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Large uncertainties in the budget of atmospheric methane, an
important greenhouse gas, limit the accuracy of climate change
projections1,2. Thaw lakes in North Siberia are known to emit
methane3, but the magnitude of these emissions remains uncer-
tain because most methane is released through ebullition (bub-
bling), which is spatially and temporally variable. Here we report a
new method of measuring ebullition and use it to quantify
methane emissions from two thaw lakes in North Siberia. We
show that ebullition accounts for 95 per cent ofmethane emissions
from these lakes, and that methane flux from thaw lakes in our
study region may be five times higher than previously estimated3.
Extrapolation of these fluxes indicates that thaw lakes in North
Siberia emit 3.8 teragrams of methane per year, which increases
present estimates of methane emissions from northern wetlands
(<6–40 teragrams per year; refs 1, 2, 4–6) by between 10 and 63 per
cent. We find that thawing permafrost along lake margins
accounts for most of the methane released from the lakes, and
estimate that an expansion of thaw lakes between 1974 and 2000,
which was concurrent with regional warming, increased methane
emissions in our study region by 58 per cent. Furthermore, the
Pleistocene age (35,260–42,900 years) of methane emitted from
hotspots along thawing lake margins indicates that this positive
feedback to climate warming has led to the release of old carbon
stocks previously stored in permafrost.

Understanding the role of North Siberian thaw lakes in the global
atmospheric methane (CH4) budget is important because the con-
centration of atmospheric CH4, a potent greenhouse gas, is highest at
658 to 708N (refs 1, 7), has risen during recent decades1,8, and exhibits
an inexplicably large seasonal amplitude at high northern latitudes
with bimodal maxima in winter and spring7—times of year when
wetlands are frozen, but unfrozen lake sediments actively produce
and emit CH4. This study shows that ebullition from Siberian thaw
lakes is a large and increasing source of atmospheric CH4 as Siberian
thaw lakes continue to expand.

Thaw lakes comprise 90% of the lakes in the Russian permafrost
zone9. Many North Siberian lakes differ from lakes in America and
Europe because they are underlain by yedoma, an organic-rich (,2%
carbon by mass) Pleistocene-age loess permafrost with ice content of
50–90% by volume3,10,11. Thermokarst erosion occurs along lake
margins when massive, subsurface ground ice wedges melt, causing
the ground surface to subside. Labile organic matter from permafrost
erodes into anaerobic lake bottoms when yedoma thaws, enhancing
methane production and emission3. In this study we used remote
sensing, aerial surveys and year-round, continuous measurements of
CH4 flux to (1) quantify CH4 emissions from North Siberian lakes,
paying particular attention to the role of ebullition, and (2) docu-
ment the role of thermokarst erosion as a landscape process that fuels
CH4 production and feeds back to climate warming.

Ebullition is often the dominant pathway of CH4 release from
aquatic ecosystems12,13, yet it is seldom measured owing to its
extreme temporal and spatial patchiness. Siberian lakes provide a
unique opportunity to assess ebullition flux more accurately. As ice
forms in autumn, bubbles released from lake sediments are frozen in
place, allowing accurate mapping of ebullition ‘point sources’ across
lake surfaces (Fig. 1). We used random and selective placement of
bubble traps under water or ice to make continuous measurements of
‘background’ (measured with randomly placed traps), ‘point-source’
(moderately high bubble flux from discrete points in lake sediments)
and ‘hotspot’ (open holes in ice due to extremely high bubble flux
from discrete points in lake sediments) fluxes from April 2003
through May 2004 on two intensively studied lakes in North Siberia.
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Figure 1 | Photographs of CH4 bubbles trapped in lake ice represent point
sources of bubbling. The distribution of ebullition point sources was
measured along transects on lake ice (a), recognizing four distinct categories
of bubble clusters with associated CH4 emission rates (Supplementary
Information): b, kotenok; c, koshka; d, kotara; e, hotspot.
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We extrapolated fluxes regionally using the distribution of hotspots
in aerial photographs.

Ebullition comprised 95 ^ 1% of the CH4 flux from the inten-
sively studied lakes, with molecular diffusion contributing the
remainder (Table 1). Emergent plants were absent as a conduit in
our lakes. Point sources comprised the largest proportion
(59 ^ 12%) of total CH4 emissions. Ebullition rates were highest
in traps selectively placed over hotspots along thermokarst margins
of lakes (Fig. 2), with hotspots ,1% of lake area but contributing
11 ^ 7% of the total CH4 flux. The maximum rate of 18,835 mg of
CH4 per day per hotspot (.30 litres per day per hotspot) exceeds
most published CH4 flux rates for lakes and wetlands by several
orders of magnitude4,5,12–17.

Hotspots were visible as ‘black holes’ in lake ice along thermokarst
margins in ground and aerial surveys of lakes (Supplementary
Information). Half of the 60 lakes surveyed in our study region
(including our two intensively studied lakes) had modest thermo-

karst erosion, marked by banks with gentle slopes, stable vegetation
and hotspots distributed primarily in a 15-m-wide belt along thaw
margins. The remaining lakes had more intense thermokarst erosion,
with steep muddy banks, occasional exposed ice wedges, and a .30-
m-wide belt of hotspot emissions at the lake margins.

When background, point-source, and hotspot ebullition fluxes
were aggregated to a whole-lake basis, the annual flux was 24.9 ^
2.3 g CH4 m22 yr21 from the intensively studied lakes. Our estimate
is conservative because it neglects other extreme expulsions of CH4

from lakes, which were not measured because of their rarity (Sup-
plementary Information). Fluxes from the 15-m-wide band of active
thermokarst on the eroding edge of lakes (15.8% of lake area,
128 ^ 24 g CH4 m22 yr21) accounted for 79% of total lake emis-
sions. In the other 50% of the region’s lakes, where we extrapolated
the thermokarst margin flux to the .30-m-wide band in which
hotspots were observed (31.6% of lake area), we estimate that
thermokarst margins accounted for 90% of the lake-averaged annual
flux of 43.7 ^ 3.2 g CH4 m22 yr21.

These emission rates exceed those reported in previous work on
the same lakes (6.8 g CH4 m22 yr21; ref. 3), other high-latitude lakes
and ponds (0.5–11.3 g CH4 m22 yr21; refs 17–19), and North Siberian
wetlands (0.9–14.3 g CH4 m22 yr21; refs 20, 21) and 6.4 ^
3.4 g CH4 m22 yr21 (n ¼ 8 chambers measured biweekly from
June–October in 2003; this study)].

Our lake estimate probably exceeds others not only because of the
prevalence of thermokarst activity in North Siberia, but also because
our stratified sampling design with continuous measurements and
mapping point sources and hotspots accounted for the patchiness of
bubbling. The few studies that previously measured ebullition
estimated fluxes from a few randomly placed bubble traps that
were periodically deployed3,12,13,22. In our study, random placement
of up to 14 traps per lake with continuous, year-round monitoring
revealed that this ‘background’ bubbling accounted for only
24 ^ 6% of the total emissions. To our knowledge, this is the first
study to quantify the spatial and temporal patchiness of ebullition in
any lake, thereby reducing uncertainty in a highly sporadic mode of
methane emission.

We extrapolated our lake flux estimate to the yedoma region of
North Siberia using an estimated lake area for the region of 11% as
measured in our Geographical Information Systems (GIS) study—
which is conservative given the range of lake area estimates for this
region (8.5 to .30% of the yedoma region covered by lakes; refs 3, 9,
23)—yielding a regional flux of 3.8 Tg CH4 yr21. Using an independent
mass-balance approach based on organic carbon loss from yedoma
beneath thaw lakes, we estimated that decomposition of yedoma
beneath Siberian lakes contributed on average 3.7 Tg CH4 yr21 to
the atmosphere throughout the Holocene. Given the uncertainties
associated with both flux estimates (Supplementary Information),
their strong correspondence supports our conclusion that North
Siberian lakes are a globally significant source of atmospheric CH4.

Adding our results of ebullition from North Siberian lakes

Table 1 | Summary of CH4 flux components and isotopes in bubbles from North Siberian thermokarst lakes

Season 2003–04 Flux component
Whole lake

(g CH4 m22 yr21)
Percentage of

annual flux

Thermokarst
margins

(g CH4 m22 yr21)

14CH4 age
(years)

14CH4

(% modern
carbon)

d13C of CH4

(‰)
dD of CH4

(‰)

Summer (open water Background ebullition 5.7 ^ 2.0 22 ^ 6 27.7 ^ 14 1,345 to 5,350 51–85 257.7 to 273.7 2420 to 2338
June–September) Point source 6.2 ^ 0.7 25 ^ 5 34.7 ^ 0.7 5,590 to 12,285 22–50 262.6 to 282.8 2388 to 2376

Hotspots 1.0 ^ 0.7 4 ^ 2 5.4 ^ 3.9 35,570 to 39,120 0.77–1.2 278.5 to 280.4 2401 to 2392
Molecular diffusion 1.3 ^ 0.1 5 ^ 1 1.3 ^ 0.1

Winter (ice cover Background ebullition 0.5 ^ 0 2 ^ 0 0.7 ^ 0
October–May) Point source 8.3 ^ 0.9 34 ^ 7 46.9 ^ 0.9 22,050 6.4 276.0 to 278.3 2394 to 2379

Hotspots 2.0 ^ 1.3 8 ^ 5 11.1 ^ 7.7 35,260 to 42,900 0.49–1.2 271.7 to 280.4 2420 to 2388
Total 24.9 ^ 2.3 100 127.8 ^ 24.0 16,520†

†Sum of the mean radiocarbon age of each flux component weighted by each component’s proportion of total annual emissions. Forty-four per cent of annual CH4 emissions from Siberian
lakes occurs in winter and spring when CH4 trapped as bubble clusters in lake ice is released to the atmosphere during high temperature anomalies3, overflow events when lake water is forced
through lenses of ice clusters and open holes after heavy snowfall, and springtime thaw of lake ice17. Error estimates are half of the absolute difference between measurements for two
intensive study lakes. Sources of variability are shown in Supplementary Table 1.

Figure 2 | Average ebullition rates for representative areas of lakes and
hotspots. Ebullition rates along thermokarst margins (15.8 ^ 2.2% of lake
area) were an order of magnitude greater than ebullition rates along non-
thermokarst margins (4.4 ^ 1.4% of lake area) and at various depths
throughout the lake centre (79.8 ^ 0.8% of lake area). Hotspots (,1% of
lake area) are presented here separately, and units of hotspot emission are
distinct: mgCH4 day

21 spot21. Ebullition from a hotspot occurs through
tiny bubble tubes (,2 cm diameter) at the sediment surface, but represents
CH4 produced in a larger volume of lake sediments. Hotspot emissions are
extrapolated by area on the basis of the number of hotspots per unit area of
lake surface (Table 1). Breaks in the hotspot line are periods of no data
(Supplementary Information). Numbers above hotspot data indicate the
radiocarbon 14C age (kyr BP) of CH4 bubbles collected from a particular
hotspot repeatedly throughout the study period. We interpolated fluxes
(dashed lines) if fewer than 25% of the total traps were operating owing to
temporary mechanical failures.
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(3.8 Tg yr21), which have not yet been included in global estimates of
CH4 emissions from wetlands2,15,16,24, to a range of estimates for
northern wetland flux (,6–40 Tg CH4 yr21; refs 1, 2, 4–6) increases
current estimates of northern wetland CH4 emissions by 10–63%.
Because yedoma lakes are only a fraction of northern lakes, ebullition
measurements in other lake regions would probably further increase
CH4 emission estimates.

In the zone of continuous permafrost, which comprises about half
of arctic permafrost25, warming26 and degradation of permafrost have
caused thaw lakes to grow in number and size during recent
decades27. Using GIS analysis of 1974 Multispectral Scanner (MSS)
and 2000 Enhanced Thematic Mapper (ETMþ) Landsat imagery, we
measured a 14.7% increase in lake area (from 9.6% to 11% lakes) for
a 12,000 km2 territory including our study region along the Kolyma
River near Cherskii, Russia (Fig. 3). This is similar to the 12%
increase in lake area observed in continuous permafrost zones of
West Siberia during the same period27. Applying CH4 emission rates
associated with thaw margins to areas of lake expansion based on
observations of hotspot distributions (see Methods), we estimated
that the 14.7% increase in lake area resulted in a 58% increase in lake
CH4 emissions, or 1.4 Tg CH4 yr21 between 1974 (2.4 Tg CH4 yr21)
and 2000 (3.8 Tg CH4 yr21) if extrapolated regionally. Regional
warming observed during the study period28 of 1974–2004 (Fig. 3)
is consistent with lake expansion that contributed to rising atmos-
pheric CH4 concentration and global temperature. This is, however,
not a simple feedback loop because many processes contribute to
thermokarst lake expansion and climate warming over a range of
timescales.

Isotopic analyses revealed that methane collected from ebullition

in Siberian thaw lakes during 2001–2004 is of biogenic origin (d13C
of CH4 ¼ 258‰ to 283‰, dD of CH4 ¼ 2338‰ to 2420‰)
(Table 1). Hotspot 14CH4, ranging from 35,260–42,900 yr (0.49–
1.2% modern carbon), reflects the importance of recently thawed
Pleistocene-age permafrost soils as a source of labile organic matter
for methanogenesis deep within the thaw bulb of lakes (Fig. 2). Non-
hotspot sources of bubbling had younger radiocarbon ages, 1,385–
22,050 yr (6.4–85% modern carbon), indicating a greater influence
of Holocene organic sources for methane production. Weighting the
radiocarbon signature of point-source types by their abundance in
lakes yielded an average annual 14CH4 age of 16,520 yr, signifying that
Pleistocene sediments deposited 20,000–40,000 yr ago constitute 41–
83% of the CH4 emitted from Siberian lakes. The radiocarbon age of
CH4 sampled from our North Siberian thaw lakes is distinct from
other arctic lakes and wetlands, including the East Siberian alasses
situated on sandy soils whose 14C of CH4 value is 95–123% modern
carbon29. Therefore the unique 14C-depleted CH4 signature of
ebullition from yedoma lakes should be considered in future studies
that estimate the fraction of total atmospheric CH4 emissions derived
from fossil fuels.

In conclusion, we have shown that North Siberian lakes are a
significantly larger source of atmospheric CH4 than previously
recognized. Emissions are dominated by ebullition, a mode of
emission that we have quantified using the new technique of
mapping bubbling point sources. This CH4 source is largely fuelled
by thermokarst, and we have linked the expansion of thaw lakes
during recent decades with a 58% increase in lake CH4 emissions,
demonstrating a new feedback to climate warming. Though the
recent increase in flux due to lake expansion is modest relative to

Figure 3 | Thermokarst lake expansion. The schematic in a shows yedoma
distribution (blue) in North Siberia and the mean annual air temperature
for the half-degree-resolution grid cell that includes our study area (box in a
indicates location of image in b), interpolated from climate station records
from 1930–2004 (ref. 30). Blue shading shows continuous yedoma
distribution (adapted from ref. 32); blue triangles show sporadic yedoma

distribution. a, significance level. The Landsat image in b (,12,000 km2)
represents the region of our GIS lake change analysis from 1974 (c) to
2000 (d). The box in b indicates location of images in c and d. The shorelines
from 1974 are delineated as white polygons, while some areas of expansion
of thaw lakes are indicated by arrows and formation of new lakes by
circles on the 2000 image in d.
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anthropogenic emissions1,2,7, the ,500 Gt of labile Pleistocene-aged
C in ice-rich yedoma permafrost11 could greatly intensify the positive
feedback to high-latitude warming by releasing tens of thousands of
teragrams of CH4 through ebullition from thermokarst lakes if
northeast Siberia continues to warm in the future, as projected26.

METHODS
All numbers following a ^ sign are standard deviations unless otherwise noted.
Equations were developed to extrapolate flux measurements to whole lake and
regional emission estimates (Supplementary Information).
Ebullition measured by bubble traps. We captured ebullition continuously
using umbrella-shaped floating bubble traps (,1-m diameter, 25 traps ran-
domly placed for background ebullition, 16 traps fixed over point sources and
hotspots of bubbling) with daily measurements of bubble volume from April 26,
2003 through June 1, 2004 at two lakes (maximum depths 16.5 m and 11 m, with
areas 0.11 km2 and 0.06 km2) near the Northeast Science Station in Cherskii
(688 45 0 36 00 N, 1618 20 0 34 00 E). Gas concentrations and isotopes were also
measured (Supplementary Information). To verify that our intensively studied
lakes were regionally representative of thermokarst lakes on yedoma territory, we
made ground surveys of 35 other lakes and took aerial photographs of 60 lakes in
Northern Siberia.

Stable isotope compositions are expressed in d (‰) ¼ 103 ((R sample/
R standard) 2 1), where R is 13C/12C or D/H and standards refer to the Vienna
Peedee belemnite (VPDB) and Vienna standard mean ocean water (VSMOW),
respectively. The analytical errors of the stable isotopic analyses are ^0.1‰ for
d13C and ^0.1‰ for dD. We express radiocarbon data as the percentage of
modern carbon, ((14C/12C)sample/(

14C/12C)standard) £ 100, which is the percen-
tage of 14C/12C ratio normalized to d13C ¼ 225‰ and decay-corrected relative
to that of an oxalic standard in 1950 (ref. 30).
Mapping bubble clusters in lake ice as ‘point sources’ of ebullition. We
removed snow from lake surfaces along six 50 m £ 1 m transects per lake (Fig. 1)
in early winter to count the number and type of bubble clusters in lake ice that
represent ‘point sources’ of ebullition. We categorized four types of bubble
patterns in lake ice and measured winter CH4 flux rates (mg CH4 day21 per
point) associated with each ‘point-source’ category and hotspots using floating
traps under the ice (Supplementary Information). Average emissions from point
sources and hotspots were extrapolated to entire lakes based on transects of
bubble-cluster and hotspot densities in ice over shallow, medium and deep water
depths in thermokarst and non-thermokarst areas of lakes. We include the
estimated flux from point sources in addition to the randomly placed bubble
trap flux (background ebullition) because the probability of capturing point
sources and hotspots in randomly placed traps was 0.001% and there was no
overlap between values of point-source fluxes and values of background
ebullition.
Mass-balance approach to Holocene lake emissions. To assess the plausibility
of our CH4 flux estimate of 3.8 Tg CH4 yr21 we used an independent mass-
balance approach based on Holocene carbon loss associated with thermokarst
lake development. The mean carbon content of decomposed yedoma beneath
two former thermokarst lakes (18.0 ^ 1.4 kg C m23, standard error of 15
samples) is 33% less than in undisturbed yedoma (26.8 ^ 1.5 kg C m23, stan-
dard error of 54 samples). We assumed half of this carbon was converted to CH4,
on the basis of the stoichiometry of methane production from cellulose
degradation31. Applying this 16.5% carbon loss due to methanogenesis beneath
lakes to yedoma territory of North Siberia (1 £ 106 km2, 25 m average thickness,
50% ice content)3,10,23, which has been degraded by migratory lakes whose scars
cover 50% of the region23, yields a release of 28 Gt C from CH4 during the
Holocene (10,000 yr) or on average, 3.7 Tg CH4 yr21. This estimate is conserva-
tive because it does not include CH4 derived from Holocene-age lake deposits.

Future CH4 release via ebullition from expanding thaw lakes in the yedoma
region is estimated to be of the order of tens of thousands of teragrams based on
the amount of labile carbon remaining in yedoma permafrost (500 Gt; ref. 11) and
the proportion of carbon converted to CH4 during methanogenesis (16.5%).
Estimating CH4 fluxes from expanding lakes. The years of the images analysed
had temperature and precipitation values typical of the twentieth century for
our study region28. We assumed flux rates for lakes in 1974 were the same as
current rates of our two intensive study lakes (24.9 g CH4 m22 yr21). Applying
this modest rate to 50% of the region’s lakes in 2000 and higher rates
(43.7 g CH4 m22 yr21) to the other half of the region’s lakes, where intense
erosion has led to the observed 14.7% increase in lake area, resulted in a 58%
increase in lake CH4 emissions. Extrapolating CH4 fluxes associated with lake
expansion to the yedoma region yields an estimated increase in lake emissions of
1.4 Tg CH4 yr21 between 1974 (2.4 Tg CH4 yr21) and 2000 (3.8 Tg CH4 yr21).
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