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Abstract:



Agricultural ecosystems are important contributors to atmospheric greenhouse gasses (GHGs); however, in situ winter emission data in saline-alkali fields are scarce. Gas samples were collected during different periods, from three rice (R1–R3) and three maize (M1–M3) fields with different soil pH levels and salinity conditions. Carbon dioxide (CO2) emissions in the rice and maize fields decreased with decreasing temperature during the freezing period and increased with the rising temperature during the thawing period, with the majority of winter CO2 emissions occurring during these two periods. Peaks in methane (CH4) emissions were observed during the freezing period in the rice fields and during the snow-melting period in the rice and maize fields. CH4 emissions in the rice fields and CH4 uptake rates in the maize fields were significantly (P < 0.05) related to surface soil temperature. Nitrous oxide (N2O) emissions remained relatively low, except for during the peaks observed during the snow-melting period in both the rice and maize fields, leading to the high GHG contribution of the snow-melting period throughout the winter. Higher pH and salinity conditions consistently resulted in lower CO2, CH4, and N2O emissions, CH4 uptake, and lower global warming potential (GWP). These results can contribute to the assessment of the GWP during winter in saline-alkali regions.
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1. Introduction


Global warming could alter the earth’s ecosystems by rising sea levels caused by glacier melting, changes in biome distribution, and food production, and an elevated minimum temperature in winter, and it influences the survival and development of humans. Global temperatures have increased by 0.85 °C in the past 130 years, and are predicted to continue to increase by 1.2 °C to 4.8 °C by the end of the 21st century [1]. According to the 2013 Intergovernmental Panel on Climate Change (IPCC), the increased atmospheric concentration of greenhouse gases (GHGs), including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), are responsible for past, current, and predicted future global warming by substantially increasing the greenhouse effect [1]. As a result, GHG emissions are receiving increased attention by the international community.



CO2, CH4, and N2O are the main gases affecting global warming [2], contributing to approximately 60%, 20%, and 6% of the greenhouse effect, respectively [3]. Although increasing atmospheric CO2 concentrations account for most the GHGs (IPCC, 2013) [1], N2O and CH4 are equally as important because of their unique radiative properties and long residence time in the atmosphere result in their global warming potential (GWP) being 298 and 25 times that of CO2 over a period of 100 years, respectively (IPCC, 2007) [3]. Consequently, considering the emissions of these three gasses when assessing the greenhouse effect is important.



Terrestrial ecosystems are important sources of atmospheric CO2, CH4, and N2O [1,4], and agricultural lands, which occupy 37% of the earth’s land surface [5], release large amounts of these GHGs into the atmosphere [5,6]. The most recent studies focusing on CO2, CH4, and N2O emissions from agricultural ecosystems examined the effects of management practices, such as different tillage [6,7,8,9] or fertilization practices [7,10,11,12,13], environmental changes including changes in temperature [14] and moisture [7,12,15,16], soil depth [17], and soil physicochemical properties [18] on GHG emissions. Studies regarding GHG fluxes on seasonally frozen soil in alkali-saline soil regions are lacking.



Seasonal freeze-thaw is an important meteorological event in boreal areas. GHG emissions during the freeze-thaw period likely lead to variations in the atmospheric GHG concentrations [19,20,21] and influence the greenhouse effect [22]. Some studies have shown that CO2 emissions are inhibited, to a large degree, by freezing, and are activated by thawing [23,24]. However, other studies have shown that freezing enhances CO2 emissions [25]. Similarly, it has been reported that freezing significantly inhibits CH4 emissions, whereas thawing activates CH4 emissions [24,26]. Other studies have found that the freeze-thaw cycles has inconsistent effects on CH4 emissions [27]. Although some studies have shown that freezing [25] or freeze-thaw cycles [28,29] enhance N2O emissions, other studies suggest that N2O emissions decrease due to freezing and increase due to thawing [24,30,31].



In addition, most previous freeze-thaw experiments investigated areas with soils with pH values below 7.0, with a limited focus on saline-alkali soil. Saline-alkali stress inhibits microbial biomass and affects the microbial community and structure [32,33]. High salinity inhibits microbial activities and the availability of substrate [34], and prevents the production of enzymes [35]. Therefore, the pH and salinity conditions may impact CO2, CH4, and N2O emissions, but more research is required in this area.



The Western Jilin Province in Northeast China is one of the largest soda saline-alkaline areas on earth. The area is an important agricultural production base in China, predominantly consisting of rice paddies and maize lands. Although winter impacts the soil for over six months of the year, from the end of October until the end of April of the following year, continuous field monitoring data of CO2, CH4, and N2O emissions throughout the winter in the area remain scarce. Three rice fields and three maize fields of different pH and salinity values were examined for this study. The overall objective was to (1) determine the CO2, CH4, and N2O emissions in rice and maize fields during winter and to assess their contribution to the GWP; and (2) to analyze their emissions under different pH and salinity values. The results of the current study supplement existing basal data on CO2, CH4, and N2O emissions of saline-alkali rice and maize fields during winter and provide a scientific basis for the accurate assessment of the GWP.




2. Materials and Methods


2.1. Study Site


The sampling sites were in Songyuan City of the Western Jilin Province (123°091′E–124°221′E, 44°571′N–45°461′N), Northeast China. The local climate is characterized by long, cold winters, with large amounts of snow, with the lowest air temperature reaching −21 °C (Figure 1). The average minimum air temperature during winter of the recent five years (2011–2015) was −12.0 °C with a lowest air temperature −35.6 °C in 2011. The local rice and maize fields experience four periods throughout the winter: freezing, hard frost, snow-melting, and thawing (Figure 1). The freezing period begins when the minimum air temperature drops to approximately 0 °C and ends when the surface soil freezes completely. Subsequently, the soil experiences hard frost under colder temperatures. The snow-melting period begins when the snow starts to melt due to increasing temperatures. The thawing period begins when snow disappears and the soil has thawed completely.


Figure 1. Temperatures of the air and soil during the field experiment.
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2.2. Sampling and Measurement of CO2, CH4, and N2O Fluxes


Three rice fields (R1: 20.4 m × 30.7 m; R2: 22.6 m × 36.8 m; R3: 15.5 m × 30.3 m; rice type: Tonghe 837) and three maize fields (M1: 10.0 m × 44.8 m; M2: 12.3 m × 46.2 m; M3: 13.7 m × 46.8 m; maize type: Tongyu 9585) with different pH and salinity values (Table 1) were selected.



Table 1. The physicochemical properties of the soil at a depth of 0–20 cm before gas sampling.







	

	

	
pH

	
Salinity (%)

	
Moisture (%)

	
Bulk Density (g·cm−3)

	
Nitrate−N (mg·kg−1)

	
Total N (g·kg−1)

	
Soil Organic C (g·kg−1)






	
Rice Field (Silty Loam)

	
R1

	
7.6

	
0.16

	
28.68

	
1.28

	
3.87

	
2.11

	
22.45




	
R2

	
8.6

	
0.27

	
28.35

	
1.33

	
2.45

	
1.79

	
17.58




	
R3

	
9.1

	
0.41

	
27.98

	
1.34

	
1.86

	
0.75

	
13.46




	
Maize Field (Silty Loam)

	
M1

	
7.34

	
0.10

	
15.93

	
1.36

	
8.65

	
1.87

	
17.23




	
M2

	
7.76

	
0.19

	
15.44

	
1.29

	
7.86

	
1.24

	
12.24




	
M3

	
8.43

	
0.25

	
15.16

	
1.37

	
3.36

	
0.89

	
8.65










All of the surface litter and stubble were removed after harvest to avoid their uneven distribution and participation in microbial respiration, which might affect GHG emission rates. Gas sampling was conducted from 16 October 2014 to 30 April 2015 using static chambers. Soil samples from a depth of 0–20 cm were collected before the first gas sampling from the sampling plots, to determine the soil properties, such as pH, salinity, soil organic carbon, et al. The pH, salinity, moisture (gravimetric water content), and soil organic carbon (C) were determined by the methods described by Tang et al. [36]. Nitrate-N was measured by the methods described by Bissett et al. [37].



Gas samples were collected every 10 days during the hard frost period and every two days during other periods. Each static chamber (bottomless, 50 cm × 50 cm × 50 cm) was composed of transparent plexiglass wrapped in silver paper to reflect sunshine, thereby avoiding rising temperatures. Each static chamber was equipped with an internal circulating fan to ensure complete gas mixing. A base (without a top or bottom, 50 cm × 50 cm × 30 cm) with a seal groove was buried 30 cm into the soil in each plot. There were three plots in each field. Each plot was marked by a stick and equipped with a static chamber combined with a base (Figure 2). The static chamber was embedded into the groove, and a saturated NaCl solution was added to the groove to seal the chamber while gas sampling. The samples of all of the fields were collected between 9:00 a.m. and 11:00 a.m., representing 1-day average flux [38]. The samples of three plots in one field were collected at the same time. Gas samples were collected into vacuum bags using a 50-mL airtight syringe. In 30 min, four samples from a single field were collected every 10 min. The soil temperatures at the surface (0 cm depth) and at a depth of 15 cm were recorded by an electronic geothermometer (Type: TP101, Shenzhen Riters Instrumentation Co., Ltd, Shenzhen, China), which has a temperature range of −50 °C to 300 °C and a testing length of 15 cm. Soil temperatures and snow cover thickness were from one of the six fields because the six fields were close in one plain.


Figure 2. The gas sampling equipment in each plot. The base was fixed in the soil. The snow was kept intact as much as possible when the static chamber was placed on the base each time prior to sampling.
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Concentrations of CO2, CH4, and N2O in the gas samples were analysed by gas chromatograph (GC, Agilent 7820A, Santa Clara, CA, USA) within 24 h following gas sampling. The gas chromatograph configurations for analysing concentrations of CO2, CH4, and N2O were as described by Zhang et al. [39]. The GHG flux was calculated based on the rate of change in gas concentration within the chamber, which was estimated as the slope of the linear regression between concentration and time. The flux was calculated per the equation described by Zhang et al. [39].




2.3. Statistical Methods


The mean flux was calculated as:


[image: ]



(1)




where [image: ] (CO2 g·m−2·h−1; CH4, N2O μg·m−2·h−1) is the mean flux of one period; Fi is the flux of CO2, CH4, or N2O during the ith sampling time during one period; and n is the total number of samples during one period.



The cumulative GHG flux was calculated as follows:


[image: ]



(2)




where [image: ] (CO2 kg·ha−1; CH4, N2O g·ha−1) is the cumulative flux of CO2, CH4, or N2O during the jth period; [image: ] is the mean flux of CO2, CH4, or N2O during the jth period; and m is the total number of days during the jth period.


[image: ]



(3)




where FT (CO2 kg·ha−1; CH4, N2O g·ha−1) is the cumulative flux of CO2, CH4, or N2O across the entire winter.



GWP (kg CO2 eq·ha−1) was calculated as follows:


[image: ]



(4)







The statistical analyses were performed using SPSS 22.0 software (International Business Machines Corporation, New York, NY, USA). All figures were drawn using Sigmaplot 12.5 (Systat Software, Inc., San Jose, CA, USA).





3. Results


3.1. Variations in Snow and Temperatures


Temperatures fluctuated widely during winter (Figure 2). Surface soil temperature directly reflected the variations in air temperature. The soil temperature at a depth of 15 cm dropped with decreasing air temperature, and the lowest recorded temperature was −8.5 °C during the hard frost period. From 16 October 2014 to 1 December 2014 was the freezing period. The surface soil temperature was above zero from 15 March 2015 during the snow-melting period. The soil temperature at 15 cm depth was above zero from 27 March 2015 during the thawing period. The minimum air temperature sometimes was below zero during the snow-melting, and thawing periods. These differences in temperature resulted in the freeze-thaw cycles occurring during these periods.



Snow began on 5 November 2014 (Figure 3). The maximum snow cover thickness was 40.0 cm on 1 March 2015, after which the snow melted rapidly and disappeared completely by 27 March 2015. Snowpack insulated the soil from the air and acted to keep the soil warm.


Figure 3. Snow cover thickness during the field experiment in the four periods. The values were obtained from one of the six experimental fields.
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3.2. Variations in the Flux of CO2, CH4, and N2O


For the flux in CO2, the rice fields showed similar trends as the maize fields (Figure 4A and Figure 5A). The flux in CO2 to the atmosphere decreased with decreasing soil temperature during the freezing period, and remained at the lowest level during the hard frost period in the six fields. The maximum CO2 emission rate during the freezing period was higher than during other periods in the three rice fields. The CO2 emission rates began to increase after the snow melted and subsequently reached a peak during the early thawing period in the six fields. Thereafter, continuously rising CO2 emission rates were observed in the six fields. R1 had higher fluxes of CO2 than R2 and R3, and M1 had higher fluxes of CO2 than M2 and M3 during both the freezing and thawing periods.


Figure 4. Measured mean flux of (A) Carbon Dioxide (CO2); (B) Methane (CH4); and (C) Nitrous Oxide (N2O) in the three rice fields.
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Figure 5. Measured mean flux of (A) CO2; (B) CH4; and (C) N2O in the three maize fields.
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CH4 was assimilated by the maize fields during the freezing, hard frost, and thawing periods. During the freezing period, CH4 fluctuated widely in the six fields, and two CH4 emission peaks in the three rice fields and a CH4 uptake peak in the three maize fields were observed. Significant CH4 emission peaks occurred during the snow-melting period in each of the six fields. The peak values in the six fields followed the order: R1 (126.5 μg·m−2·h−1) > R2 (112.6 μg·m−2·h−1) > R3 (96.8 μg·m−2·h−1) > M1 (22.6 μg·m−2·h−1) > M2 (18.9 μg·m−2·h−1) > M3 (9.2 μg·m−2·h−1). The CH4 emission peaks in the maize fields during the snow-melting period occurred before those in the rice fields. The CH4 emissions rates followed the order: R1 > R2 > R3 during the freezing, snowmelting, and thawing periods in the three rice fields. The CH4 uptake rates followed the order: M1 > M2 > M3 during the freezing and thawing periods in the three maize fields. Gradually increasing CH4 uptake rates in the three maize fields and CH4 emission rates in the three rice fields were observed during the thawing period; however, the CH4 emission rates experienced a decrease after 24 April 2015.



A single significant peak in N2O emissions was observed in each of the six fields. The N2O emission rates of the three rice fields stayed at the lowest level during the hard frost period. Explosive N2O emissions occurred during the snow-melting period, extending into the initial several days of the thawing period in the six fields. The peak N2O emission values followed the order: R1 (290.2 μg·m−2·h−1) > M1 (270.5 μg·m−2·h−1) > R2 (227.8 μg·m−2·h−1) > M2 (208.9 μg·m−2·h−1) > M3 (150.4 μg·m−2·h−1) > R3 (146.5 μg·m−2·h−1). However, the duration of high-level N2O emissions in the rice fields was longer than that in maize fields.




3.3. Mean Flux of CO2, CH4, and N2O during the Different Periods


The mean flux of CO2, CH4, and N2O during the different periods fluctuated widely in the six fields (Figure 6 and Figure 7). The mean fluxes of CO2, CH4, and N2O during the same period followed the order R1 > R2 > R3 in the rice fields, and generally followed the order M1 > M2 > M3 in the maize fields.


Figure 6. Mean flux of (A) CO2; (B) CH4; and (C) N2O during the different periods in the rice fields. Bars indicate standard errors of the means (n = 3).
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Figure 7. Mean flux of CO2 (A); CH4 (B); and N2O (C) during different periods in maize fields. Bars indicate standard errors of the means (n = 3).
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All of the rice and maize fields acted as CO2 sources during winter. The mean emission fluxes of CO2 during the different periods followed the order of freezing period > thawing period > snow-melting period > hard frost period in the three rice fields (Figure 6A) and followed the order of thawing period > freezing period > snow-melting period > hard frost period in the maize fields (Figure 7A).



Rice fields acted as important CH4 sources during the freezing, snow-melting, and thawing periods, and as CH4 sinks during the hard frost period (Figure 6B). The snow-melting period exhibited a higher flux of CH4 as compared to the other periods in the rice fields. Maize fields were important CH4 sinks in winter, except for a period of CH4 release during the snow-melting period, and the freezing period showed the highest mean flux of CH4 (Figure 7B).



Rice and maize fields acted as N2O sources in winter, except for a relatively minor uptake of N2O by the maize fields during the hard frost period (Figure 6C and Figure 7C). The mean N2O emission fluxes during the snow-melting period in all six fields were notably higher than those during other periods.




3.4. Cumulative Emissions, Contribution Rates, and GWPs of CO2, CH4, and N2O


In general, the cumulative flux of CO2, CH4, and N2O in winter followed the order: R1 > R2 > R3 and M1 > M2 > M3 (Table 2).



Table 2. Cumulative emissions of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) in the rice and maize fields.







	

	

	
Freezing Period

	
Hard Frost Period

	
Snow-Melting Period

	
Thawing Period

	
Total






	
CO2 (kg·ha−1)

	
R1

	
1103.2

	
45.7

	
13.0

	
482.6

	
1644.5




	
R2

	
893.7

	
46.2

	
7.9

	
319.7

	
1267.5




	
R3

	
621.7

	
42.2

	
7.4

	
220.9

	
892.3




	
M1

	
425.7

	
61.0

	
12.6

	
471.6

	
970.8




	
M2

	
327.7

	
58.6

	
11.9

	
329.3

	
727.6




	
M3

	
226.2

	
59.9

	
9.9

	
232.7

	
528.8




	
CH4 (g·ha−1)

	
R1

	
638.9

	
−174.8

	
356.0

	
183.5

	
1003.7




	
R2

	
550.7

	
−170.8

	
320.0

	
144.9

	
844.9




	
R3

	
412.1

	
−182.2

	
270.9

	
109.5

	
610.4




	
M1

	
−437.1

	
−223.3

	
47.0

	
−158.1

	
−771.6




	
M2

	
−344.4

	
−221.2

	
35.2

	
−116.5

	
−646.9




	
M3

	
−304.4

	
−215.2

	
20.1

	
−84.6

	
−584.1




	
N2O (g·ha−1)

	
R1

	
119.6

	
61.8

	
670.8

	
244.0

	
1096.1




	
R2

	
96.4

	
51.0

	
498.3

	
166.9

	
812.5




	
R3

	
74.9

	
49.1

	
327.1

	
94.0

	
545.1




	
M1

	
78.6

	
−62.3

	
537.2

	
111.8

	
665.2




	
M2

	
51.7

	
−62.9

	
397.8

	
75.8

	
462.5




	
M3

	
32.8

	
−78.4

	
294.0

	
41.5

	
289.8










The total cumulative CO2 emissions during winter in rice fields reached 1644.5 kg·ha−1, 1267.5 kg·ha−1, and 892.3 kg·ha−1 in R1, R2, and R3, respectively (Table 2). The freezing period contributed 67.1%, 70.5%, and 69.7%, and the thawing period contributed 29.3%, 25.2%, and 24.8% of the total cumulative CO2 emissions in R1, R2, and R3, respectively. The total cumulative CO2 emission during winter in M1 was 970.8 kg·ha−1, which was 243.3 kg·ha−1 and 442.1 kg·ha−1 higher than in M2 and M3, respectively. The freezing period associated with the thawing period contributed 92.4%, 90.3%, and 86.8% of the total cumulative CO2 emissions in M1, M2, and M3, respectively.



The net cumulative CH4 emissions during winter were 1003.7 g·ha−1, 844.9 g·ha−1, and 610.4 g·ha−1 and the cumulative CH4 uptake during the hard frost period were 174.8 g·ha−1, 170.8 g·ha−1, and 182.2 g·ha−1 in R1, R2, and R3, respectively. The CH4 emissions were concentrated during the freezing and snow-melting periods in the three rice fields. Cumulative CH4 rates of 818.6 g·ha−1, 682.1 g·ha−1, and 604.2 g·ha−1 were assimilated, and 47.0 g·ha−1, 35.2 g·ha−1, and 20.1 g·ha−1 were released by M1, M2, and M3, respectively. Approximately 80.7%, 82.9%, and 86.0% of the CH4 uptake rates were observed during the freezing and hard frost periods in M1, M2, and M3, respectively.



The net cumulative N2O emissions during winter were 1096.1 g·ha−1, 812.5 g·ha−1, and 545.1 g·ha−1 in R1, R2, and R3, respectively. The snow-melting period contributed 61.2%, 61.3%, and 60.0%, and the thawing period contributed 22.3%, 20.5%, and 17.2% of the total cumulative N2O emissions in R1, R2, and R3, respectively. M1, M2, and M3 released a total of 727.5 g·ha−1, 525.3 g·ha−1, and 368.2 g·ha−1 N2O during winter, and assimilated 62.3 g·ha−1, 62.9 g·ha−1, and 78.4 g·ha−1, N2O during the hard frost period, respectively. The snow-melting period dominated the N2O emissions in winter in the maize fields.



The GWP values were 1996.2 kg CO2 eq·ha−1, 1530.8 kg CO2 eq·ha−1, 1070.0 kg CO2 eq·ha−1, 1149.8 kg CO2 eq·ha−1, 849.2 kg CO2 eq·ha−1, and 600.5 kg CO2 eq·ha−1 in R1, R2, R3, M1, M2, and M3, respectively (Table 3).



Table 3. Global warming potentials of all fields during winter.







	

	
R1

	
R2

	
R3

	
M1

	
M2

	
M3






	
GWP (kg CO2 eq·ha−1)

	
1996.2

	
1530.8

	
1070.0

	
1149.8

	
849.2

	
600.5











3.5. Pearson Correlation Analysis between CO2, CH4, and N2O Flux and Temperatures during Winter


The CH4 emission flux in rice fields was significantly related to the temperatures of the soil at the surface and at a depth of 15 cm (P < 0.05; Table 4). The CH4 emission flux in rice fields was significantly related to the temperatures of the soil at the surface and at a depth of 15 cm. CH4 uptake rate was notably (P < 0.01) related to the soil surface temperature, whereas it was not related to the soil temperature at a 15-cm depth. The N2O flux showed no significant correlation with the temperature of soil either at the surface or at a 15-cm depth (Table 4).



Table 4. Pearson correlation analysis between CO2, CH4, and N2O flux and temperatures during winter.







	

	
Temperature Location

	
R1

	
R2

	
R3

	
M1

	
M2

	
M3






	
CO2

	
Surface Soil

	
0.840 **

	
0.784 **

	
0.789 **

	
0.927 **

	
0.923 **

	
0.929 **




	
15 cm Depth

	
0.401 **

	
0.336 **

	
0.341 **

	
0.708 **

	
0.682 **

	
0.693 **




	
CH4

	
Surface Soil

	
0.361 **

	
0.339 **

	
0.308 *

	
−0.602 **

	
−0.552 **

	
−0.463 **




	
15 cm Depth

	
0.309 *

	
0.295 *

	
0.313 *

	
−0.151

	
−0.101

	
0.003




	
N2O

	
Surface Soil

	
−0.182

	
−0.187

	
−0.182

	
−0.217

	
−0.22

	
−0.224




	
15 cm Depth

	
0.164

	
0.144

	
0.135

	
0.118

	
0.113

	
0.111








Note: * significant at the 0.05 level; ** significant at the 0.01 level.










4. Discussion


4.1. CO2 Flux


Temperature is one of the key factors affecting the production and emission of CO2 [40]. The soil temperature, both at the surface and at a depth of 15 cm, was significantly (P < 0.01) related to CO2 emission in the six fields. Microbial biomass decreased with decreasing temperatures [41,42], and freezing soil insulated O2 from the air, restraining aerobic respiration and the release of CO2. Furthermore, increasing solubility and adsorption of CO2 with the decrease in temperature led to its retention [43]. Therefore, CO2 flux decreased gradually during the freezing period and remained at the lowest level during the hard frost period. Although soil temperatures at the surface and a depth of 15 cm (<0 °C) during the snow-melting period increased somewhat, they both remained around 0 °C. As the subsurface soil was frozen, little CO2 was released during the snow-melting period. Previous studies showed that dissolved organic matter was released from the broken aggregates [44,45,46] during freeze-thaw cycles and freezing [46], as well as from the lyzed microbial cells at low temperature [42]. The readily available sources of dissolved organic matter supplied a massive carbon source for recovering microbes and stimulated microbial respiration [42], until the sources were exhausted. Therefore, CO2 emission peaks occurred during the early thawing period in M1, M2, R1, R2, whereas R3, and M3 did not exhibit obvious CO2 emission peaks during the early thawing period, possibly because of the high salinity conditions in R3 and M3 restrained microbial activities [33], reduced microbial biomass [47], and decelerated the consumption of readily available dissolved organic matter. Thereafter, microbial activities increased and soil thawed with the rising temperatures in the six fields, leading to an increased CO2 emission flux.



Soil organic carbon is the substrate used for microbial respiration and is therefore vital to the process. Low soil organic carbon content is an indicator of low microbial activity and of low CO2 emissions [48]. Furthermore, a higher salinity resulted in a smaller microbial biomass [48] and inhibited the decomposition [49] and transformation [50] of organic matter. The high pH in alkaline soil facilitated CO2 absorption intensity and reduced the CO2 emission flux [51]. Results showed that CO2 fluxes with pH 7.6–7.8 were significantly lower than with soil with a pH of below 7.0 [52]. Annual CO2 fluxes decreased with increasing pH in the range of 7.37–8.72 and were negative with a pH greater than 9 [53]. Consequently, the emission flux and cumulative emissions of CO2 followed the decreasing order of R1, R2, then R3 and M1, M2, then M3.




4.2. CH4 Flux


CH4 is produced by methanogen under strict anaerobic conditions [54]. The anoxic conditions caused by high moisture resulted in the rice fields becoming CH4 sources.



The CH4 emission flux in rice fields was significantly related to the soil temperature, both at the surface and at 15-cm depth, which is consistent with the conclusion that the release of CH4 is temperature-sensitive and that lower temperatures result in lower CH4 emissions [55,56].



The two CH4 emission peaks occurred during the early freezing period (22 October 2014 to 5 November 2014) in every rice field, perhaps because the surface soil temperature dropped below 0 °C before every peak. The freezing of the soil surface caused by the low air temperature strengthened the anoxic condition and promoted the production of CH4, which was emitted when the temperature increased to above zero. Furthermore, freeze-thaw cycles occurring around the second peak had a positive effect on CH4 emissions. Thereafter, CH4 production and emissions were inhibited by the lower temperatures and frozen soil.
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The two CH4 emission peaks occurred during the early freezing period (22 October 2014 to 5 November 2014) in every rice field, perhaps because the surface soil temperature dropped below 0 °C before every peak. The freezing of the soil surface caused by the low air temperature strengthened the anoxic condition and promoted the production of CH4, which was emitted when the temperature increased to above zero. Furthermore, freeze-thaw cycles occurring around the second peak had a positive effect on CH4 emissions. Thereafter, CH4 production and emissions were inhibited by the lower temperatures and frozen soil.



The CH4 accumulated under extremely anoxic conditions in the frozen soil during the hard frost period, and was emitted when the soil thawed during the snow-melting period. In addition, the topsoil thawed first, but the deeper soil remained frozen and was not permeable to water. So, fresh melt water fully saturated a small top layer of soil of several centimeters, creating anaerobic conditions favorable to produce of CH4. Thereby, CH4 emission peaks were observed in the three rice fields during the snow-melting period. Song et al. similarly noted explosive CH4 emissions during the freeze-thaw period [39]. After the complete release of accumulated CH4 in the three rice fields, the CH4 emission flux decreased and then increased with the rising temperature. The CH4 fluxes in the three rice fields declined after the 24 April 2015, possibly because the aerobic condition that increased with the evaporation of water restrained the production of CH4.



The CH4 uptake rates in the maize fields began to decline from the early freezing period. CH4 uptake rates were notably (P < 0.01) related to the surface soil temperature, whereas they were not related to the soil temperature at a depth of 15 cm. This corresponds to methane oxidation being sensitive to air temperature [57] as methane oxidation occurs mainly in the surface soil. The observed CH4 emission peaks in the maize fields during the snow-melting period occurred for the same reason as those in the rice fields. CH4 uptake rates in the three maize fields increased with the increasing soil surface temperature during the thawing period, which was consistent with the previous observed results in the saline-alkali soil in arid and semi-arid regions [58,59].



The higher moisture in the rice fields might result in deeper frost depths and harder frost than in maize fields, and the rice fields required more time to thaw, taking more time to release accumulated CH4 as compared to the maize fields at the same soil depth. Therefore, CH4 emission peaks in the rice fields during the snow-melting period occurred later than those in the maize fields.



The CH4 uptake peak in maize fields (5 November 2014) during the early freezing period, the increase in CH4 uptake rates in the maize fields, the period of CH4 uptake in the rice fields during the late freezing period, and the period of CH4 uptake during the hard frost period in the six fields, might all be related to the living methane-oxidizing bacteria and methane adsorption by the snow layer [60,61]. However, the physicochemical mechanisms responsible remain unclear. A sudden jump in CH4 uptake in the maize fields in early December was likely because of the inhibition caused by lower temperatures in the CH4 uptake by the living methane-oxidizing bacteria and the approximately saturated CH4 in the snow.



Previous studies have shown that the optimum pH of methanogen is 6.9–7.2 [62]; a higher pH (>7.2) would result in stronger inhibition of CH4 production. In addition, studies have shown that CH4 emissions are negatively related to salinity [63,64]. CH4 is the final product of soil organic carbon under anaerobic decomposition. Higher soil organic carbon content positively affected CH4 emissions [65,66]. Therefore, the emission flux and the accumulated CH4 emission in the rice fields followed the decreasing order of R1, R2, and then R3.



The optimum pH for methane oxidation has been reported to be 7.0–7.5 [67]. A rise in pH above the optimal level would result in a decline in methane oxidation. Furthermore, high salinity levels inhibited the activity of methane-oxidizing bacteria [68,69], inhibiting the CH4 uptake [70]. Hence, M1 exhibited higher CH4 uptake rates and a higher cumulative CH4 uptake than those of M2 and M3.




4.3. N2O Flux


N2O emissions showed no significant correlation with the soil temperatures either at the surface or at a 15-cm depth, which was consistent with the findings of Koponen et al. who found that N2O emissions were not related to soil temperature [71]. The flux of N2O is driven by its rates of production and consumption. The soil acted as a N2O sink when the N2O consumption rate exceeded that of its production [72]. Goldberg et al. similarly found that soil acted as a N2O sink under arid and aerobic conditions [73]. The maize fields maintained relatively arid and aerobic conditions as compared to the rice fields, which likely explains why the maize fields acted as weak N2O sinks, whereas the rice fields were sources of N2O during the hard frost period.



N2O is mainly derived from nitrification under aerobic conditions and denitrification under anaerobic conditions. The anaerobic and aerobic conditions occurred consecutively in the soil under the freeze-thaw cycles, thereby promoting concurrent nitrification and denitrification. However, the results of the current study suggest that denitrification mainly contributed to the N2O emissions during freeze-thaw cycles [74]. The large amount of NO3- that accumulated during the lengthy winter [75] stimulated denitrification. In addition, the topsoil thawed first, but the deeper soil remained frozen and was not permeable to water. So, fresh melt water fully saturated a small top layer of soil, creating anaerobic conditions favorable for denitrification. Hence, N2O emission peaks were observed in the six fields during the snow-melting period and the initial few days of the thawing period. The higher moisture in rice fields led to longer anaerobic condition than in the maize fields that contained lower moisture, thus facilitating denitrification [74] and the longer duration of explosive N2O emissions in rice fields. Thereafter, aerobic conditions in the six fields were promoted with the evaporation of water, which decreased N2O emission rates [76].



High soil organic carbon content and low pH favors N2O production [77]. High NO [image: ] content also stimulates denitrification and N2O production [78]. High salinity inhibits nitrification [79]. Hence, accumulated N2O emissions during winter followed the decreasing order of R1, R2, then R3 and M1, M2, then M3.





5. Conclusions


The rice and maize fields acted as CO2 sources in winter, and the freezing period combined with the thawing period dominated the cumulative CO2 emissions. Rice fields were CH4 sources in winter, and the freezing and snow-melting periods dominated the CH4 emissions. However, maize fields were CH4 sinks during winter, with 85.6–89.0% of the CH4 emissions occurring in the freezing and hard frost periods. Both rice and maize fields acted as N2O sources, and the snow-melting period dominated the N2O emissions. Rice fields contributed 1070.0–1996.2 kg CO2 eq ha−1 to the GWP in the winter. Maize fields contributed 600.5–1149.8 kg CO2 eq ha−1 to the GWP in the winter. High pH and salinity negatively affected CO2, CH4, and N2O emissions, CH4 uptake, and GWP during winter.
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