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The rapid warming of the Arctic-Boreal region has led to the concern that large
amounts of methane may be released to the atmosphere from its carbon-rich soils, as
well as subsea permafrost, amplifying climate change. In this review, we assess the
various sources and sinks of methane from northern high latitudes, in particular those
that may be enhanced by permafrost thaw. The largest terrestrial sources of the
Arctic-Boreal region are its numerous wetlands, lakes, rivers and streams. However,
fires, geological seeps and glacial margins can be locally strong emitters. In addition,
dry upland soils are an important sink of atmospheric methane. We estimate that the
net emission of all these landforms and point sources may be as much as
48.7 [13.3-86.9] Tg CH, yr*. The Arctic Ocean is also a net source of methane to
the atmosphere, in particular its shallow shelves, but we assess that the marine
environment emits a fraction of what is released from the terrestrial domain:
49 [0.4-19.4] Tg CH4 yr™. While it appears unlikely that emissions from the ocean
surface to the atmosphere are increasing, now or in the foreseeable future, evidence
points towards a modest increase from terrestrial sources over the past decades, in
particular wetlands and possibly lakes. The influence of permafrost thaw on future
methane emissions may be strongest through associated changes in the hydrology of
the landscape rather than the availability of previously frozen carbon. Although high
latitude methane sources are not yet acting as a strong climate feedback, they might
play an increasingly important role in the net greenhouse gas balance of the Arctic-
Boreal region with continued climate change.
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1 Introduction

The sweeping landscapes of the Arctic-Boreal region harbor a wide diversity of
environments that are sources of methane to the atmosphere, including numerous
wetlands and lakes, as well as ocean sediments. These sources are influenced by the
presence of permafrost, and as the climate warms this perennially frozen ground may thaw.
The soils of the permafrost region contain more than twice the amount of carbon present in
the atmosphere, and if only a fraction of this is released as methane it could act as a
significant feedback on the global climate (Schuur et al., 2022). Permafrost thaw may also
impact surface wetness, altering the environmental conditions for methane formation
(Nauta et al, 2014), or it might alter transport pathways up to the surface when the
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FIGURE 1

Ecoregions, wetlands, lakes and permafrost extent of the Arctic-Boreal region. (A) Spatial extent of the Arctic-Boreal region, showing the (Oro-)
Arctic (yellow) and Boreal (green) terrestrial biomes, as well as the Arctic Ocean and its marginal seas. The Arctic Circle is depicted as a dashed line. (B)
Wetland cover in the Arctic-Boreal region (C) lake cover and major rivers in the Arctic-Boreal region. (D) Extent of terrestrial permafrost (blue) and subsea
permafrost (orange). The Arctic and Boreal biome extents are from Dinerstein et al. (2017). Wetland and lake cover are from the BAWLD dataset
(Olefeldt et al,, 2021). Terrestrial and subsea permafrost data are from Obu et al. (2019) and Overduin et al. (2019), respectively.

Frontiers in Environmental Science 02 frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1460155

Parmentier et al.

10.3389/fenvs.2024.1460155

co, CH,

0,

/-

CH,

Aerobic CH, consumption

FIGURE 2

CH,
H Oxidation
CH, —— (O,
A

Active layer

Permafrost

Pathways of methane emissions in wetland soils, and the role of vascular plants. Permafrost is shown for illustrative purposes. When it thaws, and the
active layer deepens, it may act as an additional carbon source or alter surface hydrology. Episodic bursts of methane may also occur when the active
layer refreezes in winter. Otherwise, the mechanisms shown here are similar in non-permafrost wetlands. Adapted from Joabsson et al. (1999) and

AMAP (2015).

permafrost no longer acts as an impervious barrier (Walter Anthony
et al, 2012). Most high latitude methane sources are microbial in
origin, and global warming will increase this metabolic activity
(Yvon-Durocher et al, 2014). Since methane is a potent
greenhouse gas (AMAP, 2022), subsequent increases in emissions
may pose a
Schaefer, 2015).
These concerns have motivated extensive research efforts

significant challenge to society (Hope and

over the past decades to understand the processes underlying
terrestrial and marine methane emissions from the high latitudes,
and how they are associated with permafrost thaw. However,
whether high-latitude methane emissions will increase in the
future, and with what magnitude, remains highly uncertain.
Many of these uncertainties arise from temporal and spatial
omissions in current monitoring efforts (Peltola et al., 2019;
Pallandt et al, 2022). Arctic highly
heterogeneous, complicating accurate monitoring, upscaling
efforts and process modeling. In addition, the consumption of

landscapes are

atmospheric methane by dry soils is also temperature-dependent
(Voigt et al., 2023), which may counteract increased emissions
elsewhere (Watts et al., 2014).

While acknowledging that CO, emissions are also an
important part of the permafrost carbon feedback (Treat et al,
2024), this review restricts itself to methane by providing a broad
overview of the current state of knowledge on sources, as well as
sinks, in the Arctic-Boreal region. In this paper, we follow the
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terrestrial biome definitions from Dinerstein et al. (2017), which
means that the terrestrial Arctic includes the treeless tundra of
northern highlands (i.e., the oro-Arctic; Virtanen et al., 2015),
while the boreal region is defined by areas predominantly covered
by boreal forest or taiga (Figure 1A). In addition, we consider the
Arctic Ocean and its marginal seas. A unique aspect of this paper
is that it assesses sources in both the terrestrial and marine
domain, including wetlands, lakes, gas hydrates and subsea
permafrost, since all may potentially contribute to a rise in
methane emissions from the high latitudes. We focus on how
our understanding of these sources has evolved over the last
decades, in the context of two assessments by the Arctic
Monitoring and Assessment Programme (AMAP, 2015; 2022),
to act as a guidance on this complex topic.

2 Natural sources and sinks of methane
in the Arctic-Boreal region

2.1 Terrestrial environment

2.1.1 Wetlands

Early global atmospheric studies identified wetlands as a major
natural source of methane to the atmosphere (Ehhalt, 1974). The
early overall emission numbers (140-280 Tg CH, yr') are still
within the uncertainty range for the overall estimates of wetland-
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emitted methane in the most recent budgets (Christensen, 2014;
Saunois et al., 2020). Although these global emissions are dominated
by tropical wetlands, with a share of about 65% (Saunois et al., 2020),
they hold a substantial contribution from northern wetlands
including wet tundra and surrounding environments. The
overarching background for these substantial emissions is the
waterlogged nature of organic soils in the Arctic, which host
stable anaerobic environments with optimal conditions for
methanogenic activity (Figures 1B, 2).

These anaerobic conditions are found below the water table,
where methane is produced from soil organic matter by
methanogens that exclusively belong to the archaea domain
(Ferry, 1999). Methane production is the final step in the
degradation of organic matter, which methanogens
commonly do by reducing CO, with H, or by reducing the

most

methyl group of acetate into methane (Thauer et al, 2008). If a
water table drops below the surface, the top part of the soil becomes
aerated and methane may be oxidized by a diverse group of
bacteria - aerobic methanotrophs - when it diffuses upwards
(Dean et al., 2018), as illustrated in Figure 2. However, oxidation
can be avoided if this zone is bypassed through plant roots or by
ebullition (Christensen et al., 2003; Strom et al., 2003). Ebullition,
the fast upward movement of bubbles, happens too quickly for
significant oxidation to occur in the top part of the soil, which is why
it can be an important fraction of total emissions (Strack et al., 2005).

The role of plants in the production and transport of methane is
more complex: many wet-tolerant plant species, such as sedges and
rushes, contain a spongy tissue called aerenchyma which facilitates
the transport of ambient air between the shoots and the roots
(Figure 2). While this allows for the downward transfer of
oxygen, it also provides a fast conduit for methane to travel
upwards, while root exudates can act as additional substrate for
methanogenesis (Strom et al., 2005).

Both of the microbial processes that produce and consume
methane - methanogenesis and methanotrophy - are
temperature dependent, and the position of the water table
determines their relative importance (Olefeldt et al., 2013). Lower
water tables increase the amount of oxygen in the soil, providing a
larger habitat for methanotrophs, which is why this reduces net
emissions — even if higher temperatures stimulate the activity of both
methanogens and methanotrophs (White et al., 2023). Compared to
tropical wetlands, influenced heavily by seasonality of flooding, wet
northern source areas tend to be more stable in their extent (Yuan
et al, 2024). Many factors, such as nutrients, plant species
composition, soil carbon content, topography and hydrology, will
modulate the size of the emissions, but a stable non-tidal natural
wetland will under normal circumstances always be a source of
atmospheric methane. In contrast, dry tundra is typically a sink for
atmospheric methane (Voigt et al., 2023).

2.1.2 Point sources and disturbances

In a landscape perspective, the constantly emitting wet soil
environments are surrounded by and intermixed with uplands,
glaciers, lakes and rivers — all with their distinct and in some cases
very different methane flux characteristics. Consequently, large
temporal and spatial uncertainties exist in overall composite
landscape emission estimates and new observations of unexpected
fluxes remain possible. Recently, glacial outflow of methane has been
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identified as a hitherto unknown source of atmospheric methane in
the terrestrial domain (Christiansen and Jorgensen, 2018; Lamarche-
Gagnon et al,, 2019). This emission source may be quite common for
glaciers (Sapper et al,, 2023), although its relative contribution to the
Arctic-Boreal methane budget appears minor since it is restricted to
the marginal areas of glaciers and ice sheets.

Another interesting phenomenon is the discovery of new crater-
like formations, tens of meters wide and deep, in Siberian
Russia - notably on the Yamal Peninsula (Bogoyavlensky et al,
2020). These features have been suggested to be the result of
explosive degassing events, or cryovolcanism, although the exact
mechanism remains under debate (Buldovicz et al, 2018;
Bogoyavlensky et al., 2020; Hellevang et al, 2023). Due to the
high methane these craters,
combined with their dramatic and sudden appearance in the

concentrations measured in
landscape, they have attracted much media attention. Currently,
however, these do not seem to be a significant new source of
methane to the atmosphere, given their thus far limited extent,
combined with the observation that they may revert to somewhat
ordinary lakes a few years after formation (Chuvilin et al., 2020).
Still, significant amounts of methane trapped within and beneath
permafrost - e.g, from subsurface fossil hydrocarbon
reservoirs — can be released to the atmosphere through geological
seeps that form along faults, joints, fractures or open system pingos
(Walter Anthony et al,, 2012; Hodson et al., 2019).

Disturbances such as wildfires, thermokarst and animal
activity may also impact the methane budget of the Arctic-
Boreal region. Smoldering combustion of biomass increases
the amount of methane emitted by fire relative to CO,, when
compared to flaming combustion. This slow burning process is
common in boreal forests with carbon-rich organic soils
(Wiggins et al, 2021), and they can persist throughout the
winter, flaring up again in spring (Scholten et al, 2021).
Boreal fires have been increasing in the past decades due to
more frequent lightning and longer fire seasons (Veraverbeke
et al,, 2017), while projections show that fires may become more
common in arctic tundra as well (Chen et al., 2021). These fires
have a direct impact on permafrost thaw, through increases in
soil temperatures and active layer depth, while climate change is
expected to alter post-fire recovery (Holloway et al., 2020). While
dwarfed by carbon losses in the form of CO,, postfire impacts on
methane emissions may be negligible to a slight increase in
uptake, if soil temperatures increase and soil moisture declines
(Ribeiro-Kumara et al., 2020).

Disturbances other than fire primarily alter methane emissions
by transforming the hydrology of the landscape, such as surface
subsidence from abrupt permafrost thaw (Christensen et al., 2004;
Turetsky et al., 2020). Animal activity may also influence methane
emissions, in particular the migration of beavers into the Arctic
which construct dams that increase the number and size of beaver
ponds (Tape et al, 2022), turning terrestrial environments into
aquatic methane sources (Whitfield et al., 2015).

2.2 Freshwater systems

Freshwater systems (lakes, ponds, rivers, and streams) are
abundant in the Arctic (Figure 1C), and subject to strong seasonal
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Typical areas of methane production, oxidation and migration within the ocean and its sediments. Emission estimates for the East Siberian Arctic
Shelf (ESAS) and the Central Arctic Ocean are from Table 1. Figure is not drawn to scale.

variability in their methane emissions due to freeze-thaw cycles. The
microbial production of methane in lakes and ponds is similar to that
in wetlands, and follows the same upward pathways, but there’s a
larger relative contribution of ebullition to the emission to the
atmosphere since diffusive methane fluxes can be anaerobically
oxidized in surface waters and lake sediments (Walter et al., 2008a;
Martinez-Cruz et al, 2018). Besides ebullition and turbulent
dispersion, substantial emissions can also occur via transport
through vascular plants in very shallow lakes (Bastviken et al., 2023).

Frontiers in Environmental Science

Since harsh winter weather makes fieldwork demanding, there
are few observations during winter, a similar gap in observational
coverage as for wetlands (Kuhn et al, 2021). Although formerly
thought to be mostly inert during the ice-covered or winter season, it
is now well-known that methane is actively produced and destroyed
in under-ice conditions, with rapid release of stored methane at
spring thaw/ice-melt (Jammet et al., 2015). The dynamic nature of
these systems, combined with the fact that current freshwater studies
are taking place in a dynamic Arctic already experiencing the effects
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of climate change (Bruhwiler et al., 2021), complicates interpretation
of observations when extrapolating to the Arctic as a whole.

2.3 Marine environment

2.3.1 Gas hydrates and subsea permafrost

Not so long ago, marine emissions of methane to the atmosphere
were thought to be globally almost negligible and irrelevant to recent
atmospheric methane increases (Reeburgh, 2007). This point of view
was reasonable, as sulfate-rich seawater in sediments — in addition to
ocean water itself — are hostile to methane, rapidly dissolving any
methane in small bubbles, and then readily oxidizing it once
(AMAP, 2015).
widespread production in the oxic surface layer of the ocean,

dissolved Seafloor vents of methane and
while scientifically interesting, were not seen as systems changing
with a warming climate. In the Arctic seas, early measurements
supported this view (Kvenvolden et al, 1993), although it was
unknown how these deposits would respond to present-day
climate change (Kvenvolden, 1993). The tremendous amount of
methane thought to be stored in ocean sediments in the form of
hydrates (Hester and Brewer, 2009; Ruppel and Kessler, 2017)
signifies the vast potential of the marine environment to emit
large amounts of this greenhouse gas.

The production, consumption and transport of methane differs
significantly between the terrestrial and marine environment
(compare Figures 2, 3). Some similarity exists on the production
side, since methanogens can also produce methane in ocean
sediments (Garcia et al., 2000), but the environmental conditions
are different: depending on the local geothermal gradient, microbial
methane production occurs in the top ocean sediment, down to a
depth of 1 to 2 km, at an optimum of 35°C-40°C and with an
ultimate limit of 60°C (Judd, 2004). Thermogenic processes may
occur deeper down in the ocean sediment, when temperatures
exceed 110°C (Milkov, 2005). This may be as far down as 4 to
5 km, and depends on the presence of organic matter deposits such
as coal beds (Judd, 2004). In addition, abiogenic methane formation
can occur through metamorphic processes such as serpentinization,
which is commonly associated with hydrothermal vents and faults in
the oceanic crust, degassing of mafic magmas and cooling of mafic
igneous rocks (Etiope and Sherwood Lollar, 2013).

When methane of any source origin migrates up towards the sea
floor, it can be captured in gas hydrates - crystalline compounds that
are stable under the high pressure from the overlying water and
sediment column, and at low temperatures (Buffett, 2000). The
range of depths with sufficiently high pressure and low temperatures
are referred to as the gas hydrate stability zone (GHSZ). Globally, the
GHSZ starts at ocean depths of 300-500 m, with the shallowest
depths found in colder waters such as those of the Arctic
(Kvenvolden, 1988). Commonly, such regions include the outer
continental margins, slopes and rises (Kvenvolden, 1993), but also
areas of permafrost, both onshore and offshore (Kvenvolden, 1988),
where depths may be as shallow as 200 m, although the total amount
of gas hydrates remains highly uncertain (Ruppel, 2015). Isotopic
analyses indicate that the majority of the hydrate deposits on Earth
contain biogenic methane (Archer, 2007), but hydrate formation
may theoretically sequester methane from various origins (Rajan
et al., 2013).
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Besides hydrates, the shallow ocean shelves of the Arctic Ocean
have known large petroleum systems (Cramer and Franke, 2005),
and subsea permafrost that contains large amounts of frozen organic
material laid down when sea level was lower in previous ice ages,
leaving the land exposed (Romanovskii et al., 2000). The majority of
subsea permafrost is found on the East Siberian Arctic Shelf (ESAS;
consisting of the Laptev, East Siberian, and in most definitions, the
Chukchi Sea), as shown in Figure 1D. The potential of methane
originating from marine sediments to reach the atmosphere in these
areas has somewhat shifted views on the marine environment within
the global methane budget over the past two decades.

Still, the ultimate source of emissions from the shallow ocean
shelves has been controversial. Methane could conceivably be
sourced from eroded organics from thawing permafrost onshore,
thawing submerged permafrost, surface seawater methane sources,
sub-seafloor transport of methane-rich terrestrial freshwater
(Charkin et al., 2017),
associated) sources. The existence of extensive petroleum sources

or deep thermogenic (petroleum-
in the ESAS (Cramer and Franke, 2005), however, is not enough to
imply an emission of methane to the atmosphere. For instance, while
old thermogenic methane is present at depth on the petroleum-rich
Beaufort Shelf, this does not reach the surface and atmosphere in
substantial quantities even at depths as shallow as 30 m (Sparrow
et al, 2018). A study of 8"C in methane and stable methane
isotopologues from water samples collected near a large gas seep
in the outer Laptev Sea has also pointed to a deep thermogenic
source (Steinbach et al., 2021).

Despite large potential in the

sediment - including anaerobic oxidation - limit present-day

sources, loss processes
methane releases to the ocean water (Overduin et al, 2015;
Stranne et al, 2019), and ultimately the atmosphere. Sulfate-
dependent anaerobic oxidation of methane can occur near the
ocean floor by anaerobic methanotrophic archaea, commonly
referred to as the sulfate-methane transition zone (Knittel and
Boetius, 2009). In areas with high production or hydrate
dissociation, this transition zone may be bypassed, and methane
bubbles can escape the seafloor through gas seeps, entering the water
column. Some work has suggested that at high seafloor warming
rates (>0.01°C yr™') — well within the range of some projections for
the coming century - the efficiency of these biological methane
“filters” cannot keep pace with overpressure-induced hydraulic
fracturing of the sediment as methane hydrates decompose, and
substantial methane is released to the water column (Stranne
et al.,, 2022).

2.3.2 Water column and ocean surface

It is clear that some methane from seafloor gas seeps reaches the
atmosphere via bubble transport (Leifer and Patro, 2002), although
the total amount escaping via this pathway is controversial. Whether
methane emitted from the sea floor reaches the atmosphere depends
on the rate of dissolution of methane from these bubbles into the
ocean water (Rehder et al, 2009), and the amount of aerobic
methane oxidation (Steinle et al., 2015). The importance of these
processes depend on water depth since the probability for methane
dissolving into and microbially oxidizing in the ocean water
(Valentine et al, 2001), before reaching the atmosphere, has
greater probability with increasing depth. For example, despite
widespread venting along the continental margin near Svalbard
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(Sahling et al., 2014), a very minor fraction (0.07%) was estimated to
reach the atmosphere (Mau et al., 2017), since 70% of observed
bubble emissions occurred at depths of 120 m or greater. However,
in shallow seas the water column depth is more amenable to mixing
dissolved or bubble methane out of the water and into the
atmosphere (McGinnis et al., 2006), and the Arctic Ocean has
extensive shelf seas that are relatively shallow (Jakobsson, 2002).

In the central Arctic Ocean, deep water prevents seafloor sources
from reaching the atmosphere. Under-ice methane production, and
its connection with the more general “marine methane paradox” of
methane production in oxygenated surface waters remains
somewhat unclear, although Damm et al. (2010) proposed a
model wherein phosphate-poor Pacific-origin seawater led to
more near-surface methane production than in Atlantic-derived,
phosphate-rich seawater. Methane production in oxic surface waters
may be more prevalent than previously believed (Bizi¢ et al., 2020)
and this provides a likely additional source of methane from the
marine environment in the Arctic. The scale of this process in the
Arctic marine environment, and how much it contributes to the
atmosphere, remains to be quantified.

Sea ice has been proposed as a modulator of the emission of
methane from surface sources (Kvenvolden et al., 1993; Damm
et al, 2015), and polynya openings may be a source of methane
emissions even during winter (Damm et al., 2007). Aircraft and
in-situ measurements demonstrated methane emissions from ice
leads in the deep Arctic Ocean (Kort et al., 2012; Silyakova et al.,
2022), areas which should not be easily influenced by seafloor
methane sources - although the Transpolar Drift seems to move
some dissolved methane from shallow shelf seas to the central
Arctic Ocean (Damm et al,, 2018). The discovery of methane
supersaturations under sea ice in the ESAS (Shakhova et al,
2010) and in the Canadian Arctic (Kitidis et al., 2010) support

the idea of wintertime accumulation and later release
of methane.
3 Methane budget of the northern
high latitudes
3.1 Challenges in upscaling fluxes

The wupscaling of methane fluxes from plot level

measurements to the entire Arctic-Boreal region is a
challenging task. Periglacial landscapes exhibit a high degree
of microtopography, which results in a surface where dry and wet
ecosystems are alternating. Subsequently, methane emissions
vary strongly across short distances (see e.g., Parmentier et al,,
2011). Assessing the areal extent of wetlands is key to upscaling
terrestrial methane emissions, but these ecosystems remain
poorly mapped, leading to significant uncertainty in upscaled
fluxes (Petrescu et al., 2010; Peltola et al., 2019). The need for
spatial detail to achieve landscape emission estimates is further
emphasized by the fact that the aerial extent of small lakes and
ponds is poorly-constrained, which may lead to a double-
counting of emissions that inflates budget estimates (Thornton
et al, 2016b). Marine methane emissions can also be highly
localized, leading to budget estimates that may vary up to an

order of magnitude (Shakhova et al., 2014; Berchet et al., 2016;

Frontiers in Environmental Science

10.3389/fenvs.2024.1460155

Thornton et al,, 2020). In the following, we give an overview of
the various methane budget estimates that have been made across
the Arctic-Boreal region, using bottom-up methods such as
extrapolations from site-data and process models, as well as
the top-down method of inverse modeling constrained by
atmospheric data (see e.g., Saunois et al., 2020).

3.2 Terrestrial methane emissions

3.2.1 A short history of upscaling techniques

From a ground-based measurement perspective, extrapolated
northern wetland emission estimates have for a long time been
lying between 20 and 100 Tg CH, yr™'. Sebacher et al. (1986)
estimated 45-106 Tg CH, yr' for Arctic and Boreal wetlands,
Crill et al. (1988) estimated 72 Tg CH, yr' for undrained
peatlands north of 40" N, Whalen et al, 1992 estimated 42 +
26 Tg CH, yr' for wet meadow and tussock shrub tundra based
on measurements, and Christensen (1993) estimated 18-30 Tg CH,4
yr " for global tundra based on measurements from comparable
habitats on the North Slope of Alaska. Reviewing the literature
available at the time, Bartlett and Harriss (1993) estimated a mean
emission from wetlands north of 45° N of 38 Tg CH, yr™' - a value not
far from the early estimates of 42-45 Tg CH, yr' using inverse
modeling for the northern hemisphere to derive a total emission
estimate (Chen and Prinn, 2006).

These early, mostly ground-based, extrapolation-based estimates
have been found to be mostly at the higher end of the ranges that
emerged once dynamic process models capable of simulating methane
emissions became available. Historically, these models focused on
wetlands, since they represent the largest source of methane in the
Arctic-Boreal region, but also because models can draw on a longer
and more extensive record of observations for testing and validation.
One of the earliest modeling attempts to establish a budget for
northern wetlands modified a vegetation model by allocating a
fixed fraction of heterotrophic respiration to methane production
(Christensen et al, 1996). This built upon the assumptions that
methane production generally scales with NPP and that forested
and open wetlands each showed a narrow range of CH,/CO, ratios.
This study estimated that wetlands north of 50° N emitted 20 + 13 Tg
CH, yr". Surprisingly, this was comparable to the 21.8 Tg CH, yr'
estimated by a more process-based study released in the same year,
that modeled methane production in relation to soil and vegetation
carbon pools, temperature and the position of the water table (Cao
et al., 1996). Nonetheless, both of these estimates were lower than the
~35Tg CH, yr ' that atmospheric inversions and extrapolations from
flux measurements indicated at the time (Christensen et al., 1996).

The representation of methane production and consumption in
these early model implementations was relatively basic, which
reduced their usefulness to predict changing methane emissions
under a future climate (Bruhwiler et al., 2021). Since then, models
have been introduced that simulate both the production and
consumption of methane as temperature sensitive processes,
while accounting for diffusion, and bypassing of the oxic layer
through aerenchyma and ebullition (Walter and Heimann, 2000).
This class of models continues to be expanded by including
numerous processes, with some recent advances focusing on the
consumption of atmospheric methane in soils (Oh et al., 2020),
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TABLE 1 Recent budget estimates of terrestrial, freshwater, and marine methane emissions to the atmosphere in the Arctic-Boreal region. Estimates are
given with either confidence intervals (in brackets) or standard deviations as in the original studies. Where necessary, values were converted from Tg CH4-C
yr to Tg CH, yr*. The estimates from Saunois et al. (2020) were extracted by Bruhwiler et al. (2021) and Yuan et al. (2024) for top-down and bottom-up
methods respectively. We also extracted wetland emissions for the Arctic-Boreal region from the raw data presented in Peltola et al. (2019) and the lake
emissions in Liu and Zhuang (2023). The 2 Tg yr* for Kort et al. (2012) is estimated by extending emissions for a year and scaling them to the area they

surveyed.

Source Method Tg CH, yr'  Study

Wetlands

Wetlands >50° N Process model (1) 38.82 + 3.03 Oh et al. (2020)

Wetlands >50° N Atmospheric inversions (11) 33.6 Saunois et al. (2020), Bruhwiler et al. (2021)
Arctic-Boreal region Upscaled flux measurements 26 [25.2-27] Peltola et al. (2019), This study
Arctic-Boreal region Process models (13) 16.4 + 0.7 Saunois et al. (2020), Yuan et al. (2024)
Arctic-Boreal region Process model 35 Watts et al. (2023)

Arctic-Boreal Region Upscaled flux measurements 20.3 + 0.94 Yuan et al. (2024)

Arctic-Boreal permafrost region

Upscaled flux measurements

34.1 [19.6-48.5]

Ramage et al. (2024)

Lentic systems (lakes and ponds)

Lakes and ponds >50° N Upscaled flux measurements 16.5 £ 9.2 Wik et al. (2016b)

Lakes and ponds >50° N Upscaled flux measurements 13.8-17.7 Matthews et al. (2020)

Lakes and ponds >54° N Upscaled flux measurements 13.4 Bastviken et al. (2011)

Arctic-Boreal region Process model 8.0 +12 Liu and Zhuang (2023), This study

Arctic-Boreal permafrost region Upscaled flux measurements 9.5 [3.9-13.6] Ramage et al. (2024)

Lotic systems (rivers and streams)

Rivers and streams >50° N Upscaled flux measurements 24 Rocher-Ros et al. (2023)

Rivers and streams >54° N Upscaled flux measurements 7.5 Stanley et al. (2016)

Rivers and streams >54° N Upscaled flux measurements 0.3 Bastviken et al. (2011)

Arctic-Boreal permafrost region Upscaled flux measurements 3.1 [2.1-3.9] Ramage et al. (2024)

Upland soils

Mineral soils >50° N Process model (1) -9.52 + 0.59 Oh et al. (2020)

Boreal forest soils Upscaled flux measurements —-1.5 [-2.9-0] Ramage et al. (2024)

Other terrestrial sources

Fires (Boreal and Tundra) Satellite-derived upscaling 2.4 [1.9-2.8] Ramage et al. (2024)

Geological emissions Observation-based upscaling 2 [1.6-2.4] Ramage et al. (2024)

Subsea permafrost

ESAS Upscaled diffusive fluxes and ebullition 17 Shakhova et al. (2014)
measurements

ESAS Upscaled diffusive fluxes 2.9 Thornton et al. (2016b)

ESAS Upscaled eddy covariance flux measurements 3.02 Thornton et al. (2020)

ESAS Regional atmospheric inversion 0-4.5 Berchet et al. (2016)

ESAS Regional atmospheric inversion 0.58 + 0.47 Tohjima et al. (2020)

Central Arctic Ocean

Arctic Ocean + Beaufort and Chukchi Seas (<82°N) = Upscaled airborne flux measurements 2 Kort et al. (2012)

Arctic Ocean (excluding shelf regions)

Upscaled diffusive flux measurements

0.95 [0.36-2.35]

Lorenson et al. (2016)

Arctic Ocean (seas >60° N, ESAS excluded)

Frontiers in Environmental Science

Regional atmospheric inversion

08

2 [1.7-2.2]

Tohjima et al. (2020)
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microbial dynamics to improve temperature sensitivity and
observed hysteresis (Chadburn et al, 2020) and coupled iron-
redox cycling (Sulman et al.,, 2022).

Despite the large focus on adding process detail, it remains
challenging to accurately parameterize these processes in models
due to a lack of data across most of the Arctic-Boreal region, in
particular across Siberia (Kuhn et al,, 2021) — combined with the high
spatial and temporal variability of observations as opposed to the
coarse resolutions used by models (Treat et al, 2018b). Recent
advances in machine learning help to disentangle this complexity,
and by combining numerous data sources, from satellites, reanalysis
products and land cover classes, Peltola et al. (2019) used a random
forest technique to upscale site level observations to all wetlands north
of 45° N. Estimates for that area ranged from 31 to 38 Tg CH, yr/,
depending on the prescribed wetland map, with an average of
26 [25.2-27] Tg CH, yr ' for the Arctic-Boreal region alone (Table 1).

3.2.2 Uncertainties related to wetland extent

A lack of knowledge on the total surface area of wetlands, and
where they are located, have been a major obstacle to achieving
accurate budgets for the entire terrestrial Arctic-Boreal region. It is
telling, despite valuable attempts, that the global wetland map
presented in the seminal paper by Matthews and Fung (1987)
was still in use several decades later (see e.g., McGuire et al,
2012). This was mostly due to a lack of alternatives that were
proven to perform substantially better in the Arctic (Petrescu
et al, 2010). However, static wetland maps are potentially
problematic to assess temporal trends in methane emissions since
there is no guarantee that wetland extent will remain the same in a
changing climate. Poulter et al. (2017), therefore, leveraged remote
sensing data of surface inundation to vary the extent of wetlands
depending on the presence of surface water, which resulted in the
Wetland Area and Dynamics for Methane Modeling (WAD2M)
wetland area dataset (Zhang et al., 2021).

WAD2M is a significant advance to represent seasonally varying
wetlands in e.g., the tropics, but this approach may be less applicable
to the Arctic where wetland area is less dynamic, while methane
emissions can continue when water levels are well below the surface
(Olefeldt et al., 2013). In addition, these remote-sensing based
products effectively switch off in winter, even though cold season
emissions can be up to half of the yearly budget (Treat et al., 2018a).
This may explain why an ensemble of models by the Global Carbon
Project that used WAD2M led to the relatively low estimate of 9
(2-18) Tg CH, yr' north of 60° N (Saunois et al., 2020), with a
median of 16.7 Tg CH, yr" across the whole Arctic-Boreal region
(Yuan et al.,, 2024). By upscaling flux measurements across the same
region with machine learning, Yuan et al. (2024) estimated a slightly
higher emission of 20.3 + 0.9 Tg CH, yr' while using WAD2M. In
contrast, a previous estimate by the Global Carbon Project, with
many of the same models used by Saunois et al. (2020), came to a
much higher central estimate of 35 (21-47) Tg CH, yr™' across the
smaller area of Arctic tundra alone (McGuire et al.,, 2012). Then
again, this estimate is probably too high compared to observations
since the same study also estimated a budget of 15 (0-29) Tg CH,4
yr~! based on an upscaling of flux measurements alone.

An additional reason for the low estimates by studies that use
WAD2M is that the areal extent of lakes and ponds was subtracted
from the wetland extent to avoid the double counting of emissions
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from wetlands and aquatic systems (Thornton et al., 2016b). While it
is important to address this bias, the areal extent of wetlands and
open water was determined independently, leaving the total extent
of methane emitting landforms poorly constrained. To resolve these
issues, Olefeldt et al. (2021) developed The Boreal-Arctic Wetland
and Lake Dataset (BAWLD) that accounts for the distribution and
abundance of wetland, lake, and river classes within the same
framework (Figures 1B, C). Each land class in the dataset has
distinct methane emissions (Kuhn et al, 2021), including
different types of wetlands (i.e., bogs, fens, marshes and wet
tundra), but also dry ecosystems (e.g., dry tundra, bare rock). By
defining them simultaneously, as a fraction of the total surface area
of each grid cell, biases from overlaps between classes - i.e., double
counting — are avoided.

While still a static mapping product, this approach may be more
relevant for determining high-latitude methane budgets, since it
accounts better for unique high-latitude ecosystems, such as
permafrost bogs and tundra wetlands, while being specifically
designed to estimate methane emissions. Moreover, WAD2M
exhibits no trend in Arctic-Boreal wetland extent from 2002 to
2021 (Yuan et al, 2024), which shows that a static map remains
suitable to estimate historical Arctic-Boreal methane budgets. Using
the BAWLD dataset to categorize and upscale flux observations,
Ramage et al. (2024) estimated that all natural sources of the Arctic-
Boreal permafrost region combined are emitting 51.1 (29.1-71.2) Tg
CH,4 yr', of which about two-thirds was emitted by terrestrial
ecosystems (35.6 Tg CHy yr''), a quarter by inland waters
(12.5 Tg CH, yr'"), and the remainder by fires (2.4 Tg CH, yr")
and geological sources (2 Tg CHy yr™').

3.2.3 Gaps in temporal and spatial coverage

Apart from the challenge of accurately assessing the spatial
extents of methane-emitting landscapes, dry upland soils can take up
atmospheric methane, where it is oxidized by methanotrophs
(Whalen et al, 1992). This may lower regional estimates (>50°
N) of net methane emissions by as much as —9.5 Tg CH, yr ™' when
included in models (Oh et al.,, 2020) - although observation-based
upscaling suggests that this sink may be as little as —1.5 Tg (-2.9-0)
CH, yr' (Ramage et al., 2024). Still, these areas are often overlooked
in observational studies (Jorgensen et al., 2014), despite the fact that
this methane sink will also increase with rising temperatures (Voigt
et al., 2023), compensating for emissions elsewhere. Recently, it was
also proposed that microbially mediated drawdown of methane on
and in trees may reduce boreal emissions slightly, by —0.055 Tg CH,4
yr' (Gaudi et al., 2024).

Apart from these oversights in the uptake of methane, the winter
period is under-sampled, even though the cold season may account
for up to half of annual emissions (Treat et al., 2018a). Short-lived
pulses caused by freeze-thaw actions can contribute significantly to
cold season emissions, but observations remain sparse (Mastepanov
et al.,, 2013; Pirk et al, 2015; Raz-Yaseef et al., 2017). Improved
mapping of Arctic-Boreal landscapes and year-round monitoring
remain necessary to better constrain budget estimates.

3.2.4 Atmospheric constraints
In addition to

atmospheric inversion models are useful tools to determine top-

above-mentioned  bottom-up methods,

down budget estimates across large regions (Bruhwiler et al,
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2021). The 11 inversions included in a comparison by the Global
Carbon Project estimated a mean emission from wetlands north of 50°
N of 33.6 Tg CH, yr™' (Saunois et al., 2020; Bruhwiler et al., 2021).
These atmospheric flux inversions use statistical optimization and
atmospheric transport models to estimate fluxes that are in optimal
agreement with both a prior estimate (initial guess) and observations
of atmospheric methane concentrations. The prior is typically a
bottom-up method, such as a process model or statistically
upscaled fluxes of wetland emissions, as well as inventories of
anthropogenic emissions from fossil fuels and agriculture. In
regions with little data coverage, atmospheric transport can
become a large source of uncertainty, which may lead to model-
data mismatch errors (Bruhwiler et al., 2021). Moreover, inversions
rely on their prior, which means that uncertainties in bottom-up
methods, e.g., the wetland extent or poor cold season data coverage,
also affect budget estimates from inversions.

Atmospheric inversions are highly useful to determine the total
methane budget, since they are constrained by atmospheric
concentrations, but a caveat is that they struggle to distinguish
between anthropogenic sources, wetlands and lakes unless their
priors are strongly separated spatially (Bruhwiler et al, 2014).
Inversions provide an overview of the size and trends of all
emissions, but they are limited in the amount of information they
can provide on individual sources, even though they are an important
constraint on the combined amount of these individual sources.

3.3 Freshwater methane emissions

3.3.1 Observation-based and modeled
lake emissions

Lakes have long been recognized to be a substantial source of
methane to the atmosphere, but estimates are typically below those
of wetlands. Bastviken et al. (2011) estimated a total emission north
of 54°N 0f 13.4 Tg CH, yr', with just 6.8 Tg CH yr ' north of 66" N.
Wik et al. (2016b) boosted the prominence of lakes in the Arctic,
deriving a pan-Arctic estimate of 16.5 + 9.2 Tg CH, yr ' of methane
from lakes and ponds. However, the aforementioned problems of
overlapping and conflation of small, shallow lakes and ponds with
wetlands, and lake-wetland interface zones, continued to be a
challenge (Thornton et al, 2016b). In addition, ebullition from
lakes is the most difficult to quantify, due to its episodic and
often stochastic nature. Approaches have included ice-bubble
surveys on frozen lakes (Walter Anthony et al., 2010; Wik et al,
2011), bubble traps (e.g., Wik et al., 2013), and synthetic aperture
radar surveys of frozen lake surfaces (Walter et al., 2008b; Engram
et al., 2020). The high temporal variability of ebullition, combined
with the difficulty and expense of long-term lake ebullition sampling
in the Arctic, has likely led to many studies underestimating lake
methane emissions (Wik et al.,, 2016a).

While the estimate by Wik et al. (2016b) put Arctic lakes’
methane emissions at a similar magnitude to that of wetlands,
recent estimates using newly available databases are again lower.
Matthews et al. (2020) estimate 13.8-17.7 Tg CH4 yr' for
lakes <5000 km* north of 50° N, while Ramage et al. (2024)
estimated just 9.5 (3.9-13.6) Tg CH, yr' for lakes in the Arctic-
Boreal permafrost region. Meanwhile, model implementations of
lake methane emissions are dwarfed by the work on wetlands, but a
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recent attempt by Tan and Zhuang (2015) estimated a budget of 11.9
(7.1-17.3) Tg CH, yr ' for lakes north of 60° N, not too dissimilar
from the observation-based upscaling. An updated version of the
same model estimated an emission of 14.76 + 0.44 Tg CH, yr " for all
lakes north of 45° N (Liu and Zhuang, 2023), of which 8.0 £ 1.2 Tg
CH, yr' originated from lakes in the Arctic-Boreal region.

3.3.2 Gaps in temporal and spatial coverage

As with wetlands, local hydrology is a key regulator of carbon
cycling and methane emissions in lake landscapes. Terrestrially
produced methane can be transported from wetlands’ active layer
into lakes via groundwater flow (Paytan et al., 2015). Large numbers
of Arctic lakes are in thermokarst environments, and are often quite
shallow, making them more vulnerable to heating and increased
permafrost thaw, below and around the lakes, under climate
warming (Walter et al, 2006). The net contribution of small
lakes and thaw ponds has proven difficult to determine; such
lakes are numerous and rich in dissolved organic carbon (DOC)
and methane (Langer et al, 2015). High-resolution airborne
hyperspectral mapping of water bodies also confirmed a strong
relation between methane emissions and the distance to standing
water (Elder et al., 2020). However, a study of lakes in the West
Siberian Lowlands (a well-known major terrestrial wetland methane
source) found only a minimal contribution to total methane from
the small thaw lakes within this landscape (Polishchuk et al., 2018).
On the other hand, lakes in carbon-rich Yedoma sediments have
been found to be highly productive, and methane can be produced
year-round if a thaw bulb has been established in lake sediments,
despite low mean annual air temperatures (Walter et al., 2007).

Similar to wetlands, it has become more recognized in recent
years that the so-called edge seasons — spring and autumn - are
major, and variable, contributors to total annual methane emissions
depending on lake ice-out and freeze-up conditions. Additionally,
these edge seasons are expected to experience the most dramatic
warming changes in the future, as ice-free seasons of lakes are
eddy
demonstrated that lake spring methane efflux is variable between

extended. Year-round covariance observations have
years (Jammet et al., 2017), and is lower in years with less snowmelt
(Jansen et al.,, 2019). Spring contributions to annual emissions vary
hugely interannually, 4%-74% of total annual emissions (Denfeld
et al,, 2018), and are driven by sub-ice and in-ice methane buildup
overwinter (Juutinen et al., 2009; Wik et al., 2011; Walter Anthony
and Anthony, 2013). Although the spring emission was once
thought to be a single large burst or pulse at ice-out and lake
overturn (mixing of the entire water column), recent measurements

have shown more variability (Denfeld et al., 2015).

3.3.3 Rivers and streams

Compared to wetlands and lakes, little data exists on methane
emissions from rivers and streams in the Arctic-Boreal region. A
compilation of measurements from freshwater fluvial systems
suggests an emission of 7.5 Tg CH, yr' from these systems
alone, north of 66° N (Stanley et al., 2016; Thornton et al,
2016b) - 25x higher than an earlier estimate of 0.3 Tg CH, yr™'
(Bastviken et al., 2011). A recent global estimate of riverine methane
emissions falls in between these two estimates, at 2.4 Tg CH, yr™' for
the area North of 50° N (Rocher-Ros et al., 2023). This is about the
same fraction of global emissions from fluvial systems (17% vs. 15%)
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as temperate and subtropical regions (30°-50° N), despite being ice
covered for a large part of the year. A rather similar estimate of 3.1
(2.1-3.9) Tg CH, yr™' was derived by Ramage et al. (2024) for the
rivers of the Arctic-Boreal permafrost region. Although there
remains a high uncertainty to these numbers, the influence of
large freshwater fluvial systems on coastal marine methane
cannot be understated, as large increases in dissolved methane in
surface waters are frequently observed near major river outlets
(Shakhova et al., 2010; Bussmann, 2013; Kohnert et al., 2017).

3.4 Marine methane emissions

The past decade has seen a wide variety of estimates of present-
day methane emissions from the Arctic Ocean, and considerable
uncertainty remains about the net emissions from the surface waters
from the Arctic Ocean proper, and how that may change in the
future. Interest has continued to be focused on shallow shelf areas of
the Arctic Seas, especially the ESAS. Emissions are, in some areas,
enhanced by direct bubble transport from the sediment to the
atmosphere, and resupply to surface waters by dissolving bubbles.

Early studies from the ESAS estimated fluxes as high as 8 to
17 Tg CH, yr™' (Shakhova et al., 2010; Shakhova et al., 2014). A
global modelling study by Warwick et al. (2016), indicated that
Arctic wetland emissions would have to be overestimated to
accommodate such large emissions from the ocean. Atmospheric
measurements of methane concentrations and isotopic signatures
also show that Arctic methane emissions are dominated by wetlands
and not the ocean (Fisher et al., 2011; Thonat et al.,, 2017). Several
follow-up studies show that ESAS emissions had been overestimated
in the early studies. Berchet et al. (2016) used a regional inverse
model and suggested a range of 0-4.5 Tg CH, yr'. Thornton et al.
(2016a) used surface water and atmospheric measurements in the
central ESAS to suggest 2.9 Tg yr' from the ESAS region, drastically
lower than the earlier estimate of 17 Tg yr' (Shakhova et al., 2014).
An eddy-covariance based study (Thornton et al., 2020), estimated
3.02 Tg yr ' for the ESAS, even though emission “hotspots” above
seafloor gas seeps reached emission rates of >600 mg m™
d™?' - roughly an order of magnitude higher than onshore
sources. The apparent spatial rarity of these large emissions
seems to limit their regional-scale influence.

Measurements in other regions of the Arctic have to date
revealed much smaller methane emissions to the atmosphere
than in the ESAS. Notably, emissions from the North American
Arctic have been estimated to be as low as 0.009 [0.002-0.023] Tg
CH, yr' (Fenwick et al., 2017; Manning et al., 2022; Vogt et al.,
2023). Rivers appear to be a significant contributor to marine
methane in the nearshore Canadian Arctic, in particular during
spring ice melt (Manning et al., 2020). In the waters near Svalbard,
where extensive seepage from gas hydrates has been documented
(Westbrook et al., 2009; Sahling et al., 2014), it appears that very little
enters the atmosphere, with budget estimates ranging from 0.0015 to
0.06 Tg CHy yr'l (Graves et al., 2015; Lund Myhre et al., 2016; Mau
et al., 2017). In this area, it was demonstrated that carbon dioxide
uptake from the atmosphere above active seafloor methane seeps
resulted in a net negative radiative forcing despite some methane
reaching the atmosphere (Pohlman et al., 2017). For the Central
Arctic Ocean, methane emissions are relatively small compared to
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terrestrial sources (Lorenson et al., 2016; Silyakova et al., 2022;
Prytherch et al, 2024), and budget estimates range from 0.36 to
2.35 Tg CHy yr’1 (Kort et al., 2012; Lorenson et al., 2016; Tohjima
et al., 2020).

4 Discussion

4.1 Future trajectories under continued
climate change and permafrost thaw

4.1.1 Terrestrial emission trends

Whether northern wetlands will become a significantly larger
source of methane to the atmosphere remains highly uncertain, and
this will depend on the relative change in temperature and surface
hydrology. From a temperature perspective, it would be expected
that methane emissions will increase with continued climate change,
since this will raise the activity of methanogens (Yvon-Durocher
et al, 2014). In principle, this will also raise the activity of
methanotrophs (Voigt et al,, 2023), but model simulations show
that this increasing sink capacity can compensate for, but will not
outpace, increases in methane production (Oh et al, 2016).
However, if the permafrost region becomes drier, and the total
extent of wetlands decreases, methane emissions could stay the same
or even decline. The direction in which the hydrology of the
permafrost region will develop with climate change remains the
largest wildcard in the Arctic-Boreal methane budget.

The recent past may provide some hints about the trajectory that
high latitude methane emissions are on. The longest eddy covariance
record of methane emissions, from the Samoylov research station in
the Lena delta, showed that June-July emissions had increased by
1.9% + 0.7% yr~' since 2004 due to earlier snowmelt and higher
temperatures (Rof3ger et al., 2022). However, emissions were not
statistically different in August and September. This may be related
to drier conditions in late summer when active layer depths are
deeper, making surface drainage more effective, suggesting that
methane emissions can be sensitive to the seasonality in warming
trends - as was previously shown for CO, (Helbig et al., 2022).
Similarly, Yuan et al. (2024) showed in their upscaling of fluxes
across the Arctic-Boreal region that the strongest increases in
emissions occurred in June and July, but not late summer, and
that the annual total had increased by ~9% (~1.7 Tg CH, yr'') from
2002 to 2021.

Model ensembles have generally struggled to show similar
increases in annual emissions (McGuire et al, 2012; Saunois
et al, 2017), but this may be related to a high variability in
simulated flux magnitude among models, as well as a high
interannual variability (Ito et al, 2023). Despite generally
underestimating emissions, the models of the Global Carbon
Project appear to show a slight increase in cold season emissions
(Tto et al., 2023). It is also possible that such increases are restricted
to smaller regions. Parmentier et al. (2015) combined three process
models to show that warming along the Arctic Ocean, related to the
sea ice albedo effect, can lead to an amplification of methane
emissions from near-coastal wetlands in autumn and early
winter. This may be one of the reasons why atmospheric
inversion models show an average increase of ~3 Tg CH, yr'
from 2000 to 2018 in high latitude emissions (>60° N) while
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emissions remained unchanged further south (50°-60° N) despite
significant year-to-year variation (Bruhwiler et al., 2021).

While recent studies point to a modest increase in methane
emissions, the question is whether this is due to microbes processing
ancient permafrost carbon that has recently thawed, or whether this
is due to a general intensification of the carbon cycle. The latter
would provide larger amounts of fresh substrate, e.g., in the form of
root exudates, that can be readily transformed to methane. A study
from thawing permafrost peatlands in northern Canada suggested
that the former is likely, with less than 10% of methane fluxes being
derived from previously frozen carbon (Cooper et al., 2017).

Furthermore, a meta-analysis of methane fluxes across the
Arctic-Boreal region has shown that thermokarst sites had higher
emissions than adjacent intact permafrost sites, which was attributed
to differences in temperature (Olefeldt et al, 2013). Given
comparable environmental conditions, however, there was no
statistical difference between thermokarst sites and permafrost-
free sites. This suggests that changes in methane emissions are
more closely related to changes in hydrology, vegetation
composition and temperature following permafrost thaw rather
than the availability of ancient permafrost carbon (Olefeldt et al.,
2013; Cooper et al., 2017). Still, thermokarst significantly changes
the hydrology of the landscape, and it has been suggested that abrupt
thaw may be responsible for as much as 30.9 (19.7-41.9) Tg CH, yr™*
of terrestrial methane emissions (Ramage et al., 2024) - although
this estimate may be inflated by double counting.

4.1.2 Freshwater emission trends

A growing body of evidence points towards an increase of lake
methane emissions with climate change. Ever larger lake site-specific
datasets have allowed detailed analyses of how different regulators,
such as wind shear and temperature, control methane emissions
over short and long timescales (e.g., Jansen et al., 2019). In addition,
it has been proposed that ebullition is controlled by the energy input
to lakes (Wik et al, 2014) as well as temperature and lake
productivity (DelSontro et al., 2016). Shallow lakes in permafrost
regions appear more vulnerable to warming (Arp et al., 2016) and
longer ice-free seasons increase the solar energy input to all lakes
(Wik etal,, 2014; Thornton et al., 2015). Overall, longer and warmer
ice-free seasons raise microbial methane production, which seems to
prime lakes to be a sustained methane source under warming (Wik
et al,, 2018) - a prediction not confined to the Arctic (see e.g., Guo
et al., 2020; Zhu et al., 2020).

Increased production of methane can originate from both
ancient permafrost carbon and modern carbon pools. Dean et al.
(2020) showed through an analysis of carbon isotope compositions
that emissions from inland waters in the East Siberian Arctic were
primarily (>80%) driven by the decomposition of contemporary
although thaw
contributions of ancient carbon above 50%. Since both old and

carbon, sites with active permafrost saw
recent carbon inputs can act as a source of methane, and given the
general rise in temperature, it is likely that the per-unit area
emissions of freshwater systems will go up with climate change.
Even though the direction appears clear, the magnitude of this
change remains poorly quantified. Tan and Zhuang (2015) used a
process-based model to estimate that methane emissions from lakes
north of 60° N will increase by 10.3 and 16.2 Tg CH, yr ' by the end

of the 21Ist century under a low or high warming scenario,
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respectively (Representative Concentration Pathways 2.6 and 8.5).
However, as with wetlands, local hydrology will play an important
role in these trajectories. Arctic lakes can be highly dynamic, and
both increases and decreases in lake size have been observed with
remote sensing in the past (Smith et al., 2005; Carroll et al,, 2011). If
lake drainage reduces the number and total extent of lakes, this can
ultimately limit the amount of methane emitted from lakes and
ponds (van Huissteden et al., 2011). Finally, whether emissions from
fluvial systems will go up depends much on the quantity and lability
of the inflow of carbon from terrestrial environments, and lakes and
ponds (Vonk et al., 2015).

4.1.3 Marine emission trends

For decades, the concept of large-scale release of methane from
subsea methane hydrate (also known as clathrate) sources, directly
to the atmosphere in rapid cataclysmic events, has been seen as a
potential climate tipping point (e.g., Nisbet, 1990; Dickens, 2003;
2011). Hydrates are present beneath the Arctic continental shelves,
and can be exposed on some Arctic continental slopes (Westbrook
et al., 2009). However, due to the aforementioned processes that
destroy methane in the ocean water, the scale of hydrate emissions
reaching the atmosphere appears to be relatively insignificant
(James et al., 2016; Mau et al., 2017). Also, previous modelling
work suggested that methane releases from hydrates under a
warmer climate will most likely be a slow process, over
timescales of centuries or millennia (Archer, 2015; Kretschmer
et al., 2015).

Nonetheless, uncertainties remain with respect to hydrate
stabilities and rapid transport through sediments under certain
circumstances (Stranne et al, 2016; 2017). The storage of
hydrates has been modulated over glacial-interglacial cycles by
the presence of massive ice sheets in the Arctic, and associated
glacial rebound, which alter the location of the hydrate stability zone
(Portnov et al, 2016; Wallmann et al., 2018). Internal cyclical
behavior of gas hydrates may make them more vulnerable to
climate perturbations, triggering mechanical sediment failures
such as the formation of pipes, chimneys or pockmarks (Gupta
et al,, 2023). Also, long-distance migration of methane through
permeable sediments may be the cause of methane venting at
shallower depths, beyond the marine limit of gas hydrates
(Davies et al.,, 2024). This highlights that significant uncertainty
still exists regarding the dynamics of methane release from gas
hydrates to ocean waters.

Changes are occurring more quickly on the shallow shelves of
the Arctic Ocean, where thaw rates of 1-15 cm yr ' have been
observed near the coast of the Laptev and East Siberian Seas
(Overduin et al, 2007). While this thawing of previously frozen
permafrost can lead to methane release, this gas still has to traverse
the top sediment before entering the water column. Overduin et al.
(2015) showed that methane concentrations in the top ~25 m of
overlying unfrozen sediment were much lower than in the ice-
bonded permafrost below, which was due to rapid anaerobic
oxidation of methane long before reaching the seabed. Observed
methane emissions in this region are not derived from degrading
permafrost, but they must originate from deeper sources (e.g.
thermogenic or gas hydrates), possibly released along fault lines
(Nicolsky et al, 2012). These deeper sources are unlikely to be
influenced by contemporary climate change since the warming
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Terrestrial and aquatic methane sources and sinks of the Arctic-Boreal region (in Tg CHs yr-1)

Upland soils Geological Wetlands

48.7 [13.3-86.9]

Lakes Rivers Fires

2 [1.6-2.4] 33.6 [15.7-48.5]

5.5 [-10.1-0]

FIGURE 4
Terrestrial and freshwater methane sources and sinks, and their estimated sizes in Tg CH4 yr*. Confidence intervals are given in brackets. Green
arrows indicate the direction and relative size of each flux. See Table 1 for individual source estimates.

signal takes up to a millennium to reach the depths of the gas hydrate
stability zone in subsea permafrost (Dmitrenko et al., 2011).

This indicates that marine methane emissions to the atmosphere
are unlikely to significantly increase in magnitude in the near future
despite a recent estimate that subsea permafrost contains about
double the amount of carbon stored in terrestrial permafrost
(Miesner et al., 2023). However, the same study also showed that
the large permafrost shelf carbon pool is largely insensitive to thaw,
strongly limiting the availability of permafrost carbon and the
potential for it to be released to the atmosphere as methane. Still,
environmental changes in the Arctic Ocean do matter for the
regional methane budget since reductions in sea-ice coverage will
increase atmospheric warming due to the sea ice-albedo effect
2012). This warming extends to the land, which
will likely raise terrestrial methane emissions and also affect the CO,

(Screen et al,,

balance (Parmentier et al., 2013).

4 2 Methane vs. CO, emissions

While this study focuses on methane, it is important to note
that changes in the surface hydrology of the high latitudes will also
The
decomposition of soil organic matter in wetlands is generally

have serious consequences for the exchange of CO,.

slowed down due to high water tables and low oxygen content.
This means that wetlands are typically a source of methane but a
sink of CO,, while dry ecosystems are typically a sink of methane
but do not build up equally large soil carbon pools (Treat et al,
2024). If, however, wet ecosystems become drier and soil organic
matter is exposed to oxygen, this would lead to a release of CO,
emissions instead of methane (Schuur et al., 2022). Alternatively,
thermokarst can lead to a transformation from dry to wet tundra,
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13.4 [3.9-25.7]

2.8[0.3-7.5]

2.4[1.9-2.8]

leading to a large increase in landscape scale methane emissions,
while releasing soil carbon into the aquatic domain in the process
2004). These strong links with hydrology
emphasize that the exchanges of methane and CO, do not
happen in isolation, but rather that they are two sides of

(Christensen et al.,

the same coin.

Combined, the terrestrial ecosystems of the Arctic-Boreal region are
most likely a sink of CO, (Bruhwiler et al., 2021; Virkkala et al,, 2021),
but this may be largely offset by CO, emissions from inland waters and
fires. By accounting for this, Ramage et al. (2024) concluded that it is
possible that the combined terrestrial and freshwater systems of the
Arctic-Boreal permafrost region are near carbon neutral, emitting 12
(-606.4-661.4) Tg C yr' on a CO, basis alone (Ramage et al., 2024).
Still, this estimate comes with a very high uncertainty, and excludes the
Arctic Ocean, which is a strong sink of CO, (Parmentier et al.,, 2017),
while emitting much less methane to the atmosphere than the land due
to efficient oxidation in ocean waters. Nonetheless, if methane is
released in large enough amounts from the sea floor, this will
enhance ocean acidification, impact marine biogeochemistry and
negatively affect calcifying organisms (Biastoch et al, 2011;
Boudreau et al,, 2015). In the terrestrial domain, the future direction
of the CO, balance will strongly depend on whether enhanced
vegetation growth can or cannot compensate for enhanced soil
carbon loss from respiration and increases in disturbances such as
fires, thermokarst and extreme weather events (Treat et al., 2024).

5 Conclusion

Over the past decade, longer observational records, more detailed
process models, better mapping of wetlands and lakes, and novel
upscaling techniques with machine learning have all been
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tremendously important to improve budget estimates of high latitude
methane sources. Table 1; Figure 4 summarize recent budget estimates
that predominantly cover the Arctic-Boreal region. Surveyed regions
were broadly similar but varied from a simple latitudinal cutoff to the
whole Arctic-Boreal region. We extracted data for the Arctic-Boreal
region where possible and based our central estimates on medians to
minimize biases due to outliers.

Collectively, these studies indicate that the wetlands of the Arctic-
Boreal region are emitting 33.6 [15.7-48.5] Tg CH, yr ', followed by
lakes and ponds emitting 13.4 [3.9-25.7] Tg CH, yr". Of the smaller
sources, rivers and streams emit 2.8 [0.3-7.5] Tg CH, yr™', fires may
add 24 [19-2.8] Tg CH, yr' and geological emissions about
2 [1.6-2.4] Tg CH, yr'. However, upland soils may compensate
somewhat for these emissions by taking up as much as —5.5 [-10.1-0]
Tg CH, yr". Together, this sums up to a total methane budget for the
terrestrial Arctic-Boreal region of 48.7 [13.3-86.9] Tg CH, yr ', which
is roughly a quarter of all global natural emissions as estimated by
inversions (Saunois et al., 2020). In addition, the East Siberian Arctic
Shelf may release 2.9 [0-17] Tg CH, yr' while the rest of the Arctic
Ocean is estimated to emit 2 [0.4-2.4] Tg CH, yr', adding up to a
total of 4.9 [0.4-19.4] Tg CH, yr' for the whole Arctic marine
environment.

Arctic-Boreal methane sources are diverse and dynamic in
nature, with a high interannual variability. For a long time, this
has made it difficult to separate the signal from the noise when
identifying trends. However, recent studies constrained by
observations indicate that high latitude methane sources from
wetlands have slightly increased over the first two decades of this
century by about 1.7-3 Tg CH, yr™' (Bruhwiler et al., 2021; Yuan
et al, 2024). This increase appears to be due to higher
temperatures in early summer, leading to earlier snowmelt and
a general higher activity of methanogens. At the moment,
however, the observational record remains too sparse to
quantify how sources other than wetlands have responded to
climate warming.

In a global context, this increase is modest, representing roughly
5%-10% of the recent growth in methane emissions attributed to
natural sources worldwide (Nisbet et al., 2023) - albeit with high
uncertainty. Natural contributions to the recent rise in atmospheric
methane are strongly influenced by tropical wetlands, with the
permafrost region contributing to, but not clearly dominating,
these changes. Moreover, anthropogenic reductions in methane
emissions have the potential to compensate for such natural
increases (Christensen et al., 2019), although natural feedbacks
will make it more difficult to achieve the goals set out by the
Paris agreement (Schuur et al., 2022).

Going forward, a large release of methane from the Arctic-
Boreal region remains probable, despite relatively minor emission
changes in the recent past. Future trajectories remain highly
uncertain and difficult to predict, while the Arctic-Boreal region
continues to warm more rapidly than the rest of the world. Wetland
methane emissions are highly sensitive to the local hydrology, which
means that shifts in the extent of wetlands and inland waters will
strongly impact future methane emissions — on top of what can be
expected from increased microbial activity following warming.
There remains a distinct likelihood that methane emissions from
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the Arctic-Boreal region will show substantial growth — becoming a
more dominant component of the global methane budget.

The evidence presented here appears to point towards a modest
rise in methane emissions from the Arctic-Boreal region since the
start of the century. At the same time, it is uncertain whether the
region as a whole is a net sink or source of CO, - when accounting
for lateral flows and disturbances. Given the stronger global
warming potential of methane compared to CO,, a change in
methane emissions can be an important factor in whether
permafrost thaw will lead to a strong positive climate feedback. A
continued focus on expansion of monitoring, improvement in
process understanding, and added detail in the modeling of
vegetation dynamics, microbial processes, geomorphology, and
hydrology of high-latitude landscapes will be crucial to determine
how climate change will continue to alter methane emissions from
the Arctic-Boreal region in the future.
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