere and their

substantial contribution to global climate warming,

which may have impacts on climate, sea level, polar

ice, biodiversity, agriculture and human life (IPCC

2013).

Sequestration of ecosystem carbon has been giving

much attention as a promising option for mitigating

climate change on regional (Smith 2004) and global

scales (FAO 2001). The agricultural soil carbon pool is
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the most active one in the global carbon library

(Paustian et al. 1998; Pan et al. 2004). It was estimated

that 4 9 108–9 9 108 Mg C year-1 could be seques-

tered globally in agricultural soils (Paustian et al.

1998). Paddy fields have a particularly high capacity

for soil carbon sequestration (Pan et al. 2004; Zheng

et al. 2008; Lu et al. 2009; Shang et al. 2011), which

plays important roles in both crop productivity and the

global carbon cycle (Huang and Sun 2006; Pan 2008).

The total topsoil (0–20 cm) soil organic carbon (SOC)

capacity of Chinese paddy soil was estimated to be

1.3 9 109 Mg, and the average density of paddy SOC

is higher than that of non-irrigated farmland of

9 Mg C ha-1 (Pan et al. 2004; Song et al. 2005).

Measurement of the SOC change is a typical way in

which CO2 exchange is estimated over a sub-decadal

or decadal timescale (Robertson et al. 2000; Pan et al.

2004; Shang et al. 2011), but the method is insensitive

to seasonal or annual changes (Zheng et al. 2008). The

soil carbon sequestration potential can be indirectly

determined through soil respiration measurements

(Mosier et al. 2006) or modelling (Li et al. 2006;

Zhang et al. 2009), but changes of SOC can also be

estimated from the net ecosystem carbon budget

(NECB) (Robertson et al. 2000; Mosier et al. 2005;

Ma et al. 2013). Thereby the NECB can act as a carbon

source or sink for a terrestrial ecosystem at annual to

decadal timescales, depending upon the balance of the

residual of net primary production (NPP) and hetero-

trophic respiration (Rh), or gross primary production

(GPP) and ecosystem respiration (Re), as well as

episodic losses and organic matter management

(Chapin et al. 2006; Zheng et al. 2008). As such it

can be estimated NECB using two approaches: (1)

NPP minus Rh and (2) GPP minus Re (Smith et al.

2010). Via the NECB approach, we can assess soil

carbon sequestration potential under the current con-

ditions and develop new strategies for mitigating

GHGs (Zhang and Wang 2013).

To meet the increasing global demand for food, rice

production will increase both in area and intensity. In

China during the last decades the increasing use of

mineral fertilizers has enhanced crop production

substantially (Ju et al. 2009), which has not only

resulted in decreased N-utilization efficiency by crops

(Vanlauwe et al. 2011), but in many cases also to on-

site land degradation (Guo et al. 2010) and enhanced

GHGs emissions (Hoben et al. 2011). Therefore,

integrated soil–crop system management (ISSM) has

been advocated and developed in China to increase

rice productivity and agronomic nitrogen use effi-

ciency (NUE).

To this end this study was conducted to (1)

comprehensively appraise different approaches on

NECB measurements as an alternative method for

estimating SOC changes for new field experiments and

(2) provide insights into the SOC changes for the

different ISSM scenarios with different targets of rice

yield and NUE.

Materials and methods

Experimental site

A field experiment was conducted at the Changshu

agro-ecological experimental station (31�3209300N,

120�4108800E) from June 2009 to June 2014, Chinese

Academy of Sciences, Jiangsu Province, China. This

region belongs to the Yangtze River Delta, where a

flooding rice (Oryza sativa L.)–drained wheat (Triti-

cum aestivum L.) rotation is the dominant cropping

system. The site is characterized by a subtropical

humid monsoon climate with an annual mean air

temperature of 15.5 �C and a precipitation of

1,038 mm. The soil is classified as an Anthrosol

(WRB-FAO) developed from lacustrine sediment.

The major soil properties at 0–20 cm were as follows:

bulk density, 1.11 g cm-3; pH, 7.35; organic matter

content, 35.0 g kg-1; total N, 2.1 g kg-1. The daily

mean air temperatures and precipitation during the

2010–2011 rice–wheat cropping seasons were

acquired from the Changshu station (Fig. 1).

Field trial treatments and management

of the experiment

A completely randomized design was employed with

six treatments and four replicates, including the

control treatment NN and conventional fertilization

FP of 300 kg N ha-1 for the rice crop and

180 kg N ha-1 for the wheat crop, and four ISSM

practices at different nitrogen (N) application rates

relative to the FP rate, namely, N1 (25 % reduction),

N2 (10 % reduction), N3 (FP rate) and N4 (25 %

increase), for improving rice yield and NUE. The

agronomic NUE in this study was calculated as the

difference in grain yield between the fertilizer
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treatment and the NN plots and was divided by the N

fertilizer rate. Each plot was 6 m 9 7 m in size with

independent drainage/irrigation systems. Detailed N

fertilization and field management practices of the six

different treatments are provided in Table 1 (Ma et al.

2013).

Topsoil organic carbon sequestration

measurement

Soil samples were collected in 2009 and 2014 from all

experimental plots at the ploughing depth of 0–20 cm

after the wheat harvest to measure topsoil SOC

content. Each sample of approximately 1 kg was a

composite of five sub-samples randomly taken within

a plot. Visible plant detritus and any fragments were

removed after air-drying at room temperature and

ground to pass a 2 mm sieve; a portion was subse-

quently ground in a porcelain mortar to pass a

0.154 mm sieve for SOC measurement. Total SOC

was analyzed by wet digestion with H2SO4–K2Cr2O7

(Lu 2000).

The soil organic carbon sequestration rates (SOC-

SR) were calculated as follows:

SOCSR (Mg C ha�1year�1Þ
¼ SOCt � SOC0ð Þ =T � c � 1� d2 mm=100ð Þ
� 20 � 10�1 ð1Þ

In Eq. (1), SOCt and SOC0 are the SOC contents

measured in the soils sampled after wheat was

harvested in 2014 and 2009, respectively. T refers to

the period of the experiment year. c and d2 mm are the

average bulk density and the gravel content ([2 mm)

of the topsoil (0–20 cm), respectively whereby it is

well known that the sand fractions of paddy soils in

China are typically negligible (Li 1992). The number

20 refers to topsoil thickness in centimeters.

Chamber measurement of methane fluxes, total

ecosystem respiration and heterotrophic

respiration

We used the 2010–2011 rice–wheat rotation cycle

to gain insight into the NECB components. Thus,

the CH4, Re and Rh fluxes were measured in each

plot of the field experiment from 17 June 2010 to

17 June 2011. CH4 and Re emissions were

determined simultaneously and using the static-

opaque chamber method described by Ma et al.

(2013). Re includes the respiration of the plants

and the soil microorganisms. The cross-sectional

area of the chambers was 0.25 m2 with a height of

0.5 or 1.1 m adapted to crop growth. Gas samples

were collected from 9:00 to 11:00 am using an

airtight syringe with a 20-ml volume at intervals of

10 min (0, 10, 20 and 30 min after chamber

closure). The fluxes were measured once a week

and more frequently after fertilizer application or a

change in soil moisture.

The Rh was simultaneously measured with CH4 and

Re using a separate cylindrical chamber. The chamber

covered a field area of 0.04 m2 and was placed on a

fixed PVC frame on each plot. The chamber was

0.25 m high and wrapped with a layer of aluminum

foil to minimize air temperature changes inside the

chamber during sampling.
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Fig. 1 Daily mean air

temperature and

precipitation during the

rice–wheat rotation in

2010–2011 in Changshu,

China
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Gas samples were analyzed for CH4 and CO2

concentrations using a gas chromatograph (Agilent

7890A, Shanghai, China) equipped with a hydrogen

flame ionization detector (FID) and a SS-

2 m 9 2 mm Porapak Q (80/100 mesh) column. The

oven temperature remained at 50 �C, and the detector

was kept at 300 �C. The carrier gas was purified N2

with a flow rate of 35 ml min-1.

Emissions of CH4, Re and Rh are presented as the

mean values of four replicate measurements. The

seasonal amounts of these gases were interpolated

from the emissions between every two adjacent

measurement intervals. The cumulative CH4, Re and

Rh fluxes for each treatment and mean values of the

rotation cycle are shown in Table 2.

Calculation of net ecosystem carbon budget

and estimation of net ecosystem carbon budget

derived soil organic carbon sequestration rates

In croplands, NECB is the term applied to the total rate

of organic carbon accumulation in (or loss from)

ecosystems (Ciais et al. 2010). Based on studies by

Smith et al. (2010) and Ma et al. (2013), we

summarized the components for the NECB of seasonal

or annual croplands using intermittent chamber mea-

surements (Eq. (2)):

NECB ¼ NEP� Harvest� CH4 þ Manure ð2Þ

Here, NEP (net ecosystem production) is obtained

by two approaches (Ciais et al. 2010; Smith et al.

2010) and listed in Eqs. (3) and (4).

NEP ¼ NPP�Rh ð3Þ

On the other hand, the sum of heterotrophic

respiration (Rh) and autotrophic respiration (Ra)

represents the total ecosystem respiration (Re). By

definition, GPP = NPP ? Ra and the sum of the

belowground fraction of Ra and Rh is termed soil

respiration. Accordingly, NEP can be similarly

determined by the difference between GPP and

Re:

NEP ¼ GPP �Re ð4Þ

Gross primary production (GPP) is inferred from

NPP (net primary production) using the NPP/GPP

ratio (Luyssaert et al. 2007). The NPP/GPP ratio of

0.58 is deduced from the resulting MODIS GPP and

NPP products (Zhang et al. 2009). Rh and Re areT
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measured simultaneously using the static, opaque

chamber method.

In croplands, NPP is estimated by Eq. (5) (Smith

et al. 2010):

NPP ¼ NPPgrain þ NPPstraw þ NPProot þ NPPlitter

þ NPPrhizodeposit ð5Þ

Grain and straw biomass NPP was converted using

the dry biomass weighed at harvest. Other components

were estimated using allometric relationships accord-

ing to Huang et al. (2007), in which the aboveground/

root ratio was fixed at 1.0/0.1 for rice and 0.9/0.1 for

wheat (Huang et al. 2007). Litter was estimated to

account for 5 % of the aboveground and root dry

biomass (Kimura et al. 2004), and rhizodeposits

account for 15 % (Mandal et al. 2008) and 18 %

(Gregory 2006) of the total biomass for rice and wheat,

respectively.

Harvest data include straw removed and grain

measured directly at harvest and converted to carbon

by crop-specific carbon contents of 0.42 and 0.49 for

rice and wheat straw, respectively, and 0.38 and 0.39

for rice and wheat grain, respectively (Huang et al.

2007). During this study all harvested biomass was

removed from the field.

Manure was applied as rapeseed cake (5 % N of dry

weight) for the treatment N3 (FP rate) and N4 (25 %

increase) (Table 1).

The apparent average conversion rate of organic

carbon gain to SOC was reported to be 213 g kg-1 in

paddy soil (Xie et al. 2010). Thus, the SOC change was

estimated from the NECB using a coefficient of 0.213

for paddy soils in this study.

SOCSR ¼ 0:213 � NECB ð6Þ

Statistical analysis

All data were subjected to one-way analysis of

variance using JMP, ver. 7.0 (SAS Institute, USA,

2007). Tukey’s multiple range tests were used to

determine whether significant differences occurred

between the treatments at a significance level of

P \ 0.05. A paired t test was used to examine

differences among the three calculation methods of

SOC sequestration rate. The statistical analyses were

carried out using version 18.0 of the SPSS software

package for Windows (SPSS, Chicago, IL, USA).

Results

Methane emissions during the rice–wheat rotation

The temporal variations of CH4 fluxes during the

2010–2011 rice–wheat rotation are shown in Fig. 2a.

Table 2 Seasonal methane (CH4) emissions, ecosystem respiration (Re), heterotrophic respiration (Rh), rice and wheat grain yields

during the rice- and wheat-growing seasons during the 2010–2011 rotation

Treatment Rice season Wheat season

CH4 Reb Rh Yield CH4 Re Rh Yield

(kg C ha-1) (kg C ha-1) (kg C ha-1) (Mg ha-1) (kg C ha-1) (kg C ha-1) (kg C ha-1) (Mg ha-1)

NNa 159.69bc 6175e 1521abc 5.91e 5.32a 3731b 1596a 1.86d

FP 246.65ab 8254d 1739a 8.86d 14.66a 7224a 2274c 5.74abc

ISSM-N1 198.50b 8161 cd 1790a 9.70c 9.24a 7782a 2500c 5.13c

ISSM-N2 208.17b 9168bc 1419bc 10.54b 6.32a 6911a 3232b 5.86ab

ISSM-N3 364.79a 9592b 1319c 11.78a 5.51a 6916a 3531b 5.48bc

ISSM-N4 255.50ab 11024a 1603ab 12.50a -4.30a 8119a 3989a 6.18a

a NN no N application, FP farmer’s practice; The four integrated soil–crop system management (ISSM) practices at different

nitrogen application rates relative to the FP rate of 300 kg N ha-1 for the rice crop and 180 kg N ha-1 for the wheat crop, namely, N1

(25 % reduction), N2 (10 % reduction), N3 (FP rate) and N4 (25 % increase)
b Re, ecosystem respiration, Rh, heterotrophic respiration
c Different lower case letters within the same column for each item indicate significant difference at P \ 0.05 by the Tukey’s

multiple range test
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During the rice-growing season, similar temporal trends

with varying amplitudes of CH4 fluxes were observed for

each treatment. The net CH4 fluxes increased after

transplantation and peaked at 38.7 mg C m-2 h-1 for

the N3 (FP rate) treatment and decreased strongly during

the midseason drainage to control ineffective tillers. After

reflooding, the CH4 fluxes increased again to a low

emission peak and then gradually decreased to a

negligible amount toward harvest (Fig. 2a).

CH4 emission from the rice-growing season was

significantly higher than that from the wheat-growing

season and was thus negligible during the wheat-

growing season (Fig. 2a). During the rice-growing

season, all plots served as net sources of atmospheric

CH4, but the CH4 fluxes of the wheat-growing season

may be negative.

The highest cumulative CH4 emission rates were

recorded in the N3 (FP rate) plot (364.8 kg C ha-1).

Except for the N3 treatment, differences between

cultivation practice patterns were not significant for

cumulative CH4 emission rates during the rice-grow-

ing season (Table 2, P \ 0.05). Yet, compared with

the NN plots, the FP, N2 (10 % reduction) and N1

(25 % reduction) plots with inorganic fertilizer appli-

cation increased 54.5, 30.4 and 24.3 % CH4 emission

rates, respectively averaged over the rice-growing

seasons. CH4 emission rates were further enhanced by

128.4 % in N3 plots and by 60.0 % in N4 (25 %

increase) plots due to the combined application of

inorganic and organic fertilizers.

Ecosystem respiration fluxes during the rice–

wheat rotation

Re fluxes remained positive during the cycle of rice–

wheat rotation (Fig. 2b), reflecting the seasonal trends

of plant growth and temperature. The rice-seasonal or

annual cumulative Re emissions differed among the

cultivation practice patterns (Tables 2, 3, P \ 0.05).

During the rice-growing season, the Re peaked at

approximately one month after rice transplanting which

reflects the high microbial activity during this period.

The average Re fluxes and the cumulative Re

emissions from the rice–wheat rotation ranged from

126.2 ± 3.3 to 243.9 ± 4.2 mg C m-2 h-1 and

9,903 ± 260 kg C ha-1 to 19,143 ± 329 kg C ha-1

for all treatments (Table 3; Fig. 2b). The cumulative

Re emissions of the N3 (FP rate) treatment was higher

than those from the remaining five treatments.

Heterotrophic respiration fluxes during the rice–

wheat rotation

During the 2010–2011 annual rotation, Rh fluxes

gently fluctuated in the rice-growing season and

rapidly increased during the late wheat-growing

season (Fig. 2c). Rh emissions varied from 1.1 to

285.5 mg C m-2 h-1. Rh flux was highest at

285.5 mg C m-2 h-1 in N4 (25 % increase) and all

treatments showed similar Rh flux patterns (Fig. 2c).

Crop production and agronomic nitrogen use

efficiency

Grain yields of rice and wheat strongly reflected

treatment differences (Table 2).

Grain yields ranged from 5.91 to 12.50 Mg ha-1

for rice and 1.86 to 6.18 Mg ha-1 for wheat and the

agronomic NUE of the fertilized plots ranged from

9.84 to 19.56 kg grain kg-1 N for rice and 21.56 to

24.69 kg grain kg-1 N for wheat (Fig. 3).

Compared with FP, rice-grain yields increased by

41.1 % for N4 (25 % increase), 33.0 % for N3 (FP

rate), 19.0 % for N2 (10 % reduction) and 9.5 % for N1

(25 % reduction) plots. At the same time, the agro-

nomic NUE significantly increased by 99, 79, 75 and

71 % for the N3, N4, N2 and N1 plots, respectively,

compared to the FP plot (Fig. 3a). Because no ISSM

strategy was developed for the wheat crop, the wheat-

grain yields and agronomic NUE did not increase.

The net ecosystem carbon budget measured by two

approaches

The NEP values ranged from 5.15 to 15.20 Mg C ha-1

year-1 and from 4.35 to 16.71 Mg C ha-1 year-1 for

the two methods, respectively (Table 3).

cFig. 2 Seasonal variations of a methane (CH4), b ecosystem

respiration, and c heterotrophic respiration during the cycle of

rice–wheat rotation in 2010–2011 in Changshu, China. The

solid arrows represent fertilization and dotted line arrow

denotes the transplanting or seeding date for rice and wheat,

respectively. NN no N application, FP farmer’s practice; The

four integrated soil–crop system management (ISSM) practices

at different nitrogen application rates relative to the FP rate of

300 kg N ha-1 for the rice crop and 180 kg N ha-1 for the

wheat crop, namely, N1 (25 % reduction), N2 (10 % reduc-

tion), N3 (FP rate) and N4 (25 % increase)
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Over the cycle of rice–wheat rotation in 2010–2011,

all treatments, except for the control, led to carbon gains

of 0.56–1.64 Mg C ha-1 year-1 with an average of

1.02 Mg C ha-1 year-1 and 0.41–3.15 Mg C ha-1

year-1 with an average of 1.85 Mg C ha-1 year-1 for

both approaches (Table 3).

Soil organic carbon measurements and soil organic

carbon changes based on the net ecosystem carbon

budget approaches

From 2009 to 2014 topsoil (0–20 cm) SOC increased

from 22.43, 21.59, 21.81, 23.39 and 23.56 g C kg-1 in

2009 to 23.14, 21.89, 22.25, 24.24 and 24.51 g C kg-1

in 2014 for FP and ISSMs plots, respectively.

Compared with the unfertilized control, mineral

fertilizer application significantly increased topsoil

SOC (Table 4). Over the 5-year period of 2009–2014,

topsoil SOC content of all the fertilizer treatments

increased from 22.43, 21.59, 21.81, 23.39 and

23.56 g C kg-1 in 2009 to 23.14, 21.89, 22.25, 24.24

and 224.51 g C kg-1 in 2014 for the FP and four ISSM

scenarios, respectively. Annual SOC sequestration rates

varied from -0.22 to 0.42 Mg C ha-1 year-1, -0.15 to

0.35 Mg C ha-1 year-1, -0.32 to 0.67 Mg C ha-1

year-1 for the field measurement and the two estimation

approaches, respectively, for all treatments (Table 4).

The NPP minus Rh approach (0.12–0.35 Mg C ha-1

year-1) underestimated the SOC sequestration rate,

while the GPP minus Re approach (0.09–

0.67 Mg C ha-1 year-1) overestimated the SOC

sequestration rate slightly. However, a paired t test

showed that no significant difference was detected

between the two calculation approaches in SOC

sequestration rate (Table 5).

Discussion

Effects of different approaches on the net

ecosystem carbon budget estimation and soil

organic carbon changes for different integrated

soil–crop system management scenarios

Consistent with previous reports, the rice–wheat sys-

tems have experienced increases in topsoil organic

carbon in fertilizer plots over the last decade (Table 4).

Annual SOC increase rates averaged

0.13–0.42 Mg C ha-1 year-1 excluding the untreated

control. No significant differences between field mea-

surement and the two estimation approaches were

found in the SOC sequestration rates for any of the

treatments (Table 5, P [ 0.05). Compared with the

measured values of the SOC sequestration rate, the NPP

minus Rh approach (-0.15 to 0.35 Mg C ha-1 year-1)

underestimated the SOC sequestration rate whereas the

GPP minus Re approach (-0.32 to 0.67 Mg C ha-1

year-1) slightly overestimated it (Table 4).

Table 3 Net ecosystem carbon budget (NECB) and its main components for the annual cycle of rice–wheat rotation in 2010–2011

(Mg C ha-1 year-1)

Code NPPc Rh GPP Re Harvest CH4 NEP1 NEP2 NECB1
b NECB2

NNa 8.26db 3.12d 14.25d 9.90c 5.69d 0.16b 5.15d 4.35d -0.70c -1.50d

FP 15.78c 4.01c 27.20c 15.48b 10.73c 0.26ab 11.76c 11.72c 0.78ab 0.74bc

ISSM-N1 15.89c 4.29bc 27.39c 15.94c 10.84c 0.20b 11.60c 11.45c 0.56b 0.41cd

ISSM-N2 17.79b 4.65bc 30.67b 16.08b 12.13b 0.22b 13.14b 14.59ab 0.79ab 2.25abc

ISSM-N3 17.94b 4.85b 30.93b 16.51b 12.26b 0.37a 13.09b 14.42b 1.35ab 2.69ab

ISSM-N4 20.80a 5.59a 35.85a 19.14a 14.21a 0.28ab 15.20a 16.71a 1.64a 3.15a

a NN no N application, FP farmer’s practice; The four integrated soil–crop system management (ISSM) practices at different

nitrogen application rates relative to the FP rate of 300 kg N ha-1 for the rice crop and 180 kg N ha-1 for the wheat crop, namely, N1

(25 % reduction), N2 (10 % reduction), N3 (FP rate) and N4 (25 % increase)
b Different lower case letters within the same column for each item indicate significant difference at P \ 0.05 by the Tukey’s

multiple range test
c NECB = NEP – Harvest - CH4 ? M, NECB net ecosystem carbon budget, NEP net ecosystem production. NEP1 = NPP - Rh,

NEP2 = GPP - Re, NPP net primary production, Rh heterotrophic respiration, GPP gross primary production, Re ecosystem

respiration. NPP/GPP = 0.58
d NPP = NPPgrain ? NPPshoot ? NPProot ? NPPlitter ? NPPrhizodeposit
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In an earlier survey data summary, Liao et al. (2009)

reported an annual provincial mean SOC sequestration

rate in Jiangsu of 0.16 ± 0.09 Mg C ha-1 from 1982

to 2004, where the dominant ecosystem was annual

upland rice crop rotation. The estimated range for the

topsoil mean SOC was 0.28–0.47 Mg C ha-1 year-1

for all upland and paddy soils in eastern China (Sun

et al. 2009) while annual SOC sequestration rates of

0.13–2.20 Mg C ha-1 year-1 were estimated by Pan

et al. (2004) for paddy soils in China. Thus, our

estimation of SOC changes are well within the range of

estimates of the regional or national mean SOC

sequestration rates of paddy soils (Pan et al. 2004;

Huang and Sun 2006; Xie et al. 2007; Liao et al. 2009;

Sun et al. 2009).

Overall NECBs were significantly affected by

management practices (Table 3, P \ 0.05), but there

were no obvious differences between the FP and the

four ISSM scenarios. Following the approach of Smith

et al. (2010), we estimated the net carbon budget of the

rice–wheat rotation ecosystem through different chan-

nels. In this system, resulting from the two estimation

approaches, all of the cultivation patterns were char-

acterized by carbon accumulation in addition to the NN

pattern. The NN pattern had slight carbon consump-

tion, mainly due to the low crop yield and biomass with

no chemical fertilizer or organic fertilizer applied

(Table 2). Huang et al. (2010) found that long-term

imbalance fertilization will reduce soil fertility, mak-

ing crop yields and fertilizer use efficiency reduced.
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Fig. 3 a Rice grain yield

and agronomic nitrogen use

efficiency (NUE)

increments and b wheat

grain yield and agronomic

NUE during the rice–wheat

growing season in

2010–2011 in Changshu,

China. NN no N application,

FP farmer’s practice; The

four integrated soil–crop

system management (ISSM)

practices at different

nitrogen application rates

relative to the FP rate of

300 kg N ha-1 for the rice

crop and 180 kg N ha-1 for

the wheat crop, namely, N1

(25 % reduction), N2 (10 %

reduction), N3 (FP rate) and

N4 (25 % increase)
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The adapted approaches in this study are applicable

to trials requiring multiple field plots of a short-plant

ecosystem on crop seasonal time scale. Thus, these

approaches may provide a methodological alternative

to estimate NECBs and SOC changes of fragmented

terrains at high temporal and spatial resolutions.

Effects of different integrated soil–crop system

management scenarios on the main components

of net ecosystem carbon budget including biomass,

ecosystem respiration, heterotrophic respiration

or methane

In the cycle of rice–wheat rotation, the crop yields and

other biomass were significantly affected by the

management practices (Table 3, P \ 0.05). The N4

(25 % increase), N3 (FP rate), N2 (10 % reduction)

and N1 (25 % reduction) practices increased rice

yields by 41.1, 33.0, 19.0 and 9.5 % compared to the

FP practice. Grain yield was the dominant component

of the NECB. The ISSM practices aiming for a higher

grain yield also gained a higher NECB (Table 3),

which supports the assumptions by Burney et al.

(2010) and Smith et al. (2010). Wheat production was

not significantly improved because the optimized

ISSMs were designed and developed for the rice crop,

not for the wheat crop.

Different cultivation patterns significantly affect the

annual emissions of Re and Rh (Table 3, P \ 0.05).

Observations were obtained in 2010–2011, and the

cumulative Re and Rh emission rate were recorded with

the highest flux of 19.14 and 5.59 Mg C ha-1 year-1

for the N4 plot and the lowest flux of 9.90 and

3.12 Mg C ha-1 year-1 for the NN plot, respectively.

In this study, higher respiration was mainly because of

the higher biomass, which showed relatively good

agreement with the results of Phillips and Podrebarac

(2009). Many scholars confirmed that inorganic

Table 4 Changes in soil organic carbon (SOC) and estimated sequestration rate of SOC for different measurements

Code SOCb (g C kg-1) Average SOC sequestration rate(Mg C ha-1 year-1)

2009 2014 SOCSRm
c SOCSR1

d SOCSR2

NNa 21.52a 21.03c -0.22c -0.15c -0.32d

FP 22.43a 23.14ab 0.32ab 0.17ab 0.16bc

ISSM-N1 21.59a 21.89bc 0.13b 0.12b 0.09cd

ISSM-N2 21.81a 22.25bc 0.19ab 0.17ab 0.48abc

ISSM-N3 23.39a 24.24a 0.38a 0.29ab 0.57ab

ISSM-N4 23.56a 24.51a 0.42a 0.35a 0.67a

a NN no N application, FP farmer’s practice; The four integrated soil–crop system management (ISSM) practices at different

nitrogen application rates relative to the FP rate of 300 kg N ha-1 for the rice crop and 180 kg N ha-1 for the wheat crop, namely,

N1 (25 % reduction), N2 (10 % reduction), N3 (FP rate) and N4 (25 % increase)
b SOC soil organic carbon, SOCSR soil organic carbon sequestration rates
c SOCSRm, measured values of SOC sequestration rate
d SOCSR1, SOCSR2, NECB derived SOC change equal to 0.213 9 NECB (Xie et al. 2010)

Table 5 Correlation coefficients and t test comparisons among different values of soil organic carbon (SOC) sequestration rate for

fertilizer treatments

Analyte nb Items Ratio Correlation

coefficients

t Statistic for paired

difference test

sig. (2-tailed)

SOCSRa 6 M/S1
c 1.29 0.976 1.454 0.206

6 M/S2 0.74 0.888 -0.903 0.408

6 S1/S2 0.58 0.951 -1.347 0.236

a SOCSR soil organic carbon sequestration rates
b n number of samples
c M measurement method, S1, S2 estimation methods
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fertilizers can improve crop yields, biomass and SOC

content, thereby increasing the amount of ecosystem

respiration (Al-Kaisi and Yin 2005; Manna et al. 2007;

Purakayastha et al. 2008; Gong et al. 2009; Ma et al.

2011). In the rice-growing season, emissions of Rh were

lower, which may be due to the state of the soil in the

flooded rice fields leading to heterotrophic respiration of

CO2 not being emitted into the atmosphere. The

maximum Rh during the late wheat-growing season

coincided with maximum Re, mainly due to suitable

temperature and moisture conditions to stimulate

microbial activity, which coincided the previous report

that air temperature was found to regulate the CO2

emissions from the non-waterlogged period over the

entire rice–wheat rotation season (Zou et al. 2004).

For the whole cycle of rice–wheat annual rotation,

seasonal changes of CH4 emissions were mainly

controlled by water management, which is consistent

with the extremely anaerobic conditions that CH4

generation requires (Conrad 2007). The water regime

is known as one of the most important practices that

affect CH4 emissions in rice production. In contrast with

continuous flooding, midseason drainage incurred a drop

in CH4 fluxes during the rice-growing season (Zou et al.

2005). Different levels of nitrogen fertilizer and organic

fertilizer amendment did not affect the CH4 emission

mode. In the upland period, due to the lack of anaerobic

conditions, CH4 emissions did not occur. No obvious

difference in the annual cumulative CH4 emissions was

found among all the treatments (Table 3, P \ 0.05).

There was no correlation between the CH4 emissions and

N rate (Table 3). Previous reports on the influence of

synthetic fertilizer on the CH4 emission rates from rice

fields are inconsistent. Some studies suggested that the

CH4 emissions decreased with the application of inor-

ganic fertilizer (Krüger and Frenzel 2003), but others

suggested an increase or no change (Cai et al. 2007). In

this study, compared to the FP treatment, the annual

cumulative CH4 emissions increased without a signifi-

cant difference in the N3 and N4 plots, which is likely

due to the organic material incorporation increasing the

CH4 emissions from the rice paddies (Tables 1, 2), and

this is supported by previous reports (Adhya et al. 2000;

Zou et al. 2005; Naser et al. 2007; Ma et al. 2009).

Additionally, the seasonal CH4 emission was enhanced

by inorganic fertilizer, which could be explained by the

fact that the rice plants served as a pathway for the CH4

emissions and an additional substrate for methanogens

(Yan et al. 2005; Linquist et al. 2012).

Conclusions

The two NECB approaches derived SOC changes

agreed well with the field measured SOC changes.

Thus, these two estimation approaches provide a

methodological alternative to estimate SOC changes

for a short-plant ecosystem on a crop-seasonal or

annual time scale. Slightly carbon loss occurred

during the rice–wheat rotation (-0.15, -0.32 and

-0.22 Mg C ha-1 year-1) for the no nitrogen appli-

cation plot, but obvious carbon gains occurred

(0.12–0.35, 0.09–0.67 and 0.13–0.42 Mg C ha-1

year-1) for the local farmer’s practices and integrated

soil–crop system management scenarios from the two

estimation approaches and field measurement, respec-

tively. Compared to the SOC sequestration rate from

the local farmer’s practices, the integrated soil–crop

system management scenarios with the same or 25 %

more nitrogen increased the SOC sequestration rates

to some extent, indicating that the proposed integrated

soil–crop system management scenarios can simulta-

neously achieve improved food production and NUE

with equivalent soil carbon gains.
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Krüger M, Frenzel P (2003) Effects of N-fertilization on CH4

oxidation and production, and consequences for CH4

emissions from microcosms and rice fields. Glob Change

Biol 9(5):773–784

Li QK (1992) Paddy soils of China. China Science Press, Bei-

jing, pp 232–248 (in Chinese)

Li C, Salas W, DeAngelo B, Rose S (2006) Assessing alterna-

tives for mitigating net greenhouse gas emissions and

increasing yields from rice production in China over the

next twenty years. J Environ Qual 35(4):1554–1565

Liao Q, Zhang X, Li Z, Pan G, Smith P, Jin Y, Wu X (2009)

Increase in soil organic carbon stock over the last two

decades in China’s Jiangsu Province. Glob Change Biol

15(4):861–875

Linquist B, Groenigen KJ, Adviento-Borbe MA, Pittelkow C,

Kessel C (2012) An agronomic assessment of greenhouse

gas emissions from major cereal crops. Glob Change Biol

18(1):194–209

Lu RK (2000) Methods for soil agrochemistry analysis. Agricul-

tural Science and Technology Press, Beijing (in Chinese)

Lu F, Wang X, Han B, Ouyang Z, Duan X, Zheng H, Miao H

(2009) Soil carbon sequestrations by nitrogen fertilizer

application, straw return and no-tillage in China’s crop-

land. Glob Change Biol 15(2):281–305

Luyssaert S, Inglima I, Jung M, Richardson AD, Reichstein M,

Papale D, Piao SL, Schulze ED, Wingate L, Matteucci G,

Aragao L, Aubinet M, Beer C, Bernhofer C, Black KG,

Bonal D, Bonnefond JM, Chambers J, Ciais P, Cook B,

Davis KJ, Dolman AJ, Gielen B, Goulden M, Grace J,

Granier A, Grelle A, Griffis T, Grunwald T, Guidolotti G,

Hanson PJ, Harding R, Hollinger DY, Hutyra LR, Kolari P,

Kruijt B, Kutsch W, Lagergren F, Laurila T, Law BE, Le

Maire G, Lindroth A, Loustau D, Malhi Y, Mateus J, Mi-

gliavacca M, Misson L, Montagnani L, Moncrieff J, Moors

E, Munger JW, Nikinmaa E, Ollinger SV, Pita G, Rebmann

C, Roupsard O, Saigusa N, Sanz MJ, Seufert G, Sierra C,

Smith ML, Tang J, Valentini R, Vesala T, Janssens IA

(2007) CO2 balance of boreal, temperate, and tropical

forests derived from a global database. Glob Change Biol

13(12):2509–2537

Ma J, Ma E, Xu H, Yagi K, Cai Z (2009) Wheat straw man-

agement affects CH4 and N2O emissions from rice fields.

Soil Biol Biochem 41(5):1022–1028

Ma L, Yang LZ, Xia LZ, Shen MX, Yin SX, Li YD (2011) Long-

term effects of inorganic and organic amendments on

organic carbon in a paddy soil of the Taihu Lake Region.

China. Pedosphere 21(2):186–196

Ma YC, Kong XW, Yang B, Zhang XL, Yan XY, Yang JC,

Xiong ZQ (2013) Net global warming potential and

greenhouse gas intensity of annual rice–wheat rotations

with integrated soil–crop system management. Agric

Ecosyst Environ 164:209–219

Mandal B, Majumder B, Adhya TK, Bandyopadhyay PK,

Gangopadhyay A, Sarkar D, Kundu MC, Choudhury SG,

Hazra GC, Kundu S, Samantaray RN, Misra AK (2008)

Potential of double-cropped rice ecology to conserve

organic carbon under subtropical climate. Glob Change

Biol 14(9):2139–2151

Manna MC, Swarup A, Wanjari RH, Ravankar HN (2007)

Long-term effects of NPK fertiliser and manure on soil

fertility and a sorghum-wheat farming system. Anim Prod

Sci 47(6):700–711

Mosier AR, Halvorson AD, Peterson GA, Robertson GP, Sherrod

L (2005) Measurement of net global warming potential in

three agroecosystems. Nutr Cycl Agroecosyst 72(1):67–76

Mosier AR, Halvorson AD, Reule CA, Liu XJ (2006) Net global

warming potential and greenhouse gas intensity in irrigated

cropping systems in northeastern Colorado. J Environ Qual

35(4):1584–1598

312 Nutr Cycl Agroecosyst (2014) 100:301–313

123



Naser HM, Nagata O, Tamura S, Hatano R (2007) Methane

emissions from five paddy fields with different amounts of

rice straw application in central Hokkaido, Japan. Soil Sci

Plant Nutr 53(1):95–101

Pan G (2008) Soil organic carbon stock, dynamics and climate

change mitigation of China. Adv Clim Change Res

4:282–289

Pan G, Li L, Wu L, Zhang X (2004) Storage and sequestration

potential of topsoil organic carbon in China’s paddy soils.

Glob Change Biol 10(1):79–92

Paustian K, Cole CV, Sauerbeck D, Sampson N (1998) CO2

mitigation by agriculture: an overview. Clim Change

40(1):135–162

Phillips RL, Podrebarac F (2009) Net fluxes of CO2, but not N2O

or CH4, are affected following agronomic-scale additions

of urea to prairie and arable soils. Soil Biol Biochem

41(9):2011–2013

Purakayastha TJ, Rudrappa L, Singh D, Swarup A, Bhadraray S

(2008) Long-term impact of fertilizers on soil organic

carbon pools and sequestration rates in maize–wheat–

cowpea cropping system. Geoderma 144(1):370–378

Robertson GP, Paul EA, Harwood RR (2000) Greenhouse gases

in intensive agriculture: contributions of individual gases

to the radiative forcing of the atmosphere. Science

289(5486):1922–1925

Shang Q, Yang X, Gao C, Wu P, Liu J, Xu Y, Shen Q, Zou J,

Guo S (2011) Net annual global warming potential and

greenhouse gas intensity in Chinese double rice-cropping

systems: a 3-year field measurement in long-term fertilizer

experiments. Glob Change Biol 17(6):2196–2210

Smith P (2004) Carbon sequestration in croplands: the potential in

Europe and the global context. Eur J Agron 20(3):229–236

Smith P, Lanigan G, Kutsch WL, Buchmann N, Eugster W,

Aubinet M, Ceschia E, Beziat P, Yeluripati JB, Osborne B,

Moors EJ, Brut A, Wattenbanch M, Saunders M, Jones M

(2010) Measurements necessary for assessing the net

ecosystem carbon budget of croplands. Agric Ecosyst

Environ 139(3):302–315

Song G, Li L, Pan G, Zhang Q (2005) Topsoil organic carbon

storage of China and its loss by cultivation. Biogeochem-

istry 74(1):47–62

Sun W, Huang Y, Zhang W, Yu Y (2009) Estimating topsoil

SOC sequestration in croplands of eastern China from 1980

to 2000. Soil Res 47(3):261–272

Vanlauwe B, Kihara J, Chivenge P, Pypers P, Coe R, Six J

(2011) Agronomic use efficiency of N fertilizer in maize-

based systems in sub-Saharan Africa within the context of

integrated soil fertility management. Plant Soil

339(1–2):35–50

Xie Z, Zhu J, Liu G, Cadisch G, Hasegawa T, Chen C, Sun H,

Tang H, Zeng Q (2007) Soil organic carbon stocks in China

and changes from 1980s to 2000s. Glob Change Biol

13(9):1989–2007

Xie Z, Liu G, Bei Q, Tang H, Liu J, Sun H, Xu Y, Zhu J, Cadisch

G (2010) CO2 mitigation potential in farmland of China by

altering current organic matter amendment pattern. Sci

China Earth Sci 53(9):1351–1357

Yan X, Yagi K, Akiyama H, Akimoto H (2005) Statistical

analysis of the major variables controlling methane emis-

sion from rice fields. Glob Change Biol 11(7):1131–1141

Zhang S, Wang L (2013) Review on carbon cycling of farmland

ecosystem under the context of global changes. J Agric

Mech Res 35(1):4–9 (in Chinese)

Zhang L, Yu D, Shi X, Weindorf DC, Zhao L, Ding W, Wang H,

Pan J, Li C (2009) Simulation of global warming potential

(GWP) from rice fields in the Tai-Lake region, China by

coupling 1: 50,000 soil database with DNDC model. Atmos

Environ 43(17):2737–2746

Zheng X, Xie B, Liu C, Zhou Z, Yao Z, Wang Y, Wang Y, Yang

L, Zhu J, Huang Y, Bahl KB (2008) Quantifying net eco-

system carbon dioxide exchange of a short-plant cropland

with intermittent chamber measurements. Glob Biogeo-

chem Cycles 22(3):GB3031

Zou J, Huang Y, Zong L, Zheng X, Wang Y (2004) Carbon

dioxide, methane, and nitrous oxide emissions from a rice-

wheat rotation as affected by crop residue incorporation

and temperature. Adv Atmos Sci 21(5):691–698

Zou J, Huang Y, Jiang J, Zheng X, Sass RL (2005) A 3-year field

measurement of methane and nitrous oxide emissions from

rice paddies in China: Effects of water regime, crop resi-

due, and fertilizer application. Glob Biogeochem Cycles

19(2):GB2021

Nutr Cycl Agroecosyst (2014) 100:301–313 313

123


	Two approaches for net ecosystem carbon budgets and soil carbon sequestration in a rice--wheat rotation system in China
	Abstract
	Introduction
	Materials and methods
	Experimental site
	Field trial treatments and management of the experiment
	Topsoil organic carbon sequestration measurement
	Chamber measurement of methane fluxes, total ecosystem respiration and heterotrophic respiration
	Calculation of net ecosystem carbon budget and estimation of net ecosystem carbon budget derived soil organic carbon sequestration rates
	 Statistical analysis

	Results
	Methane emissions during the rice--wheat rotation
	Ecosystem respiration fluxes during the rice--wheat rotation
	Heterotrophic respiration fluxes during the rice--wheat rotation
	Crop production and agronomic nitrogen use efficiency
	The net ecosystem carbon budget measured by two approaches
	Soil organic carbon measurements and soil organic carbon changes based on the net ecosystem carbon budget approaches

	Discussion
	Effects of different approaches on the net ecosystem carbon budget estimation and soil organic carbon changes for different integrated soil--crop system management scenarios
	Effects of different integrated soil--crop system management scenarios on the main components of net ecosystem carbon budget including biomass, ecosystem respiration, heterotrophic respiration or methane

	Conclusions
	Acknowledgments
	References


