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Abstract 

Differences in soil CO2 emissions between no-tillage (NT) and conventional intensive tillage have been well 
assessed in paddy fields, but few studies evaluate the effects of different NT modes on soil CO2 emissions. 
Therefore, a field experiment was conducted to assess paddy soil CO2 flux as affected by different NT modes 
[ridge cultivation with NT (RNT) and conventional flat cultivation with NT (FNT)] and its influencing factors 
during the 2012-2014 rice growing seasons in central China. Soil CO2 fluxes were determined by a LI-8100A 
soil CO2 flux system. The mean soil CO2 fluxes on the ridges in the RNT treatment increased by 49%, 52% 
and 35% compared with those on the flat land in the FNT treatment in 2012, 2013 and 2014, respectively. 
Cumulative CO2 emissions ranged from 1042 g m–2 to 1489 g m–2 from the RNT treatment, and from 724 g m–2 to 
1016 g m–2 for the FNT treatment. Moreover, soil CO2 its emissions were significantly correlated with dissolved 
organic C, aboveground biomass and root biomass. Therefore, our results suggesting that annual rice-fallow-
oilseed rape rotation should be considered to assess the effects of tillage systems on soil CO2 emission.
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1. Introduction

Carbon dioxide (CO2) is the most greenhouse gas 
(GHG), contributing 76% to the global greenhouse 
effect (IPCC, 2014). Soil CO2 flux, one of the 
primary fluxes of carbon (C) between soils and 
the atmosphere, is an important component of the 
C cycle in terrestrial ecosystems (Schlesinger and 
Andrews, 2000). Controlling soil CO2 fluxes is 

critical because relatively small changes in soil 
CO2 fluxes may significantly alter atmospheric CO2 

concentration and soil C sequestration (Iqbal et al., 
2009). Accordingly, characterization of soil CO2 
emissions is important in investigating the feedback 
mechanism between soil C cycle and climate change 
(Zhu and Cheng, 2013). Field investigation on soil 
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CO2 emissions have been intensively performed over 
the recent decades, with considerable effort devoted 
to upland ecosystems (Hanson et al., 2000). Although 
paddy ecosystems are C sink of atmospheric CO2, 
changes in their C pool can directly affect CO2 
concentration in the atmosphere (Kuzyakov and 
Cheng, 2004). Accordingly, soil CO2 emissions from 
paddy soils have been increasingly investigated.
No-tillage (NT) practices have been adapted by farmers 
in China over the past decades (Derpsch and Friedrich, 
2009). NT practices aim to conserve soils and reduce 
production cost by saving fuel, equipment, and labor 
relative to conventional flat intensive tillage (Huang et al., 
2013). Ridge cultivation with NT (RNT) developed from 
ridge tillage cultivation is a newly established technique 
for rice production in southern China (Jiang and Xie, 
2009; Zheng et al., 2014). This technique primarily aims 
to improve efficient water use, air aeration, and supply 
of soil nutrition compared with conventional flat NT 
(FNT) and conventional flat intensive tillage (Zheng et 
al., 2014). RNT is characterized by a permanent ridge–

furrow configuration (Figure 1), where the furrows are 
used for irrigation ditches and the ridges are undisturbed 
perennially for rice growth with moist irrigation (Zheng 
et al., 2014). The type of configuration can result in water 
saving and highly efficient rice production (Jiang and 
Xie, 2009; Zheng et al., 2014).
Many studies have investigated the effects of RNT on 
rice production (Gao et al., 2004; Tang et al., 2005; 
Jiang and Xie, 2009; Zheng et al., 2014), and reported 
that RNT can increase the rice yield compared with 
FNT and conventional flat intensive tillage because it 
improves soil aeration and nutrient supply. However, 
to our knowledge, few studies have been conducted to 
investigate the effects of RNT on soil CO2 emissions in 
upland systems (Govaerts et al., 2006; Patiño-Zúñiga et 
al., 2009), particularly in paddy fields. Elucidating these 
effects can contribute to our knowledge on zone-specific 
management. Thus, this study assessed the effects of 
RNT and FNT on paddy soil CO2 flux during the 2012-
2014 rice growing seasons in central China, and also 
evaluated the relationships between soil CO2 flux and 
aboveground biomass, root biomass and soil organic C.

a b

Figure 1. Sectional view of RNT (a) and FNT (b) paddy field

2. Materials and Methods

2.1. Study site and experimental design

Field experiment was started on May 2011 at the 
Huazhong Agricultural University Research Farm, which 
is located at Lanjie Village, Wuxue City, Hubei Province, 

China (29º51´N, 115º33´E). This region experiences a 
humid mid-subtropical monsoon climate with an average 
annual temperature of 17.8 °C and a mean annual 
precipitation of 1,361 mm. The local soil is classified as 
Gleysol (FAO classification). The soil exhibits a texture 
of sandy clay loam with a bulk density of 1.20 g cm−3, clay 
(<0.002 mm) fraction of 12%, silt (0.002 mm - 0.02 mm) 
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fraction of 10%, sand (0.02 mm - 2 mm) fraction of 78%, 
pH of 5.90, organic C content of 16.4 g kg−1, and total 
nitrogen (N) content of 2.36 g kg−1. The experimental site 
was cultivated with rotation of an oilseed rape (Brassica 
napus) and rice (Oryza sativa L.) for more than 10 years.
Soil CO2 flux was measured during the 2012-2014 rice 
growing seasons. To evaluate the effects of different NT 
modes on soil CO2 emissions, we included FNT and 
RNT treatments in the field experiment. The treatments 
were arranged in a completely randomized design. Each 
treatment was replicated three times, and each plot 
presented an area of 73.5 m2. For the RNT system, the 
ridges and furrows were manually performed in the field 
on May 2010. The ridges were 0.6-m wide on the top, and 
the furrows were 30-cm wide and 35-cm deep (Figure 
1). After rice was harvested, mud from the furrows was 
artificially stacked on the top of the ridges. The ridges 
without soil disturbances were arranged at north and 
south directions. The water level in the furrows was 
consistently maintained at 5 cm – 30 cm depth, and the 
top soil of the ridges was maintained moist throughout 
the 2012-2014 rice growing seasons. For the FNT 
system, the ridges and furrows were not formed and no 
soil disturbance occurred throughout the rice growing 
seasons. Based on the conventional irrigation–drainage 
practices, we regularly irrigated the plots to a depth of 10 
cm above soil surface when their water level decreased 
to 1 cm–2 cm in the plots. The plots were drained at 
approximately half a month before rice harvesting.
Weeds were controlled by spraying 20% paraquat at 
3 L ha−1 before rice was directly seeded. After 3 d, the 
field was submerged. Subsequently, the rice seeds were 
manually directly seeded at a rate of 22.5 kg ha−1 on 
May 26 (2012), June 16 (2013) and June 18 (2014). The 
rice was harvested on September 28 (2012), October 19 
(2013) and October 14 (2014). For the RNT rice field, the 
rice seeds were broadcast on the top of the ridges. A total 
of 180 kg N ha−1, 90 kg P2O5 ha−1, and 180 kg K2O ha−1 
were supplied using a fertilizer consisting of inorganic 

N (15% N), phosphorus (P, 15% P2O5), and potassium 
(K, 15% K2O), urea (46% N), single superphosphate 
(12% P2O5), and potassium chloride (60% K2O) for both 
treatments during the rice growing seasons. P and K 
fertilizers were only used as basal fertilizers after seeding. 
N fertilizers were immediately supplied at a rate of 90 kg 
N ha−1 in the form of basal fertilizers. The remaining N 
fertilizers were split into three doses: 36 kg N ha−1 at the 
tillering stage, 21.6 kg N ha−1 at the boosting stage, and 
32.4 kg N ha−1 at the heading stage. For the RNT rice 
field, the fertilizers were broadcast on the soil surface of 
the ridges.

2.2. CO2 measurement

In this study, CO2 fluxes from paddy soil were measured 
at about 10-d intervals during the rice growing seasons 
by an 8100-103 short-term chamber connected to a LI-
8100A soil CO2 flux system (Li-Cor Inc., Lincoln, NE). 
Based on pre-experiment data (data not shown), we 
found that the mean flux from 9:00 AM to 12:00 AM is 
representative of the daily average. Thus, in this study, the 
fluxes were measured in this interval. Similarly, Lou et al. 
(2003) reported that the interval from 9:00 AM to 11:00 
AM was representative of daily means in this region. At 
the beginning of the experiment, three base collars (20-
cm inner diameter) of the short-term chambers were 
randomly inserted at a 5-cm depth on the soil surface, and 
were maintained in the fields throughout the rice growing 
seasons. For the RNT treatment, these base collars were 
placed on the ridges. The detailed measurement of CO2 
fluxes was described in our previous study (Li et al., 
2013). Each soil CO2 fluxes was determined every 20 
s for 180 s. Three measurements were obtained at each 
position on each sampling day, and measurement of soil 
respiration rate at a position was the average of three 
individual measurements. In the present study, soil CO2 
fluxes were determined at approximately 10-day intervals 
during the rice growing seasons. Seasonal CO2 emissions 
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in the plots were calculated by linearly interpolating the 
CO2 emissions between the sampling dates.

2.3. Sampling and analytical methods

Root and aboveground biomasses were measured at 
harvesting in 2013 and 2014. Plants within the 1-m2 
area from the ridges in the RNT treatment and from 
the flat land in the FNT treatment were removed from 
two sites in each plot. These plants were separated 
into the roots and aboveground plants, which were 
then dried at 80 ºC and weighed.
Concurrent with soil CO2 flux measurement, soil samples 
with 20 cm depth were immediately obtained using a soil 
core sampler with 5-cm inner diameter to analyze soil 
properties. Dissolved organic C (DOC) was extracted 
from 10 g of fresh soil with 1:3 ratio of soil to water (Jiang 
et al., 2006).  After the soil was shaken at 250 r min−1 for 
1 h and centrifuged at 4,500×g for 10 min, the supernatant 
was filtered using a 0.45-μm membrane filter. The DOC 
content of the filtrate was measured through oxidation 
with potassium dichromate and titration with ferrous 
ammonium sulfate (Jones 2001). SOC content was 
determined using a C/N elemental analyzer (Elementar 
Marcro, Germany).

2.4. Data analysis

All statistical analyses were conducted using SPSS 
16.0 analytical software package (SPSS Inc. USA). 
A one-way ANOVA of SPSS 16.0 was performed to 
determine the effects of different NT modes on soil 
CO2 flux, SOC, DOC, aboveground biomass, and root 
biomass. Individual means were compared according 
to the least significant difference test. Difference at P 
≤ 0.05 was considered significant. Linear regression 
was used to evaluate the relationships between 
soil CO2 flux and DOC content, root biomass, and 
aboveground biomass.

3. Results

Seasonal changes in soil CO2 fluxes in the RNT and FNT 
treatments during the 2012 and 2014 rice growing seasons 
are shown in Figure 2. The soil CO2 fluxes peaked at the 
tillering stage (June 28 in 2012, July 29 in 2013 and June 
19 in 2014, about 3–4 weeks after seeding) in three years. 
For the FNT treatment, the CO2 fluxes ranged from 118.0 
mg m−2 h−1 to 626.9 mg m−2 h−1 in 2012, from 179.1 mg 
m−2 h−1 to 1370.1 mg m−2 h−1 in 2013, and from 117.4 mg 
m−2 h−1 to 660.9 mg m−2 h−1 in 2014 (Figure 2). For the 
RNT treatment, the CO2 fluxes varied from 118.4 mg m−2 
h−1 to 900.0 mg m−2 h−1 in 2012, from 110.6 mg m−2 h−1 to 
1970.5 mg m−2 h−1 in 2013, and 218.1 mg m−2 h−1 to 799.1 
mg m−2 h−1 in 2014 (Figure 2). Mean soil CO2 fluxes in 
the RNT treatment were significantly higher by 49%, 
52% and 35% than those in the FNT treatment in 2012, 
2013 and 2014, respectively (Table 1). 
Cumulative CO2 emissions from paddy soils were 
significantly different between the RNT and FNT 
treatments (Table 2). The RNT treatment significantly 
increased the emissions by 44%, 47% and 34% 
compared with the FNT treatment in 2012, 2013 and 
2014, respectively (Table 2).
There was significant seasonal variation in DOC contents 
in the RNT and FNT treatments during the 2012-2014 
rice growing seasons (Figure 3). The peaks of DOC 
contents were found at the tillering stage in three years. 
Mean DOC contents in the RNT treatment (0.97 g kg−1 in 
2012, 0.90 g kg−1 in 2013, and 1.02 g kg−1 in 2014) were 
1.11-1.18 times higher than those in the FNT treatment.
Significantly higher root and aboveground biomasses 
were found in the RNT treatment than those in the 
FNT treatment, whereas no significant difference was 
observed in the SOC content between the two treatments 
(Table 3). RNT treatment significantly increased root 
and aboveground biomasses by 16% and 38% in 2013, 
and 60% and 35% in 2014 than those in FNT treatment, 
respectively.
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In general, significant relationship between CO2 
flux and DOC content was observed (Figure 4), 
and the r values ranged from 0.728 to 0.911 for 
the RNT treatment and from 0.646 to 0.894 for 

the FNT treatment. In addition, cumulative CO2 
emissions were significantly and positively 
correlated with root and aboveground biomasses 
(Figures 5 and 6).

Table 1. Changes in mean soil CO2 fluxes from the ridges in the RNT treatment and the flat land in the FNT treatment in 2012-

2014/(mg m-2 h-1)

Treatments 2012  2013 2014 

RNT 356.2±22.1 a 589.3±33.1 a 412.8±36.7 

FNT 238.6±18.9 b  387.2± 28.9 b 306.3±38.9 

Different small letters in a column mean significant difference at the 5% level. Values are mean ± standard errors. 

Table 2. Changes in cumulative CO2 emissions under different NT treatments in 2012-2014/(g m-2)

Treatments 2012 2013 2014 

RNT 1042±77 a 1489±127 a 1072±89 a

FNT 724±68 b 1016±186 b 798±80 b

Different small letters in a column mean significant difference at the 5% level. Values are mean ± standard errors. 

 

Table 3. Differences in SOC content, root biomass and aboveground biomass between the ridges in the RNT treatment and the 

flat land in the FNT treatment at harvesting in 2013 and 2014

Treatments 2013  2014 

 SOC 

(g kg-1)

Root biomass 

(g m-2)

Aboveground

biomass

(g m-2)

SOC  

(g kg-1)

Root biomass 

(g m-2)

Aboveground

biomass

(g m-2)

RNT 1.98±0.02 a 241.1±11.3 a 2060±243 a  2.01±0.01 a 305.1±10.5 a 2840±311 a 

FNT 2.04±0.03 a 207.7±15.3 b 1488±267 b 2.03±0.04 a 190.5±9.8 b 2100±320 b 

Different small letters in a column mean significant difference at the 5% level. SOC, soil organic C; DOC, dissolved organic C. 

Values are mean ± standard errors.
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Figure 2. Seasonal changes in paddy soil CO2 fluxes from the ridges in the RNT treatment and from the flat land in the FNT 

treatment during the 2012-2014 rice growing seasons
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Figure 3. Seasonal changes in paddy soil DOC from the ridges in the RNT treatment and from the flat land in the FNT treatment 
during the 2012-2014 rice growing seasons. DOC, dissolved organic C.
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4. Discussion

The differences in soil CO2 emissions between NT 
and conventional flat intensive tillage have been well 
assessed in dry lands and paddy fields (Patiño-Zúñiga 
et al., 2009; Li et al., 2013). However, relatively few 
studies investigated the differences in soil CO2 emissions 
between RNT and FNT (Patiño-Zúñiga et al., 2009). In 
the present study, we investigated the effects of RNT and 
FNT on paddy soil CO2 emissions in central China.
In this study, soil CO2 fluxes peaked at the tillering stage 
(Figure 2), because of the increased substrates derived 
from root exudation and microbial decomposition of the 
remaining residues from previous crops (Li et al., 2013).
The microenvironment of the rice field drastically 
changes when conventional flat intensive tillage is 
converted into RNT (Figure 1), resulting in high solar 
energy and good ventilation; subsequently, a vigorous 
photosynthesis and plant growth under RNT occur 
(Gao et al., 2004; Jiang and Xie, 2009). Moreover, the 
improved water use efficiency, air permeability, and 
supply of soil nutrition under RNT relative to FNT 
stimulate rice growth (Zheng et al., 2014). In the present 
study, the root and aboveground biomasses in the RNT 
treatment were higher than those in the FNT treatment 
(Table 3). Moreover, the higher sowing density in the 
RNT treatment than that in the FNT treatment may 
partially explain this phenomenon. Similar results were 
reported by Gao et al. (2004) and Jiang and Xie (2009). 
Ren et al. (2007) also indicated that the ridge tillage 
cultivation can promote rice root growth compared with 
the flat land; in this study, biomass, volume, length, and 
superficial area of roots increased by 14–20%, 14–34%, 
9–11% and 14–15%, respectively.
As a labile organic C, DOC consists of labile 
compounds, including organic acids, sugars, and 
amino acids (Haynes, 2005). DOC is readily 
degradable and is the major energy source for 
microorganisms (Haynes, 2005; Hu et al., 1997). Bi 

et al. (2013) reported that soil CO2 emissions may 
be aggravated by the electroactive moieties in soil 
DOC; these moieties function as electron shuttles and 
facilitate electron transfer reactions in soil respiration 
and SOC mineralization. Thus, some researchers 
reported that DOC is significantly related to soil 
respiration (Bi et al., 2013; Wang et al., 2013), which 
is also reported by our study (Figure 4). In the present 
study, the higher root and aboveground biomasses in 
the RNT treatment than those in the FNT treatment 
(Table 3) may demonstrate a higher DOC content, 
which was derived from the root exudates and 
photosynthates translocated from the aboveground 
biomass; this phenomenon partially explains the 
higher soil CO2 flux in the RNT treatment than those 
in the FNT treatment (Figure 2; Tables 1 and 2).
Evidence has shown that the aboveground biomass 
of crops is linked to soil CO2 emission (Raich 
and Tufekcioglu, 2000). We observed significant 
linear correlations between soil CO emissions and 
aboveground biomass (Figure 5). Similar results were 
reported by Ding et al. (2007) and Xu et al. (2008). 
Root respiration is sensitive to seasonal changes 
in crop aboveground biomass, because it largely 
depends on the amount of photosynthates translocated 
from the aboveground biomass (Curiel-Yuste et al., 
2004; Kuzyakov and Cheng, 2004; Xu et al., 2008; 
Chaudhary et al. 2014). Moreover, the aboveground 
biomass can provide aboveground litter and 
belowground organic detritus to the soil (Raich and 
Potter, 1995; Kara et al. 2014). In the present study, 
high aboveground biomass in the RNT treatment 
(Table 3) indicates high soil DOC content in the RNT 
treatment, resulting in increased soil CO2 emissions 
(Figure 2; Tables 1 and 2).
Roots significantly affect soil CO2 emissions. On 
one hand, respiring roots below the measurement 
collars significantly affect soil CO2 flux because root 
respiration is an important part of soil respiration 
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(Hanson et al., 2000); on the other hand, during 
the rice growing season, the root exudates from 
photosynthetic production and root litter that are 
allocated into the soil can increase soil CO2 emission 
by stimulating microbial growth and activity (Lohila 
et al., 2003). Moreover, the increased root exudates 
can stimulate the decomposition of SOC by priming 
soil microbial activity (de Graaff et al., 2014). Thus, 
a significant correlation between soil CO2 emissions 
and root biomass is generally reported (Raich and 
Schlesinger, 1992; Zhu and Cheng, 2013). In the 
present study, we observed that soil CO2 emissions 
were positively correlated with root biomass (Fig. 
6). Root biomass in the RNT treatment was higher 
than that in the FNT treatment (Table 3). The high 
root biomass in the RNT treatment is associated with 
high root growth, resulting in high CO2 emissions 
directly derived from roots (Hanson et al., 2000; Zhu 
& Cheng, 2013). The high ROOT biomass in the RNT 
treatment might contribute high availability of C in 
the rhizosphere as a result of increased root exudation. 
This possibility is supported by high soil DOC in the 
RNT treatment (Figure 3), thereby leading to high soil 
respiration. In addition, RNT improves soil aeration 
on the ridges compared with FNT (Gao et al., 2004), 
resulting in high decomposition of SOC.
As mentioned above, soil DOC, root biomass and 
aboveground biomass are important factors influencing 
soil CO2 emissions. Moreover, the differences in DOC, 
root biomass and aboveground biomass between FNT 
and RNT coincide with the differences in soil CO2 
emissions, suggesting that abiotic and biotic factors 
should been simultaneously taken into account to 
explain the differences in soil CO2 emissions in 
agroecosystems under tillage practices. In addition, 
infrequent sampling (about 10-d interval) due to labor 

intensive process may mischaracterize variability of 
soil CO2 emissions or episodic flux events. However, 
the results obtained from three seasons in this study 
may be reliable because they demonstrated similar 
results. Furthermore, Mosier et al. (2005) suggested 
that entire crop growing and fallow seasons shall be 
considered when assessing effects of tillage systems 
on soil CO2 emissions. Hence, in our study, a further 
study integrated rice-fallow-oilseed rape seasons 
should be taken into account to evaluate the effects 
of tillage systems on soil CO2 emission from paddy 
fields.

5. Conclusion

The present study investigated the effects of ridge 
cultivation with no-tillage and conventional flat 
cultivation with no-tillage on soil CO2 fluxes in rice fields 
of central China. The microenvironment of the rice fields 
changes dramatically when conventional flat cultivation 
with no-tillage is converted to ridge cultivation with no-
tillage, which results in significant differences in soil 
dissolved organic C, root biomass and aboveground 
biomass between the treatments of ridge cultivation 
with no-tillage and conventional flat cultivation with 
no-tillage, thus affecting soil CO2 emissions. The 
cumulative CO2 emissions in the ridge cultivation with 
no-tillage treatment were increased by 44%, 47% and 
34% than those in the conventional flat cultivation with 
no-tillage treatment in 2012, 2013 and 2014, respectively. 
Regression analyses showed significant correlations 
between soil CO2 emissions and dissolved organic C, 
aboveground biomass and root biomass. Therefore, 
our results suggested that the soil CO2 emissions from 
integrated rice-based system should be taken into account 
to assess tillage system effects.
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Figure 5. Linear correlations between cumulative CO2 emissions and aboveground biomass under different treatments.
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Figure 6. Linear correlations between cumulative CO2 emissions and root biomass under different treatments
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