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A B S T R A C T

Atmospheric methane (CH4) concentrations have gone through rapid changes since the last deglaciation; how-
ever, the reasons for abrupt increases around 14,700 and 11,600 years before present (yrs BP) are not fully 
understood. Concurrent with deglaciation, sea-level rise gradually inundated vast areas of the low-lying Berin-
gian shelf. This transformation of what was once a terrestrial-permafrost tundra-steppe landscape, into coastal, 
and subsequently, marine environments led to new sources of CH4 from the region to the atmosphere. Here, we 
estimate, based on an extended geospatial analysis, the area of Beringian coastal wetlands in 1000-year intervals 
and their potential contribution to northern CH4 flux (based on present day CH4 fluxes from coastal wetland) 
during the past 20,000 years. At its maximum (~14,000 yrs BP) we estimated CH4 fluxes from Beringia coastal 
wetlands to be 3.5 (+4.0/-1.9) Tg CH4 yr− 1. This shifts the onset of CH4 fluxes from northern regions earlier, 
towards the Bølling-Allerød, preceding peak emissions from the formation of northern high latitude thermokarst 
lakes and wetlands. Emissions associated with the inundation of Beringian coastal wetlands better align with 
polar ice core reconstructions of northern hemisphere sources of atmospheric CH4 during the last deglaciation, 
suggesting a connection between rising sea level, coastal wetland expansion, and enhanced CH4 emissions.

1. Introduction

Atmospheric greenhouse gas concentrations underwent major 
changes in the past 20,000 years (Marcott et al., 2014; Severinghaus and 
Brook, 1999). Based on ice core data (Brook et al., 1996; Köhler et al., 
2017), an abrupt, near doubling of atmospheric methane (CH4) in a 
timescale of decades to centuries occurred at 14,700 years before pre-
sent (yrs BP) and 11,600 yrs BP. However, the origins of these sudden 
atmospheric CH4 concentration rises are so far not fully understood. 
While tropical wetlands likely played a role in the rise of the deglacial 
atmospheric CH4 concentration in the Northern Hemisphere (Bock et al., 
2017), northern (extratropical) latitudes (30–90◦N) are estimated to 

have contributed up to 71 Tg CH4 yr− 1 during 11,500–9500 yrs BP 
(Brook et al., 2000; Yang et al., 2017). Although northern high latitude 
peatlands (Treat et al., 2021) and lakes (Brosius et al., 2012, 2023) 
became significant CH4 sources at the onset of the Holocene, they cannot 
fully explain the increase in atmospheric CH4 concentrations during 
early Deglaciation. Therefore, the reasons for these steep CH4 increases 
at 14,700 yrs BP remain unresolved. Furthermore, 14C-CH4 analyses of 
the polar ice cores suggest that the source of northern high latitude at-
mospheric CH4 concentration reflected a microbial origin based on 
contemporary carbon, which indicates wetlands as a main driver for the 
rise of atmospheric CH4 concentrations (Dyonisius et al., 2020; Petrenko 
et al., 2017).
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During the past 20,000 years, more than 2.8 × 106 km2 of previously 
unglaciated coastal, near-shore areas of today’s Bering, Chukchi, Laptev, 
and East Siberian seas were flooded due to the melting of the Laurentide, 
Cordilleran, and Eurasian ice sheets. This now-inundated shelf and land 
area (an area larger than Greenland), is known as ‵Beringia‵ (Fig. 1) and 
was largely unglaciated during the Last Glacial Maximum (Hopkins, 
1967; Schirrmeister et al., 2013; Sher, 1991). Within this unglaciated 
region, carbon-cycle processes in coastal regions, particularly CH4 
fluxes, are largely unconstrained in the paleo record.

Low-lying coastal areas are prone to flooding due to sea-level rise, 
and expansion of coastal wetlands might enhance the C stored in coastal 
deposits (Mcleod et al., 2011; Rogers et al., 2019). However, with 
increased flooding, newly inundated coastal areas can become CH4 
emitting wetlands. While CH4 emissions from tidal wetlands in general 
decrease with increasing salinity, there is still large variability in the 
available CH4 flux data from tidal wetlands (Poffenbarger et al., 2011). 
Tidal wetlands, which can have high salinity variability, can be impor-
tant CH4 sources, partly offsetting C sequestration (Rosentreter et al., 
2018). Currently, coastal wetlands and tidal flats are estimated to have a 
mean CH4 flux into the atmosphere of 14.6 Tg CH4 yr− 1 (Rosentreter 
et al., 2021a), but a changing climate (higher temperatures, elevated 
CO2 levels, eutrophication) with increasing sea-level can lead to 
different magnitudes of CH4 emissions from tidal wetlands (Mueller 
et al., 2020; Rosentreter et al., 2021b).

The low relief of Beringia suggests sea-level inundation during 
deglaciation could have substantially increased coastal wetland area and 
contributed to the rise in atmospheric CH4 concentrations, but neither 

the size of these wetlands nor magnitude of potential CH4 release have 
yet been quantified. This study aims to address the question to what 
degree Beringian coastal wetlands contributed to the rise in atmospheric 
CH4 concentration over the last deglacial/sea-level transgression in the 
Northern Hemisphere. In consequence, we estimate the size and timing 
of coastal wetland development for the past 20,000 years and upscale 
the potential CH4 fluxes from these areas based on present-day CH4 flux 
analogs.

2. Regional setting

Beringia spans the region between northeastern Siberia and eastern 
Alaska, which includes the continental shelf that was exposed during the 
Last Glacial Maximum (LGM) lowstand that now comprises the Bering, 
Chukchi, Laptev/East Siberian Seas and the shelf of the Beaufort Sea 
(Fig. 1). For this study, we focus on the continental shelf, which has been 
flooded during the past 20,000 years. This shelf domain spans more than 
2,800,000 km2 with areas up to 100 m below current sea-level, and with 
an average depth of 39 m. This continental shelf domain extends up to 
800 km northwards of the present-day Arctic coastline and has a mean 
slope of 0.03◦, highlighting the flat, low relief of the vast Beringian shelf 
(Jakobsson et al., 2020).

The flooding of the Beringian shelf (Fig. 2) at the end of the LGM was 
a result of the retreating ice sheets. In the initial phase (20,000–10,000 
yrs BP), sea-level rose rapidly until mid to late Holocene (Supplementary 
Material Fig. S1) (Pico et al., 2020) until the land connection between 
Siberia and Alaska became flooded. Estimates for the complete flooding 

Fig. 1. The landmass of Beringia at 20,000 yrs BP (elevation above low-stand sea level in yellow-brownish colors). Red dotted lines indicate the borders of the 
different seas for the spatial flooding estimation (see results section). Black triangles indicate points where the relative sea level data (Fig. S1) were extracted from the 
Gowan et al. (2021) data set; ice sheet data from Batchelor et al. (2019).
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of the Bering Land Bridge range between 13,000 yrs BP and 10,500 yrs 
BP and are based on different paleo proxies such as molluscs (England 
and Furze, 2008), remains of a Bowhead whale (Dyke et al., 2011), 
buried peat (Elias et al., 1992, 1996), and benthic foraminifera (Keigwin 
et al., 2006). Jakobsson et al. (2017) concluded that the Bering Land 
Bridge was flooded at around 11,000 yrs BP based on a dated core from 
the Herald Canyon in the Chukchi Sea.

The flooding of the Bering Land Bridge had major biogeographical 
and climatic implications, but rising sea-level and changing climate in 
Beringia also fundamentally altered the biogeochemistry and carbon 
cycling of the landscape. The vast, low-relief tundra-steppe landscape 
(Ager, 2003; Monteath et al., 2021) likely promoted the formation of 
low-lying waterlogged wetland environments prior to complete inun-
dation by the rising seas. This has been well studied for the Doggerland 

Fig. 2. Flooding of Beringia for different time periods. Timing of flooding in Beringia is based on PaleoMIST 1.0 (Gowan et al., 2021). Panel a) shows the extent of 
Beringia at 20,000 yrs BP with the borders of the different regions (dashed lines) and the ice sheets in Alaska and Canada (Gowan et al., 2021) and Siberia (Batchelor 
et al., 2019), and the total area of each region in km2 (graph); 1: Laptev and East Siberian seas, 2: Chukchi Sea, 3: Bering Sea, 4: Beaufort Sea. Areas are derived from 
analysis of paleo bathymetry grids from Gowan et al. (2021). Panels b) – f) show the exposed land area in meters above sea-level (in gold colors) of Beringia (see also 
Fig. S1c for the behavior of sea level development for the different regions). Ice sheets (white) for Alaska are based on Gowan et al. (2021) for the time b) 17,500 yrs 
BP, c) 15,000 yrs BP, d) 12,500 yrs BP, e) 10,000 yrs BP, and f) 7500 yrs BP. Panel f) includes the location of 14C samples (black dots) used to validate the model (see 
Fig. 3). The graphs in panels b) – f) show the newly flooded area for each region in km2. Contemporary land area (0 yrs BP) is grey.
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region in the North Sea, which was inundated during deglacial to Early 
Holocene sea-level rise (Blumenberg et al., 2022; Gaffney and Fitch, 
2022). However, neither the potential size of these Beringian coastal 
wetland areas, nor the geochemical implications of this transition have 
been investigated.

We assess changes in sea-level and CH4 flux over the past 20,000 
years to fully cover the last deglaciation from the end of the LGM to 
present. At 20,000 years BP, the Beringian landmass, bounded by the 
Laurentide and Cordilleran Ice sheet in the East, was defined as 
‵Mammoth steppe‵ (Guthrie, 2001) or ‵Steppe-tundra‵, a graminoid-herb 
and dwarf-shrub dominated landscape indicating a cold and arid climate 
(Ager, 2003; Elias and Crocker, 2008; Yurtsev, 2001). However, Elias 
and Crocker (2008) suggest that a mesic shrub-tundra belt existed be-
tween the eastern and western steppe-tundra parts of Beringia and likely 
acted as ecological barrier between the Alaskan and Siberian part of 
Beringia (Elias et al., 1997; Elias and Crocker, 2008; Guthrie, 2001; 
Hoffecker et al., 2020). Edwards et al. (2000) indicate that Beringia was 
a tundra landscape but dominated by various types of vegetation 
forming a mosaic of tundra types at 18,000 yrs BP. Numerous paleo-river 
systems were crossing these flat shelves and extended the modern large 
rivers including the Khatanga, Anabar, Olenek, Lena, Yana, Indigirka, 
Kolyma, Yukon, Kobuk, and Noatak (Kleiber and Niessen, 1999; Mac-
Manus et al., 1974).

During the Bølling-Allerød warming (14,700 to 12,900 yrs BP), 
vegetation in Beringia changed. Pollen data indicate a birch-heath- 
graminoid tundra with peat-forming sedges and mosses (Ager, 2003; 
Elias et al., 1997). The warmer and wetter climate led to a northwards 
migration of shrubs, and trees and became favorable for the formation of 
peat (Monteath et al., 2021). Subsequently, during the Younger Dryas 
(12,900–11,700 yrs BP) the climate became drier and colder, but the 
vegetation was not uniform among Beringia (Ager, 2003). In west 
Beringia Duschekia spp., Salix spp. and Betula spp. were present, whereas 
East Beringia saw an increase in Populus spp. and Salix spp. This might 
indicate that the climate was not colder in northeastern Beringia and 
could have allowed the increase in Populus spp. instead (Ager, 2003; 
Edwards et al., 2005). Deglacial sea-level rise inundated large parts of 
Beringia until the Early Holocene. Throughout the early Holocene, Picea 
and Alnus spread from interior Alaska north and westwards in east 
Beringia (Ager, 2003; Anderson, 1988) and Picea and Pinus trees became 
abundant in west Beringia (Edwards et al., 2005). The vast unglaciated, 
low-lying Beringian plain transformed from a rather dry steppe-tundra 
into a mesic and peat-favorable landscape before it became inundated 
by the rising sea-level. This is, however, only a broad generalization 
drawn from the few existing records, and Beringia was likely much more 
diverse and consisted of a mosaic of different landcover types as it 
spanned more than 1000 km in north-south and 2000 km in east-west 
direction.

3. Materials and methods

We estimated the CH4 flux contribution of Beringian coastal wet-
lands by combining different data sets and methodologies, which are 
described in detail in the following sections. The basis for the flux esti-
mation is the upscaling of areal CH4 flux rates (g CH4 m− 2 yr− 1) with the 
area estimates of coastal wetlands. This is done in 1000-year time steps 
from 20,000 yrs BP to present. CH4 flux rates are based on literature 
values and new CH4 flux data from present-day northern hemisphere 
coastal wetlands (see Supplementary Material Fig. S2). The extent of 
coastal wetlands (for each time step) is based on a detailed GIS analysis 
including multiple data sets. First, paleo bathymetry grids from the 
PaleoMIST 1.0 model (Gowan et al., 2021) were used to estimate the 
timing of flooding. These grids were created using a glacial isostatic 
adjustment model that calculated the sea level equation. Then, timing of 
flooding was validated by terrestrial, inundated terrestrial sediments 
from Beringia (Supplementary Material Table S1). In a final step, the 
coastal wetland area was estimated and classified with the present-day 

wetland map by Clewley et al. (2015). Therefore, this study is a com-
bination of present-day analogs (CH4 flux data and Alaska wetland map) 
with an extensive GIS analysis in order to estimate the magnitude of 
potential CH4 fluxes from coastal wetlands in the past.

3.1. Modelled timing of inundation

To estimate the timing of flooding, we included all the non-glaciated 
terrain below current sea-level that went through a transgression from 
inland terrestrial to coastal wetland to marine environment (Fig. 1). We 
disaggregated this area into four regions – Bering, Chukchi, Beaufort, and 
Laptev/East Siberian seas – in order to examine regional differences in the 
timing of flooding (see Supplementary Material Fig. S1). We used the 
PaleoMIST 1.0 (Gowan et al., 2021) model output for the Beringian 
region in order to estimate the area and timing of flooding. PaleoMIST 
1.0 is a glacial isostatic adjustment-based paleo topographic recon-
struction model that includes relative sea-level and paleo bathymetry as 
an output. The model was created to estimate the sea-level contribution 
of the global ice sheets and is validated using observations of relative 
sea-level change. The PaleoMIST 1.0 raster data sets we use have a 
temporal resolution of 2500 years resulting in nine different grids (20, 
000 yrs BP to present) with a pixel size (spatial resolution) of 5000 x 
5000 m.

The paleo bathymetry grids were used to calculate the timing of 
flooding, the location of the coastline for each time step and the area of 
coastal wetland for each time step. We calculated these parameters in 
1000-year timesteps by raster analyses in ArcGIS 10.8 from 20,000 yrs 
BP to present (0 yrs BP). First, we calculated the linear increase (or 
decrease) for each pixel between two sequential PaleoMIST grids to 
establish grids for every 1000 years. In addition, we calculated the 
timing of flooding for each pixel, again by assuming a linear transition 
between two sequential grids. The timing of flooding was then deter-
mined as the point in time when a pixel elevation value relative to sea- 
level switched from positive (>0; above sea-level) to negative (<0; 
below sea-level). These two procedures allowed us to estimate the area 
which became flooded in each 1000-year time interval.

3.2. Raster analysis for estimating the size of coastal wetlands

To calculate the area of potential coastal wetlands for each timestep, 
we extracted the area for each 1m altitudinal step above the zero-line 
(coastline) until 10 m a.s.l. The altitudinal range of 0–10 m a.s.l. was 
chosen in order to set an altitudinal boundary for coastal wetlands which 
is often used as reference for defining coastal systems, e.g. in the IPCC 
report to evaluate exposure to sea-level rise (Wong et al., 2014) or by the 
United Nations (UNFCCC, & IUCN, 2022). This resulted in 10 different 
area estimations for potential coastal wetlands. However, we did not 
assume the entire area as uniform coastal wetland. We classified the 
potential wetland area of coastal Beringia using a present-day wetland 
map of Alaska (Clewley et al., 2015) as an analog. Based on the fraction 
of present-day wetlands found in coastal regions in Alaska, we 
sub-divided the wetlands in Beringia to have a more stratified estimation 
of coastal wetlands. Clewley et al. (2015) mapped the modern wetlands 
of Alaska using a combination of L-band ALOS PALSAR satellite data and 
topographic information and classified the wetlands according to the 
classification scheme given in Table S2 (as originally defined by Cor-
wardin et al., 1979). We used this classification, which has a 50-m 
spatial resolution, for a stratification of the coastal wetland areas. 
Therefore, we first extracted the coastal area of present-day Alaska in 
1-m altitudinal steps to 10 m a.s.l., based on the ARDEM version 2.0 with 
1 km spatial resolution (Danielson et al., 2011). We then intersected the 
coastal areas with the wetland classification by Clewley et al. (2015) in 
order to retrieve the spatial extent of wetlands in the coastal zone of 
Alaska. This resulted in the coverage of each wetland type within the 
coastal zone for every 1m altitudinal interval. In a final step, this spatial 
ratio of wetland class coverage (Supplementary Material Table S2) was 
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applied to the Beringian coastal zones in order to estimate the area and 
type of coastal wetland. This present-day analog of wetland distribution 
in Alaska gives us an approximation of the potential coastal wetlands 
present during the flooding of Beringia and was used to calculate the 
potential coastal wetland area and CH4 flux in Beringia for each time 
step.

3.3. Evaluation of flooding scenarios

The estimated flooding dates for each pixel derived from the paleo 
bathymetry grid analysis were compared to existing marine sediment 
cores from the flooded Beringia area that contained terrestrial sequences 
(Supplementary Material Table S1; Bauch et al., 2001; Elias et al., 1996; 
Hill et al., 1985, 1993; McManus and Creager, 1984; Nelson and Cre-
ager, 1977; Solomon et al., 2000) that were flooded due to sea level rise. 
We compiled a data set with existing radiocarbon (14C) dates, where 

terrestrial peat was dated. We calibrated the 14C dates with IntCal 20 
(Reimer et al., 2020) provided at calib.org (Reimer and Reimer, 2022) 
and separated the 14C dates in two groups; the first group contains cores 
with 14C dates for the top layer of terrestrial sediment indicating the 
time when the terrestrial sediment was flooded (or eroded) and covered 
by marine sediments. In any case, the date of this terrestrial top peat 
layer must be older than the estimated flooding by our model in order to 
agree with our model. The second group of cores contained terrestrial 
peat, which was dated somewhere in the middle or bottom of the peat 
layer. With these 14C dates, we could not extract exact information when 
this location was flooded and therefore the validation must be regarded 
with caution; however, we know that this terrestrial peat was certainly 
not flooded when it accumulated. Our rationale behind this evaluation is 
the assumption that no terrestrial peat formation occurred after flooding 
(e.g. Shennan, 1982), so all the peat dates should be older than the date 
of flooding indicated by our GIS analysis. Previous studies used the same 

Fig. 3. Evaluation of the flooding model. a) Qualitative evaluation of modelled inundation times based on 14C dates from terrestrial sediments of the present-day 
marine Beringia domain. All points above the dashed line show that the terrestrial sediment (peat) was deposited before each location was inundated from sea-level 
rise and therefore support the model. The grey area shows an uncertainty of 2500 years, which is caused by the paleo bathymetry grids with a temporal resolution of 
this time frame. All points below the dashed line indicate that the peat formed after flooding of a particular location, which we consider not possible and therefore 
indicate that either the model does not perform well at this location or that the 14C date is showing a younger age that does not reflect a transition from terrestrial to 
marine sediments (data for this evaluation are presented in Table S1 in the supplementary material). b) Same validation points as in Fig. 3a with error bars. 
Horizontal error bars indicate the uncertainty of the location of the point by assuming an inaccuracy of the coordinates by ±0.1◦. Vertical error bars show the 
uncertainty of the calibrated 14C date. The grey area shows an uncertainty of 2500 years, which is caused by the paleo bathymetry grids with a temporal resolution of 
this time frame.
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approach for inferring the flooding of a terrestrial landscapes (e.g 
Törnqvist et al., 1998; Turner et al., 2010; Hijma and Cohen, 2019), 
determining the age of lake formation (e.g. Farquharson et al., 2016; 
Lenz et al., 2016) or date lake drainage events (e.g. Hinkel et al., 2003; 
Jones et al., 2012) by 14C dating the stratigraphic transition in sediment 
cores. In total, we compiled 39 14C dates available for the Chukchi, 
Bering, Beaufort and East Siberian Seas. This allowed a qualitative 
analysis of the modelled times of flooding and allows us to check how 
accurate our flooding model is behaving in certain locations of the study 
area (see Fig. 3, model evaluation).

While the evaluation generally shows good agreement with the 
model, it also shows that parts of the Chukchi Sea might have been 
flooded about 1000 years later than what our model indicates. The 
mismatch could be because the exact spatial locations of the Chukchi 
sediment cores are uncertain due to rough coordinate denomination 
with none or only one decimal. Therefore, for some of these data, the 
coordinate information is very coarse (nearest degree). This can lead to a 
significant error of the positioning of a particular point. An uncertainty 
or inaccuracy of ±0.1◦ in longitude and ±0.1◦ in latitude can lead to an 
error of ±4.5 km (longitude) and ±11 km (latitude) at 67◦N (for un-
certainty of the 14C data points, see Fig. 3b, which shows the data of 
Fig. 3a with error bars based on a ±0.1◦ deviation). Other sources of 
uncertainty is the coarse time resolution of PaleoMIST 1.0, and that 
locations in the Chukchi Sea may be sensitive to ice sheet history that is 
not captured in the model (e.g. Pico et al., 2020). Overall, this qualita-
tive assessment by including 14C dated terrestrial sediments shows that 
our sea-level rise model can be seen as a realistic approximation of the 
flooding of Beringia.

3.4. Methane flux data set

For upscaling CH4 flux estimates in Beringia during the past 20,000 
years, we collected 231 present-day CH4 fluxes from coastal wetlands in 
the Northern Hemisphere (see Supplementary Material Table S3). We 
combined our own flux data from the Kenai Peninsula, Alaska (see 
section 3.5) with previously published data. Data were compiled from 
different sources (e.g. Treat et al. (2018, 2021); Poffenbarger et al. 
(2011); Liikanen et al. (2009); Holmquist et al. (2018). CH4 fluxes were 
calculated in g CH4 m− 2 yr− 1 for the growing season, which we set to 
153 days (May 1 to September 30). The sources for the CH4 fluxes used 
as input for the upscaling are listed in the Supplementary Material 
Table S3 and in Fig. S2. Each CH4 data entry was harmonized by clas-
sifying it into one of the six wetland types (see Table S2). This resulted in 
a stratified pool of CH4 fluxes and allowed a bootstrapping approach to 
estimate uncertainty in the CH4 fluxes based on the variability of CH4 
fluxes associated to the different wetland types.

3.5. Methane flux measurements

In addition to the literature compilation of CH4 fluxes, we measured 
CH4 fluxes during a field campaign in August 2021 on the Kenai 
Peninsula, Alaska. We chose locations in coastal wetlands along tran-
sects to cover a gradient from freshwater flooded into tidal, saltwater 
flooded wetlands. In total, we measured at 27 different locations 
including saltwater tidal regularly flooded bare grounds, temporarily 
irregularly flooded, as well as seasonally flooded, vegetated coastal 
wetlands.

Flux measurements were made with a micro-portable LosGatos 
greenhouse gas analyzer (LosGatos Research) and a light-weight 
custom-made bucket chamber consisting of non-transparent PVC 
(diameter = 26 cm, volume ~ 19,000 cm3). We chose this small, 
lightweight equipment in order to be highly mobile in muddy, shrubby 
terrain and measure at field sites, which were not easy to access. At each 
site we measured three replicates for 7–10 min, described the vegetation 
cover (if present), and measured the chamber and air temperature. The 
bucket chamber was equipped with a venting tube and a small fan to 

have well-mixed conditions in the chamber.
The CH4 flux (in mg CH4 m− 2 h− 1) for each replicate measurement 

was calculated based on the volume and temperature of the bucket 
chamber, and the ideal gas law. We manually removed the first 30 s of 
each measurement, because of potential disturbance while placing the 
bucket chamber on the site (we did not use pre-installed collars). Fluxes 
were calculated by applying a linear regression to the CH4 concentration 
and were given in mg CH4 m− 2 h− 1. The r-squared was used to determine 
the quality of the linear regression. Fluxes that had a linear regression 
with a r squared below 0.9 were discarded. However, we did not want to 
exclude all the near-zero measurements as these indicate important data 
as well (no CH4 fluxes). Therefore, all measurements, which were below 
the precision of the greenhouse gas analyzer of 0.5 ppb (~0.44 mg CH4 
m− 2 h− 1, depending on chamber volume) were included in the analysis 
as zero fluxes.

In a final step, we averaged all the replicates from a measurement 
site in order to have one CH4 flux value per measurement site and 
calculated the CH4 flux for the growing season of 153 days in g CH4 m− 2 

yr− 1, which served as input data for the bootstrapping of the Beringia 
coastal wetland CH4 estimation. Mean CH4 fluxes for the measured sites 
are available on PANGAEA with the following link: https://doi.org/10. 
1594/PANGAEA.960156 (Fuchs et al., 2024b).

3.6. CH4 flux calculation for Beringia

We upscaled the CH4 fluxes to Beringian coastal wetlands from point 
measurements to the entire area by multiplying the means of the 
observed fluxes with the means of the coastal wetland area for each time 
step resulting in an average total CH4 flux in Tg CH4 yr− 1 in accordance 
to Treat et al. (2021). This approach included a two-way bootstrapping 
approach in order to capture the considerable uncertainty in both main 
input variables (CH4 flux rates and coastal wetland area estimation) but 
reduce the impact of extreme values in our small datasets. In a first step, 
we bootstrapped the coastal wetland area for each time step by resam-
pling the different area estimations based on the altitudinal intervals. 
We executed a bootstrapping with 5 samples (i.e. five different area 
estimations) and 100 iterations with replacement according to Jonge-
jans and Strauss (2020), with the 95% confidence interval as the un-
certainty range. This was executed for each time step from 20,000 to 0 
yrs BP. In a second step, we bootstrapped the CH4 fluxes according to the 
wetland classes. Since the CH4 fluxes of the three classes Temporarily 
irregularly flooded, Permanently to semi-permanently flooded, and Season-
ally flooded were not statistically significantly different (see Supple-
mentary Material Fig. S4), these three classes were merged into one 
single class for the upscaling. Nevertheless, the input data were variable 
within each wetland class (Fig. S4); to better capture this variability, we 
used the bootstrapping approach rather than a simple median or mean 
for each wetland class. We executed a bootstrapping of 10 samples and 
1000 iterations with replacement. Again, the 95% confidence interval 
was chosen for an uncertainty estimation. In a final step, we upscaled the 
CH4 fluxes to Beringian coastal wetlands by multiplying the boot-
strapped mean of CH4 fluxes with the mean of the coastal wetland area 
for each time step of 1000 years. The uncertainty of the final estimation 
was calculated through error propagation according to Taylor (1997). 
This approach includes the variability in both input parameters, and 
therefore provides an estimation with uncertainty of Beringian coastal 
wetland CH4 flux contribution for the past 20,000 years based on 
present-day data sets.

4. Results

4.1. Spatio-temporal dynamics of the flooding of Beringia

The flooding history of Beringia was reconstructed from geospatial 
analysis of the paleo bathymetry grids and a model-based sea-level 
reconstruction specifically for Beringia (Fig. 2). Of the total Beringian 
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shelf area, 44% is located in the East Siberian and Laptev Seas and 44% 
in the Chukchi and Bering Seas combined (Fig. 2a). At 12,000 yrs BP, 
more than half of Beringia (52%) was already flooded, but the time 
interval with the largest area flooded occurred during 12,000–11,000 
yrs BP when more than 300,000 km2 (or 11% of total study region) were 
flooded within 1000 years. By 7500 BP, the remaining exposed Berin-
gian shelf was almost entirely in the Beaufort Sea (Fig. 2f). With the 
slower rate of sea-level rise in the last 5000 years, only 126,500 km2 (or 
4%) of Beringia were flooded, with the majority of that happening in the 
Beaufort Sea (72,100 km2).

There were clear differences in the timing of flooding for the various 
regions (Fig. 2 and Supplementary Material Fig. S3). For example, large 
areas of the Chukchi Sea were flooded between 17,000 and 12,000 yrs 
BP, while most of the Beaufort Sea was flooded no earlier than 9000 yrs 
BP. This heterogeneity was mostly due to the different topographical 
characteristics (e.g., the vast, flat Laptev and East Siberian Shelf) and 
differences in relative sea-level rise due to isostatic adjustments (e.g., the 
proximity of the Beaufort Sea to the melting Laurentide Ice sheet and the 
associated forebulge collapse and glacial isostatic adjustment effects 
(Gowan et al., 2021) (see Supplementary Material Fig. S3). Between 16, 
000 yrs BP and 9000 yrs BP, 250,000 km2 or more were flooded each 
millennium (Fig. S3). While the flooding in the first period (20,000–14, 
000 yrs BP) was dominated by flooding of the Chukchi and Bering Sea, 
the flooding in the second period (13,000–7000 yrs BP) was dominated 
by the flooding of the large East Siberian and Laptev Sea shelf (Fig. S3).

We found generally good agreement between modelled flooding 
times and 14C dates of terrestrial sediment in sea-floor cores (Fig. 3a) 
with the exception of two data points in the Bering Sea. The majority of 
the points were consistent with the inferred timing of flooding, espe-
cially for the Bering and Beaufort Sea. However, some 14C dates appear 
to be significantly older than the inferred flooding. This could be caused 
by either erosion (e.g. the top terrestrial organic material and permafrost 
was eroded prior to or during flooding) or the dated organic material 
was not the upper limit of the terrestrial environment. In addition, the 
model output and the 14C dates did not align as well for the Chukchi Sea. 
The evaluation shows that parts of the Chukchi Sea might have been 
flooded about 1000 years later than what our model proposed.

4.2. Coastal wetland area and CH4 emissions since 20,000 yrs BP

The extent of present-day coastal wetlands in this region gives an 
indication of the potential extent of coastal wetlands in the past by 

assuming similar topographical profile conditions. The mean (±95% CI) 
bootstrapped coastal wetland area for Beringia (Fig. 4a) varies between 
a mean value of 110,000 km2 (7000 yrs BP) and 260,000 km2 (14,000 
yrs BP) and is consistently larger than 200,000 km2 during 
16,000–10,000 yrs BP, indicating that from the Bølling-Allerød to the 
Early Holocene, large areas of Beringia were close to or at sea-level. This 
is important to consider for biogeochemical processes, since the timing 
of major climatic changes (Bølling-Allerød warming, Younger Dryas 
cooling, Early Holocene warming) coincides with a large area tran-
sitioning from a terrestrial to a coastal to a marine environment, 
changing the nature of carbon cycling. When taking the maximum po-
tential wetland area within the 0–10 m a.s.l. altitudinal range, the size of 
coastal wetlands would nearly double (dashed line in Fig. 4a), and could 
have been as large as 450,000 km2 at 15,000 yrs BP.

Based on the mean area of coastal wetlands, and the inclusion of a 
wide range of CH4 flux data representing 231 CH4 measurements from 
72 different wetland locations covering six major coastal wetland classes 
in the Northern Hemisphere (see Methods and Fig. S2), we estimated the 
total CH4 flux from Beringia for each 1000-year time interval. This 
analysis results in a maximum CH4 flux of up to 3.5 (+4.0/− 1.9) Tg CH4 
yr− 1 at 14,000 yrs BP. The analysis shows a high CH4 flux of 2.5–3.5 Tg 
CH4 yr− 1 from 16,000 to 9000 yrs BP for coastal wetlands of Beringia 
(Fig. 4b). The beginning (20,000–17,000 yrs BP) and end (8000 – pre-
sent) of the studied period are characterized by lower fluxes from 
Beringian coastal wetlands with a flux of less 2 Tg CH4 yr− 1, which is 
caused by the smaller area covered by coastal wetlands. The boot-
strapped mean CH4 flux for Beringian coastal wetlands is 13.3 (+14.0/ 
− 8.4) g CH4 m− 2 yr− 1 based on contemporary analogs. The estimations 
of total fluxes include an uncertainty estimation for both the area and 
flux rates, which results in a total uncertainty of approximately +106/- 
63% (Fig. 4b), which stems primarily from the wide range of the CH4 
fluxes, which is three times as large as the uncertainty of the area esti-
mation and indicate that more CH4 flux data is needed to reduce the 
uncertainty in the estimations.

5. Discussion

5.1. Flooding and coastal wetlands of Beringia

By estimating the timing of flooding for all of Beringia and not only 
the Bering Land Bridge, we show that spatial extent and time of flooding 
varies for the different regions of Beringia (Fig. 2). In addition, we 

Fig. 4. Coastal wetland area and CH4 flux for the past 20,000 years. a) Estimates of coastal wetland areas of Beringia, based on a bootstrapping approach of 
contemporary coastal wetlands at 1000-year time intervals. The dashed line indicates the maximum potential wetland area, and the dotted line indicates the 
minimum potential wetland area. The maximum and minimum area estimates were calculated without bootstrapping. b) Total CH4 fluxes of coastal wetlands in 
Beringia for the past 20,000 years based on mean coastal wetland areas. Red line is the mean bootstrapped CH4 flux in Tg CH4 yr− 1 with the 95% confidence interval 
(red area). The confidence interval (red area) includes the uncertainty of both input values, CH4 flux rates and wetland area estimation.
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estimate the area of coastal wetlands for the past 20,000 years, which 
was more than 200,000 km2, during the period of 16,000–9000 yrs BP, 
and therefore in the same order of magnitude as the present day wetland 
area in Alaska according to Pastick et al. (2017) with 177,000 km2. 
When comparing it to contemporary coastal wetlands of Alaska (84,500 
km2, 0–10 m a.s.l.), coastal wetlands of Beringia always covered a larger 
area during the past 20,000 years. The potential current coastal wetland 
area for the Russian part of the study area is also on the lower end with 
125,700 km2 (which is 81% of the area 0–10 m a.s.l. according to the 
MERIT DEM (Yamazaki et al., 2017) in combination with a very rough 
wetland map from Russia (Land resources of Russia – Wetlands map 
(Stolbovoi and McCallum, 2002). However, our approach is an 
approximation of past conditions. In particular, using the extent of 
present-day Alaskan coastal wetlands as an approximation to past 
Beringian coastal wetlands assumes similar topographic gradients lead 
to similar past wetland extent, despite differences in climate and 
geomorphic setting. For example, the East Siberian and Laptev Sea 
shelves likely consisted of Yedoma deposits (Strauss et al., 2021), 
whereas present day-coastal areas in Alaska are a mix of low lying 
(thermokarst-affected) regions on the Arctic Coastal Plain and the 
Yukon-Kuskokwim Delta, more hilly shorelines along the Chukchi Sea 
and Kenai Peninsula, and Yedoma deposits on the Seward Peninsula. In 
addition, our model does not consider any sediment erosion or deposi-
tion processes and does not include microtopography. With our spatially 
coarse, 5 × 5 km resolution grid, we are not able to make statements on 
local surface changes such as permafrost thaw settlement, lake forma-
tion or erosional river valleys (Brosius et al., 2021), particularly within a 
likely Yedoma environment that might have existed in parts of Beringia 
(Strauss et al., 2021). We are aware that this can lead to inaccurate es-
timations of flooding times but given the coarse spatial and temporal 
resolution and limited data on past conditions in Beringia, our approach 
is a promising attempt to understand the processes in Beringia that in-
fluence CH4 flux with sea-level transgression, which have not yet been 
quantified. These results highlight the importance of including these 
areas for estimating the CH4 flux contribution to atmospheric CH4 
during the past 20,000 years.

Our coastal wetland and timing of flooding estimations are generally 
consistent with constraints based on 14C-dated sediment cores (Fig. 3), 
although uncertainties remain and the 14C dates have to be considered 
with caution. In particular, two locations in the Bering Sea show a large 
deviation from the model. Both points are located in the greater Yukon- 
Kuskokwim Delta region and might therefore be affected by fluvial 
sediment deposition and can therefore be considered as outliers. Addi-
tional uncertainties for the timing of flooding in the Chukchi Sea arise 
from two main factors. First, the linear interpolation between the 
PaleoMIST paleo bathymetry grids introduces uncertainty due to their 
coarse temporal resolution of 2500 years. Second, it is plausible that an 
early inundation estimated for coastal lowlands of the Chukchi Sea re-
gion is a result of the choices made when constructing the PaleoMIST 
model. The paleo bathymetry grids were determined using glacial 
isostatic adjustment (GIA). The GIA model (Gowan et al., 2021) utilizes 
only a single, three layer, radially symmetric Earth structure with a 120 
km elastic lithosphere and contrasts in viscosity only between the upper 
and lower mantle at 660 km depth. In reality, the Earth has a 3D vis-
cosity structure (Li et al., 2022). This may be an issue, since the Earth 
structure between the area covered by the Cordilleran Ice Sheet, which 
overlies a region undergoing active tectonics, is different than the Lau-
rentide Ice Sheet, which overlies a more stable cratonic area. Beringia is 
close enough to these ice sheets that it may require this contrast to be 
included to accurately model the sea-level. The Chukchi Sea area is also 
in the intermediate field of these ice sheets, and the calculated sea-level 
there is sensitive to the choice of mantle viscosity (Gowan et al., 2021; 
Pico et al., 2020). Modelling relative sea-level in the intermediate field is 
complicated (Dyke and Peltier, 2000), and has been a problem when 
trying to model the paleo sea-level along the United States East Coast 
(Engelhart et al., 2011). Nevertheless, by comparing PaleoMIST results 

to those of 14C-dated terrestrial sediments from cores from the Beringian 
shelf, we find good agreement. The consistency between our estimated 
time of flooding and ages of terrestrial deposits in sediment cores lends 
validity to our results (Fig. 3). In summary, by including paleo ba-
thymetry grids from the Bering region, we were able to infer the timing 
of flooding more accurately for the different sub-regions of Beringia and 
calculate the area of coastal wetlands for the past 20,000 years.

In terms of the breaching of the Bering Land Bridge, our study in-
dicates an early inundation compared to other studies (e.g., Jakobsson 
et al., 2017). Our model infers that the Bering Land Bridge was inun-
dated approximately 12,500 yrs BP. The reason for this early flooding 
estimate might be the spatial resolution of the grids. With 25 km2 pixel 
size the accuracy is very coarse and therefore uncertain for determining 
the exact timing of the breaching of the Bering Land Bridge. Also, the 
temporal resolution of the grids (2500 years) introduces some uncer-
tainty; however, for the grid of 12,500 yrs BP the Bering Land Bridge was 
already inundated. Our suggested time of flooding of the Bering Land 
Bridge is therefore early compared to a proxy-based reconstruction from 
the Chukchi Sea by Jakobsson et al. (2017) but fits into the time range 
provided by the standstill theory proposed in a modeling study by Pico 
et al. (2020) and is in accordance with Elias et al. (1992) and England 
and Furze (2008).

5.2. Beringia CH4 flux estimates in a broader context

Our estimated CH4 fluxes are based on present-day analogs of CH4 
fluxes and coastal wetland classification, as well as paleo bathymetry 
grids from the PaleoMIST 1.0 model (Gowan et al., 2021). This is, to our 
knowledge, the most feasible approach so far to estimate past terrestrial 
CH4 fluxes from an inundated area. One strength of our model is the 
inclusion of a wide range of CH4 flux data representing 231 CH4 mea-
surements from 72 different wetland locations in the Northern Hemi-
sphere (see Fig. S2). This data covers six main wetland classes according 
to Clewley et al. (2015) including saltwater tidal regularly flooded, 
temporarily irregularly flooded, permanently/semi-permanently floo-
ded, non-tidal saturated and water bodies. This data set was used as 
input data for the upscaling based on a bootstrapping approach, 
contributing to a wide range of uncertainty (Fig. 4b) but capturing the 
most likely scenarios. However, we are aware that coastal CH4 fluxes are 
more complex and are for example dependent on temperature (Rinne 
et al., 2018), salinity (Poffenbarger et al., 2011) as well as they can have 
seasonal, weekly or even daily fluctuations (Shurpali et al., 1993; 
Rosentreter et al., 2018; Roth et al., 2022). This leads to a large uncer-
tainty for the upscaled results and the need for more high-resolution CH4 
flux data, especially from northern high-latitude coastal wetlands. Roth 
et al. (2022) show that about 50 CH4-concentrations samples per day are 
necessary in order to resolve the different drivers of variability and to 
significantly improve the validity of the results. Unfortunately, these 
data are not yet available for northern coastal wetlands.

We consider our CH4 flux estimates (1.4–3.5 Tg CH4 yr− 1) to be 
conservative and at the lower end of what can be expected for coastal 
wetlands of Beringia, because we only estimate CH4 fluxes for a growing 
season of 153 days with zero fluxes during the remainder of the year. A 
prolongation of the growing season and/or assuming minor fluxes dur-
ing the winter period (e.g. Treat et al., 2018) would increase the annual 
fluxes from coastal wetlands of Beringia. In addition, our approach as-
sumes coastal wetlands within 0–10 m altitudinal intervals, but we 
might underestimate the true size of coastal wetlands. If we assume 
coastal wetlands to occupy the entire area up to 10 m a.s.l. (thus, not 
applying the bootstrapping for the coastal area on altitudinal intervals) 
and calculate the CH4 fluxes with an average bootstrapped CH4 flux of 
around 13.3 g CH4 m− 2 yr− 1, which is lower compared to US freshwater 
wetlands (32.1 g CH4 m− 2 yr− 1) or US saltwater dominated wetland 
fluxes (16.9 g CH4 m− 2 yr− 1) (Bridgham et al., 2006), the maximum flux 
could be up to 6.0 Tg CH4 yr− 1 at 14,000 yrs BP, which would nearly 
double the fluxes compared to our bootstrapped results. Importantly, the 
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CH4 released from coastal wetlands is likely young 14C-CH4 and there-
fore coastal wetlands could have been important sources contributing to 
the rapid increase of Northern Hemisphere atmospheric CH4 concen-
tration as indicated by previous studies (Dyonisius et al., 2020; Petrenko 
et al., 2017). The analysis of quantifying and modelling the absolute 
amount of 14C-CH4 from ice cores by Dyonisius et al. (2020) and Pet-
renko et al. (2017) show the significance of contemporaneous CH4 to the 
rapid increase of atmospheric CH4 compared to geological CH4 emis-
sions during the Younger Dryas and therefore highlight the important 
role of wetlands for past (and present) CH4 emissions.

Our flux estimates may also be conservative due to constraining the 
estimates to the now-inundated land area of Beringia, not accounting for 
wetland formation prior to becoming a coastal area resulting from thaw 
of ice-rich permafrost on the continental shelf (Romanovskii et al., 2000, 
2004), and not accounting for wetland formation outside of the coastal 
zone as the climate warmed and became wetter (Monteath et al., 2021).

Nevertheless, coastal wetlands of Beringia were significant CH4 
sources. For comparison, present-day wetland emissions from North 
America were estimated to 9.4 Tg CH4 yr− 1 based on a soil database 
synthesis (Bridgham et al., 2006) and present-day CH4 estimations for 
Alaskan wetlands range in the same order of magnitude as our study 
with 1.7 Tg CH4 yr− 1 (Bridgham et al., 2006) and 2.1 Tg CH4 yr− 1 (Treat 
et al., 2021). Therefore, our CH4 flux estimate of 1.4–3.5 Tg CH4 yr− 1 is 
comparable to estimated fluxes of contemporary Alaskan wetlands. In 
addition, a process-based modelling estimated 0.9 Tg CH4 yr− 1 (McGuire 
et al., 2018), while a top-down estimate based on aircraft remote sensing 
resulted in a flux of 2.1 Tg CH4 (Chang et al., 2014) for the growing 
season of Alaska. For comparison on a global scale, Saunois et al. (2020)
estimated the global wetland CH4 emissions to 101–179 Tg CH4 yr− 1 and 
Rosentreter et al. (2021a) estimated a CH4 flux for coastal wetlands of 
14.6 ± 16.0 Tg CH4 yr− 1 indicating the high variability in CH4 fluxes for 
coastal wetlands and the uncertainty in CH4 upscaling attempts.

From an Arctic perspective, synthesis work was done by Olefeldt 
et al. (2021) and Kuhn et al. (2021) who established a dataset for areal 
extents as well as terrestrial and aquatic CH4 fluxes in boral and arctic 
ecosystems and found that water table position, soil temperature, and 
vegetation composition were major control factors for terrestrial 
ecosystem fluxes and water temperature, lake size and lake genesis were 
the main control factors for aquatic ecosystems. Treat et al. (2024)

estimated a CH4 flux between 5.3 and 37.5 Tg CH4 yr− 1 from wetlands 
and lakes in the northern permafrost region highlighting the low density 
of observation in a highly variable landscape as a major challenge. A 
land cover based upscaling by Ramage et al. (2024) resulted in a mean 
annual CH4 flux of 38 Tg CH4 yr− 1 for the northern permafrost region 
between 2000 and 2020 identifying spatial representation, length and 
quality of observational time series as major limiting factor for the 
upscaling. Also, the omission of non-growing season CH4 flux can lead to 
an underestimation. Treat et al. (2018) estimated a non-growing CH4 
flux of 6.1 Tg CH4 yr− 1 for northern ecosystems. Albuhaisi et al. (2023)
modelled CH4 emissions for the boreal and pan-arctic wetlands >50◦N 
based on soil moisture data from satellite remote sensing and estimated 
29.5–39 Tg CH4 yr− 1, including growing and non-growing season fluxes.

For a broader perspective and comparison to past fluxes, a CH4 flux 
model output for the LGM resulted in 107 Tg CH4 yr− 1 (Kaplan, 2002) 
and 108 Tg CH4 yr− 1 (Valdes et al., 2005) for global wetlands and 23.3 
Tg CH4 yr− 1 for Northern Hemisphere (extratropical) wetlands (Kleinen 
et al., 2020). At 10,000 yrs BP Kaplan et al. (2006) modelled a CH4 flux 
of around 125 Tg CH4 yr− 1 for global wetlands and Kleinen et al. (2020)
estimated 48.3 Tg CH4 yr− 1 for northern extratropical wetlands, which is 
only slightly higher than the CH4 flux of coastal wetlands on Beringian 
shelves, northern peatlands and thermokarst lakes combined at 10,000 
yrs BP (see Fig. 5).

5.3. Integrating coastal wetlands with other sources of CH4 in the 
Northern Hemisphere

With a flux of around 3.3 Tg CH4 yr− 1 at the onset of the Bølling- 
Allerød, Beringian coastal wetlands contribute the same amount of CH4 
as thermokarst lakes and northern peatlands combined and contribute 
about 11–14% of emitted CH4 during the early Holocene (Fig. 5). In the 
later stages, northern peatlands become the dominant source of CH4, 
mainly due to their much larger area. Combining these fluxes shows that 
CH4 emissions from northern landscapes increased 10-fold from 16,000 
to 9000 yrs BP (Fig. 5). Our study indicates that by including coastal 
wetland formation from the now-inundated continental shelf region of 
Beringia, the northern wetland contribution to the rise in atmospheric 
CH4 concentrations started at around 17,000 yrs BP. The estimated 
fluxes were larger than thermokarst lakes (Brosius et al., 2012) until 15, 

Fig. 5. Northern Hemisphere CH4 fluxes. CH4 fluxes from Beringia coastal wetlands (red) in comparison to thermokarst lakes in contemporary terrestrial Beringia 
(blue) and northern peatlands (green). The black line shows the sum of these three different domains (coastal wetlands, thermokarst lakes and northern peatlands) 
including the uncertainty range (grey area).
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000 yrs BP and larger than peatlands until about 13,000 yrs BP (Treat 
et al., 2021). Nevertheless, the estimates presented here underrepresent 
the total potential continental shelf wetland CH4 flux, as we only include 
Beringian coastal wetlands in our flux estimations, rather than the entire 
potential area for wetlands across Beringia, which encompasses a much 
larger area.

By comparing the flooded area of Beringia to the terrestrial, not 
flooded (non-coastal) areas for each time step (Fig. 6), there is a high 
potential for additional large wetlands (and increased CH4 fluxes) 
particularly in the first quarter (20,000–15,000 yrs BP) of the investi-
gated time period, when the terrestrial (not yet flooded area of the 
Beringian shelf) was up to 23-times larger than the area covered by 
coastal wetlands. If only a fraction of that vast area was occupied by 
wetlands, CH4 fluxes from this region would have been considerably 
higher. There is for example some evidence that riverine channels and 
therefore likely riparian wetlands existed for the Laptev Sea and Bering 
Sea region (Kleiber and Niessen, 1999; MacManus et al., 1974). How-
ever, climate conditions at the end of the LGM were likely dry and cold 
(Ager, 2003; Guthrie, 2001) which might have restricted the formation 
of wetlands until the climate warmed and became wetter. Nevertheless, 
some indications based on pollen data for more abundant wetlands 
outside the coastal area suggest that at least between the eastern and 
western part of Beringia, a mesic shrub-tundra belt could have existed 
(Elias and Crocker, 2008; Guthrie, 2001; Hoffecker et al., 2020), and 
plant macrofossil studies indicate the local presence of aquatic and 
wetland plants (e.g. Myriophyllum spicatum, Sphagnum spp.) for the time 
period 20,000–14,000 yrs BP (Elias et al., 1997). This indicates that 
Beringia was not entirely a dry tundra-steppe during the deglaciation 
but consisted of a mosaic of different ecosystems with the possibility to 
have included CH4-emitting wetlands. During the beginning of the 
Bølling-Allerød, Monteath et al. (2021) reported that the landscape 
became wetter and peat formation was more widespread, indicating the 
presence of wetlands in non-coastal Beringia. This is supported by bio-
markers that point to wetter conditions and permafrost thaw in inland 
Beringia (Meyer et al., 2019). However, the estimation of the total area 
of wetlands in Beringia and their CH4 fluxes is only speculative and 
outside the scope of this study.

While more wetlands outside the coastal domain were possibly 
present during the past 20,000 years in Beringia, other processes 
potentially have affected the total CH4 fluxes from Beringia. During the 
deglaciation and warming of the climate, the previously unglaciated, 
permafrost-affected area was undergoing widespread change (Brosius 
et al., 2012, 2021; Pellerin et al., 2022). Thick ice-rich Yedoma deposits 
are common in some regions of the Beringian shelves (Gavrilov et al., 

2003; Romanovskii et al., 2000; Strauss et al., 2017, 2021), and thaw of 
ice-rich permafrost would have led to CH4-emitting thermokarst lake 
landscapes (Brosius et al., 2012, 2021; Pellerin et al., 2022). In partic-
ular, biomarkers from marine sediment cores indicate that the flooding 
and rapid degradation of Beringian permafrost (Yedoma) deposits 
contributed to the rise in atmospheric CO2 at 14,600 and 11,500 yrs BP 
(Meyer et al., 2019; Winterfeld et al., 2018). However, the contribution 
of permafrost thaw and Yedoma degradation to CH4 fluxes prior and 
during the flooding of these Yedoma permafrost deposits is not quanti-
fied yet for Beringia. Evidence shows that permafrost thaw from ther-
mokarst lake formation in Alaska and Siberia began as early as 18,000 
yrs BP but did not substantially rise until 14,000 yrs BP (Brosius et al., 
2012). While 850,000 km2 of Beringia were flooded between 14,000 and 
11,000 yrs BP, a vast area (~900,000 km2) was still a terrestrial 
(non-coastal) environment by 11,000 yrs BP (Fig. 6) where permafrost 
thaw and thermokarst processes likely expanded, resulting in increased 
CH4 fluxes from these areas. For example, thermokarst lakes and 
low-lying drained lake basins formed before flooding and then trans-
formed into thermokarst lagoons due to sea-level rise and coastal 
erosion (Angelopoulos et al., 2020; Jenrich et al., 2021; Romanovskii 
et al., 2004), with the potential to release CH4 during further permafrost 
degradation of these deposits (Shakhova et al., 2019).

Our study explores the role of coastal wetlands from only the 
Beringian shelf, but other continental shelves likely also contributed. 
Beringia, which covers ~57% of the northern hemisphere exposed shelf 
area during the LGM, is not as heavily impacted by isostatic sea-level 
effects (except the rather small Beaufort Sea shelf) (Keigwin et al., 
2006). Outside of the Beringian domain, other northern regions (such as 
the North Sea shelf or the Kara Sea shelf) provided a large potential area 
(about 1.3 × 106 km2) where thermokarst processes and (coastal) 
wetland formation have occurred. Presence of extensive wetlands were 
discovered for the North Sea shelf based on many marine cores and 
geophysical soundings finding wetland deposits starting to form around 
13,700 to 10,700 yrs BP (Lippmann et al., 2021; Wolters et al., 2010).

To improve our understanding of the Beringian paleo-environment, 
collecting cores from the Beringian shelf that capture the marine- 
terrestrial transgression would help constrain the timing of flooding 
and help characterize past Beringian climate and landscapes not only for 
the Bering Land Bridge but also for the other regions of Beringia. Better 
characterization of Beringian paleoenvironments would help constrain 
paleo-coastal wetland CH4 fluxes during the deglacial sea-level 
transgression.

Our estimations of the timing of flooding and potential CH4 fluxes 
from coastal wetlands in Beringia highlight the importance for further 
investigating the processes on the Beringian shelf and its implications for 
past climatic changes. In this study, we show that inundation of Beringia 
and the associated time-transgressive development of coastal wetlands 
represent a hitherto unquantified Northern high latitude source of at-
mospheric CH4 observed in ice core records. The fluxes from coastal 
Beringian wetlands pre-date thermokarst lake and peatland initiation 
within their modern ranges, indicating an earlier Northern high latitude 
source. With this first approximation of CH4 fluxes for Beringian coastal 
wetlands, we show the significance of including these former terrestrial 
areas into estimations of past CH4 sources as they shift the onset of 
Northern high latitude CH4 fluxes from northern regions earlier towards 
the Bølling-Allerød. These results further suggest that the inundation of 
low-lying parts of the Arctic coastal regions with future increasing rates 
of sea-level rise could contribute to an increase of atmospheric CH4.

6. Conclusions

The flooding of Beringia during the past 20,000 years led to a tran-
sition of vast lowland tundra landscapes first into coastal and then into 
marine ecosystems. We estimated for the first time the size of coastal 
wetlands in Beringia in 1000-year time intervals. In addition, we 
compiled a CH4 flux data set for coastal wetlands and estimated the 

Fig. 6. Flooded vs. terrestrial area of Beringia. Ratio between flooded (blue 
dashed line) and terrestrial (green solid line) area of Beringia during the past 
20,000 years. In addition, the (bootstrapped) coastal wetland area for Beringia 
is added as comparison (dashed black line). The terrestrial area includes all the 
non-flooded areas except the coastal wetland area. At 0 yrs BP, terrestrial area 
of Beringia is ~0, and the coastal wetland area is on current terrestrial land in 
Alaska and Russia.
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potential CH4 flux for coastal wetlands in Beringia during the past 
20,000 years. This is the first characterization of CH4 fluxes from coastal 
wetlands for the now inundated Beringian shelf. The results indicate that 
these areas contributed to overall Northern Hemisphere CH4 concen-
tration preceding other processes such as thermokarst lake development 
and peatland formation. In addition, our study shows that large areas in 
Beringia (consistently more than 200,000 km2) were close to or at sea 
level during the time from the Bølling-Allerød to the Early Holocene and 
therefore shifting from terrestrial to coastal and eventually into a marine 
ecosystem. This cascade from land to sea coincides with the timing of 
major climatic changes, and therefore likely had significant influences 
on the northern carbon cycle. With our study, we quantify a past pre-
viously overlooked CH4 source and therefore add a missing piece to 
Northern Hemisphere CH4 emissions estimates during the last 
Deglaciation.
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D., Hefter, J., McIntyre, C., Wacker, L., Kokfelt, U., Tiedemann, R., 2018. Deglacial 
mobilization of pre-aged terrestrial carbon from degrading permafrost. Nat. 
Commun. 9 (1), 3666. https://doi.org/10.1038/s41467-018-06080-w.

Wolters, S., Zeiler, M., Bungenstock, F., 2010. Early Holocene environmental history of 
sunken landscapes: pollen, plant macrofossil and geochemical analyses from the 
Borkum Riffgrund, southern North Sea. Int. J. Earth Sci. 99 (8), 1707–1719. https:// 
doi.org/10.1007/s00531-009-0477-6.

Wong, P.P., Losada, I.J., Gattuso, J.-P., Hinkel, J., Khattabi, A., McInnes, K.L., Saito, Y., 
Sallenger, A., 2014. Coastal systems and low-lying areas. In: Climate Change 2014: 
Impacts, Adaptation and Vulnerability. Part A: Global and Sectoral Aspects. 
Contribution of Working Group II to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change (S. 361–409). Cambridge University 
Press.

Yamazaki, D., Ikeshima, D., Tawatari, R., Yamaguchi, T., O’Loughlin, F., Neal, J.C., 
Sampson, C.C., Kanae, S., Bates, P.D., 2017. A high-accuracy map of global terrain 
elevations: accurate Global Terrain Elevation map. Geophys. Res. Lett. 44 (11), 
5844–5853. https://doi.org/10.1002/2017GL072874.

Yang, J.-W., Ahn, J., Brook, E.J., Ryu, Y., 2017. Atmospheric methane control 
mechanisms during the early Holocene. Clim. Past 13 (9), 1227–1242. https://doi. 
org/10.5194/cp-13-1227-2017.

Yurtsev, B.A., 2001. The Pleistocene “Tundra-Steppe” and the productivity paradox: the 
landscape approach. Quat. Sci. Rev. 20 (1–3), 165–174. https://doi.org/10.1016/ 
S0277-3791(00)00125-6.

M. Fuchs et al.                                                                                                                                                                                                                                   Quaternary Science Reviews 344 (2024) 108976 

14 

https://doi.org/10.1038/s41467-018-06080-w
https://doi.org/10.1007/s00531-009-0477-6
https://doi.org/10.1007/s00531-009-0477-6
http://refhub.elsevier.com/S0277-3791(24)00477-3/sref117
http://refhub.elsevier.com/S0277-3791(24)00477-3/sref117
http://refhub.elsevier.com/S0277-3791(24)00477-3/sref117
http://refhub.elsevier.com/S0277-3791(24)00477-3/sref117
http://refhub.elsevier.com/S0277-3791(24)00477-3/sref117
http://refhub.elsevier.com/S0277-3791(24)00477-3/sref117
https://doi.org/10.1002/2017GL072874
https://doi.org/10.5194/cp-13-1227-2017
https://doi.org/10.5194/cp-13-1227-2017
https://doi.org/10.1016/S0277-3791(00)00125-6
https://doi.org/10.1016/S0277-3791(00)00125-6

	Methane flux from Beringian coastal wetlands for the past 20,000 years
	1 Introduction
	2 Regional setting
	3 Materials and methods
	3.1 Modelled timing of inundation
	3.2 Raster analysis for estimating the size of coastal wetlands
	3.3 Evaluation of flooding scenarios
	3.4 Methane flux data set
	3.5 Methane flux measurements
	3.6 CH4 flux calculation for Beringia

	4 Results
	4.1 Spatio-temporal dynamics of the flooding of Beringia
	4.2 Coastal wetland area and CH4 emissions since 20,000 yrs BP

	5 Discussion
	5.1 Flooding and coastal wetlands of Beringia
	5.2 Beringia CH4 flux estimates in a broader context
	5.3 Integrating coastal wetlands with other sources of CH4 in the Northern Hemisphere

	6 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


