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Abstract: The study of greenhouse gas emissions has become a global focus, but few studies have
considered saline-alkali paddy fields. Gas samples and saline-alkali soil samples were collected
during the green, tillering, booting, heading and grain filling stages. The emission fluxes of CO2,
CH4, and N2O as well as the pH, soil soluble salt, available nitrogen, and soil organic carbon contents
were detected to reveal the greenhouse gas (GHG) emission laws and influence factors in saline-alkali
paddy fields. Overall, GHG emissions of paddy soil during the growing season increased, then
decreased, and then increased again and peaked at booting stage. The emission fluxes of CO2 and
CH4 were observed as having two peaks and a single peak, respectively. Both the total amount of
GHG emission and its different components of CO2, CH4, and N2O increased with the increasing
reclamation period of paddy fields. A positive correlation was found between the respective emission
fluxes of CO2, CH4, and N2O and the available nitrogen and SOC, whereas a negative correlation
was revealed between the fluxes of CO2, CH4, and N2O and soil pH and soil conductivity. The study
is beneficial to assessing the impact of paddy reclamation on regional greenhouse gas emissions and
is relevant to illustrating the mechanisms concerning the carbon cycle in paddy soils.

Keywords: greenhouse gas; emission law; pH; soil soluble salt; available nitrogen; soil organic carbon;
saline-alkali paddy fields; reclaimation period

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report (2001)
forecasted that the global average temperature could rise from 1.4 ˝C to 5.8 ˝C from 1990 to 2100.
Such changes are expected to have a great impact on the ecosystems of the Earth (i.e., rising sea levels,
changes in biome distribution and food production, and increased morbidity and mortality rates).
Consequently, the study of greenhouse gas (GHG) emissions has become a global focus. Carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N2O) are dominant greenhouse gases which contribute to
about 60%, 20%, and 6% of the global warming potential, respectively [1]. Agricultural production
is an important human activity, and paddy soil plays an important role in carbon sequestration [2,3].
However, rice plants release a certain amount of GHGs in the growing season [4,5]. Hence, the
overall contribution of paddy ecosystems to global climate change needs to be explored. Microbes can
decompose soil organic matter of farmlands into inorganic carbon and nitrogen. Inorganic carbon is
released into the atmosphere as CO2 under aerobic conditions, whereas it is released as CH4 under
anaerobic conditions [6,7]. Ammonium nitrification can be converted into nitrate nitrogen by nitrifying
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bacteria, and nitrate nitrogen can be converted into nitrogen oxides in various forms by denitrifying
bacteria. Therefore, N2O is produced by nitrification and denitrification.

GHG emissions have been studied in various ecosystems, such as dryland, grassland, wetland,
forest and paddy fields [8–12], and rice production is one of the largest emission sources of
agriculture [13]. China is one of the most important rice-producing countries in the world. In China,
the areas dedicated to rice harvests (3.2 ˆ 107 ha) account for 22% of the world’s total area
(14.3 ˆ 107 ha), and rice production in the country accounts for 38% of the total global yield [14]. Thus
far, massive efforts have been made to quantify the GHG emissions of paddy fields in China, such as
the study of winter paddy fields in hilly areas of Southwest China and wetlands in Sanjiang Plain of
northeast China [15–17]. However, few studies have considered saline-alkali paddy fields which are
rich in carbonate. The intense soil salinity and alkalinity could reduce biological performance [18] and
significantly influence plant growth [19], subsequently affecting the soil carbon cycle process. Western
Jilin Province, located in the southwest of Songnen Plain in China, is one of the three regions with the
largest areas of concentrated distribution of saline-alkali soil worldwide. It is a sensitive area for climate
change and is critical for carbon cycle studies. Significant climate change in the area has been recorded
since the 1960s. The average temperature rose at a rate of 0.3 ˝C¨ 10 years´1, the precipitation reduced
at a rate of 1.0 mm¨ 10 years´1 and snow cover days decreased at a rate of 3.8 day¨ 10 years´1; drought
frequency continued to increase as well. The dry and warm climate worsened land salinization [20].
Large-scale reclamation of paddy fields began in the 1950s, forming an irrigation area of western Jilin
Province. Moreover, the paddy field reclamation and food production programs implemented by the
government of Jilin Province in 2009 further changed the land use patterns and GHG emissions in the
area. A large amount of water from irrigation channels or underground is diverted at the beginning
of the reclamation of saline-alkali land, then flows away with soluble salt. Irrigation and drainage
are repeated over many years, until the paddy soil becomes rich enough, an estimation made by the
local farmers based on the growing situation and yield of rice. The growing stages of rice include
green, tillering, booting, heading, and grain filling stages. The nutrient absorbed by the rice and the
carbon fixed by photosynthesis are mainly used for the growth of plants and roots from the green
to heading stage, and those are stored in the fruits until the grain filling stage. The distribution of
the rice-assimilated C into soil organic matter becomes slower and smaller with advances in the rice
growing stage, and the percentage of rice-assimilated C emitted as CH4 at the tillering, booting, and
grain filling stages is 0.003%, 0.26%, and 0.30%, respectively [21]. Previous studies have indicated that
remarkable changes of GHG emissions have been observed in different growing stages [22,23]. Thus,
it is necessary to measure GHG emissions during the entire growing season. The saline-alkali paddy
fields in western Jilin Province are taken as the research object of this paper. GHGs emission laws
and influence factors of paddy fields are observed through field sampling. The study results provide
scientific bases for the further assessment of the impact of paddy reclamation on global warming.
The results can also serve as reference for future explorations into carbon cycle mechanisms on a
regional scale.

2. Materials and Methods

2.1. Study Area Description

Western Jilin Province in northeast China is located at the eastern edge of Kerqin grassland and
is located at 123˝091 E–124˝221 E, 44˝571 N–45˝461 N. Baicheng City, Songyuan City, and 10 counties
are located in this area, which has a population of 4.73 million within a total area of 47,000 km2 [24].
The area belongs to the farming-pastoral ecotone, and is a sensitive area for climate change. The area is
an important agricultural and livestock production base and is considered one of the world’s largest
soda saline-alkali areas. The climate of the area is a typical semi-arid and semi-humid monsoon with
four distinct seasons. The annual average rainfall, evaporation, and temperature are approximately
400 mm, 1700 mm and 4 ˝C, respectively. The study area is part of a huge Meso-Cenozoic Songliao
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fault basin. Its landform is generally like a dustpan in the east, while its south and west areas are
comparatively higher than the north. The main rivers of the surface drainage are the Nen, Songhua
and Er’songhua Rivers, and the tributary rivers include the Tao’er and Lalin Rivers. The flow of the
rivers has been reduced owing to surface water development [24].

2.2. Soil Sampling and Test

The large-scale paddy reclamation program of the Mongolian Autonomous County of Qian
Gorlos (Qianguo County) began in the 1950s, leading to the sizeable Qianguo irrigation. The Jilin
Provincial Government has recently channeled the waters of Nen River to irrigate salinized land,
further reclaiming paddy fields. The reclamation of paddy fields in Qianguo, which was the typical
irrigation area in western Jilin Province, was determined according to soil type and land utilization
type maps based on the remote sensing interpretation data generated by the Landsat MSS/TM images
and field surveys. The fields are saline-alkali lands without vegetation before reclamation, and rice is
cultivated for one growing season in the fields every year after reclamation. Paddy fields in western
Jilin Province were steeped in early May and transplanted on 26 May 2012 (i.e., the rice variety used was
Tonghe 838). The water depths of the paddy fields ranged from 3 cm to 4 cm in the green stage, 1 cm in
the early tillering stage, and 3 cm in the late tillering and booting stage. The fields are alternating wet
and dry in the heading stage. Base fertilizer was applied prior to seeding, green and tillering fertilizer
was applied after transplanting, and booting fertilizer was applied in early and late July. The annual
fertilizer application rate was 150 kg¨N¨ha´1. During the green, tillering, booting, heading, and grain
filling stages in the year 2012, 0 cm to 30 cm surface soil samples from paddy fields of 1, 5, 15, 25, 35,
and 55 reclamation years (Table 1) were respectively collected using the multi-point snakelike method.
The samples were taken back to the lab for testing.

Table 1. The location of the sample points and the basic physicochemical properties of the soil.

Tillage
History/year Latitude Longitude Bulk Density

(g¨ cm´3)
SOC

(g¨ kg´1)
Total N

(g¨ kg´1)
Total P

(g¨ kg´1)

1 124.11625˝ 45.42197˝ 1.32 4.29 0.78 0.57
5 124.70649˝ 45.01740˝ 1.29 11.11 1.25 0.72

15 124.76833˝ 45.04847˝ 1.28 15.26 1.56 0.85
25 124.71742˝ 45.00526˝ 1.29 16.98 1.78 0.88
35 124.71202˝ 45.00006˝ 1.27 20.12 2.02 1.02
55 124.68689˝ 45.00671˝ 1.26 23.06 2.24 1.14

Soil samples were air-dried, crushed, and sieved through 2 mm, 1 mm, and 0.149 mm mesh.
Soil organic carbon (SOC) was determined by using the SSM-5000A module of total organic carbon
(TOC) analyzer (Shimadzu TOC-V, Japan). The pressure and flow of carrier gas were 200 Kpa and
500 mL¨min´1, respectively. Duplicate homogenized soil samples sieved through a 0.149 mm mesh
were separately placed into TC and IC samples boats, and burned at 900 ˝C with catalyst and at
200 ˝C after acidified with analytically pure phosphoric acid, respectively. Then, the CO2 emission
was detected by the non-dispersible infrared absorption (NDIR) to calculate the TC and IC content,
separately. The mass fractions of TC and IC were tested separately, and the difference yielded the TOC.
Hydrolysis nitrogen was determined by applying the alkaline hydrolysis diffusion method. About 2 g
of soil sample that was sieved using 2-mm mesh was evenly paved in the outer chamber of a diffusion
dish with 1 g zinc-ferrous sulfate reductant. A 3 mL boric acid indicator was added in the inner
chamber of the diffusion dish, and alkaline glue was evenly smeared on the edge of the outer chamber.
About 10 mL and 1.8 mol¨L´1 sodium hydroxide solution was injected into the outer chambers and
uniformly mixed. The diffusion dishes were sealed and placed in a thermostat with the temperature
set under 40 ˝C. The boric acid indicator in the inner chamber was titrated with standard hydrochloric
acid solution after 24 h. pH was measured through the potentiometer method using a pHS-3C pH
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meter (Rex China); the water-soil ratio was 5:2. EC was measured through the conductivity method
using a DDS-307 conductivity meter (Rex China); the water-soil ratio was 5:1. Each soil sample was
replicated thrice.

2.3. Gas Sampling and Testing

Fluxes of CO2, CH4, and N2O were collected using the manual closed chamber technique. The
bottom edge of each chamber (50 cmˆ 50 cmˆ 100 cm) was embedded into the base (50 cmˆ 50 cmˆ

30 cm), which was previously buried 30 cm into the soil with a seal groove. Three bases were randomly
equipped in each plot. The sizes of chamber and base were adapted to rice growth. The distilled
water was added into the seal groove to seal the chamber when gas sampling. The temperature
inside the chamber was recorded by the attached thermometer. Each chamber was equipped with a
circulating fan to ensure complete gas mixing. Gas samples were collected every half hour from 9 a.m.
to 11 a.m., and all the plots were monitored twice a week. Each gas sample was replicated thrice. Gas
samples were drawn from the chambers using a 50 mL airtight syringe with a three-way stopcock into
pre-evacuated vacuum bags; these were immediately taken back to the lab of Northeast Institute of
Geography and Agroecology, Chinese Academy of Sciences. CO2, CH4, and N2O were determined
in 24 h by using the gas chromatography (GC, Agilent 7820A, Santa Clara, CA, USA) method, which
was equipped with a flame ionization detector and an electron capture detector. Also, the column,
carrier gas, temperature and other parameters were based on the method of Zhang et al. [25]. The gas
concentrations were quantified with the comparison of peak areas with reference gases. GHG flux was
calculated based on the change of GHG concentration in the chamber, which was estimated as the
slope of linear regression between concentration and time.

2.4. Calculation and Statistics

The gas emission flux was estimated by the following equation [10]:

F “ ρˆ pV{Aq ˆ p∆c{∆tq ˆ p273{Tq (1)

where, F is the emission flux of CO2, CH4 or N2O (mg¨m´2¨h´1), ρ is the gas density of CO2, CH4 or
N2O under a standardized state (mg¨ cm´3), V is the volume of chamber (m3), A is the area from which
the gas is emitted into the chamber (m2), ∆c/∆t is the change of gas concentration in the chamber
(mg¨m´2¨h´1), and T is the absolute temperature in the chamber.

The gas emission flux of each growing stage is calculated as follows:

F “

n
ř

i
Fi

n
(2)

Fcal “ Cˆ F

where, F is the average emission flux of the measured gas (i.e., CO2, CH4 and N2O) from 9 a.m. to
11 a.m. in each growing stage (mg¨m´2¨h´1), Fi is the measured gas emission flux of collection day in
each growing stage (mg¨m´2¨h´1), n is the number of gas collection days in each growing stage, Fcal
is the calibrated average emission flux of gas (i.e., CO2, CH4 and N2O) during 24 h of one day in each
growing stage (mg¨m´2¨h´1), C is the calibration coefficient which converts the hourly gas emission
flux from 9 a.m. to 11 a.m. into that for 24 h of one day. The calibration coefficient is 1.24. It is based on
the study of net CO2 flux of paddy fields with the temperate monsoon climate [26], a climate condition
which is similar to that of western Jilin Province. The emission fluxes of CH4 and N2O are significantly
correlated with that of CO2, as described below, so the calibration coefficient is also applied for the
calculation of CH4 and N2O flux.
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The cumulative flux of GHG is calculated as follows [10]:

FC “ Fcal ˆ 24ˆDi{1000 (4)

where, FC is the cumulative flux of CO2, CH4 or N2O in each growing stage (g¨m´2), Di is the number
of days in the i th growing stage. The green, tillering, booting, heading, and grain filling stages are
17 days, 27 days, 34 days, 26 days, and 36 days, respectively.

The global GWP of main GHGs reported by the IPCC Fourth Assessment Report (2007) are
described in Table 2. The global warming potential of CO2 is 1 and is the reference gas of global
warming potential assessment.

Table 2. Global warming potential of CH4 and N2O.

Greenhouse Gas Life Period (year) The Evaluation Time of Global Warming Potential

20 years 100 years 500 years

CH4 12 72 25 7.6
N2O 114 289 298 153

The contributions of CH4 and N2O to the greenhouse effect are much larger than that of CO2 by
25 times and 298 times, respectively. The GHG emission flux of CO2, CH4, and N2O produced from
paddy fields of different reclamation years during the growing period (CO2-meter) were calculated
using the formula.

FCCO 2´eqv “ 25FCCH 4 ` 298FCN2O ` FCCO 2 (5)

where, FCco2´eqv is the GHG cumulative flux (CO2-meter, gCO2-eqv¨m´2), FCCH 4 is the cumulative flux
of CH4 (g¨m´2), FCN2O is the cumulative flux of N2O (g¨m´2), and FCCO 2 is the cumulative flux of
CO2 (g¨m´2).

3. Results

3.1. Emission Laws of GHG of Paddy Fields in Different Stages of Growing Season

The emission fluxes of CO2 and CH4 showed obvious variation laws (Figure 1). The CO2 emission
flux reached the maximum (991.88–1267.17 mg¨m´2¨h´1) in the tillering stage, then slightly decreased
in the booting stage, continued to decline in the heading stage, and finally increased in the grain filling
stage. The emission flux of CH4 showed a single peak (9.76–17.89 mg¨m´2¨h´1) in the booting stage.
The emission flux of N2O was small, and the range was from 0.026 to 0.047 mg¨m´2¨h´1. Also, the
emission fluxes of N2O were slightly higher in the tillering, booting and heading stages than that of
other stages.

The GHG cumulative flux of rice in different growing stages followed the trend of increasing in
the tillering and booting stages, decreasing in the heading stage and increasing in the grain filling
stage, which peaked at the booting stage ranging from 837.61 to 1377.83 gCO2-eqv¨m´2 (Figure 2).
The emission contribution rates of CO2, CH4, and N2O differed at different growing stages (Figure 3).
The emission contribution rates of CH4 and N2O were slight in the green and grain filling stages, and
their sum did not exceed 10%. Except for the paddy field developed for one year, the mean contribution
rates of CH4 and N2O are 4.13% and 3.20% in the green stage, respectively. The contribution rate
of CH4 was two to five times that of N2O in the grain filling stage. In the tillering, booting, and
heading stages, rice rapidly developed, the contribution rate of CO2 was reduced (85.16%–61.79%), the
contribution rate of CH4 increased significantly (13.78%–36.74%), and the contribution rate of N2O
was maintained at about 1%. CO2 emissions were dominant in the green and grain filling stages. The
emission levels of CH4 and N2O were similar as those in the green stage. The contributions to the
greenhouse effect of N2O and CH4 decreased and increased in the grain filling stage, respectively.
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In the tillering, booting and heading stages, the contribution rate of CO2 emission decreased, while
that of CH4 increased, and the proportion of the former was higher than that of N2O.Sustainability 2016, 8, 163  6 of 14 
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Figure 1. GHG emission fluxes of paddy soil. Note: Legend represents paddy fields of different
reclamation periods. e.g., 55 represents the paddy field reclaimed for 55 years.
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Figure 2. GHG cumulative fluxes of paddy fields in different growing stages.
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Figure 3. GHG emission contribution rates of paddy fields in different growing stages.

3.2. GHG Emission Laws of Paddy Fields of Different Reclamation Periods

The emission fluxes of CO2, CH4 and N2O of the paddy field which was reclaimed for one
year were lower, while those of the paddy field reclaimed for 55 years were higher (Figure 1). Total
cumulative flux of GHG (CO2-meter) increased with the increasing reclamation period of paddy fields
(Figure 2). Except for the paddy field reclaimed for one year, the contribution rate of CH4 emission
was elevated with the lengthening cultivation period (Figure 4). CO2 emission had an annual average
contribution rate of 80.70%. The contribution rates of CH4 ranged from 16.69% to 20.39% and those of
N2O ranged from 0.93% to 1.37%. The contribution rate of CH4 was 14–22 times greater than that of
N2O, indicating that the contribution of the CH4 emission of paddy fields to the regional greenhouse
effect cannot be ignored. With the increasing reclamation periods, the contribution rate of CO2 first
increased and then decreased; meanwhile, the contribution rate of CH4 first decreased then increased
and that of N2O decreased annually.
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Figure 4. Emission contributions of CO2, CH4, and N2O in different reclamation periods.

Figure 5 showed that the cumulative fluxes of CO2, CH4, and N2O continuously increased with
the increasing reclamation periods. The cumulative flux of CO2 of paddy field reclaimed for 1, 5, 15,
25, 35, 55 years was 2112.73, 2604.29, 2939.22, 3215.17, 3322.92, 3399.52 g¨m´2, respectively. That of
CH4 was 20.52, 21.25, 23.87, 27.00, 31.71, 35.25 g¨m´2, respectively. That of N2O was 0.122, 0.126, 0.128,
0.130, 0.132, 0.135 g¨m´2, respectively.
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Figure 5. Cumulative fluxes of CO2, CH4, and N2O in different reclamation periods.

3.3. Relationship between GHG Emissions and the Influence Factors

A significant positive correlation was found between the average emission fluxes of CO2, CH4,
and N2O, except for the paddy field reclaimed for one year (Table 3). A significant positive correlation
was found between the respective average emission fluxes of CO2, CH4, and N2O and the available
nitrogen and SOC, whereas a significant negative correlation was observed between the respective
average emission fluxes of CO2, CH4, and N2O and pH and electrical conductivity. The variations
of pH, electrical conductivity, available nitrogen and SOC were responsible for the GHG emission.
A stepwise regression was performed for the emission fluxes of CO2, CH4, and N2O, and regression
equations were developed (Table 4).

Table 3. Pearson correlation analysis between seven variables.

CO2 CH4 N2O pH Conductivity Available Nitrogen SOC

CO2 1 0.913 * 0.927 * ´0.959 * ´0.981 ** 0.989 ** 0.992 **
CH4 1 0.884 * ´0.934 * ´0.889 * 0.904 * 0.943 *
N2O 1 ´0.918 * ´0.884 * 0.941 * 0.901 *
pH 1 0.892 * ´0.983 ** ´0.973 **

Conductivity 1 ´0.943 * ´0.968 **
Available
nitrogen 1 0.983 **

Note: The average emission fluxes of CO2, CH4, and N2O (mg¨m´2¨h´1) in the growing season of paddy fields
of different reclamation periods (except for one year), pH, electrical conductivity (ms¨ cm´1), available nitrogen
(mg¨kg´1) and SOC (g¨kg´1) of paddy soil of different reclamation periods are the variables. * significant at
the <0.05 level; ** significant at the <0.01 level.

Table 4. Stepwise regression analysis of the emission fluxes of CO2, CH4, and N2O.

Equation R Significance

CO2 = 16.671 ˆ SOC + 500.164 0.992 <0.001
CH4 = 1.188 ˆ SOC + 4.722 0.943 <0.016

N2O = 0.333ˆavailable nitrogen + 3.292 0.941 <0.017

Note: Y variables are the average emission fluxes of CO2, CH4, and N2O (mg¨m´2¨h´1) in the growing season
of paddy fields of different reclamation periods (except for one year), respectively. And X variables are pH,
electrical conductivity (ms¨ cm´1), available nitrogen (mg¨kg´1) and SOC (g¨kg´1) of paddy soil of different
reclamation periods.
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4. Discussion

4.1. Emission Laws of GHG of Paddy Fields in Different Stages of the Growing Season

CO2 emission was significantly impacted by rice growth, and its rate reflected the development of
crop growth. CO2 emissions of the paddy fields stemmed from the respiration of plants and soil [27].
Hence, more mature rice showed lower emission rates. In the tillering stage, the plants grew tall, the
leaf area was increased, and respiration was enhanced [16]; thus, the plant released more CO2. After
the booting stage, plant respiration gradually weakened and the photosynthetic rate decreased; CO2

emission no longer increased. The conversion of the litter produced by rice plant and soil organic
matter after draining and sunning the fields gradually enhanced soil respiration in grain filling stage.
Without the effect of flooding, CO2 was stored in the soil before being emitted into the atmosphere.

H2/CO2 reduction and acetic acid fermentation were the main channels of CH4 production in
paddy fields. The fermentation of hydrogen-producing acetogenic bacteria and methanogens also
played a major role in CH4 production [28]. N2O in soil was mainly produced by nitrification and
denitrification with the participation of microbes. The metabolic activities of fermented bacteria
provided available carbon source for denitrification in the early tillering stage. Paddy fields emitted
a large amount of N2O by the nitrification and denitrification of bacteria. However, CH4 emission
of paddy fields was less because the environmental conditions (i.e., Eh) were not conducive to the
growth and reproduction of hydrogen-producing acetogenic bacteria and methanogenic bacteria.
In the tillering, booting and heading stages, rice growth was vigorous, and soil microbes were active
because of the high temperature [29]. The exudates of rice root provided abundant carbon source and
energy for methanogens, whereas the deep water layers of the paddy fields provided a good anaerobic
condition for soil. This resulted in the ideal development of the aerenchyma of rice, thus demonstrating
that CH4 emission was at its peak. A substantial increase of the number of microbial flora producing
CH4 led to the massive emission of CH4 after the rice fields were flooded. However, the anaerobic
environment inhibited the activity of nitrifying and methane-oxidizing bacteria, which resulted in less
N2O emission. Drainage facilitated nitrification; thus, N2O emission appeared at its peak after paddy
fields were drained in the booting stage. Fertilization was also the cause of the substantial increase of
N2O emission. Nitrogen fertilizer provided more substrates for microbes, resulted in the increase of
N2O emission in the green, tillering, and booting stages.

GHG emission of paddy soil in different stages of growing season can be attributed to the growth
status and soil conditions. The contribution rate of CH4 increased during the rice flourishing season
because of the good anaerobic environment for soil microbes provided by the flooding layer and the
developed aerenchymas of the rice plants [30]. In comparison, drainage and dry conditions limited
CH4 emissions [31].

4.2. GHG Emission Laws of Paddy Fields of Different Reclamation Periods

The total amount of GHG emissions increased with the increasing reclamation period of paddy
fields. The reason was that SOC had an accumulation trend in the reclamation process of paddy
fields [32], providing the substrate for soil microbes metabolism and ultimately affecting GHG
emissions. The high pH and salinity in soil inhibited the growth of microbes, and ultimately affected
the GHG emission [18,33]. With the reclamation of paddy fields, pH and salinity decreased after
large-scale irrigation, thus forming a suitable environment for the growth of microorganisms. So, GHG
emissions increased with the increasing reclamation periods. The CH4 emission flux measured in
the saline-alkali paddy fields was lower than that in the transplanting paddy fields without straw
incorporation in Jianghuai area [15] and the rice field in the Chaohu low-lying areas, which were
normally under the traditional cultivation conditions [22]. Meanwhile, that of N2O was lower than
that in the transplanting paddy fields in Jianghuai area [15] and was equivalent to the rice field in the
low-lying areas in Chaohu, except for the peak [22]. This was mostly related to the high degree of
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salinization, low organic matter content, small number and activity of microorganisms, and weak soil
respiration in the paddy soils in new reclamation areas.

4.3. Influence Factors of GHG Emission

pH of paddy soil gradually decreased with the increasing reclamation years. However, the
average emission flux of CO2 and CH4 gradually increased, and the N2O average emission flux of
the plots reclaimed for five and 15 years were lower than those of other plots. There was a negative
correlation between pH and the emission fluxes of CO2, CH4, and N2O. Li et al. [32] found that pH was
negatively correlated with CO2 and N2O emission flux in different types of alpine grassland. pH also
affected the formation and decomposition of soil organic matter and the activity of microorganism and
root growth; thus, GHG emissions changed [33]. pH is one of the important factors in the formation
processes of CH4. Methane bacteria can normally grow in a neutral or weak acid environment [34]. The
lower pH inhibits methanogen growth [34]. Higher pH enhances CH4 production when pH ranges
from 3 to 7 [35]. The production of CH4 declines when pH exceeds 8 [36]. The emission capacity of
CH4 almost disappears when pH is less than 5.75 or more than 8.75 [37]. In comparison, the effect
of pH on N2O emission is complex. Soil pH is an important factor affecting both nitrification and
denitrification [38]. Low pH may affect both the nitrification and denitrification processes and inhibit
the activity of the N2O reductases responsible for the conversation of N2O during denitrification,
which then leads to increased N2O emissions [39]. Wang [40] reported that the flux of N2O from soil to
atmosphere decreased as soil pH increased.

As conductivity—the variation of which was in agreement with salinity—was higher in the
paddy fields, the average emission fluxes of CO2, CH4, and N2O were lower. Although few studies
on the effects of soil salt on GHGs emission of the paddy fields have been carried out, some have
reported that soil soluble salt has an impact on the growth of rice and the survival of soil microbes [41].
Furthermore, the morphology and growth of rice determines the rate of photosynthesis, respiration,
and transpiration. The interaction occurs between the roots and soil microorganisms. The number and
community structure of microorganisms affect the generation and emission of GHGs [42].

When the available nitrogen content was lower in the paddy fields, the emission fluxes of CO2,
CH4, and N2O were lower. The positive correlations between soil available nitrogen and the emission
fluxes of CO2, CH4, and N2O are consistent with the conclusion of Li et al. [32] who reported that
CO2 emission is positively correlated with TN, NO3

´-N, and NH4
+-N in different types of alpine

grasslands. Some studies on the relationship between soil available nitrogen and GHG emission
have been carried out. For example, Li et al. [32] reported that NO3

´-N is one of the key factors that
affect N2O emissions in May and October of each year. Grandy et al. (2008) showed that the increase
of available nitrogen in the soil decreases the activity of the oxidase, which inhibit CO2 emissions.
Skiba et al. [43] and Smith et al. [44] reported the correlation between N2O emissions and inorganic
nitrogen concentration, whereas Oleg and Bernd [45] found that N2O emissions are negatively
correlated with soil total nitrogen and the ratio of carbon to nitrogen.

When the SOC content was lower in the paddy fields, the emission fluxes of CO2, CH4, and N2O
were lower. SOC is the main carbon source of soil respiration [21]. At the same time, SOC content has
a direct effect on soil microorganism activity which, in turn, affects GHG emission. Chen et al. [46]
reported the hyperbolic relationship between soil respiration and organic carbon content. Low SOC
content limits soil respiration, whereas high SOC content weakens the positive effect on soil respiration.
Another study found that the correlation between soil respiration and SOC content was determined
by the proportions of the components that decompose in different degrees (labile and recalcitrant) in
the soil as well as the stimulating effect of the plant root exudates and litter [47]. Some studies have
reported that SOC content was one of the main controlling factors for the CH4 emissions [32]. A variety
of reducing substances which then served as substrates for methanogenesis [6] were produced by
the rapid decomposition of SOC in the anoxic environment found in the irrigated paddy fields. The
reduced substances subsidies accelerated the decline of the redox potential of paddy fields, improved
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the activity of methanogen, contributed to the formation of the aerenchymas of the plants [16], and
provided a suitable environment for the production and emission of methane. Finally, the high organic
carbon content promoted denitrification, while the ratio of carbon to nitrogen in organic matter also
affected the proportion of products [48].

5. Conclusions

For the paddy soil in a saline-alkali region in western Jilin Province, the seasonal variation of
GHG followed the trend of increasing, decreasing and then finally increasing through the entire
growing period and peaked at the booting stage. GHG emission of paddy fields reclaimed for different
amounts of time decreased in the sequence of booting, tillering, grain filling, heading, and greening
stages. GHG emissions were predominantly controlled by CO2 emissions. The emission flux of CO2

was observed two peaks in tillering and booting stages and grain filling stage, respectively, and that
of CH4 was found to demonstrate a single peak in the booting stage. The total amount of GHG
emissions and the components of the fluxes of CO2, CH4, and N2O increased with the increasing
reclamation period. GHG emission was affected by a combination of various factors. A positive
correlation was found between the emission fluxes of CO2, CH4, and N2O and available nitrogen and
SOC. A negative correlation was observed between the emission fluxes of CO2, CH4, and N2O and soil
pH and conductivity. Our results were applicable for the assessment of regional GHG emissions in
different reclamation periods of the paddy soil.
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