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Abstract 5 

Background: According to the WMO's (World Meteorological Organization) 6 

Greenhouse Gas Bulletin (2019), the fastest increase atmospheric concentrations of the 7 

three main greenhouse gases has been detected in the past 20 years. Researchers have 8 

paid more and more attention to the problem of greenhouse gas (GHG) emission. 9 

Among the studies, people focus much more on grassland ecosystem than that of forest 10 

ecosystem，which has a more important effect on the emission and absorption of 11 

greenhouse gases. Estimating the impact of forest ecosystem on greenhouse effect in 12 

China is of great significance. 13 

Methods: 6 deciduous broad-leaved forest communities with similar elevation, slope 14 

orientations and slope gradient in Wuling Mountain National Natural Reserve are 15 

employed to conduct the GHG flux study. Five 50cm×50cm square stainless-steel bases 16 

are set in the study site by mechanical spot arrangement method to sample the GHG. 17 

The environmental temperature and soil moisture content is measured every sampling 18 

time. Static chamber-gas chromatograph method is adopted to examine the greenhouse 19 

gas fluxes of CO2, CH4 and N2O. 20 

Results and conclusions: The GHG flux of CO2, N2O and CH4 in the Warm Temperate 21 

Deciduous Broad-Leaved Forest Ecosystem has great relationship with environmental 22 

temperature and soil water content. GHG flux varies with seasons. Among them, the 23 

CH4 flux shows the character of source or sink in different seasons. The other 2 are 24 

always the source of GHG flux during the study period. The peak value of CO2 is in 25 

summer and that of N2O in March. The flux of CH4 shows the feature of source in April 26 

and sink in other seasons. The peak value of sink comes in late July. The flux of CO2 27 

has the greatest relationship with the soil temperature 5cm below the ground surface 28 

and the flux of N2O has the greatest relationship with the soil water content. The 29 

relationship between CH4 flux and the environmental temperature or the soil water 30 

content is complex. 31 

Key words：Greenhouse Gas Flux, Warm Temperate Deciduous Broad-Leaved Forest 32 

Ecosystem, North China 33 



 34 

Background  35 

With the development of global industrialization, greenhouse Gases (GHG) in the 36 

atmosphere caused by human activities have increased significantly. There are kinds of 37 

gases that can leads to the Greenhouse Effect, among which the three gases that 38 

contribute the most to the greenhouse effect include CO2, N2O and CH4.  39 

CO2 is the most important greenhouse gas except water vapor (IPCC 2000). The 40 

100-year Global Warming Potential (GWP) of N2O is 310 times that of CO2, which 41 

makes its contribution to the greenhouse effect approximately 6% (Bouwman et al.  42 

2002; IPCC 1996). The GWP of CH4 is about 25 times that of CO2 (Hansen et al. 1990). 43 

Almost one third of global CH4 emissions come from natural sources (Bras et al. 2001), 44 

and although its growth rate is lower than that of CO2, it contributes about 20% to the 45 

greenhouse effect caused by greenhouse gases (Sims et al. 2014). 46 

According to the WMO's (World Meteorological Organization) Greenhouse Gas 47 

Bulletin (2019), the fastest increase atmospheric concentrations of the three main 48 

greenhouse gases has been detected in the past 20 years. The power for the increase of 49 

GHG content in atmosphere can be divided into 2 categories: one is the vast use of 50 

fossil fuels; the other includes some natural process effects and land-use change (WMO, 51 

2009). Due to the increase of greenhouse gas content in the atmosphere, which 52 

exacerbates global climate change, researchers have paid more and more attention to 53 

the problem of GHG emission (Apps et al. 1993; Song Changchun et al. 2006; Zhang 54 

Lihua, 2005; Nikunja et al. 2018; Marissa et al. 2019). 55 

Forest is the largest carbon pool in terrestrial ecosystems (Sedjo, 1993). It has the 56 

widest distribution area, highest productivity and largest biomass accumulation 57 

compared to other vegetation types. Any increase or decrease of forest ecosystem 58 

carbon storage will affect the atmospheric CO2 concentration. The carbon cycle process 59 

of forest ecosystem regulates the dynamics of global terrestrial carbon cycle (Li et al. 60 

2003). Among the studies reported on the global estimation of carbon storage and flow, 61 

people focus much more on grassland ecosystem than that of forest ecosystem. Forests 62 

account for 23.04% of the land area in China (2021) (http://www.forestry.gov.cn/). It 63 

has an important effect on the emission and absorption of greenhouse gases. Estimating 64 

the impact of forest ecosystem on greenhouse effect in China is of great theoretical and 65 

practical significance for exerting forest ecological benefits effectively and alleviating 66 

global warming. In this research, the characteristics of greenhouse gas flux in warm 67 

temperate deciduous broad-leaved forest ecosystem are studied by static chamber-gas 68 



chromatograph method. 69 

 70 

Methods and materials 71 

Plots setting 72 

49 deciduous broad-leaved standard forest plots with 400 m2 horizontal area has 73 

been set in the Wuling Mountain National Reserve in 2011. To make sure that the study 74 

results have scientific comparability among the sample plots, 6 deciduous broad-leaved 75 

forest communities with similar elevation, slope orientations and slope gradient are 76 

employed to conduct the GHG emission study. The 6 chosen plots are all set on the 77 

shady slope between 26° and 30° gradient at about 1000 m elevation. Since March 2013, 78 

gas samples are collected every three weeks. 79 

Sampling with static chamber  80 

Static chamber-gas chromatograph method is adopted to monitor the greenhouse 81 

gas fluxes of CO2, CH4 and N2O. Five 50cm×50cm square stainless-steel bases are set 82 

in the study site by mechanical spot arrangement method. The upper surface of the base 83 

is kept horizontal for water sealing. The static chamber is made with transparent acrylic 84 

plate. Tube with an inner diameter of 2mm and a length of 1.5m is used to balance the 85 

air pressure inside and outside the static chamber. Digital thermometers and mercurial 86 

thermometers are employed to measure the environment temperatures. The water 87 

content of the soil is measured. The soil surface temperature is measured by the Smart 88 

Sensor AR320 infrared thermometer. JM222U portable digital surface thermometer is 89 

used to measure the air temperature and the temperature in the static chamber. Using 90 

mercury thermometer to measure soil temperature of 5cm beneath the surface. The 0-91 

20 cm topsoil near the static chamber is sampled with a soil drill. Collected gas samples 92 

is analyzed by Agilent 7890A gas chromatograph within 72h. 93 

Monitoring implementation 94 

Gas samples are collected every 3 weeks from March to November in 2013. To 95 

make sure that the environment temperature is as close to the daily average as possible, 96 

sampling begins at 10:00 am every time. The first sample are collected when the 97 

chamber is set simultaneously, and then samples would be collected once every 10min. 98 

During a period of 30min, a total of 4 gas samples are collected. Samples are collected 99 

in 500ml aluminum–plastic composite air bags. The ambient air temperature, the 100 

temperature in the tank and the soil temperature of 5cm below the surface are measured 101 



simultaneously in situ. The 0–20 cm surface soil are sampled to measure the soil 102 

moisture content. 103 

Analyzing for GHG flux 104 

Flux refers to the physical quantity transported through a unit area interface per 105 

unit time. The concentration of the test sample is calculated as follow: 106 𝐶𝑠 = 𝐴𝑆 × 𝐶0 ÷ 𝐴0 107 

CS: Test sample concentration; C0: concentration of standard gas; As: peak area of 108 

test sample; A0: area of standard gas peak. 109 

Greenhouse gas flux is calculated by the following formula: 110 𝐹 = 𝜌 ∙ 𝑉 ∙ ∆𝐶𝐴 ∙ ∆𝑡  111 

Where: F is the flux of measuring gas, ρ is the density of monitoring gas, ∆C is 112 

the variation in the concentration of monitoring gas, ∆t is the length of monitoring time, 113 

A and V are the area at the bottom of the sampling box and the volume of the gas 114 

chamber respectively. When the value of F is negative, it indicates that the soil absorbs 115 

the greenhouse gas, showing the flux characteristics of "sink". When the value of F is 116 

positive, it indicates that the soil emits the greenhouse gas, showing the flux 117 

characteristics of "source". 118 

Statistical analysis of data is performed by Excel (16) and SPSS 22. 119 

Results and Analysis 120 

Dynamics of environmental factors in different seasons 121 

The dynamic process of environmental factors including environmental 122 

temperatures and soil water content for the sampling plots in a year are analyzed. (Fig. 123 

1).It can be seen from Fig. 1 that the soil moisture content reached the peak of the year 124 

in the first monitoring in March 2013. The average moisture content of the 6 study 125 

sample plots is close to 60%. This result should be related to the heavy snow in the 126 

winter of 2012. But the soil is still in the frozen state. The average soil temperature 20 127 

cm below the surface is about -2℃–-3℃. Soil water cannot exert influence effectively 128 

on the ecological process happened in the soil. In the subsequent process, the water 129 

content is in the process of decreasing until late May. This is mainly because that the 130 

study area is still in the dry season with very little precipitation during this period. 131 

However, with the rise of temperature and the absence of leaves for the canopy, the 132 



ground of the ecosystem is completely open for evaporation from the soil water. As a 133 

result, the surface soil can be heated up rapidly and the evapotranspiration intensified. 134 

And then, the soil moisture content is in the process of decreasing from March to the 135 

end of May. 136 

Environmental factors are: AT: air temperature; ST: surface temperature of the soil; TC: temperature 137 

in the chamber; ST-5: soil temperature of 5cm below the surface; SWC: soil water content 138 

Monitoring time includes: Mar.-L: 3.27-4.1; Apr.-M: 4.13-4.18; May-E: 5.4-5.9; May-L: 5.22-5.27; 139 

Jun.-M: 6.8-6.13; Jul.-E: 6.30-7.4; Jul.-L: 7.18-7.23; Aug.-M: 8.11-8.16; Sep.-E: 9.2-9.7; Sep.-L: 140 

9.23-9.28; Oct.-M: 10.11-10.16; Nov.-E: 11.3-11.8.  141 

And: E for early, M for middle, L for late. 142 

 143 

It gradually enters the rainy season from June in the Wuling Mountain National 144 

Reserve. The precipitation increases and the soil water is replenished. From June to 145 

October 2013, the soil water content for the monitoring plots is in a relatively stable 146 

state. Precipitation in this region is concentrated in June to July and September of 2013, 147 

so the soil water content showed two small peaks in the corresponding period. 148 

From the point of dynamic process of the environmental temperature in the year, 149 

the average temperature for the 6 plots of the diverse temperature indicators always 150 

presents the characteristics that temperature inside the chamber > air temperature > 151 

surface temperature > soil 5cm temperature. Due to the rapid increase of ambient 152 

temperature and the opening of the canopy of the ecosystem, the temperature indices 153 

reached their maximum value in May. With the closure of the arbor layer and the 154 

beginning of the rainy season, the ambient temperature is getting lower in June. But it 155 

reached its peak value again in the middle of August, the hottest days in the summer, 156 

which is similar to that in the middle of May. 157 

The warm temperate zone in the continental monsoon climate region is roughly 158 
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between 32°–43° N. Wuling Mountain National Nature Reserve is located at 40°29'–159 

40°38', which belongs to the high latitude area of warm temperate zone. In addition, the 160 

altitude of the study sites is relatively high (the average altitude of the 6 plots is about 161 

1 000 m). It has been in the process of cooling since August. By November, the soil 162 

surface temperature is close to 0℃, reaching the lowest level in this monitoring stage. 163 

The temperature in the static chamber is always a little bit higher than the ambient 164 

temperature due to the combined effect of illumination, sealing and soil respiration. The 165 

temperature in the chamber, the air temperature and the surface temperature are in a 166 

similar dynamic process for the whole year (Fig. 1). 167 

Due to the covering effect of the litters over the ground, soil temperature 5 cm 168 

below the surface rise slower than other temperature indices. It didn’t clime the peak 169 

consistent with the air temperature in May. Whereas, under the combined influence of 170 

factors such as air temperature, precipitation, soil temperature 5 cm below the surface 171 

shew a long durable plateau from early May to middle June, raised from late June and 172 

peaked in August. Then, it continued to reduce together with the dropping of the air 173 

temperature.  174 

Taking the environmental temperature and soil moisture into account 175 

comprehensively, they entered a rapid changing process from the beginning of 176 

environmental warming and soil freeze-thaw in spring. From June to August, summer 177 

and rainy season are in this region. After entering this stage, environmental temperature 178 

and soil hydrology are in a stable and slowly rising period. The air temperature is the 179 

highest in August, and rainfall is also the most concentrated simultaneously. After 180 

September, the environmental temperature and soil moisture continued to decrease in 181 

the relatively dry autumn and winter in this region. 182 

Temporal variation characteristics of greenhouse gas flux 183 

1. Diurnal dynamic process 184 

Due to the variation of solar radiation intensity and the air temperature in the 185 

daytime from morning to night, as the main influencing factors to the greenhouse gas 186 

flux, the soil temperature and soil moisture varies with the time through the day. The 187 

activity of the roots of the plants, soil microbials and soil animals will fluctuate with 188 

time. The rate of greenhouse gas emissions or deposit will be diverse in different time. 189 

The variation process of greenhouse gas flux from morning to night is monitored per 190 

hour on April, July and September respectively. The result is employed to estimate the 191 

greenhouse gas flux in warm temperate deciduous broad-leaved forest ecosystems (Fig. 192 



2). 193 

 194 

(1) Process of CO2 flux 195 

The results show that CO2 is the source of greenhouse gas flux in warm temperate 196 

deciduous broad-leaved forests in all seasons. In the hourly diurnal variation monitoring, 197 

the emission level in July is the highest, while that in April is the lowest, indicating that 198 

the emission level of CO2 in summer is higher than that in other seasons. Basing on the 199 

process of diurnal variation, the flux of CO2 in April has been rising steadily at a low 200 

level from 8 o’clock in the morning, reaching the peak at 16 o’clock in the    201 

afternoon and then decreased. In July, the peak value reached at 10 o’clock and had no 202 

significant change until 19 o’clock. In September, there are two peaks at 11 o’clock and 203 

13 o’clock. Basing on the monitored CO2 diurnal emission process in three seasons, the 204 

daytime CO2 emission showed a tendency of continuous increase on the whole. 205 

(2) Process of N2O flux 206 

The flux process in a year of N2O are different from that of CO2, with the highest 207 

emission level occurring in April rather than July in summer. In the research plots, April 208 

is the soil freeze-thaw season. Studies have shown that a large amount of N2O is 209 

discharged from the soil in the period of soil freeze-thaw (Li et al. 1999). In April, the 210 

diurnal flux variation showed that the emission level is high and continued to rise during 211 

the day from morning to night. The diurnal variation pattern of July is different from 212 



that of April. In this season, the total daytime emission level is relatively stable, but 213 

there are two peaks at 11o’clock and 16 o’clock. N2O emissions in September are 214 

significantly lower than in April and July. Diurnal flux is stabilizing at lower level 215 

except for a peak at 11 o’clock. 216 

(3) Process of CH4 flux 217 

The diurnal variation of CH4 flux is relatively complex. The monitoring results 218 

show that the diurnal CH4 flux in April generally presents the characteristics of source, 219 

with an obvious peak at 11 o’clock and another lower peak at 14 o’clock. The flux at 220 

the rest of the monitoring time is relatively stable. And in July and September, it 221 

performed as a sink. From the diurnal variation characteristics of sink, the peak for CH4 222 

absorption appeared simultaneously with the peak for CO2 emission. It indicates that 223 

there could be a direct relationship between CH4 and CO2 in the process of source-sink 224 

flux.  225 

2. Seasonal dynamics of GHG 226 

(1) CO2 flux in different seasons 227 

According to the diurnal process and seasonal variations of CO2 flux, the dynamic 228 

processes in different seasons of the 6 plots are estimated (Fig. 3). The results show that 229 

the CO2 emission process in a year presents a single peak curve in general and reached 230 

its peak in mid-August. There are differences in CO2 flux among different plots. The 231 

total emission level of plot 1 and plot 6 is higher, while plot 4 is the lowest. Many 232 

studies have shown that the CO2 flux has the highest emission rate in summer, followed 233 

by that in spring and autumn, and the lowest emission rate in winter (Wang et al. 2004), 234 

which is consistent with the conclusion of this study. 235 

The characteristic of the CO2 flux dynamic is mainly caused by seasonal changes 236 

in temperature and soil moisture content. In summer, higher soil temperature and water 237 

content enhance microbial activity and root respiration. Total soil respiration is 238 

promoted (Li et al. 1987). The CO2 emission rate in rainy season is much higher than 239 

that in dry season (Chen et al. 2004). There has been another study on the greenhouse 240 

gas emission flux and dynamics of forest soil in the West Mountain area of Beijing (Sun 241 

et al. 1999). The result show that when the soil temperature in winter is below zero, 242 

forest soil acted as a sink for CO2. Whereas, our study did not find that the same result 243 

of a sink for CO2 in winter, which is different from the research conducted in West 244 

Mountain of Beijing. The two study regions belong to a similar climatic zone and the 245 

difference in latitude between the two places is about 0.6°only. More study is needed 246 



to uncover the reason for the different characteristics of CO2 flux in winter between the 247 

2 places. 248 

 249 

(2) N2O flux in in different seasons 250 

The dynamic process of N2O flux in a year is different from that of CO2, which 251 

shows high emissions in 5 of the 6 plots at the end of March (Fig. 4). The remaining 252 

one of plot 1 claimed its N2O emission peak in April. Two other small peaks occurred 253 

in early July and mid-August. According to the average emission level of the 6 plots 254 

overall, the N2O emission level is the highest in late March at an average emission rate 255 

close to 100 μg/m2·h. The peak in mid-July is close to 50 μg/m2·h, and the other small 256 

peak appeared in mid-August is close to 20 μg/m2·h. 257 

The production process of soil N2O is very complex and is affected by many 258 

environmental factors (Li et al. 1999), among which the soil temperature, soil water 259 

content and precipitation before sampling have the most significant effects on the 260 

monitoring result of soil N2O flux. In addition, the difference of soil C and N content 261 

and various environmental factors that have an effect on metabolic processes such as 262 

respiration, nitrification and denitrification all have an impact on soil N2O flux. 263 
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Therefore, the characteristics of N2O flux have significant spatial and temporal 264 

specificity. 265 

 266 

Some studies have shown that N2O emissions are the highest in summer, followed 267 

by spring and autumn, and the lowest or even negative in winter (Sun et al. 2001; Teepe 268 

et al. 2004). In this study, the peak of soil N2O emission in the warm temperate 269 

deciduous broad-leaved forest occurs in April, which is different from the research 270 

results of Sun Xiangyang (2001) and Teepe (2004). The reasons for the difference 271 

among the studies need further revealing. 272 

(3) CH4 flux in in different seasons 273 

It is found that CH4 flux in the warm temperate deciduous broad-leaved forest 274 

ecosystem had seasonal variation between source and sink. The CH4 flux for 5 of the 6 275 

monitoring plots, except plot 2, showed the characteristics of source in mid-April. The 276 

overall average level of CH4 flux on this time of each ecosystem also showed the 277 

characteristics of source (Fig. 5). In other monitoring periods in the year, the soil of the 278 
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warm temperate deciduous broad-leaved forest ecosystem showed CH4 sinks. 279 

 280 

On the average CH4 flux level of the 6 study plots in a year, as a function of sink, 281 

the highest CH4 absorption of forest soil occurred from late July to mid-August. Soil 282 

temperature, soil moisture content, soil physical and chemical properties and changes 283 

in land use patterns will affect the characteristics of soil CH4 flux (Li et al. 1999). 284 

Conclusions 285 

1) Soil moisture reached its peak in March 2013 and showed a downward trend 286 

until the end of May. After June, it entered the rainy season, and the soil moisture 287 

stabilized at about 30%. The ambient temperature always presents the relationship that: 288 

temperature inside the chamber > air temperature > surface temperature > soil 289 

temperature 5cm below the surface. Ambient temperature has two peaks in May and 290 

August. Since August, it has been in the process of cooling, and by November, the 291 

surface temperature has been close to 0℃. 292 

2) There were significant seasonal differences in the diurnal variation of GHG 293 

fluxes. The maximum value of CO2 was in summer, and the peak value of daily flux 294 

appeared at 10:00 am. It’s flux level in autumn was lower than that in summer, and two 295 
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peaks appeared at 11:00 and 13:00. The emission level of N2O was the highest and rose 296 

in April. Then the emission level of N2O was higher in summer than in autumn. The 297 

peak value in summer was at 11:00 and 16:00, and the peak value in autumn was at 298 

11:00 in the morning. In April, CH4 flux shows the characteristics of source overall. In 299 

summer and autumn, then is a sink. And the peak of sink occurs at the same time as 300 

CO2. 301 

3) The seasonal dynamic process of CO2 flux is a unimodal curve and the peak is 302 

in summer. The N2O flux peaked in March, and then two peaks appeared in early July 303 

and mid-August, and the peak value in July was higher than that in August. CH4 flux 304 

showed as a source in April and a sink in other seasons. The peak of absorption appeared 305 

in late July. 306 

4) The seasonal dynamic of CO2 flux is consistent with the ambient temperature, 307 

especially the soil temperature 5cm below the surface. The seasonal dynamic of N2O 308 

flux is consistent with the topsoil water content, and the source-sink capacity of CH4 309 

flux is opposite to the soil moisture content. The dynamic relationship between CH4 310 

and N2O fluxes and temperature is complex. 311 

 312 
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Figures

Figure 1

Variation process of the environmental factors in the year

Figure 2



Dynamic process of GHGs �ux rate during a day in different seasons

Figure 3

Dynamic process of CO2 �ux rate in different seasons



Figure 4

Dynamic process of N2O �ux rate in different seasons



Figure 5

Dynamic process of CH4 �ux rate in different seasons


