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The mid-high latitude permafrost peatlands in the Northern Hemisphere is a major natural source of
methane (CH4) to the atmosphere. Ecosystem scale CH4 emissions from a typical permafrost peatland in
the Great Hing'an Mountains were observed during the growing season of 2014 and 2015 using the
open-path eddy covariance method. Relevant environmental factors such as temperature and precipitation were also collected. There was a clear diurnal variation in methane emissions in the second half of
each growing season, with signiﬁcantly higher emission rates in the wet sector of study area. The daily
CH4 exchange ranged from 1.8 mg CH4 m2 d1 to 40.2 mg CH4 m2 d1 in 2014 and ranged from 3.9 to
15.0 mg CH4 m2 d1 in 2015. There were no peaks of CH4 ﬂuxes during the spring thawing period.
However, large peaks of CH4 emission were found in the second half of both growing seasons. The CH4
emission after Jul 25th accounted for 77.9% of total growing season emission in 2014 and 85.9% in 2015.
The total CH4 emission during the growing season of 2014 and 2015 was approximately 1.52 g CH4 m2
and 0.71 g CH4 m2, respectively. CH4 ﬂuxes during the growing seasons were signiﬁcantly correlated
with thawing depth (R2 ¼ 0.71, P < 0.01) and soil temperatures (R2 ¼ 0.75, P < 0.01) at 40 cm depth. An
empirical equation using these two major variables was modiﬁed to estimate growing season CH4
emissions in permafrost peatlands. Our multiyear observations indicate that the time-lagged volume of
precipitation during the growing season is a key factor in interpreting locally inter-annual variations in
CH4 emissions. Our results suggested that the low temperature in the deep soil layers effectively restricts
methane production and emission rates; these conditions may create signiﬁcant positive feedback under
global climate change.
© 2017 Elsevier Ltd. All rights reserved.
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Atmospheric methane (CH4) is both a contributor and indicator
of climate change and variability (Laetitia et al., 2008). On a per
mole basis, the comparative impact of CH4 on climate change is
more than 25 times greater than CO2 over a 100-year period
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(Rodhe, 1990). Atmospheric CH4 background concentrations have
risen from 0.7 ppm to 1.8 ppm since the industrial revolution (IPCC,
2013), exceeding the highest annual mean concentration over the
past 800,000 years (Laetitia et al., 2008).
As the largest global natural source, wetlands emit nearly 580 Tg
CH4 yr1 into the atmosphere, making up more than 20% of global
CH4 emissions (Fung et al., 1991). Northern peatlands, a type of
wetlands mainly distributed in boreal and subarctic areas, cover an
area of 4  106 km2, or approximately 3% of all land surface and 63%
of all wetlands (Joosten and Clarke, 2002). Approximately 455 Pg
carbon is buried in northern peatlands, amounting to one third of
the global soil carbon pool and 75% of the global atmospheric carbon pool (Gorham, 1991). Approximately 6e40 Tg CH4 yr1 is
released from northern peatlands, equivalent to 12% of global CH4
emissions (Wuebbles and Hayhoe, 2002). Because of its large carbon storage capacity and the sensitivity of high-latitude ecosystems
to global warming, northern peatlands have a signiﬁcant inﬂuence
on greenhouse gas emissions.
Methane emissions result from complex physical and
biochemical processes (Bubier and Moore, 1994). Methane is
released through diffusion, ebullition, and plant-mediated transport (Imelda et al., 2013; Lai, 2009). Many studies have identiﬁed
mechanisms inﬂuencing methane release, such as water table, soil
temperature, soil redox potential, atmospheric pressure, water
vapor deﬁciency (Dirk et al., 2005; Kim, 2015; Metje and Frenzel,
2007; Moore and Dalva, 1993; Whiting and Chanton, 1992). Soil
temperature and water table appear to be the primary factors
controlling peatland CH4 emissions (Bergman et al., 1998; Funk
et al., 1994; Moore and Knowles, 1989; Suyker et al., 1996;
Updegraff et al., 2001; Weiss et al., 2006). However, ﬁeld observations have shown only weak correlations between CH4 emissions
and environmental factors in northern peatlands (Hommeltenberg
€ m et al., 2012).
et al., 2014; Rinne et al., 2007; Stro
Northern peatlands have experienced signiﬁcant climate change
including increasing average temperature and precipitation. This
has resulted in permafrost degradation (Hinkel and Outcalt, 1994;
Schuur et al., 2008). Methane production, which is a microbialmediated reaction, can be accelerated by higher temperature.
Meanwhile, higher temperature can also increase the conductance
for methane diffusion and plant-mediate transport (Hosono and
Nouchi, 1997), which enhances release processes and can lead to
higher methane emissions. Predicting the response of northern
peatland ecosystems requires determining the dominant inﬂuencing factors and their controlling mechanisms.
Because of the complexity of production and release processes,
emission rates ﬂuctuate signiﬁcantly both temporally and spatially
€nen et al., 2003; Zhu et al., 2014). Single(Hanis et al., 2015; Nyka
parameter relationships between environmental factors and
methane ﬂux have been insufﬁcient to predict methane emissions
at variable time scales (Christensen et al., 1995; Nakano et al., 2000;
Whalen and Reeburgh, 1992). Statistical methods, for example path
analysis (Iwata et al., 2015; Song et al., 2015) and CRAT (Classiﬁcation and Regression Tree) analysis (Nadeau et al., 2013) have been
applied to evaluate the importance of different factors. However,
although the factors inﬂuencing methane emissions can be ranked
in order of importance, they remain difﬁcult to quantify. This has
led to signiﬁcant interest in quantifying CH4 emissions from
different sources (Song et al., 2015). More in situ observations with
high time resolution and large space scale are still needed.
The common chamber method has proved unsatisfactory to
estimate landscape-scale methane ﬂux (Davidson et al., 2002;
Juszczak, 2013; Rochette et al., 1992). Instead, the eddy covariance (EC) method provides noninvasive continuous ecosystem
greenhouse ﬂux datasets, and has therefore been used more
frequently (Aurela et al., 2009; Baldocchi et al., 2012; Baldocchi,

2003; Iwata et al., 2015; Roulet et al., 1992; Sonnentag et al.,
2010). However, the EC method has limitations as it requires a
relatively homogeneous location with steady atmospheric condition of adequate turbulence exchange (Aubinet et al., 2012; Rinne
et al., 2007). Nighttime ﬂux datasets are usually of low quality
when turbulence exchange occurs intermittently (Gu et al., 2005).
The measurement footprint therefore may extend beyond the area
of interest, and gas may be stored below the layer of the gas analyzers (Lai et al., 2002; Ran et al., 2016). For now, the instrumental
malfunctions and insufﬁcient turbulence result in highly-deviated
discontinuous half-hourly ﬂuxes (Hanis et al., 2015; Kowalska
et al., 2013). Moreover, data quality control and gap-ﬁlling strategies are important in evaluating long term greenhouse gas budgets
(Beetz et al., 2012; Falge et al., 2001; Mcveigh et al., 2014). Further
analyses on EC methane emission datasets are necessary.
This study examined growing season methane emission dynamics from an ombrotrophic peatland in the Great Hing'an
Mountains, northeastern China, using open-path EC method. The
study's main objectives were to: (I) explore the observational data
to detect temporal and spatial patterns in methane emissions at
different time scales; (II) integrate micrometeorological observations to assess the relationship between methane emission and
relevant environmental factors, and (III) compare relevant research
with this study's results to gain insights about methane emission
variation among different sites and about the inter-annual variation
of methane ﬂux in permafrost peatlands in general.
2. Material and methods
2.1. Study area
This study was conducted in a permafrost peatland in the north
of the Great Hing'an Mountains (52 560 32.40000 N, 122 510 23.20300
E, 473 A.S.L.) in Northeast China (Fig. 1). A branch of the Emuer
River runs along the southern border of the peatland. Hydrological
conditions of the peatland are mainly controlled by precipitation;
no stream source was observed during this study. Soil pore water
has a pH lower than 5, and the maximum active layer depth ranges
from 60 cm to 80 cm in September (Wang et al., 2010).
The peatland is approximately 800 m long in the east-west direction and 250 m long in the north-south direction and surrounded on all sides by forests. It is located in the cold temperate
zone with an ice-free period generally between May and October.

The mean annual temperature was 3.9 C during 1980e2009 with
a mean annual precipitation of 452 mm; 203 mm of this precipitation fell in July and August. January is the coldest month, while
July is the warmest. Mean air temperature in January and July


(1980e2009) was 28.7 C and 18.4 C, respectively (Song et al.,
2009).
2.2. Vegetation
Fifty percent of the peat surface is occupied by hummocks
covered with continuous moss and shrubs; sedge tussocks with
hollows cover the rest of the area. Deciduous shrubs (Betula fruticosa, Vaccinium uliginosum, Salix myrtilloide), evergreen shrubs
(Ledum palustre, Rhododendron capitatum, Chamaedaphne calyculata), sedges (Eriophorum vaginatum) and moss (Sphagnum capillifolium, Sphagnum magellanicum) are the dominant species at the
study site. Shrubs, sedges, and moss layer heights are 45e50,
30e33, and 10e12 cm, respectively. Above ground biomass (dry
weight) is averagely 400e600 g m2 (Meng et al., 2014; Miao et al.,
2012; Wang et al., 2010). Forests of Larix gmelinii and Betula platyphylla border the site; a few trees of the same species grow in the
site. The soil at the study site was a typical peat soil, with the peat
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Fig. 1. (a) The location of the experiment site (red triangle) on the map of China, (b) the approximate topography around the eddy covariance tower, which is marked as a red
triangle (the underlying map is obtained from Google Earth and the contour lines are calculated using the DEM data from SRTM with resolution of 90 m), (c) the ﬁeld picture of the
eddy covariance tower with a view towards south. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

layer ranging from 40 cm to 60 cm.

inserting a metal rod into the peat approximately once a week.

2.3. Instrumentation

2.4. Data processing

The open path EC system was established in 2014, and consisted
of a three-dimensional sonic anemometer (Windmaster Pro, Gill
Instruments, England), a CO2/H2O gas analyzer with its interface
unit (LI-7500A, LI-COR Biosciences, USA), and an open-path CH4
analyzer (LI-7700, LI-COR Biosciences, USA). The CO2/H2O analyzer
and CH4 analyzer were mounted at a height of 2.9 m above ground
surface; they were horizontally separated from the sonic
anemometer by 0.26 m and 0.72 m, respectively. All sensors were
calibrated before observation.
A micrometeorological measurement system was set 50 m
northwest of the EC system. It consisted of a data logger (CR1000,
Campell Scientiﬁc, USA), soil temperature sensors (QT109, Campell
Scientiﬁc, USA), soil moisture sensors (CS616, Campell Scientiﬁc,
USA), a platinum resistance thermistor & humidity sensor (HMP
45AC, Vaisala, Finland) with a radiation shield and a precipitation
gauge (S-RGB-M002, Onset Computer Corporation, USA). Soil
temperature and moisture sensors were mounted at peat depths of
0.05, 0.1, 0.15, 0.2, 0.4 and 0.6 m below the surface.
EC measurements were made during the growing seasons of
2014 and 2015. Eddy covariance data were collected at 10 Hz.
Supporting meteorological data were logged every minute, except
for soil temperature and volumetric water content, which were
logged every 15 min. Thaw depth was measured manually by

Raw data were processed by EddyPro v6.0 (https://www.licor.
com/env/products/eddy_covariance/eddypro.html). An averaging
time of 30 min was selected according to an ogives function which
was deﬁned as the cumulative integral of the ﬂux co-spectrum from
the small to the large frequencies (Foken et al., 2012). An averaging
period of 10 min was selected when revealing a single day's more
detailed ﬂux variation which was similar to Nadeau et al. (2013).
Ogives calculated on a typical sunny afternoon (07/08/2015
13:00e17:00) led to results for an averaging period of 10 min that
were not much different from 30 min. Sun et al. (2006) also found
the same results in cropland.
In each averaging period, raw data quality was checked statistically (Vickers, 1997) to detect and remove data under unrealistic
situations. These situations included spikes, low signal amplitude,
drop-outs, and outliers. The diagnostic output of LI-7700, i.e. the
relative signal strength indicator (RSSI), was used to ﬁlter out the
raw CH4 concentration data when LI-7700 was working poorly. In
this study CH4 data with RSSI lower than 20% was discarded. The
angle-of-attack correction for the sonic anemometer was applied
based on Nakai and Shimoyama (2012). A double rotation of the
coordinate was performed to ensure that the mean vertical and
cross-streamwise velocities were zero. Mean values of scalars were
removed by block averaging. Time lag caused by sensor separation
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was corrected using a covariance maximization procedure. High
frequency loss resulting from systemic setup such as sensor separation and inadequate sensor frequency response, was corrected
according to Moncrieff et al. (1997). Low frequency spectral loss due
to ﬁnite averaging time and detrending was implemented
following Moncrieff et al. (2004). The true cospectra estimation was
performed by using analytical cospectra formulations (Moore,
1986). In each average period, the low-pass and high-pass transfer functions were speciﬁed to evaluate response losses at different
frequencies. Then ﬂux attenuation was estimated by converting the
observed ﬂux cospectrum to the true ﬂux cospectrum. Under most
(79.3%) circumstances, less than 20.0% were added to the calculated
ﬂux via spectroscopic correction while on average 19.9% were
added to calculated ﬂux. Air density changes during the averaging
periods were compensated using WPL correction (Webb et al.,
1980), spectroscopic correction for LI-7700 CH4 analyzer was also
applied along with the WPL correlation to compensate spectroscopic effects in every averaging period.
Half-hourly ﬂuxes during sensor malfunctions were removed
ﬁrst. In 2014, the eddy covariance observation period was from June
5th to October 8th and a total of 3634 half-hourly ﬂuxes were obtained, which led to a data coverage of 60.6%. In 2015, the observation period was from May 11th to October 13th. A total of 5911
half-hourly ﬂuxes were obtained, which led to a data coverage of
79.6%. Previous studies in this region (Meng et al., 2014; Miao et al.,
2012) indicated that methane emissions were unlikely to be
outside the range of 0.04e0.20 mmol CH4 m2 s1, equivalent
to 2.30e11.52 mg CH4 m2 h1. The unit of CH4 ﬂux “mg CH4
m2 h1” is simpliﬁed as “mg m2 h1” and “mg CH4 m2 d1” is
simpliﬁed as “mg m2 d1” hereafter. It is the same with the unit of
CH4 seasonal emission that “g CH4 m2” is simpliﬁed as “g m2”.
Therefore, ﬂuxes outside this range were discarded. Nighttime CO2
ﬂuxes during a two-month period (2014/7e2014/8) were chosen to
determine the friction velocity (u*) threshold (Fig. 2) because CH4
emissions did not exhibited great variation (Gu et al., 2005). When
the number of grouped nighttime ﬂuxes was small, the average ﬂux
was easily inﬂuenced by extreme points, which led to the high
average ﬂux when u* is low. This phenomenon was also discussed
by Gu et al. (2005). Therefore, the u* range of 0e0.02 m s1 (equal
to 0.4% of all points) was eliminated from analysis as was the range
of u* > 0.25 m s1 (equal to 2.8% of all points). High variation in the
average of the grouped ﬂux was found when u* was above
0.16 m s1 (grey rectangle in Fig. 2). This was also caused by the
limited ﬂux numbers in each average group. Despite the drawbacks,
the average ﬂux increased along with the u* until it tended to level
off and be independent of the u* at around 0.1 m s1. Besides, the

nighttime CO2 ﬂuxes were randomly distributed along with air
temperature (R2 ¼ 0.05) which meant nighttime CO2 ﬂuxes is independent of air temperature. Therefore the u* threshold was
determined to be 0.1 m s1. Then the ﬂuxes with u* < 0.10 m s1
were removed because they reﬂected insufﬁcient turbulence (Iwata
et al., 2015). The total coverage of the initial ﬁltered ﬂuxes in 2014
and 2015 was 43.2% and 62.9%, respectively.
However, high variations in methane emissions still exist in this
ﬁltered eddy covariance dataset which could potentially conceal
the relationship between methane emissions and controlling factors. To reveal methane emission patterns and the internal relationships between methane ﬂuxes and controlling factors, several
strict ﬁltering criteria such as footprint estimations and stationary
test were applied. These ensured that the most ideal observation
conditions were satisﬁed and that the most accurate methane
ﬂuxes were obtained. Footprint estimations were carried out based
on Kljun et al. (2004) and ﬂux quality was determined based on
Foken et al. (2004) using a 1e9 ﬂag system (ﬂag 1 was of best
quality while 9 of the worst). The ﬂuxes for seasonal emission estimates were ﬁltered using acceptance criteria which was 90% fetch
did not overlap the non-peatland area. Furthermore, to avoid the
disturbance around eddy tower, ﬂuxes with a maximum contribution at a distance of less than 10 m were also removed. Then, only
ﬂuxes with good quality ﬂag (1 and 2) based on Foken et al. (2012)
1e9 system were retained. In each period (deﬁned in Chapter 3.1),
ﬂux outliers that exceed three times the standard deviations were
discarded. These ﬁnal screened data covered 18.9% of all observation periods in 2014 and 26.8% in 2015.
2.5. Data utilization
Fig. 3a and Fig. 3b show preliminary ﬁltered half-hourly ﬂuxes
and strictly ﬁltered half-hourly ﬂuxes, respectively. Within each
averaging period, the calculated footprint may extend beyond the
area of interest, or environmental conditions may change signiﬁcantly. Therefore, half-hourly ﬂuxes were still scattered though
they were ﬁltered using absolute limits and friction velocity
thresholds. Spikes were effectively detected and removed through
the strictly ﬁltering using footprint estimation and turbulence
stability evaluation. However, the number of accepted ﬂuxes also
concurrently decreased (Fig. 3b). Although the numbers of halfhourly ﬂuxes observations decreased as a consequence, the data
quality was improved. July 25th was subjectively selected to divide
the growing season into two periods (periods I and II) as methane
emission patterns differed signiﬁcantly between the two periods.
The strictly ﬁltered ﬂuxes were used to reveal diurnal and
spatial variations because of their higher quality and accuracy. The
correlations between ﬂux and the controlling factors were detected
using these strictly ﬁltered ﬂuxes as well. However, when converting half-hourly ﬂuxes to daily ﬂuxes then estimating seasonal
methane emission, not enough daily ﬂuxes were obtained using the
strictly ﬁltered ﬂuxes in the growing season of 2014. This resulted
in an overestimation when estimating seasonal budgets. Under this
condition, the initial ﬁltered ﬂuxes were utilized during both
growing seasons. Seasonal budget was calculated separately using
the initial and strictly ﬁltered data of 2015. The difference of the
seasonal budget estimates was less than 1%.
2.6. Seasonal budget estimation

Fig. 2. The relationship between the nighttime CO2 ﬂux (þ/ s. e.) and the friction
velocity (u*). The bars represent the coverage of methane ﬂuxes in 0.02 m s1 increments. The group with u* > 0.25 m s1 and standard errors exceeding axes range
were not displayed in plot.

After strictly ﬁltering, limited but high quality half-hourly ﬂuxes
were obtained. This helped to gain a better understanding of the
relationship between ﬂuxes and controlling factors. However, as
discussed below in Section 3, methane ﬂuxes exhibited great
temporal and spatial variations, thus it is difﬁcult and inaccurate to
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Fig. 3. (a) Time series of the half-hourly CH4 ﬂuxes; (b) time series of the strictly ﬁltered half-hourly CH4 ﬂuxes.

validate a predicting equation directly using half-hourly ﬂux data.
Instead, daily methane ﬂuxes were used to quantify the relationship between CH4 emissions and environmental controlling factors.
Since nighttime ﬂuxes varied greatly and did not meet the
ﬁltering criteria, days with more than 12 half-hourly daytime ﬂuxes
after preliminary ﬁltering were used to calculate daily emissions.
However, if daily ﬂux was estimated using the average or the median value of the ﬁltered data for a single day, an overestimation
occurred when nighttime emission was not as high as daytime
emission. Therefore, the nighttime ﬂuxes (from 18:00 to 6:00 a.m.
next day) were compensated for by the overall median methane
emission within each period (2014: Period I - 0.1500 mg m2 h1,
Period II - 0.0262 mg m2 h1; 2015: Period I 0.0365 mg m2 h1, Period II - 0.2828 mg m2 h1). The daytime
(from 6:00 a.m. to 18:00) ﬂux was calculated using the median
value within this period. The daily emission was then calculated by
adding the daytime emission and the nighttime emission. The
relationship between daily CH4 ﬂuxes and environmental factors in
each independent growing season were then examined. Seasonal
budget was estimated according to a promoted statistical model
validated in Section 3.4.5.

active layer thawed (Fig. 4b), indicating the seasonal variation
across the full soil proﬁle (5e60 cm). Above 30 cm depth, soil
saturation was variable and not fully saturated at times, while the
soil was always fully saturated below 30 cm depth. The water
saturated soil of the upper (0e15 cm) and deeper soil layers
(15e60 cm) had a volumetric water content of 80% and 60%,
respectively. As the active layer thawed, soil ice turned into liquid
water and the soil water content steadily increased to the layer's
saturation point (Fig. 4c). The maximum thawing depth occurred in
late September each year and reached 60 cme80 cm deep, with a
thawing speed of approximately 0.46 cm d1 (Fig. 4d).
The dominant and secondary wind direction was northeast and
southwest, respectively (Fig. 5a). Most of the wind from the eastnortheast direction was at a low speed (<1.5 m s1) and occurred
at nighttime. As a result, after strictly ﬁltering, most of the accepted
half-hourly ﬂuxes occurred when winds were from westsouthwest, with speeds of 1.5e3.5 m s1 (Fig. 5b). Less wind
came from the southeast and northwest directions, meaning that
fewer strictly ﬁltered half-hourly ﬂux value were obtained under
these wind directions.
3.2. Daily variations of methane emission

3. Results and discussion
3.1. Environmental conditions
Mean air temperature during the 2014 and 2015 growing sea

sons was 12.75 C and 13.00 C, respectively. In May and June, mean
air temperatures were higher in 2014 (11.54  C for May and 16.07  C
for June) than in 2015 (9.08  C for May and 14.38  C for June). The
mean air temperature of all other months was lower in 2014 than in
2015. Total precipitation for the growing seasons of 2014 and 2015
was 236.9 and 333.0 mm, respectively, lower than the 30-year
mean precipitation of 385.4 mm.
A heavy rainfall event occurred from July 25 to 27, 2015 with a
total amount of 92.8 mm (Fig. 4a). The heavy rainfall event corresponded with abrupt change point of deep layer temperature
curves, indicating that rainfall in mid-summer accelerated permafrost thawing. This ﬁnding was consistent with Kokelj et al. (2015),
who found that precipitation could affect ice thawing. Only the
temperature of the upper soil layer (0e15 cm depth from the top of
the moss layer) varied signiﬁcantly on a daily basis; the maximum
daily mean temperature in the upper layer (0e15 cm) was observed
in July in both 2014 and 2015.
The soil temperature in the deep layer increased slowly as the

Strictly ﬁltered ﬂuxes were screened to reveal daily variations.
Due to insufﬁcient turbulence exchanges, most nighttime and early
daytime methane ﬂuxes could not pass the strict ﬁltering. Consequently, the remaining values did not represent the actual diurnal
variation patterns of the CH4 emissions, because most available
values (Fig. 6) were collected in the daytime (6:00 a.m. to 18:00).
Taking the poor quality of the nighttime data in period I of 2014
into consideration, the CH4 emissions ranged from 0.13 to
0.44 mg m2 h1 with two CH4 emission peaks, one occurring
around 10:00 a.m. and another one around 14:00 p.m. (Fig. 6a). In
period II of 2014, methane emissions stayed high (above
1.5 mg m2 h1) between 9:00 a.m. and 15:00 p.m. with one
emission peak (2.16 mg m2 h1) at 12:30 (Fig. 6b). In period I of
2015, a few negative CH4 ﬂuxes were observed and the ﬂux
magnitude ranged from 0.05 to 0.14 mg m2 h1; no diurnal peak
was observed in this period (Fig. 6c). In period II of 2015, only one
emission peak of 0.56 mg m2 h1 occurred at 9:30 a.m. (Fig. 6d).
Daytime variability was observed in period II of both growing
seasons. In period II of 2015, although the overall mean ﬂuxes
displayed diurnal variation clearly, the ﬂux points of a single day
(09/08/2015 as an example) could be of wide swings (Fig. 7a). Due
to the relatively high emission rate in the same period of 2014, the
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Fig. 4. Environmental conditions during the growing seasons. (a) Daily mean air temperature and daily precipitation; (b) daily mean soil temperature at different soil depths; (c)
daily mean soil volume water content at different soil depths; (d) measured thawing depth marked as solid points.

Fig. 5. (a) Half-hourly wind speed (m s1) and direction distribution of all data segments; (b) ﬁltered data segments for analyses and regressions.

diurnal variation in one speciﬁc day (04/08/2015 as an example)
was more clear (Fig. 7b). When wind direction kept stable (07/08/
2015 as an example), a diurnal cycle was observed although ﬂuxes
were quite small (Fig. 7c). When the wind direction changed
signiﬁcantly from southwest to northeast at noon on 25/08/2015,
the methane ﬂux decreased at the same time which resulted in a
more ambiguous diurnal cycle (Fig. 7d).
Eddy covariance observations from peatlands also showed signiﬁcant diurnal methane emission cycles (Hommeltenberg et al.,
2014; Long et al., 2009; Song et al., 2015). In these studies, a daily

methane ﬂux cycle was more apparent in the mid-summer and less
apparent at the beginning and at the end of a growing season.
Results from our study differed, in that apparent diurnal cycle
occurred in August and September, after mid-summer. Other
studies found no daily variations during any period (Iwata et al.,
2015; Nadeau et al., 2013; Rinne et al., 2007).
In summary, when methane ﬂuxes were large enough, diurnal
emission patterns were easily detected. Conversely, when methane
ﬂuxes were relatively low, with high uncertainty, the changing
microclimate conditions and high spatial variation masked daily
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Fig. 6. Diurnal variation pattern of methane ﬂuxes. Error bars represent the standard error of the mean. Bars indicate the percentage of available half-hourly ﬂuxes in each period;
total days were counted when at least one half-hourly data segment was available. The number of total days in (a) period I of 2014, (b) period II of 2014, (c) period I of 2015 and (d)
period II of 2015 was 51, 44, 67 and 74 days, respectively.

Fig. 7. Diurnal variation pattern of methane ﬂuxes for speciﬁc days. (a) 08/09/2014 and (b) 04/08/2014 serve as examples in a single day of period II. A 10-min averaging period was
selected as the averaging period to show more detailed variations within one day in (c) 07/08/2015 and (d) 28/08/2015. The black line in the two graphs represents wind direction
(clockwise degrees separated from the north).

emission patterns in the northern peatland ecosystem, even
assuming such a daily cycle existed (Hommeltenberg et al., 2014;
Kowalska et al., 2013). Strictly ﬁltering the calculated half-hour
ﬂuxes was very important when methane ﬂuxes were relatively
low.
3.3. Seasonal and spatial variability of methane ﬂux
In 2014, the median values of the strictly ﬁltered CH4 ﬂuxes in
June, July, August, and September were 0.31, 0.34, 1.50 and
1.76 mg m2 h1, respectively. The CH4 ﬂuxes in June and July were
much lower than those in August and September. More than 75% of
the ﬂuxes were above zero (Fig. 8a). Methane ﬂux in May and June
of 2015 was negligible. The average ﬂux of May did not signiﬁcantly
differ from zero (p ¼ 0.91, not shown in plot), and the median ﬂux of
each month from May to October was 0.01, 0.05, 0.15, 0.33, 0.50
and 0.36 mg m2 h1, respectively (Fig. 8b). Relatively large
methane emission rates were found in period II of both 2014 and
2015, with concurrently broad inter-annual variations. Daily
methane emissions showed the same trend (Fig. 8c and d).
The dominant wind directions in our study area were northeast
and southwest (Fig. 5a). As a result, more data points of these
directional sectors were included in the analysis. Within the wind
direction of 60 (300 ) ~ 60 , CH4 ﬂuxes were relatively low
(p < 0.01), however, CH4 ﬂuxes in the wind direction of 90 e210

were relatively high during period II of both years (Fig. 9). Low
emissions, even negative ﬂuxes, were observed in period I of 2015.
Inversely, the ﬂux in dominant wind direction was signiﬁcantly
large during the same period.
The spatial variation of the methane emissions can be explained
by the local topography, which caused differences in hydrology
regime and vegetation type. The terrain around the ﬂux tower
sloped from the northeast towards the southwest (Fig. 1c). Consequently, conditions were dryer to the northeast and wetter to the
southwest. Because the ﬂuxes with wind from the northwest and
southeast were in low frequency range, dry and wet sectors were
deﬁned as 330 (30 ) ~ 90 and 150 e270 , respectively. The
methane ﬂux from the wet sector, to the southwest of the tower,
was signiﬁcantly higher than that from the dry sector (Fig. 10). This
is consistent with results of other studies (Iwata et al., 2015;
Olefeldt et al., 2013).
3.4. Methane emissions and environmental conditions
3.4.1. Water table level
As water table was not recorded during this study, a previous
study was used as a reference. Miao et al. (2012) recorded seasonal
changes of water table depth during the growing season of 2011
and 2012 within this study site. Water table dropped in the ﬁrst half
of growing season and then rose in the second half, with the lowest
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Fig. 8. Seasonal variations in methane ﬂux. The box is deﬁned by the lower and upper quartiles, and the line in the center of the box is the median. Whiskers show the minimum
and maximum values. Points reﬂect calculated daily methane emissions. The x-axis of (c) and (d) represent Julian day of each growing season.

Fig. 9. Distribution of half-hourly CH4 ﬂuxes, according to wind direction (x axes), labels on x axis indicate degrees from north. Whiskers show the minimum and maximum values.
The box is deﬁned by the lower and upper quartiles, and the line in the center of the box is the median. Bar charts represent the number of half-hourly ﬂux values in each period: (a)
Period I of 2014, (b) period II of 2014, (c) period I of 2015 and (d) period II of 2015.

level appearing in July. Based on soil water content at different soil
depths (Fig. 4c), the water content at 40 cm depth remained

constant, and water content at 20 cm depth was saturated across
almost the entire growing season. This indicates that the water
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Fig. 10. Averaged (þ/ s. e.) methane ﬂuxes from the dry and wet sectors around the eddy covariance tower with an averaging time of seven days. The date format is dd/mm on the
x axis.

table ﬂuctuated between 0 and 20 cm below the ground surface,
except for a short period in August. We didn't ﬁnd any relationship
between the water table and CH4 ﬂux which was similar with
Hargreaves and Fowler (1998). When water table was relatively
high (e g. in June and September), methane emission was either
high (in September) or low (in June).
Factors other than water table, such as plant phenology, soil
temperature and solar radiation were changing simultaneously.
Therefore, the regression between water table depth and methane
ﬂux did less help to determine the inﬂuence of water table. Water
table is merely a factor that determined anaerobic volume, our
study agrees with others in concluding that a relatively high water
table level is an essential requirement to create anaerobic conditions for methanogens (Bubier et al., 1998; Hargreaves and Fowler,
1998; Rinne et al., 2007).
3.4.2. Thawing depth
The thawing depth consistently increased as the growing season
progressed and it determined the lower boundary of the anaerobic
conditions because of the existing continuous underlying permafrost. Seasonal thawing of the active layer is believed as a key
regulator of CH4 exchange in boreal peatlands (Iwata et al., 2015;
Olefeldt et al., 2013) and arctic tundra (Kim, 2015). Due to variations in vegetative cover, the thawing depth was not the same
across our study area. However, there was a signiﬁcant correlation
(R2 ¼ 0.72, p < 0.01 in 2014 and R2 ¼ 0.75, p < 0.01 in 2015) between
the linearly interpolated thawing depth and the daily mean strictly
ﬁltered methane ﬂuxes. The increasing depth of activity layer
expanded the anaerobic volume. Meanwhile, the peat temperature
in the deep layer (deeper than 15 cm) increased as thawing
occurred. Both of these factors can enhance the methanogenic activity and could explain the higher CH4 ﬂuxes in the growing season
(Fig. 8).
3.4.3. Peat temperature
Peat temperature below 20 cm depth correlated best with the
daily mean strictly ﬁltered methane ﬂux (Table 1). This ﬁnding was
consistent with Rinne et al. (2007), who found that peat temperature at a depth of 35 cm was the most highly correlated of all
environmental factors with the daily average methane ﬂux. Peat
temperature below 20 cm depth is determined by seasonal thawing
of the active layer and water exchange across the whole growing

Table 1
Correlation coefﬁcients of linear regression analysis comparing methane ﬂux (based
on natural logarithm) and environmental factors.

FCH4

2014
2015

Ts20

Ts40

Ts60

0.7782
0.5992

0.7519
0.6368

0.7408
0.6375

An offset of 0.35 mg m2 h1 was added to the 2015 methane ﬂux to ensure that the
values were positive before logarithmic transformation. Ts20, Ts40 and Ts60 correspond with soil temperature at 20, 40 and 60 cm depth. Statistical signiﬁcance was
below a P-value of 0.01.

season. The continuous moss layer in most northern peatlands
provides a buffering effect, with low thermal conductivity, and
could isolate the air and soil.
Our study's deep layer temperatures (e g. highest temperature
of 3.3  C at 20 cm depth in 2015) were very similar to those found at
sites in Siberia and Alaska (Iwata et al., 2015; Nakano et al., 2000).
According to Rinne et al. (2007), in Southern Finland (61 500 N), the
highest temperature at 35 cm depth was approximately 15  C. The
presence of permafrost effectively reduced deep layer (>15 cm)
temperatures. Even during late summer, when peat temperatures
of all proﬁles were at their highest, they remained far below the
optimum temperature for methanogens (25  C).
An exponential equation form has been widely applied to
explain the fundamental dependence of soil microbiological activity on temperature (Conrad et al., 1989; Kim et al., 1999). As
methane production is a series of microbial activities, the relation
between peat temperature and methane ﬂux (Table 1) is likely to be
exponential (Fig. 11). However, methane ﬂux slowed down in late
summer even though temperature was still increasing. This indicates that the deep layer peat temperature was not the only
constraint on methane ﬂuxes.
3.4.4. Vegetation
Within our study site, the vegetation community was dominated by shrub-mosses and Eriophorum. One plant manipulation
experiment found that clipping the Eriophorum could reduce
methane emissions by more than 70% (Miao et al., 2012). An in-situ
moss removal experiment had less impact on CH4 ﬂux at our study
site (Meng et al., 2014), although a similar experiment demonstrated a signiﬁcant amount of methane oxidation at another Canadian peatland (Basiliko et al., 2004). In our study site, the
vegetation distribution has not been plotted. Although we assumed
that topography related vegetation difference might explain the
spatial variability of methane emission, we did not ﬁnd any solid
evidence.
Vegetation is an important factor inﬂuencing peatland methane
emissions (Lai, 2009). Plant root exudates and ﬁne litter are easily
decomposed by fermentation microbes, forming the methanogenesis substrate (Conrad, 1999; Large et al., 2009). Vascular plants
with aerenchyma can transport methane; this occurs because of
pressure gradients in different plant parts (Brix et al., 1996;
Joabsson et al., 1999). Plant mediated transport is known as a
dominant pathway in northern peatlands (Christensen, 1993;
Frenzel and Rudolph, 1998; Sorrell and Boon, 1994). Nisbet et al.
(2009) found that methane dissolved in soil pore water could
also be emitted via plant evapotranspiration, regardless of whether
there were aerenchyma tissues. This is consistent with Long et al.
(2009), who found the diurnal pattern of CH4 ﬂux was strongly
positively correlated with latent heat ﬂux.
If vegetation signiﬁcantly inﬂuenced CH4 emissions at our site as
above, then diurnal variation of CH4 ﬂux should be more apparent
because plant activities are closely connected to rapidly changing
factors such as photosynthetically available radiation (PAR), air
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Fig. 11. Regression between daily methane ﬂux and 40 cm deep peat temperature in two separate years. The ﬁtted lines were determined using non-linear, least-square regressions.

temperature (Ta), atmospheric pressure (P), soil heat ﬂux (Hs), vapor
pressure (Pvp) and rainfall events. Instead, we found that the inﬂuence of vegetation on CH4 ﬂux was not important. This may also
be the result of the low methane emissions as discussed in Section
3.3.

3.4.5. Model validation
A model based on Q10 theory (Equation (1) of Table 2) is often
applied to interpret the dependence of methane emissions on
water table and temperature (Bubier and Moore, 1994; Suyker et al.,
1996). Another model (Equation (2) of Table 2) proposes that
methane production and emissions are microbiologically induced
processes, with temperature having an exponential impact (Rinne
et al., 2007; Song et al., 2009, 2015). However, neither of the
models considers seasonal thawing and freezing processes. These
processes signiﬁcantly inﬂuence soil thermal and hydrological
conditions. Therefore, we tried to take them into account and
modify the commonly used statistical models for peat CH4
production.
Parameters with regular seasonal variations, such as root distribution and lower boundary temperatures of modeled soil proﬁles, have been interpreted as a function of the Julian day in some
process-based models (Jansson and Karlberg, 2010; Zhang et al.,
2002). We parameterized seasonal thawing and freezing similarly: as a combination of a term based on a nonstandard Gaussian
curve and a term based on a logistic curve (Equation (3) of Table 2).
According to Miao et al. (2012) and our observations, thawing
generally begins in early May; the maximum thawing depth occurs
around September 20th. Soon thereafter, the peat begins to freeze
and the upper layer (<15 cm) of the soil completely freezes within
20 days. Considering equation (3), the thawing depth can be
normalized and represented as a function of Julian day, and then
visualized (Fig. 12) with localized parameters (Table 2).
Although there was variability within a relatively small range,
the deep layer temperatures were strongly correlated with thawing
depth. This could indicate concurrent microbial activity (methane

production). Therefore, the 40 cm peat temperature (T40) was
selected as the indicator, and the exponential regression equation
(Equation (4) of Table 2) was applied to assess the inﬂuence of peat
temperature on methane emissions (Fig. 11). Table 3 displays the
parameters and performance of equation (4). With the relatively
low regression quality (R2 ¼ 0.43 in 2014 and R2 ¼ 0.67 in 2015),
this equation is inadequate to predict methane emission patterns.
By taking the seasonal thawing into account, equation (4) was
modiﬁed to equation (5) (Table 2). Table 3 and Fig. 13 show the

Fig. 12. Visualization of thawing depth term during the growing season. The points
indicate normalized ﬁeld observations of the thawing depth in this study and Miao
et al. (2012).

Table 3
Parameters and performance of equations (4) and (5) when interpreting the correlation between daily methane emissions and 40 cm depth peat temperature.

Equation (4)
Equation (5)

Year

a

b

R2

SSE

2014
2015
2014
2014M
2015

12.559
4.797
16.220
15.110
6.984

0.731
0.575
0.320
0.318
0.303

0.431
0.666
0.449
0.725
0.765

2346.2
720.7
2270.0
363.4
507.5

SSE represents sum of squared errors.
Table 2
List of equations.
Equation
TTref

F ¼ a$10bW $c
F¼

a$ebT

10

ðDDmax Þ2
0:5L2
th

Deﬁnition

(1)

a, b and c: parameters
F:methane emission rate;
W:water table; T: temperature;
Tref : reference temperature
a, b: parameters;
c: freezing speed constant (0.4595)

FCH
and: FCH4 : methane ﬂux
4

(2)

þc

Dthaw ¼ e

No.



cðDD


FCH
¼ a  ebT40
4

FCH4 ¼ a  Dthaw 

Þ

mf
e
cðDDmf Þ
1þe

(3)
(4)

ebT40

(5)

Dthaw : thawing item;
D: Julian day
Dmax : Julian day of maximum thawing depth (day 263 as a constant)
Lth : duration of thawing process (130 days as a constant)
Dmf : Julian day when peat was half-frozen (day 283 as a constant)

Parameter a represents methane emission potential, parameter b represents sensitivity of water table (in equation (1)) or temperature (in equations (2), (4) and (5)), parameter
c determines the minimum value of methane ﬂux.
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Fig. 13. Inﬂuence of 40 cm deep peat temperature and permafrost thawing on methane emission in two separated years. The X axis represents Julian day of a year; the Y axis
represents temperature at the depth of 40 cm; the Z axis represents daily methane emissions. One extreme point with high daily methane emission (40.2 mg m2 d1) in 2014 was
omitted.

regression between the daily CH4 ﬂuxes and the peat temperature
at the depth of 40 cm. Equation (5) was statistically more precise
than equation (4) in both years. The difference between the
observed and the predicted daily emission was deﬁned as residual,
positive values meant that observed daily emissions were higher
than predicted daily emissions. Most residuals (>90%) during 2015
were within ±5 mg m2 d1 while several points with relatively
large residuals (>10 mg m2 d1) existed in period II of 2014
(Fig. 14).
To examine the inﬂuence of these large residuals on the
regression, we performed the regression again after removing
these outliers with residuals >5 mg m2 d1. The results (2014M in
Table 3) demonstrated that those positive residuals could overestimate methane emission potential (Parameter a) by 7.3%. The
outliers did not show much inﬂuence on temperature sensitivity
(Parameter b in Equation (5)). However, this evaluation was based
on our existing data. Data in September and October were limited
because of system malfunctions, which could add more uncertainty. The temperature sensitivity of the two growing seasons
were similar and were comparable with Rinne et al. (2007), who
found that temperature sensitivity at a depth of 35 cm was
approximately 0.25  C1.
Statistically, the residuals should vary randomly and 5-day
moving average of the residuals is shown in Fig. 14. We found
that heavy rain events coincided with times when the residuals
began to increase. After increasing for several days, the residuals
tended to decrease again (including sunny, cloudy and drizzly
days). The curve will not align with the variation of water table
depth because the water table would rise immediately after heavy
rain events (Table 4). This lag could be explained by Brown et al.
(2014) who reported a hysteresis between the water table and
the CH4 ﬂux. This agreement indicates that soil hydrological

Table 4
The rain events displayed in Fig. 14.
Year

No.

Date (dd/mm)

Julian day

Precipitation (mm)

2014

1
2

7/7e8/7
29/7
31/7
3/8
8/8
24/8e25/8
21/6
25/7e27/7
29/8
8/9
30/9

188e189
210
211
216
220
236e237
172
206e208
241
251
273

49.2
21.4

2015

3
4
5
6
7
8

42.8
12.8
92.8
23.3
11
17.4

condition also contributed to methane emissions. Therefore, a
relatively low water table depth or a long period with no precipitation could restrict methane emission in mid-summer. As this
hysteresis was observed in the plot of residuals, the water table
variation had inﬂuenced methane ﬂux in a small magnitude at our
study site. The lack of water table measurements made it difﬁcult
for us to quantify this inﬂuence.
3.5. Growing season methane emission budget
An estimated 1.52 g m2 was emitted in the growing season of
2014 (143 days from May 19th to October 8th); a smaller amount of
0.71 g m2 was emitted in the growing season of 2015 (145 days
from May 18th to October 9th). These results were almost the same
(1.46 g m2 and 0.71 g m2 in 2014 and 2015, respectively) when all
daily ﬂuxes including the observed ones were predicted by the
obtained equation (5). Compared to ﬁeld observations in other

Fig. 14. Residuals distribution of the regression equation (5) along with Julian days in two growing seasons. Residuals were calculated as the difference between the observed and
the estimated value (a positive residual indicated that the observed daily methane emission was higher than the estimated value). The solid line represented the moving average of
the residuals in a window of 5 days. Number 1e8 indicated the time when heavy rain events occurred (Table 4).
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northern peatlands, CH4 ﬂux at our site was signiﬁcantly lower by
almost an order of magnitude (Table 5).
Our results were consistent with other studies of permafrost
peatlands (Iwata et al., 2015) and Siberian tundra (Christensen,
1993) at higher latitudes. Unlike European sites, which have
oceanic climate types with warmer and wetter winters, the typical
continental climate of the Great Hing'an Mountains creates dryer
and colder winters at the same latitude. The wide spread moss also
helps to reduce the summer peat temperature. This, in turn, keeps
methane production low. Moreover, the study site is poor in soil
nutrients (most carbon and nitrogen is in an organic form) and the
water supply of the peatland is limited; these conditions further
constrain methanogenic activity. Taken together, these conditions
make the permafrost peatland in the Great Hing'an Mountains a
weak source of methane. However, the area has the potential for
signiﬁcant methane emissions because of its large carbon storage
capacity and vulnerability to climate change.
3.6. The inter-annual variation of growing season methane
emission
The inter-annual variation in CH4 emission is seldom discussed
in literature. Some reports have found that high methane emissions
occurred in relatively warmer and wetter years (Iwata et al., 2015;
Olson et al., 2013; Tagesson et al., 2012). However, the results of our
study do not completely agree with these studies.
Growing season methane ﬂux at the same site from 2010 to 2015
(including our eddy covariance observation) were summarized to
explain the abnormal inter-annual variations (Table 6). We used
ﬂux ranges instead of absolute budget, because the static chambers
used by previous researches (Meng et al., 2014; Miao et al., 2012)
were only conducted in the area covered by shrub and moss. In the
growing season of 2013, when precipitation was almost double the
multi-year average, methane emissions were substantially higher.
During the growing season of 2014, there was only 236.9 mm of
rainfall, but methane emissions were considerably higher than in
2015 both in terms of the maximum daily ﬂux in late summer and
the overall average ﬂux across the whole growing season.
A hypothesis based on previous in-situ methane emissions is
that seasonal permafrost thawing and freezing may play an
important role in controlling methane emissions. At the end of a
growing season, the top layer of the soil typically freezes before the
deep layer. This isolates the soil from the atmosphere. CH4 may be
generated in the subsurface but not be released. We have observed
high pore-water CH4 concentrations late in the growing season
(unpublished data). Further, a burst of CH4 from the permafrost
shortly after thawing is frequently observed. In such cases, most of

the released methane was present before thawing instead of originating during the thawing process (Rachel et al., 2011). Due to
permafrost, the soil then gradually thaws from the top layer to the
deep layer and the thawing process lasts during a whole growing
season. The existing methane stored in one speciﬁc layer will not be
released until the corresponding layer thawed.
The inter-annual variation of our site may be used as an
example. The precipitation of the growing season in 2013 was
substantially larger than the multi-year average, which led to
signiﬁcantly higher methane production and emission. Under these
conditions, it is likely that abundant CH4 was sealed in the frozen
active layer during late in the growing season of 2013. The abundant CH4 was gradually released during the thawing process in the
following year. Similarly, low methane production in 2014 because
of the drought could result in low methane emissions in 2015.
Growing season precipitation inﬂuences soil thermal and hydrological conditions, determining for example water table depth,
peat temperature and maximum thawing depth. More heat is carried to the deeper layers by inﬁltration than by thermal conduction
due to the low thermal conductance of the peat and the high efﬁciency of water inﬁltration. The heat carried to the deep layer
signiﬁcantly increases the temperature, and also promotes the
thawing of the bottom permafrost. This condition can stimulate
methane production processes, and contribute to a higher emission
rate. Without permafrost, however, the whole soil proﬁle would
melt in the spring and the trapped methane could be released
rapidly within several days. This could explain the spring pulse of
CH4 emissions in some temperate and boreal wetlands that do not
have underlying permafrost (Song et al., 2012).
With simple environmental parameters such as air temperature
and precipitation, process-based geochemistry wetland models
and multiyear regressions can be used to simulate deep layer
temperatures. However, with existing data, it is difﬁcult to evaluate
the inter-annual variability and predict the CH4 emission potential
for a speciﬁc year. The relationship between methane emission
potential and growing season precipitation is also difﬁcult to ﬁgure
out. Therefore, further observations of CH4 emissions and carefully
planned experiments such as isotope labeling and intact frozen
peat core melting experiments were needed to validate our
hypothesis.
4. Conclusions
This study focused on interpreting methane emission patterns
and their controlling factors in a permafrost peatland of the Great
Hing'an Mountains, Northeast China. The open-path eddy covariance method and meteorological observations were made during

Table 5
Reviews of methane emission budgets in several northern wetlands (sorted by latitude).
Measuring method Methane budget (g CH4 m2) Period

Location

Latitude Wetland type

Eddy covariance
Static chamber
Static chamber
Static chamber
Static chamber
Eddy covariance
Eddy covariance
Eddy covariance
Eddy covariance
Eddy covariance
Automatic chamber
Static chamber
Gradient method
Eddy covariance
Eddy covariance

The Great Hing'an Mountains, China
Central Canada
Minnesota, the U.S.
Minnesota, the U.S.
Glencar, Ireland
Northern Quebec, Canada
Southern Finland
Alaska, the U.S.
Alaska, the U.S.
Northern Sweden
Northern Sweden
Alaska, the U.S.
Alaska, the U.S.
Lena River Delta, Russia
Zackenberg, Greenland

52 560 N
45 040 N
47 320 N
48 N
51 550 N
53 400 N
61 500 N
64 420 N
64 520 N
68 200 N
68 220 N
68 380 N
69 100 N
72 220 N
74 280 N

0.71e1.52
1.633
20e39
9.3e21.4
3.3e13.0
4.4
12.6
4.98
0.48e0.72
24.5e29.5
0.17e12.1
0.067e8.83
2.40e6.18
3.15
5.0e7.1

May to October
May to October
June to October
June to September
One year
June to September
One year
April to September
May to October
One year
June to September
One year
June to August
One year
May to October

Reference

Oligotrophic bog
This study
Swamp
Roulet et al. (1992)
Forested peat bog and fen Dise (1993)
Bog and fen
Chasar et al. (2000)
Blanket bog
Laine et al. (2007)
Bog
Nadeau et al. (2013)
Oligotrophic fen
Rinne et al. (2007)
Permafrost peat bog
Euskirchen et al. (2014)
Permafrost peat bog
Iwata et al. (2015)
Mire
Marcin et al. (2010)
Mire
B€
ackstrand et al. (2008)
Tundra
Christensen (1993)
Tundra
Harazono et al. (2006)
Tundra
Wille et al. (2008)
Fen
Tagesson et al. (2012)
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Table 6
The range of daily methane emissions of the growing seasons and the corresponding total precipitation of the study site during 2010e2015.
Year

2010

2011

2012

2013

2014

2015

Precipitation in growing season(mm)
Measuring method
Daily Methane emission (mg m2 d1)
Reference

325.9
Static chamber
0.5e12.2
Miao et al. (2012)

496.2

347.1

621.4

333

0.5e32.4

0.5e13.2
Meng et al. (2014)

0.2e116.2

236.9
Eddy Covariance
1.8e40.2
This study

the growing season of 2014 and 2015. Strict ﬁltering criteria were
used to screen calculated half-hourly ﬂuxes, as more accurate data
provide improved insights on the emission patterns. Microclimate
data showed the inﬂuence of environmental factors on methane
emissions.
The strictly ﬁltered ﬂux results demonstrated that methane
emissions exhibited signiﬁcant seasonal variation, with higher
emissions present during the second half of growing seasons.
Approximately 77.9% and 85.9% of total growing season emissions
were released after July 25th of 2014 and 2015 respectively. More
distinct diurnal variations and trends were seen after July 25th of
each growing season. The daily methane exchange ranged from 1.8
to 40.2 mg m2 d1 in 2014 and from 3.9 to 15.0 mg m2 d1 in
2015. The total budget of the growing season of 2014 and 2015 was
1.52 g m2 and 0.71 g m2, respectively.
In addition to temporal variability, methane emissions also
exhibited spatial variability due to subtle differences in topography
that created drier and wetter areas. Wetter sectors emitted more
methane during most seven-day-average periods. Of all the
measured environmental factors, only temperature in the deep
layer (>15 cm) was signiﬁcantly correlated with methane emissions. We modiﬁed and applied an empirical model based on an
exponential temperature response to evaluate methane emissions
at our study site. The model's performance was improved when a
thawing term was added to the temperature response equation,
conﬁrming that the thawing process was a key factor as reported in
previous studies.
Although permafrost peatlands in the Great Hing'an Mountains
currently only emit small amounts of methane, emissions are expected to increase with higher temperature and more precipitation.
Further observations and experiments are needed to improve our
understanding of processes controlling methane production and
emission, given the vital nature of carbon-climate feedback in the
permafrost in the context of climate change.
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