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Abstract
The West Siberia Lowland (WSL) is one of the biggest wetland areas in high latitudes; however, measurements of gas fluxes from
WSL floodplain wetlands were absent. During 2015–2016, we made first effort to estimate methane emission from floodplain
using chamber method. Obtained fluxes varied greatly with medians from zero to 17.5 mgC·m−2·h−1. We found that observed
heterogeneity could be addressed for further upscaling by grouping the flux observations using a set of environmental parameters: i)
floodplain width (wide/narrow), ii) microtopography (elevated/depressed), iii) inundation during the measurements («wet»/«dry»).
We found that several classes could be easily merged basing on CH4 emission rates: i) flux median from both «wet» and «dry»
depressions of wide floodplains reached 4.21 mgC·m−2·h−1, ii) «wet» elevations within wide floodplains and all small «wet»
floodplains had lower flux of 1.47 mgC·m−2·h−1, iii) «dry» elevations within wide floodplains and all small «dry» floodplains had
the lowest median of 0.07 mgC·m−2·h−1. Besides the common factors which influence the methane fluxes, we also found extreme
methane emission during ten days after main water subsiding in Ob’ floodplain with further gradual decreasing of fluxes and
dispersions. We suggested that methane release could be triggered by abrupt hydrostatic pressure decrease induced by water
drawdown.
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Introduction

Riparian wetlands are unique environments due to their
spatial distribution in landscapes that are ecotones be-
tween the terrestrial and aquatic zones and corridors
across regions (Malanson 1993). The soil biogeochemis-
try in riparian wetlands regularly changes by seasonal
flooding and drying cycles. Particularly, methane produc-
tion from riparian wetlands by methanogenic archaea may
cause significant CH4 emissions to the atmosphere
(Stocker et al. 2013). In general, wetlands are considered
as the largest natural source of methane emission which
contributes for approximately 25% of the annual methane
fluxes to the atmosphere (Whalen 2005; Nahlik and
Mitsch 2010). Favorable environmental conditions in ri-
parian wetlands including, anoxic conditions and soil with
rich organic matter are optimal for methanogenic activity
(Bartlett and Harriss 1993; Segers 1998). Despite the the-
oretical understanding that highlights the role of flood-
plains in methane emission, modern estimates of riverine
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gas fluxes include only the main river channel in contrast
to the theoretical framework concerning the role of flood-
plains which is less developed (Cole et al. 2007). Much of
the uncertainty arises from the lack of field data, especial-
ly in the remote regions. For instance, seasonal flood-
plains of many high-latitude rivers are almost not present-
ed in studies on methane emission. The only large-scale
estimations of methane fluxes for the floodplains are con-
ducted for the Amazon region (Melack et al. 2004;
Ringeval et al. 2014).

Basin-wide estimate of annual methane emission is
complicated due to potential seasonality of methane emis-
sions caused by flow pulses and uncertainties in the areal
extent and variability of methane-producing environ-
ments. Seasonal fluctuations in the water table level
(WTL) may provoke ebullition due to hydrostatic pressure
drops (Schütz et al. 1989; Sharkey et al. 1991; Tokida
et al. 2007). This leads to high temporal heterogeneity
intensified by mosaic structure of sediments and
vegetation. According to Pulliam (1993) about 30% of
floodplain that was continuously inundated accounts for
more than 90% of the total floodplain CH4 emissions.

West Siberian Lowland (WSL) is one of the most
paludified region in the world experiencing accelerated
rate of climate change (Stocker et al. 2013). Ob’ is the
westernmost of the three great Siberian rivers that flow
into the Arctic Ocean and has a basin of about 2.97 ×
106 km2. Despite its great importance, field observations
of the methane fluxes in Ob’s domain were mainly fo-
cused on peatlands (Glagolev et al. 2011; Kim et al.
2011; Bohn et al. 2015) and lakes (Repo et al. 2007)
with no field measurements concerning floodplain area
to our knowledge.

The only available data comes from series of aircraft mea-
surements of CH4 concentration and turbulent parameters
made in 1993 over the middle taiga zone (Postnov et al.
1994). These data show that the methane flux under Ob’,
Irtysh and Konda Rivers was high and exceeded this over
treeless wetlands for an order of magnitude. Smaller rivers
tended to produce the same effect but not so pronounced.
However, the specified uncertainty of the calculated fluxes
decreases its applicability.

The present study was motivated by the need for a
systematic evaluation of temporal and spatial dynamics
of methane fluxes from West Siberian floodplains under
highly fluctuating water table levels. The specific objec-
tives were: i) to measure and analyze methane emission
rates using static chamber method from West Siberian
floodplains; ii) to classify floodplains based on their char-
acteristic elements for further upscaling of methane
fluxes, iii) to evaluate the contribution of different meth-
ane transport mechanisms from WSL floodplains (e.g.,
diffusion and bubble ebullition).

Materials and Methods

Methods

Flux measurements were made by using static chambers
(30 × 30 × 40 cm3) as it was described in (Sabrekov et al.
2014). Methane concentrations were measured by a gas chro-
matograph ‘Crystall-5000’ (‘Chromatec’ Co., Ioshkar-Ola,
Russia) with an FID and column (3 m) filled by HayeSep Q
(80–100 mesh) at 70 °C with nitrogen as a carrier gas (flow
rate 30ml min−1) or by a modified gas chromatograph HPM-4
(BChromatograph^, Moscow, Russia) having a flame ioniza-
tion detector of a chromatograph LHM-80 (BChromatograph^,
Moscow, Russia), 1 m stainless steel column (2.5 mm o.d.)
filled with Sovpol (80–100 mesh), at 40 °Cwith hydrogen as a
carrier gas (flow rate 5 ml/min). The loop volume was 0.5 ml
and the volume of injected sample was 3–4 ml. Each gas
sample from a syringe was analyzed three times; the mean
of the three concentrations was used for the flux calculation.
The gas chromatograph was calibrated with standard gases
(1.99 ± 0.01, 5.00 ± 0.01 and 9.84 ± 0.01 ppmv methane in a
synthetic air) prepared at the National Institute for
Environmental Studies, Japan. The R2 values for the linear
correlation between signal (area of peak) and concentration
in the standard were 0.998 and higher. The error of concen-
tration measurement (standard deviation as percent of the
mean of 6 to 10 daily repetitions of the standard) was typically
0.5% for the 1.99 ppmv CH4 standard. Units were converted
from ppmv to mgCH4 m

−3 using the ideal gas law. Methane
fluxes were calculated from linear regression with the weights
(Kahaner et al. 1989) for the chamber headspace CH4 concen-
tration versus measuring time.

At each site, the following environmental factors were
measured: water table level (negative values mean that water
stands above the surface), air and peat temperatures (at depths
of 0, 5, 15, 45 cm; in 2016 all substrate temperatures were
measured in water because of the flooding) by temperature
loggers ‘TERMOCHRON’ iButton DS 1921–2 (DALLAS
Semiconductor, USA), pH and electroconductivity by
Combo ‘Hanna 98129’ (‘Hanna Instruments’, USA).
Botanical descriptions were also made.

Surface water was sampled to analyze dissolved CH4 con-
centrations, during the chamber measurements.Water samples
were taken from a depth of 10 cm, then with intervals of 0.5 m
and from bottom waters (maximum depth was 2.5 m). Plastic
bottles of 50 and 100 ml were used for water storage; their full
volume was filled with water. To reduce methane oxidation,
samples were kept in refrigerator. Then, water samples of
20ml volumewere taken in the syringe and shaken vigorously
for 2 min with 20 ml headspace with known atmospheric CH4

concentration. CH4 concentrations in headspace gas were an-
alyzed in two replications in a field laboratory on a gas chro-
matograph as described above during the day after water
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sampling. Dissolved CH4 concentrations in water samples
were calculated with Henry’s law taking into account the tem-
perature dependence of solubility (Krasnov et al. 2015).
Simple gradient approach where difference between the actual
CH4 concentration in the surface water and CH4 concentration
in surface water in equilibrium with the atmosphere is multi-
plied on empirical exchange coefficient were used to calculate
diffusional fluxes according to Rasilo et al. (2015). The atmo-
spheric concentrations used in the calculations were the con-
centrations of CH4 in ambient air, sampled with polypropyl-
ene syringes at 1 m above the water surface during the cham-
ber measurements. For statistical analysis STATISTICA 12.5
(Dell Software, United States) was used.

Objects

First test site was located at the Ob’ River floodplain near
Khanty-Mansiysk city, Russia (Fig. 1; 61.08977°N,
69.45513°E). Ob’ River is a major river in West Siberia and
one of the longest rivers in the world. Due to the flat relief of
WSL, it has slow stream velocity and wide floodplain with the
river splitting into more than one arm. Water level usually
reaches minimum values in August until October; however,
rarely floodplain remained inundated until the middle of the
August, as it had been observed during 2015 summer period.

In 2015, measurement sites were situated at the Ob’ River
floodplain at the distance up to 100 m from forest edge. Water
levels were 20–40 cm above the soil surface at the beginning
ofmeasurements. During four days (fromAugust 13 to 17) the
water level dramatically dropped and the soil surface exposed
to the air. It was still water saturated and in some areas water
level still reached 5 cm above the soil surface. Further, soil
gradually dried up and areas of saturated soil constantly de-
creased. Spatial variability of the fluxes within local depres-
sions were represented by sites Ob.dep.1–3; local elevations
were represented by sites Ob.el.wet.1 and Ob.el.dry. Temporal
variability of fluxes were represented by two pairs of

measurement sites (Ob.ts.1–2 and Ob.ts.3–4; Bts^ – means
Btime series^, see Table 1 and Fig. 3) located at the distance
of 5 m from each other at the local depression. Within the
pairs, chambers were located at the distance of 1 m; measure-
ments within the pairs were carried out simultaneously.

In 2016, measurements within the Ob’ floodplain were
made at three sites: i) Ob.dep.4 represented local depression
within the small inundated channel covered by sedge vegeta-
tion and corresponded to the previously measured Ob.dep.1–3
sites; ii) Ob.dep.5 represented the center of expanse depres-
sion with water level about −250 cm (negative values means
that water is above the surface) without vegetation; iii)
Ob.el.wet.2 represented elevated area of floodplain during
the flooding period with water level of −70 cm and sedge
vegetation.

In addition, several measurements were made within rela-
tively narrow floodplains (up to 1 km of width). Test sites
Mu.wet.1–2 were located at the Mukhrino creek, a small trib-
utary of Ob’ river, which has a length of 10 km and a maximal
width of about 100–200 m. The river course has a size of
several meters when the water is low; after snowmelt all flood-
plain is inundated with water level up to 2 m. Test sites were
located at 1 km from the riverhead of the nearby peatland. All
measurements were made in June 2016 when water was high
after snowmelt.

Measurements were also carried out in two narrow flood-
plains in Tomsk region, Russia in August 2015. Test site
Sheg.dry was located at Shegarka River floodplain
(56.74137°N, 82.57743°E), at 15–30 m distance from the
main channel. Vegetation consisted of willow and sparse
shade-enduring plants. Test sites Bakch.wet.1 (in local depres-
sion) and Bakch.dry (in local elevation) represented the flood-
plain of Bakchar River tributary (56.95328°N, 82.50813°E).
Vegetation consisted of different sedges with the high projec-
tive cover. Bakch.wet.1 site experience prolonged inundation
during the growing season (WTL was from −20 to −10 cm);
test site Bakch.dry was not flooded (WTL was 40 cm).

Fig. 1 Test sites in middle (a) and south (b) taiga zone: 1 – Mukhrino
floodplain («Mu.wet»), 2 – Ob’ floodplain (2.1 – «Ob.dep.1–4»,
«Ob.ts.1–4», «Ob.el.wet.1», «Ob.el.dry»; 2.2 – «Ob.el.wet.2»; 2.3 –
«Ob.dep.5»), 3 – Bakchar floodplain («Bakch»), 4 – Yarya floodplain
(«Yarya»), 5 – Shegarka floodplain («Sheg»). Pink color represent

forests, dark blue – inundated floodplain depressed area, and light green
– non-inundated floodplain elevated area at the Fig. 1a. Ob.dep.1–5 sites
are located at the same depression; Ob.dep.1–4 represents its edge and
Ob.dep.5 – the central area
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In July–August 2016, WTL in Bakchar River tributary was
significantly higher than in 2015. Measurements were carried
out on test sites Bakch.wet.2 (WTL was from −15 to −40) and
Bakch.wet.3 (WTLwas from 10 to −40) that situated in local
depression and local elevation respectively. Test sites
Yarya.wet and Yarya.dry was located at Iksa river flood-
plain (56.90845°E, 83.06378°E, Tomsk region, Russia) at
1–5 m distance from the main channel and were charac-
terized by intermittent inundation during the growing sea-
son. Yarya.wet site was located in local depression and
Yarya.dry site – in local elevation.

Results

Spatial Variability of Methane Fluxes

Methane emissions fromWest Siberian floodplains are shown
in Table 1. Flux medians varied in two orders of magnitude,
from zero emissions at the driest environments to 17.5 mgC·
m−2·h−1 at the local depression within Ob’ floodplain.
Observed variability complicates basin-wide estimate of an-
nual methane emission due to unknown areal extent of eco-
systems with different flux rates. To manage such heterogene-
ity, we aimed at developing classification of floodplain struc-
tural elements based on their abundance and ecological roles.
Such a classification facilitates not only upscaling of methane
fluxes to the regional scale but also guides further field inves-
tigations in this region.

As a first step, the studied floodplains were grouped into
wide (about 20–30 km in our case) and narrow ones (about
tens and first hundreds of meters width). The floodplain width
may be used for generic prediction of hydrological regime,
geochemical conditions, and sediment type. There are only a
few large rivers inWest Siberia but they occupy vast areas and
can be more important at the regional scale compared to the
smaller ones. As a second step, wide floodplains were consid-
ered as a combination of elevated and depressed areas.
Depressed parts are characterized by hygrophilous vegetation
and higher silt content in sediments. They experience
prolonged inundation and the water level may reach several
meters above the surface during the flood events. After water
subsiding, soil may remain water saturated for a long period of
time. Elevated parts are inundated for a shorter time period;
afterwards the soil rapidly dries out due to the better drainage
and sandy sediments. Depressed and elevated parts may form
single flooded area during the flood. Unfortunately, these
structural elements cannot be clearly defined within narrow
floodplains. As a last step, measurement conditions were di-
vided into «wet» (WTL < 0) or «dry» (WTL > 0) depending
on the inundation level during each individual measurement.
In contrast to previous steps, «wet» and «dry» conditions

correspond to the temporal variability more than spatial ones;
they also highlight water level effect on methane fluxes.

This scheme including six types of environments was cho-
sen to represent all variety of West Siberian floodplain land-
scapes. However, when measured fluxes were distributed
among them, several classes were found to be similar in
CH4 emission rates: i) depressed «wet» and «dry» areas within
wide floodplains, ii) «dry» areas within narrow floodplains
and «dry» elevations within wide floodplains, iii) «wet» areas
within narrow floodplains and «wet» elevations within wide
floodplains. Therefore, these ecosystems were merged; final
classes and their methane emission rates are represented in
Table 2. The probability distribution functions of flux mea-
surements from each ecosystem type are shown in Fig. 2. This
observation highlights considerably high spatial variability of
methane emission especially from depressions within wide
floodplains, where a few rare but large emission events can
contribute significantly to the total emission rates.

The results of this analysis show that methane fluxes from
depressions within wide floodplains were highest reaching to
4.21 mgC·m−2·h−1 with interquartile range1 (IQR) of 5.17
mgC·m−2·h−1. However, emission rates were weakly connect-
ed to the water table level; in particular, there were only slight
difference between fluxes observed within «wet» and «dry»
depressions. It can be explained by the presence of constant
overwetting due to close position of underground waters or
water accumulation after precipitation periods. The results al-
so indicate that within elevations, inundated («wet») areas had
higher CH4 emission median of 1.47 mgC·m−2·h−1 with IQR
of 2.99 mgC·m−2·h−1, compared to not inundated («dry») –
0.07 mgC·m−2·h−1 with IQR of 0.26 mgC·m−2·h−1.

To verify the statistical reliability of the separation ecosys-
tems into three groups, we used the ANOVA to test differ-
ences in logarithmically transformed fluxes (initially distrib-
uted lognormally) between categories of ecosystems
(Table 2). The normality of the distribution was confirmed
using the Kolmogorov-Smirnov test. Since N were different
in categories, Tukey HSD for unequal N test was used. The
level of significance (P < 0.05) in pairs 1–2 (wide floodplains,
«wet» and «dry» depressions – wide floodplains, «dry» ele-
vations and small «dry» floodplains), 1–3 (wide floodplains,
«wet» and «dry» depressions – wide floodplains, «wet» ele-
vations and small «wet» floodplains) and 2–3 was 0.00022,
0.000024 and 0.00022 respectively.

Temporal Variability of Methane Fluxes

Time-series measurements started at Ob.ts.1–4 sites when wa-
ter table level was about the soil surface, just after main water
subsiding. Figure 3 shows changes in emission rates during
the measurement period and its relation to the water table

1 Simple difference between third and first quartiles
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level. Water table level was calculated as a mean value across
all sites that were measured on a certain day (e.g. WTL
17.08.2016 is a mean value across Ob.ts.1 and Ob.Ts.2).
First, we found sudden peak in emissions just after the main
water subsiding (13–17 of August) comparing to the flooding
period. Second, results indicated a drop of CH4 fluxes and
their dispersions to the end of the measurement period:

median was 5.89 mgC·m−2·h−1 for 14–24 of August and
3.51 mgC·m−2·h−1 for 28 of August. Only Ob.ts.1 showed
no clear dynamic (and low fluxes), maybe due to some local
features of sediments.

The temporal heterogeneity of fluxes among replications at
individual sites was extremely high due to the active ebulli-
tion. However, the averaged fluxes of the replicates resulted in

Table 1 Methane flux medians and corresponding environmental conditions for West Siberian floodplains (negative WTL means that water stands
above the surface)

Site Date Median,
mgC·m−2·h−1

IQR,
mgC·m−2·h−1

WTLmean, cm Na Temperature, °C

Tair T5cm T45cm

Wide river floodplain (Ob’ river)

Ob.dep.1 12.08.15 7.3 2.5 −33 4 18.2 18.2 16.7

Ob.dep.2 13.08.15 6.8 3.2 −34 6 20.4 20.3 16.2

Ob.dep.3 17.08.15 6.3 1.7 −1 4 18.4 15.3 14.9

Ob.dep.4 20.06.16 1.0 / 0.27b 1.0 / 0.01b −62 5 24.8 22.8 21.8

Ob.dep.5 20.06.16 3.8 / 0.12b 1.9 / 0.05b −250 6 24.8 22.8 21.8

Ob.ts.1 17–28.08.15 1.2 2.3 1 10 11.5 12.1 12.0

Ob.ts.2 5.0 16.9 −2 10 11.5 12.1 12.0

Ob.ts.3 19–28.08.15 6.4 14.9 −3 6 11.9 11.0 10.9

Ob.ts.4 17.5 20.2 −1 6 11.9 11.0 10.9

Ob.el.wet.1 12.08.15 0.7 1.4 −21 6 18.1 18.6 16.6

Ob.el.wet.2 20.06.16 1.2 1.9 −70 4 24.8 22.8 21.8

Ob.el.dry 28.08.15 0.3 0.0 100 2 11.6 9.4

Narrow river floodplains

Sheg.dry 07.08.15 0.0 0.0 100 15 15.1 16.2 15.7

Bakch.wet.1 14.08.15 1.8 2.0 −15 10 19.0 17.6 14,.0

Bakch.dry 14.08.15 0.1 0.1 40 3 19.0 15.5 13.5

Bakch.wet.2 21.07–7.08.16 8.9 6.4 −11 27 25.0 17.1 14.3

Bakch.wet.3 0.9 0.9 −27 20 28.2 17.0 13.8

Yarya.dry 22.7.16 0.5 0.5 25 8 21.6 18.7 14.4

Yarya.wet 6.2 6.8 −13 8 21.7 19.6 14.5

Mu.wet.1 19.06.16 0.4 / 0.13b 0.2 / 0.06b −150 6 26.4 23.2 28.8

Mu.wet.2 19.06.16 0.9 0.4 −100 6 26.4 23.5 22.4

a Number of measurement replications; b Diffusive CH4 flux and its uncertainty

Table 2 Spatial variability of
methane fluxes from West
Siberian floodplains

Ecosystem type Median,
mgC·m−2·h−1

IQR,
mgC·m−2·h−1

Na Sites

1 Wide floodplains, «wet» and «dry»
depressions

4.21 5.17 61 Ob.dep, Ob.ts

2 Wide floodplains, «dry» elevations
and small «dry» floodplains

0.07 0.26 30 Ob.el.dry

Bakch.dry, Sheg.dry,
Yarya.dry

3 Wide floodplains, «wet» elevations
and small «wet» floodplains

1.47 2.99 87 Ob.el.wet,

Bakch.wet, Mu.wet,
Yarya.wet

a Number of measurements
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more consistent emission dynamic patterns. In particular, the
differences in their rates remained relatively constant during
the measurement period with emission sequentially: Ob.ts.4 >
Ob.ts.3 > Ob.ts.2 > Ob.ts.1 (Fig. 3).

Dissolved Methane Concentrations

Diffusive methane fluxes were calculated for three sites using
concentration data (Fig. 4) and ranged from 0.12 to 0.27 mgC·
m−2·h−1 (Table 1). The total methane flux was measured by
static chamber, i.e. it included diffusion as well as ebullition
and plant-mediated transport. The highest total methane flux
and the lowest diffusive emission rate were found at the
Ob.dep.5 site. Contribution of diffusive flux to the total emis-
sion was only 3% while 97% of the flux should be considered
as ebullition since there were no vegetation at the Ob.dep.5
site. Oppositely, diffusive flux accounted for 30% atMu.wet.1
and Ob.dep.4 sites. At the same time, dissolved methane con-
centrations in bottom waters (10 cm above the sediments) was
substantially lower at Mu.wet.1 and Ob.dep.4 (11.1 and 7.9
mgC/m3, respectively) in comparison to Ob.dep.5 (98.1 mgC/
m3). Methane concentration in bottom waters was more than
10 times higher comparing to the surface layer at both

Ob.dep.4 and Ob.dep.5 sites; at the Mukhrino floodplain, it
was only 3 times higher.

Discussions

Comparison with Literature Data

Due to the lack of literature data, the direct comparison of the
fluxes obtained for the same climatic conditions is limited and
similar ecosystems are considered for the sake of comparison.
Concerning geographically the same area, overall flux range
well agrees with emission rates from nearby peatlands (−0.08
to 58 mgC·m−2·h−1; Sabrekov et al. 2011). Also, obtained
fluxes are generally within the range reported for other river-
ine wetlands all over the world (Table 3). Emission from
floodplains can reach the same level as in peatlands because
in floodplains anaerobic degradation of organic matter neces-
sary for methane production also occurs. Organic matter
comes from floodplain vegetation with addition from river
water during flooding (van Huissteden et al. 2005).
Anaerobic conditions are determined by high ground water
level (which is typical near terrace edge) and water income
during the flood. Floodplain sediments near terrace edge often

Fig. 3 Changes in emission rates during the measurement period and its
relation to the WTL in August 2015. WTL is a daily mean value across
the measured sites. Sudden peak in emissions was found after the main

water subsiding (13–17 of August) comparing to the flooding period
(before August 13). We also indicated a drop of CH4 flux magnitudes
and their dispersions at the end of the measurement period

Fig. 2 Probability density
functions of methane fluxes: blue
– «wet» and «dry» depressions of
wide floodplains, green – «dry»
elevations of wide floodplains
combined with small «dry»
floodplains, red – «wet»
elevations of wide floodplains
combined with small «wet»
floodplains
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consist of silt leading to low hydraulic conductivity and to
prolonged inundation after the flooding. Under these condi-
tions layer rich in organic matter formed in floodplain depres-
sions. The most similar high-latitude floodplains were studied
by van Huissteden et al. (2005) in arctic tundra where unusu-
ally high fluxes and variability were found. Authors suggested
that the latter was caused by higher primary productivity of the
floodplain vegetation, and enhanced supply of substrate for
methanogens from floodwater. Wang et al. (2006) carried
out measurements at freshwater marshes of the Xilin River,
Inner Mongolia with similar climatic conditions; they also
obtained very high emission rates, especially from organic
marshes. However, abovementioned studies stand apart from
other researches showing considerably lower CH4 flux rates.

Water Column Stratification

Surface water methane concentrations as well as the contribu-
tion of diffusive flux to the total emission at the Mu.wet.1 and
Ob.dep.4 sites are of the same order of magnitude with the
ones measured in wetland lakes within the same region (Repo
et al. 2007). However, diffusive flux was less pronounced at
Ob.dep.5 site. We suggest that strong insolation in the absence
of clouds as well as the low wind speed (1.5 m/s at 10 m
height) could result in the daytime stratification during the
measurements at Ob.dep.5 site. Probably, the stratification
was not stable and could be destroyed in the nighttime due
to the cooling of surface water (Ford et al. 2002). The water
depth at the Mu.wet.1 and Ob.dep.4 sites was considerably
lower (1m vs. 2.5m at Ob.dep.5 site) making stratification not
possible (Wetzel 2001). Measurements of dissolved methane
concentration confirmed the presence of stratification since
the CH4 concentration was 10 times higher in bottom waters
(10 cm above the sediments) at the Ob.dep.5 than at Mu.wet.1

and Ob.dep.4 sites. We also observed higher temperature gra-
dient at Ob.dep.5 site as another indicator of the water column
stratification.

Relevant Transport Mechanisms at Hot Moments
of Methane Emission

In most cases, obtained methane fluxes varied in the range of
units and depended on hydrological conditions and sediment
type. Additionally, spatial variations of the methane fluxes
were enormous and emissions varied 3 to 4 times despite the
fact that they were located at one meter from each other within
the pairs Ob.ts.1–2 and Ob.ts.3–4. On the other hand, fluxes
frequently changed during the consecutive measurements at
the same site that raises questions about the origin of such
variability.

Interestingly, similar emission patterns had already been
observed in the shallow taiga wetland lakes (Sabrekov et al.
2013) and such variations were attributed to the active ebulli-
tion, and the evidence suggested that variability was highest
when the measurements were conducted from the portable
«bridges». In that study, the usage of boat resulted in less
variable and more consistent fluxes (Sabrekov et al. 2013),
because they excluded soil disturbance, while bridges created
a risk of artificial bubbling. We suggest the same effect to be
observed at Ob.ts.1–4 sites where only portable «bridges»
were used in comparison to measurements from the boat at
Ob.dep.4–5 and Ob.el.wet.2 sites. Our observations showed
that many bubbles were emitted during the chamber in-
stallation process. Panikov’s test2 also provided additional
supportive results for the presence of bubbles in the study
sites. Unfortunately, soil disturbance during the

2 forced disturbance of wetland surface to reveal the presence of bubbles in the
sediments

Fig. 4 Dissolved methane
concentrations profiles for
Mu.wet.1 (a), Ob.dep.5 (b),
Ob.dep.4 sites (c). Bottom is
10 cm beneath the deepest point
of concentration measurement
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measurements limited the study, since the water table lev-
el was too low to use a boat. However, measurements
from «bridges» at Ob.dep.1–3 sites, showing much lower
fluxes rates, suggest that besides «bridges» other factors
may also play a role here.

Apparently, soil disturbance may be the factor for high
fluxes and their variability only when sediments contain large
amount of methane trapped as gas bubbles. We hypothesize
that gas bubbles were accumulated during the inundated peri-
od when the gas diffusion rate was limited due to the high
water saturation of sediments with high silt and mineral con-
tents. In addition, low methane solubility (2 orders of magni-
tudes smaller than CO2 solubility) and high hydrostatic pres-
sure also contributed to bubble formation and accumulation.
Actually, measurements of dissolved methane concentration
in sediments at nearby sites in June 2016 revealed more than
10 times higher CH4 concentration compared to it in the water
column. Observed heterogeneity of fluxes could be
corresponded to different ebullition rates due to the local dif-
ferences of geochemical conditions, bulk density, vegetation
cover, organic content, etc.

Another interesting CH4 flux pattern was related to the
temporal dynamic at Ob.ts.2–4 sites where unusual high
fluxes had been observed during ten days after main water
drawdown (13–17 August) with further gradual decreasing
of emissions and their dispersion (Fig. 3). We suggested that
methane release was triggered by abrupt hydrostatic pressure
decrease induced by water drawdown. It has been shown that
CH4 flux changes by 2 orders of magnitudes within a matter of
tens of seconds owing to the release of free-phase CH4

(Tokida et al. 2007). The evidence suggested that the threshold
concentration of dissolved methane correlate with the water
column depth (Stepanenko et al. 2011); its drop might lead to
gas generation from solution and the enlargement of the vol-
ume of the gas phase with further ebullition. Similar observa-
tions were found in the literature: variations in hydrostatic
pressure controlled by diurnal tides triggered ebullition from
subtidal freshwater sediments dominated by methanogenesis
in theWhite Oak River estuary, North Carolina (Chanton et al.
1989) where pulses of gas consisting of 50–80% methane
were released when the tidal cycle reached its minimum. In
Amazon River floodplain, the frequency of bubbling and its

Table 3 Studies on methane fluxes from floodplains

Site Methane flux, mgC·m−2·h−1 Reference

Arctic tundra soils on a river floodplain Wet backswamp sites Mean: 13.5 ± 10.5 van Huissteden et al. 2005
Dry sites Mean: 0.78 ± 1.28

Forested floodplain of the Ogeechee River, USA East floodplain, low habitat −0.6 – 18.2
Mean: 2.6

Pulliam 1993

West floodplain, low habitat −0.6 – 10.3
Mean: 0.8

Creeping Swamp, North Carolina, USA 0–10; Mean: 3 Mulholland 1981

Sabine River Floodplain, USA 0 to 68.3 Bianchi et al. 1996

Orinoco River, Venezuela Flooded forest / Macrophytes Median: 0.72 Smith et al. 2000
Open water Median: 0.26

The Mary River, northern Australia 0 to 115; Mean: 19 Bass et al. 2014

Australian Floodplain Wetland Eleocharis beds <0.12 to 33 Boon and Sorrell 1995
Myriophyllum beds <0.12 to 11.3

Open water with Vallisneria <0.12 to 19.7

Ebullition 0.6 to 19.3

Amazonian floodplain wetlands Open water 2.31 ± 0.44 Bartlett et al. 1990
Grass mat 6.28 ± 1.09

Flooded forest 3.94 ± 0.63

Created riparian wetland, Schiermeier Olentangy River, USA With macrophytes, dry 1.32 ± 0.26 Altor and Mitsch 2006
With macrophytes, wet 4.70 ± 0.54

Without macrophytes, dry 2.10 ± 0.92

Without macrophytes, wet 3.93 ± 1.10

Freshwater marshes of the Xilin River, inner Mongolia Organic marsh, «the patch» 28.4 to 42.5 Wang et al. 2006
Organic marsh, «the vicinity» 4.6 to 14

Sandy marsh, «the patch» 7.8 to 10.4

Sandy marsh, «the vicinity» 1.8 to 3.4

Freshwater created riverine marshes, central Ohio, USA Plant self-colonized wetland 3.6 Nahlik and Mitsch 2010
Planted wetland 3.3
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contribution to total flux was lower during the period of rising
water table compared to the falling period (Bartlett et al.
1990). Moore et al. (1990) described that lowering the
water table in fens of subarctic Quebec by 5-l0 cm led
to degassing of CH4 emission rates. Bubbling was most
intense during water table drop and bubbling diminished
as the water level of the Gatun Lake rose (Keller and
Stallard 1994). Several studies in tidal systems have
shown that bubbling occurred in discrete episodes as hy-
drostatic pressure was released during low tide (Martens
1976; Martens and Klump 1980; Chanton et al. 1989). At
Cape Lookout Bight, a total pressure change of approxi-
mately 0.03 atm corresponding to a tidal depth of 0.3 m
was sufficient to produce bubbling (Martens and Klump
1980) (Keller and Stallard 1994). Fechner-Levy and
Hemond (1996) showed that changes in atmospheric pres-
sure, temperature, and water-table elevation might result
in modulation of the ebullitive CH4 flux. Recently,
Chamberlain et al. (2016) found that methane emissions
lag water table fluctuations, and peak fluxes occur during
water table recession. Thus, evidence suggests that chang-
es in absolute hydrostatic pressure clearly affect the
amount of ebullition that occurs sediments and, thus, total
methane flux and its variability.

Challenges and Prospects

The ebullitive CH4 flux from the soil surface is difficult to
quantify due to its episodic nature. In the ideal scenario, the
methane fluxes in such heterogeneous environment should be
measured by micrometeorological methods at short tempo-
ral scales (in order to capture scattered ebullition events).
To our knowledge, there were no such measurements in
Ob’ floodplain and only now experimental techniques are
being developed for peat soils to systematically analyze
the effects of external hydrostatic pressure and tempera-
ture on frequency of bubble formation and ebullition
thresholds (Ramirez et al. 2016). Measurements by float-
ing chamber may give reliable results in case of using a
boat; the latter prevent additional disturbing of soil that
may release gas bubbles, artificially. Standard bubble
traps are hardly applicable after water subsiding; however,
they may provide interesting data about ebullition rates
during the flooding period. Future investigations should
include the role of air pressure drop that is a process
similar to hydrostatic pressure drop. Overall, systematic
measurements at high sensitivity are needed to capture
the short term and local scale variations of the environ-
mental conditions (e.g., water table, temperature) in their
effects on methane fluxes.
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