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Circumpolar distribution and carbon storage
of thermokarst landscapes
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Thermokarst is the process whereby the thawing of ice-rich permafrost ground causes land
subsidence, resulting in development of distinctive landforms. Accelerated thermokarst due
to climate change will damage infrastructure, but also impact hydrology, ecology and bio-
geochemistry. Here, we present a circumpolar assessment of the distribution of thermokarst
landscapes, defined as landscapes comprised of current thermokarst landforms and areas
susceptible to future thermokarst development. At 3.6 x 108 km?, thermokarst landscapes
are estimated to cover ~20% of the northern permafrost region, with approximately equal
contributions from three landscape types where characteristic wetland, lake and hillslope
thermokarst landforms occur. We estimate that approximately half of the below-ground
organic carbon within the study region is stored in thermokarst landscapes. Our results
highlight the importance of explicitly considering thermokarst when assessing impacts of
climate change, including future landscape greenhouse gas emissions, and provide a means
for assessing such impacts at the circumpolar scale.

TDepartment of Renewable Resources, University of Alberta, Edmonton, Alberta, Canada T6G 2H1. 2 Department of Integrative Biology, University of Guelph,
Guelph, Ontario, Canada N1G 2W1. 3 Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA. 4 National Remote
Sensing Centre, Indian Space Research Organization, Balanagar, Hyderabad 500037, India. > Alfred Wegener Institute, Helmholtz Centre for Polar and Marine
Research, Telegrafenberg A45, Potsdam 14473, Germany. ©School of Forest Resources, University of Maine, Orono, Maine 04473, USA. 7 Department of
Physical Geography, Stockholm University, Stockholm 106 91, Sweden. & U.S. Geological Survey, Alaska Cooperative Fish and Wildlife Research Unit,
University of Alaska Fairbanks, Fairbanks, Alaska 99775, USA. 9Geophysical Institute, University of Alaska Fairbanks, Fairbanks, Alaska 99775, USA.

10 Tyumen State Oil and Gas University, Tyumen, Tyument. Oblast 625000, Russia. ' Center for Ecosystem Science and Society, Northern Arizona University,
Flagstaff, Arizona 86011, USA. Correspondence and requests for materials should be addressed to D.O. (email: olefeldt@ualberta.ca).

| 7:13043| DOI: 10.1038/ncomms13043 | www.nature.com/naturecommunications 1


mailto:olefeldt@ualberta.ca
http://www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms13043

he northern circumpolar permafrost region stores
I ~ 1,000 Pg soil organic carbon (SOC) in the upper 3 m!,
similar in magnitude to the atmospheric carbon storage.
Permafrost thaw due to climate change can occur both through
widespread but gradual deepening of the seasonally thawed soil
layer (that is, active layer deepening), and through the
development of thermokarst landforms, which occur at discrete
landscape locations and often affect the entire soil profile>>.
Thermokarst initiation at discrete locations occurs due to
interactions of hydrology, soil properties, vegetation,
geomorphology and disturbances, but fundamentally depends
on the presence of excess ground ice that causes characteristic
land surface subsidence when thawed®*>. Active layer deepening
and the development of various thermokarst landforms each
cause characteristic changes to soil environmental conditions and
thus influence both the potential for SOC erosion and in situ rates
of SOC mineralization into carbon dioxide (CO,) and methane
(CH,). Current estimates indicate that greenhouse gas emissions
from thawing permafrost soils will represent a major terrestrial
biogeochemical feedback to climate change over this century,
potentially on the same order of magnitude as global
deforestation®. However, this permafrost carbon feedback
remains poorly constrained, partly due to major uncertainties
related to the role of rapid permafrost thaw through
thermokarst>°.

Thermokarst is generally not taken into account by the current
generation of large-scale biogeochemical and earth system models
for projecting future near-surface permafrost conditions’, SOC
thaw® and SOC mineralization into greenhouse gases®~!!. This is
despite a long history of field observations documenting
thermokarst landform development at local scales*>12-1%, and
more recent local studies of post-thaw trajectories of carbon
storage and greenhouse gas emissions'®~!8, The distribution of
thermokarst landforms has been assessed at local and regional
scales!®72%, and a generalized map of permafrost hazard potential
to human infrastructure is available at the circumpolar scale®*.
However, the inclusion of thermokarst in land surface and carbon
cycle models has so far been in part hindered by the lack of a
consistent circumpolar assessment of the distribution of
thermokarst landscapes.

Here, we present a framework for using available spatial
information on landscape characteristics within the northern
boreal and tundra permafrost region to assess the distribution of
thermokarst landscapes. We estimate that thermokarst landscapes
cover 20% of the northern permafrost region and store up to half
its SOC. By providing information on the distribution and carbon
storage of different types of thermokarst landscapes, we aim to
enable explicit consideration of the influence of thermokarst on
future carbon cycling at the circumpolar scale.

Results

Assessing the distribution of thermokarst landscapes. This
study distinguishes between wetland, lake and hillslope thermo-
karst landscapes (Fig. 1). This distinction between different types
of thermokarst landscapes is broad and it is recognized that a
high degree of landscape diversity is retained within each type.
Each thermokarst landscape type is defined by its association with
a set of characteristic thermokarst landforms® (see below).
Characteristic thermokarst landforms of each thermokarst
landscape preferentially co-occur spatially due to similarities in
their dependencies on landscape characteristics for initiation and
development. Nearly two dozen distinct thermokarst landforms
have been identified in the permafrost affected northern boreal
forest and tundra*>. Our use of the term thermokarst landforms
includes landforms traditionally termed thermo-erosional

landforms. These differ from other thermokarst landforms in
their dominance of lateral rather than vertical soil movement
during landform development. We define the spatial extents
of thermokarst landscapes to include both the areas of current
thermokarst landforms and the areas susceptible to future
thermokarst development. We further consider the three thermo-
karst landscape types to potentially overlap spatially, thus
assuming that some landscape positions can be susceptible to
the development of thermokarst landforms characteristic of more
than one thermokarst landscape type. As an example, some

Figure 1 | Examples of thermokarst landscapes. Photos of (a) wetland
thermokarst landscape in the Northwest Territories of Canada, with
characteristic thermokarst bogs (Photo: M. Helbig), (b) lake thermokarst
landscape in northern Sweden with characteristic shallow thermokarst lakes
(Photo: A.B.K. Sannel) and (¢) hillslope thermokarst landscape on the
Taymyr Peninsula, Russia, with characteristic thermal erosion gullies
(Photo: G. Hugelius).
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Table 1 | Framework for estimating regional coverage of thermokarst landscapes.

Wetland thermokarst

Lake thermokarst Hillslope thermokarst

Resulting score

landscape landscape landscape*
Permafrost zone?>" (continuous/discontinuous/sporadic/ —-10/-5/0/0 0/0/—-10/—-20 —15/—-15/—-25/-35
isolated)
Ground ice content?> (>20%,/10-20%;/ >10%,/ <10%) 0/0/0/0 0/-10/-10/-30 0/-5/-5/-35
Sedimentary overburden?® (thick/thin) 0/-10 0/ —40 0/-10
Topography27 (flat/undulating/hilly/mountainous) 0/ —-15/—-20/—-30 0/ —-30/—-60/—-70 —-15/0/ -5/ —15
Histel regional coverage?® (>30%,10-30%/ <10%) 0/—25/-50 0/0/0 —10/ -5/0
Terrestrial ecozone?® (boreal/tundra) 0/0 —-5/0 —-10/0

Thermokarst landscape coverage:

<25 ‘None', 0-1% (0%)

30-50 ‘Low’, 1-10% (5%)

55-70 ‘Moderate’, 10-30% (20%)
75-85 'High', 30-60% (40%)
90-100

‘Very High', 60-100% (90%)

classes according to the ranges shown below.
characteristics.

‘None' thermokarst landscape coverage.

The framework implements a structure where points are subtracted from a maximum score of 100 based on landscape characteristics, as shown in the table. The resulting score yields the coverage
*Hillslope thermokarst landscapes are considered to not be able to reach regional ‘Very High' land cover, and thus the maximum score is 85, since at least 15 points are subtracted for the permafrost zone
fRegions in the southern West Siberian Lowlands are mapped as having only relict permafrost, indicating that permafrost is not affecting the surface soils, and these regions are thus considered to have

iNumbers indicate likely ranges and mode (in brackets) for thermokarst landscape coverage within each class.

Table 2 | Estimates of areas and soil organic carbon storage within the overall study region and in each thermokarst landscape type.

Study Wetland thermokarst Lake thermokarst Hillslope thermokarst Non-thermokarst
region landscape landscape landscape landscape
Area (108 km?) 18.41 1.43 130 0.91 14.77
Area (% of total) 100 7.8 7.1 49 80.2
SOC 0-3m (PgC) 1,073 164 102 67 740
SOC 0-3m (% of total) 100 15.3 9.5 6.2 69.0
SOC 0-3m (kgCm~2) 58 14 79 74 50

Average soil organic carbon (SOC) concentration (kg Cm~2) for each thermokarst landscape is reported.

landscape positions within tundra lowlands can potentially be
susceptible to develop thermokarst landforms characteristic of
any thermokarst landscape type.

Areal extents of thermokarst landscapes in this study are
estimated through a conceptual modelling framework that weighs
the perceived relative influence of landscape characteristics,
including ground ice content?, sedimentary overburden
thickness®>, permafrost zonation®®, terrestrial ecoregion?®,
topographical roughness?’” and the presence of permafrost peat
soils (histels)?8 (Table 1). This study encompasses the boreal and
tundra ecoregions?® within the northern circumpolar permafrost
zones?>, covering 12.4% of the world land area (Table 2). The
spatial intersection of layers containing information on landscape
characteristics used in the modelling framework yields > 130,000
polygons, which we henceforth refer to as regions within the
overall study area. Weights of landscape characteristics for
determining regional coverage of thermokarst landscapes were
decided through an expert elicitation, which included input from
all co-authors as well as from members of the Permafrost Carbon
Network?®. This process was iterative, with consensus achieved
through the sharing and discussion of experts’ arguments for
increasing or decreasing weights. The main arguments for the
final weights are described in the paragraphs below. In the final
model, regional coverage of thermokarst landscapes is binned
into five classes; ‘Very High’, ‘High’, ‘Moderate’, ‘Low’ and ‘None’.
Each coverage class corresponds to a fractional coverage of a

region (Table 1). However, since we consider the three
thermokarst landscapes to have the potential to spatially
overlap within a region, the fractional regional coverage of
individual thermokarst landscapes is adjusted to reflect this when
more than one thermokarst landscape is present in a region
(see ‘Methods’ section for full explanation of how areal extent of
thermokarst landscapes within a region is estimated from
coverage classes). The resulting maps show the modelled
regional coverage classes of wetland, lake and hillslope
thermokarst landscapes, respectively (Fig. 2a-c), and the
dominant or co-dominant thermokarst landscape types within
each region (Fig. 3). Overall, we estimate that thermokarst
landscapes cover 3.6 x 10® km?, or ~20% of the overall study
area, with each of the three thermokarst landscapes contributing
5-8% each (Table 2).

Wetland thermokarst landscapes. Typical thermokarst land-
forms in wetland thermokarst landscapes include thermokarst
bogs, fens and shore fens, with development dependent on
hydrological landscape position. Development causes transition
from boreal forest or tundra dry shrub ecosystems into sedge or
Sphagnum moss wetland ecosystems with near-surface water
table position®>!1>, Thermokarst landforms are typically
0.5-10ha but can reach sizes up to 100 ha. Development leads
to 1-3m land settlement but limited lateral soil movement.
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Figure 2 | Distribution and regional coverage of thermokarst landscapes in the northern boreal and tundra circumpolar permafrost region.
Differentiation is made for (a) wetland (green shading), (b) lake (blue shading) and (c) hillslope thermokarst landscapes (red shading). Coverage is
classified as 'Very High' (60-100% regional coverage), 'High' (30-60%), ‘Moderate’ (10-30%), ‘Low’ (1-10%) and ‘None' (0-1%). Hillslope thermokarst
landscapes are assumed to not reach 'Very High' regional coverage. Yellow star symbols indicate study sites, described in literature, of thermokarst
landforms characteristic of each thermokarst landscape (Supplementary Table 4-6). Background map of topography is based on GTOPO30 data (USGS,

EROS, ESRI), accessed through ArcGIS 9.3.1.

The two landscape characteristics considered most important for
estimating regional coverage of wetland thermokarst landscapes are
histel soil coverage and topographic ruggedness (Table 1). We
consider histels to be largely susceptible to the development of
wetland thermokarst landforms due to their high-ground ice
content®®, Because histels have high-ground ice content, we did not
further use landscape information on ground ice content by itself
for estimating regional coverage (Table 1). Wetland thermokarst
landscapes can dominate flat landscapes with extensive histels but
are assumed to be largely confined to topographic lows in regions
with more topographic ruggedness, including valley bottoms and
adjacent to ponds and lakes®>1>30-33,

Secondary influences on regional coverage include permafrost
zonation and sedimentary overburden thickness (Table 1). All
else equal, we consider wetland thermokarst landscapes to have
lower regional coverage in regions with thin sedimentary
overburden and in colder permafrost zones. Thin sedimentary

4

overburden is considered to limit the potential for vertical land
subsidence and thus the development of characteristic thermo-
karst landforms. In colder permafrost zones, histels often occur in
polygonal peatlands characterized by relatively thin organic soils!
and abundant ice wedges. In such polygonal peatlands it is more
likely that thermokarst leads to the development of thermokarst
troughs and pits develop®, which we consider characteristic of
lake thermokarst landscapes (see below). In the non-continuous
permafrost zones, our model allows wetland thermokarst
landscape coverage to be greater than the permafrost coverage.
This follows our definition of thermokarst landscapes, which
includes both permafrost areas susceptible to future thermokarst
development and non-permafrost areas of current thermokarst
landforms?>31,

The resulting maps show ‘Very High’ wetland thermokarst
landscape coverage in well-known and extensive boreal peatland
regions such as the West Siberian Lowlands, the Hudson Bay
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Figure 3 | Dominant or co-dominant thermokarst landscapes within the northern boreal and tundra circumpolar permafrost region. The thermokarst
landscapes with the greatest estimated regional coverage are shown. Co-dominance of two or all thermokarst landscapes is shown if estimated coverage
classes are equal. Green, Blue and Red shadings indicate individual dominance of wetland, lake and hillslope thermokarst landscapes, respectively.
Co-dominance is indicated by cyan (wetland and lake thermokarst landscapes), yellow (wetland and hillslope thermokarst landscapes), magenta

(lake and hillslope thermokarst landscapes) and grey (equal coverage of all thermokarst landscapes). Dominant coverage is classified as ‘Very High'
(60-100% regional coverage), ‘High' (30-60%), ‘Moderate’ (10-30%), ‘Low’ (1-10%) and ‘None' (0-1%). Coverage of hillslope thermokarst landscapes
are assumed to not reach ‘Very High' regional coverage. Co-dominance combinations that have no representation in the map and are hashed in the legend.
Background map of topography is based on GTOPO30 data (USGS, EROS, ESRI), accessed through ArcGIS 9.3.1.

Lowlands and the Mackenzie River valley, but also indicate
additional widespread ‘Low’ coverage in much of boreal Canada
and Russia (Fig. 2a). Wetland thermokarst landscapes in different
settings will have distinct characteristics, for example, with
thermokarst landforms developin% from treed peat plateaus in
boreal western Canada and Alaska®! or from non-treed palsas in
tundra regions of Scandinavia and northwestern Russia®®. In
warmer permafrost zones it is also assumed that current
thermokarst landforms dominate thermokarst landscapes, while
areas susceptible to future thermokarst development are more

prevalent in colder permafrost zones!>.

Lake thermokarst landscapes. Lake thermokarst landscapes are
characterized by lake initiation, expansion, drainage and drainage
basin development. Typical thermokarst landforms include deep,
shallow and glacial thermokarst lakes, thermokarst lake basins,
alas basins and thaw sinks*°. Lake thermokarst landscapes are
also considered associated with collapse pingos, and thermokarst
troughs and pits, which all can have aquatic phases that may
develop into thermokarst lakes®. Land settlement varies between 1
and 20 m, with potentially substantial lateral soil movement into
inundated, anaerobic, conditions through wave action and
colluvial processes. Resulting landforms vary greatly in size,
with the largest landforms covering more than 5,000 ha.

Regional coverage of lake thermokarst landscapes is considered
strongly influenced by topography, ground ice content, sedimentary
overburden and permafrost zone>* (Table 1). Flat landscapes with
thick sedimentary overburden and high-ground ice content are
landscape characteristics considered important for abundant
development of characteristic landforms®>?!. Conceptually, we
consider lake thermokarst landscapes to include the open-water
areas of thermokarst landforms. Topography strongly limit the
maximum attainable regional coverage of lake thermokarst
landscapes in our model, and ‘Moderate’ coverage is the
maximum coverage possible in regions that do not have flat
topography. Regional coverage of lake thermokarst landscapes is
considered limited in warmer permafrost zones due to the lower
permafrost coverage, but also due to the better drainage when
thermokarst landforms develop in locations without underlying
deeper permafrost layers®*°. Permafrost thaw in the boreal
ecoregion is further considered less likely to lead to characteristic
thermokarst landforms due to thicker surface organic mats that can
reduce the mechanical removal of soil material®®. Thermokarst
lakes are however known to potentially occur in landscapes with
thick organic soils if ground ice content is high?>"*2, and thus we do
not consider histel coverage by itself to reduce the regional coverage
of lake thermokarst landscapes (Table 1).

‘Very High’ regional coverage of lake thermokarst landscapes is
shown for several lowland tundra regions, including the Yukon
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delta, the Alaska north slope and the coastal regions along the
Kara Sea, Laptev Sea and East Siberian Sea in Russia (Fig. 2b).
These regions are known to have abundant thermokarst lakes?,
‘Very High’ regional coverage further includes the boreal lowland
along the Lena River and its tributaries, which is known to have a
high abundance of alas landforms'#. Lake thermokarst landscapes
are further shown to overlap substantially with wetland
thermokarst landscapes in major boreal peatland regions
(Fig. 2a,b), albeit with lake thermokarst landscape generally
having ‘Low’ to ‘Moderate’ coverage, while wetland thermokarst
landscapes have ‘High’ to “Very High’ coverage.

Hillslope thermokarst landscapes. Typical thermokarst land-
forms in hillslope thermokarst landscapes include active layer
detachment slides, retrogressive thaw slumps, thermal erosion
gullies, beaded streams and thermokarst water tracks®>.
Development can cause both substantial land subsidence and
lateral soil transport through fluvial or colluvial processes. These
thermokarst landforms are generally smaller than landforms of
the other thermokarst landscapes, but can in some cases reach up
to 10ha. Hillslope thermokarst landforms are also to a greater
degree limited in their development to landscape positions on
moderate slopes or along watercourses, lake shores and
coasts>2?2. For that reason, we exclude hillslope thermokarst
landscapes from attaining ‘Very High’ regional coverage
(Table 1). While hillslope thermokarst landscapes are
considered most likely in undulating and hilly topography,
‘Moderate’ regional coverage is still considered possible in flat
regions due to the association of characteristic landforms with
watercourses and shores®.

Primary factors, in addition to topography, considered to
increase regional coverage of hillslope thermokarst landscapes are
higher ground ice content, and colder permafrost zones>¢
(Table 1). Hillslope thermokarst development in warmer
permafrost zones is considered limited since landscape
positions preferential for characteristic thermokarst landforms
is likely to already lack permafrost. Secondary influences
considered for the regional coverage of hillslope thermokarst
landscapes relate to the susceptibility of the landscape to erosion.
Regions with thin sedimentary overburden or extensive histels,
are thus less likely to be suitable for many of the characteristic
thermo-erosional landforms typical of hillslope thermokarst
landscapes®. Regions in the boreal ecozone are less likely to
have extensive ice wedges that often act as points for hillslope
thermokarst landform initiation3® (Table 1).

The resulting map shows ‘Moderate’ and ‘High’ regional
coverage of hillslope thermokarst landscapes in many tundra
regions, including the Alaska Seward Peninsula, the Alaska North
Slope, the Mackenzie River Valley, the Canadian Arctic
Archipelago and coastal regions along the Kara Sea, Laptev Sea
and East Siberian Sea in Russia (Fig. 2c). This indicates that
hillslope thermokarst landscapes often have their greatest
concentrations in regions overlapping with ‘High’ or “Very High’
coverage of lake thermokarst landscapes (Fig. 2b). However, ‘Low’
and ‘Moderate’ regional coverage of hillslope thermokarst
landscapes is widespread in vast continental regions with more
pronounced topography in western North America, the Central
Siberian Plateau and in the Russian Far East.

Distribution of thermokarst landscapes. While the three ther-
mokarst landscapes have similar estimated total areas (Table 2),
their distributions differ with regards to both their spatial con-
centration and their relations to current climate conditions.
Hillslope thermokarst landscapes are spatially least concentrated,
with a majority (62%) of its total area found in regions with

‘Moderate’ or ‘Low’ coverage, compared with 32% and a mere
13% for wetland and lake thermokarst landscapes, respectively.
Lake thermokarst landscapes are spatially the most concentrated,
with 76% of its total area found in regions with ‘Very High’
coverage. Thermokarst landsca;)es also differ in their relation to
current climate conditions®’, with hillslope thermokarst
landscapes located in regions with colder and drier climate than
lake thermokarst landscapes, which in turn are generally located
in regions with colder and drier climate than wetland thermokarst
landscapes (Fig. 4).
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Figure 4 | Distribution of thermokarst landscapes under current climate
conditions. Data uses the area and climate for each region in the map of
thermokarst landscape distribution. Mean annual (a) air temperature and
(b) precipitation estimates for the period 1990-2010 is based on a fused
CRU-NCEP re-analysis data set3'. Grey boxes indicate the overall study
region, while green, blue and red indicate wetland, lake and hillslope
thermokarst landscapes, respectively. The boxes represent 25th and 75th
percentiles (that is, indicating that 50% of the areas of the overall study
region and of the three thermokarst landscape types fall within the box
estimates). In addition, the bar indicates the 50th percentile, and whiskers
showing 5th and 95th percentiles.
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Evaluation of mapped thermokarst landscapes. Two indepen-
dent approaches were used to evaluate the mapped regional
coverages of thermokarst landscapes. First, we compiled a database
of 225 locations of thermokarst landforms characteristic of
wetland, lake and hillslope thermokarst landscapes (63, 92 and 69
landforms of wetland, lake, and hillslope thermokarst landscapes,
respectively) described in 161 published studies (Supplementary
Tables 4-6). The locations of these sites were compared with the
corresponding mapped regional coverage of thermokarst
landscapes (Figs 2a-c and 5). Roughly equal numbers of study sites
(35-55 sites) were found within each coverage class. However,
study site spatial concentrations were highest in regions with ‘Very
High® coverage, reaching a concentration of 21.0 x 10~ ° sites
km ~ 2, compared with 15.6, 8.0, 4.6 and 1.1 x 10~ ¢ sites km ~ 2
for ‘High’, ‘Moderate’, ‘Low’ and ‘None’ coverage, respectively. This
pattern of decreasing study site concentrations in lesser coverage
classes remained, with minor exceptions, when assessed for each
thermokarst landscape separately (Supplementary Fig. 1). While
study sites are not chosen randomly due to issues of accessibility in
the north, increasing site concentrations in regions with greater
mapped coverage of thermokarst landscapes is what would be
expected from accurate maps.

The second approach for map evaluation is based on a
comparison between the mapped regional coverages of thermo-
karst landscapes and an expert assessment of regional coverages
based on satellite image interpretation and general site knowledge
at 435 sites. Site locations for this expert assessment were chosen
using a stratified random sampling approach, including 150 sites
each for wetland and lake thermokarst landscape assessment, and
135 sites for hillslope thermokarst landscapes (Supplementary
Fig. 2). Within each thermokarst landscape type, 50 sites were

selected within regions of ‘None’ coverage, and ~ 25 sites within
regions of each of the other coverage classes. Five experts per
thermokarst landscape type independently assessed the coverage
of thermokarst landscapes within a 20km diameter circular
polygon centred at each site location, using imagery in Google
Earth (Google Inc., Mountainview, CA, USA, www.google.com/
earth). All experts have previously published peer-reviewed
articles on topics of relevance to the specific thermokarst
landscape they assessed. Each expert was given instructions that
included the definitions of the thermokarst landscapes, and of the
five coverage classes used in the mapping framework. In their
assessment of coverage at each site, experts were asked to take
into account both their interpretation of satellite imagery
available in Google Earth and their personal knowledge of local
thermokarst conditions based, for example, on nearby field work.
Experts were also asked to assess their confidence in their
estimates of coverage at each site as high (satellite imagery highly
suitable for accurate coverage estimate, and/or detailed personal
knowledge of local thermokarst conditions), moderate (satellite
imagery passable for accurate coverage estimate, and/or some
personal knowledge of local thermokarst conditions) or low
(satellite imagery unsuitable for accurate coverage estimate, and
no personal knowledge of local thermokarst conditions). A
consensus expert assessment of coverage for each site was
determined based on the median coverage estimate of the five
individual assessments.

The agreement between the expert assessment and the mapped
coverages of thermokarst landscapes was evaluated through
analysis of error matrices (Supplementary Tables 1-3; Fig. 3),
including determination of a weighted Kappa coefficient®®, The
Kappa coefficient represents a measure of agreement between

Thermokarst landscape coverage
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Figure 5 | Locations of studied thermokarst landforms and mapped dominant thermokarst landscapes in Alaska and western Canada. Legend for
thermokarst landscapes is same as in Fig. 3. Green circles, blue squares and red triangles represent studied thermokarst landforms characteristic of
wetland, lake and hillslope thermokarst landscapes, respectively (Supplementary Tables 4-6). Background map of topography is based on GTOPO30 data

(USGS, EROS, ESRI), accessed through ArcGIS 9.3.1.
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Figure 6 | Relationship between expert confidence and the agreement
between expert assessment and mapped coverages of thermokarst
landscapes. Agreement between expert assessment and mapped
coverages are estimated using a Kappa coefficient with quadratic weighting
(k). Interpretation of k,, has been proposed33, where 0.01-0.20 indicate
slight agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate
agreement, 0.61-0.80 substantial agreement and 0.81-1 almost perfect
agreement. Small symbols represent average individual expert confidence
and assessment agreement with mapped coverages, while the larger
symbol for each thermokarst landscape type is based on the consensus
expert assessment. Expert assessments of wetland, lake and hillslope
thermokarst landscape coverages are indicated by green, blue and red
symbols, respectively. Error bars indicate + 2 s.e. of k, and is only shown
for the consensus expert assessments.

expert assessment and mapped coverage which takes into account
the agreement that is expected due to chance alone. A Kappa
coefficient of 1 indicates perfect agreement and a value <0
indicates no agreement®. A weighted Kappa coefficient further
takes into account that not all disagreements are equally serious,
as is the case of the ordered coverage classes in this study*’. We
chose to report a quadratic weighted Kappa coefficient, indicating
that disagreements between expert assessment and maps are
considered to be successively more egregious with greater
divergence. Our map evaluation shows that experts who
reported higher average confidence in their estimates of
coverage also had greater agreement with the maps (Fig. 6).
Both expert confidence and agreement further varied by
thermokarst landscape type: the lowest confidence and
agreement was found for hillslope thermokarst landscapes and
the highest for lake thermokarst landscapes (Fig. 6). We note that
expert level of confidence increases with the typical size of
thermokarst landforms characteristic for each thermokarst
landscape type, suggesting that the evaluation method is less
suitable for assessing hillslope thermokarst landscape coverage
due to issues with identifying typical landforms. Despite experts
expressing overall limited confidence in their estimates of ground
conditions, weighted Kappa coefficients for the consensus expert
assessments of each thermokarst landscape type were 0.59 +0.13
(£2 se), 0.70£0.08 and 0.42+0.14, for wetland, lake and
hillslope thermokarst landscapes, respectively (Fig. 6), indicating
moderate to substantial agreement with the maps>4°,

Carbon storage in thermokarst landscapes. Thermokarst land-
forms are often associated with landscapes that have high con-
centrations of below-ground organic carbon content!>~18, To
estimate the fraction of the below-ground organic carbon within
the overall study region stored in thermokarst landscapes, we
overlaid the resulting maps of thermokarst landscapes with
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estimates of regional 0-3m SOC content?®. The spatially
interpolated data of regional overall SOC content further
include information on constituent SOC concentrations
(kng_z) for both permafrost soils (histels, orthels and
turbels), non-permafrost soils (histosols, and a combined class
of other mineral soil types), as well as on spatial coverage of non-
soils (for example, rock lands) with negligible SOC
concentrations. To estimate 0-3m regional SOC storage of
thermokarst landscapes, we first assumed that regional wetland
thermokarst landscape SOC  concentration could be
approximated by using the regionally area-weighted SOC
concentrations of histels and histosols (see ‘Methods’ section).
Using information on SOC concentrations from both permafrost
and non-permafrost organic soils acknowledges that wetland
thermokarst landscapes are a mosaic of non-permafrost
thermokarst landforms and permafrost areas susceptible to
future thermokarst. For lake and hillslope thermokarst
landscapes, we then assumed that SOC concentrations were
approximated by the area-weighted SOC concentrations of
histels, orthels and turbels (that is, of permafrost soils). Lastly,
regional SOC content of non-thermokarst landscapes was
estimated as a residual by subtracting SOC content of
thermokarst landscapes from the overall SOC content.

We estimate that thermokarst landscapes accordingly store
~330 Pg SOC in the upper 3 m, constituting ~30% of the total
0-3m SOC storage within the overall study region (Table 2).
Wetland thermokarst landscapes are estimated to have the
highest 0-3m SOC storage at ~165Pg SOC, about half of the
total thermokarst landscape SOC storage, as a result of having the
highest average SOC concentration at ~115kg Cm ~ 2. Both lake
and hillslope thermokarst landscapes also had higher 0-3 m SOC
concentrations at ~80 and ~75kgCm ™2, respectively, than
non-thermokarst landscapes at ~50 kng_2 (Table 2). While
estimates of 0-3m SOC storage in thermokarst sensitive land-
scapes include large uncertainties, stemming from both spatial
extrapolation of SOC content from site specific pedon data®®
and from our assumptions in determining coverage and SOC
concentrations, our results support the notion that SOC within
the overall study region is highly concentrated within
thermokarst landscapes.

It is very likely that thermokarst landscapes would be found to
store an even greater fraction of the total study region below-
ground organic carbon storage if thermokarst lake sediments and
SOC storage below 3m depth were accounted for. Boreal
peatlands within wetland thermokarst landscapes can reach
depths well below 3 m*!. Of great significance also are Yedoma
landscapes and Arctic Ocean deltas, both dominated by thick
frozen deposits that often are >20m deep and thus have very
large total organic carbon storage, despite low to moderate carbon
content in the sediments??. Together they store an estimated
~380Pg C below 3m in areas that spatially largely overlap with
regions that have “Very High’ coverage of lake thermokarst
landscapes1®42. Including these Yedoma, lacustrine and deltaic
sediments and their deeper carbon stores suggest that
thermokarst landscapes store approximately half of the total
study region below-ground organic carbon, despite covering only
20% of the area.

Discussion

In this study we have described the development of maps
indicating coverage of thermokarst landscapes, where the
determination of regional coverage is tied to available information
on landscape characteristics. While the accuracy of the resulting
maps explicitly depends on a judicious consideration of the
relative importance of different landscape characteristics, their
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accuracies are also critically dependent on the quality of the
underlying data layers. While all data layers used in the
assessment spanned the overall circumpolar study region, they
varied greatly in their spatial resolution and level of detail. As
such, the implications of combining data layers of varying
resolution and quality need to be considered when interpreting
and using the resulting maps. For example, the data layers with
ground ice content, sedimentary overburden thickness and
permafrost zonation have extremely broad regionalization?’,
and higher resolution assessments of these landscape
characteristics at local scales show a heterogeneity that is not
captured by the sources we used?®*2. Several data layers,
including those with permafrost zonation®> and histel
distribution?8, are further based on a compilation of different
national inventories that each use somewhat different mapping
approaches. This is likely to cause some inconsistencies in the
resulting coverage estimates and levels of spatial detail for
thermokarst landscapes among countries. Lastly, the overlay of
the included data layers created more than 130,000 regions within
the overall study region, thus generating a considerable fine-scale
spatial detail (~28% of polygons are <lha in size), which
partially is caused by differences in data layer resolutions and
chance polygon intersections rather than true differences in
landscape characteristics. We therefore caution the interpretation
of fine-scale patterns in the resulting maps, and acknowledge that
more appropriate data layers may be available for assessing fine-
scale patterns of thermokarst landscapes within specific regions*3.

Evaluations of the resulting maps suggest, despite the inherent
drawbacks of the mapping approach outlined above, that
accuracy is adequate for many large-scale applications. Studied
thermokarst landforms were disproportionally located within
regions mapped with higher coverages of thermokarst landscapes,
and expert site assessment of thermokarst landscape coverage had
moderate to substantial agreement with mapped coverages.
Neither approach, however, constitute a formal statistical analysis
of map accuracy. For example, the agreement between expert
assessment and mapped coverage of thermokarst landscapes
cannot be directly interpreted to indicate map accuracy, since it is
not known how well the expert assessments approximate ground
truth conditions. While fine-scale pattern of thermokarst land-
scapes should be interpreted with caution, the resulting maps do
correctly identify many of the larger regions known to have
abundant thermokarst landforms, for example, landforms
characteristic of wetland thermokarst landscapes in the Mack-
enzie River valley!®, lake thermokarst landscaPes in coastal
lowland regions in eastern Siberia?? and Alaska?', and hillslope
thermokarst landscapes in the foothills of the Brooks Range in
Alaska?2. Improved accuracy and level of detail for data layers of
landscape characteristics, perhaps especially of ground ice
conditions, would likely further improve the accuracy of the
thermokarst map but would require a substantial coordinated
effort of experts. Living databases with type and location of
thermokarst landforms compiled by both members of the
scientific community and the public could be an attainable and
powerful way to further improve the resulting thermokarst maps,
and would have many further uses. Overall we conclude, even
with limitations, that the resulting maps represent an important
advancement for the ability to assess broad scale impacts of
accelerated thermokarst, for example, on infrastructure,
landscape ecology, surface water quality, catchment hydrology,
soil carbon cycling and greenhouse gas exchange with the
atmosphere.

Vulnerability to thermokarst development is likely to increase
this century both due to climate change and associated higher
frequencies of disturbances such as wildfire and floods>**4>,
Gradual decadal increases in average annual temperatures have

already been linked to an altered balance between thermokarst
lake expansion and drainage®"34, and to accelerated expansion of
thermokarst bogs?>3!. Conversely, thermokarst landforms typical
of hillslope thermokarst landscapes have been shown to have
initiations and continued development largely confined to brief
periods of extreme weather, particularly when unusually warm
temperatures and high precipitation coincide?’*6, Thresholds
with regards to climate variables for thermokarst development
thus likely depend on both the thermokarst landform considered,
along with local ecosystem characteristics and hydrological
landscape positions®. At broader scales it is however expected
that it is the regional magnitude of climate change and associated
shifts in disturbance frequency, rather than site specific
thresholds, that will determine rates of future thermokarst
initiation and development. Projections of climate change are
largely consistent among climate models and forcing scenarios
with regards to which regions that are likely to experience faster
or slower than average climate change over this century*”48, The
fastest change, with regards to both increasing mean annual air
temperatures and precipitation, is generally expected for the
coastal regions along the Arctic Ocean, likely driven by factors
such as polar amplification, sea-ice retreat, and altered circulation
patterns of oceans and atmosphere. Hence, regions with high
coverage of lake and hillslope thermokarst landscapes in tundra
regions in Eurasia, and in the northern Mackenzie River valley,
are likely to be among the most vulnerable to accelerated
thermokarst development. Noteworthy is that many highly
vulnerable regions in Russia remain largely undescribed in
English-language scientific literature (Fig. 2a—c), and thus may
still hold surprises to our understanding of impacts of
accelerated thermokarst, for example, on carbon cycling®.

We estimate that approximately half of the below-ground
organic carbon within the study region is stored in thermokarst
landscapes. Accurately accounting for the impact of thermokarst
on C cycling is important since field evidence indicate that
current models of high-latitude greenhouse gas exchange with the
atmosphere may underestimate the impact of climate change by
not explicitly considering thermokarst. Early stages of thermo-
karst development of specific thermokarst landforms is known to
have the potential to cause large methane emissions to the
atmosphere®®! or downstream export of particulate and
dissolved organic carbon into downstream ecosystems®>>3,
Rapid C loss in many thermokarst landforms is also likely
facilitated by increased microbial access to SOC, as SOC thawed
through thermokarst processes often remains unfrozen year
round!”**, In addition, many regions indicated to have ‘Very
High’ coverage of lake thermokarst landscapes are dominated by
Yedoma ground*?, which has been found to contain SOC that is
particularly microbially labile as a result of its unique genesis®*>>.
Despite the significant and rapid C mineralization following
thermokarst, new accumulation of organic carbon in the form of
peat or lake sediments could dominate over early losses on
century to millscales'®3%5657 These long term trajectories of
post-thaw carbon cycling are important to consider since a large
fraction of the SOC in thermokarst landscapes already has
undergone one or more cycles of thermokarst development and
permafrost re-aggradation. While our understanding of post-
thaw trajectories of carbon cycling in thermokarst landforms is
progressing®®, new knowledge is needed with respect to how
trajectories vary depending on landform type, SOC storage, SOC
quality and landform history.

The permafrost carbon feedback, whereby climate change
causes SOC mineralization and greenhouse gas emissions
from permafrost soils to the atmosphere, is currently poorly
constrained®®~!!, Combining maps of thermokarst landscapes
with projections of future climates and emerging knowledge of
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post-thaw carbon cycling trajectories in thermokarst landforms,
represents an essential step forward for estimating potential rates
of permafrost SOC mineralization resulting from thermokarst. As
such, the thermokarst landscapes maps produced in this study are
important for reducing the uncertainty of the magnitude of the
permafrost carbon feedback, and for enabling a comparison of
permafrost SOC mineralization resulting from active layer
deepening and thermokarst.

Methods

Modelling thermokarst landscape distribution. The spatial modelling frame-
work implemented for estimating regional coverage of thermokarst landscapes in
this study is based on an expert evaluation of the relative importance of a number
of landscape characteristics. For this purpose, we used a set of six spatial cir-
cumpolar data layers describing key landscape characteristics; permafrost zonation
(isolated, sporadic, discontinuous or continuous)??, ground ice content (<10%,
10-20% or >20%)%, sedimentary overburden thickness (thin or thick)?®,
terrestrial ecoregion (boreal or tundra)?®, topographic ruggedness (flat, undulating,
hilly or mountainous/rugged)?’ and landscape coverage of histels (< 10%, 10-30%
or >30%)%8. The spatial intersection of these layers results in 132,089 polygons
(that is, regions) of variable size, with 28% of regions <1ha and 13% > 1,000 ha.
The largest region covers 0.3% of the overall study region. Large lakes and glaciers
were excluded from the overall study region and not part of the analysis.

The framework uses a subtractive score structure, with a unique set of scores for
each thermokarst landscape type (Table 1). Points are subtracted from a maximum
score for landscape characteristics considered to render a region less likely to have
extensive coverage of thermokarst landscapes. The resulting score is categorized
into five thermokarst landscape coverage classes, ranging from ‘None’ to ‘Very
High’. Each coverage class corresponds to an estimated fractional coverage of a
region, with both a range and a mode for each class (Table 1). The mode fractional
coverage is used to estimate areas of thermokarst landscapes within individual
regions. Hillslope thermokarst landscapes were deemed improbable to exceed 60%
regional coverage and thus the framework prevents it from attaining ‘Very High’
coverage.

When two or all thermokarst landscapes are present in an individual region
(that is, > ‘None’ coverage), then their fractional coverages are adjusted to take into
account that we consider thermokarst landscapes to potentially overlap and occupy
the same area. In this case, the thermokarst landscape type with the highest
coverage class determines the cumulative fractional coverage of all three
thermokarst landscapes. Adjusted fractional coverages for each thermokarst
landscape type are subsequently calculated accordingly:

Fw = fw/(fw +fi + fi1) X fmax (1)

where Fyy is the adjusted regional coverage for wetland thermokarst landscapes that
take into account co-occurrence of all thermokarst landscapes, while fy, f;, and fi
are the unadjusted coverages set by the class modes (Table 1) for wetland, lake and
hillslope thermokarst landscape coverages respectively, and fi,x is the maximum of
fw» fi and fi. Solving for F; and Fy (adjusted regional lake and hillslope
thermokarst landscape coverages) is done analogously. This means, for example,
that a region with ‘High’ wetland and lake, and ‘Low’ hillslope thermokarst
landscape coverage will have adjusted coverages of 19, 19 and 2%, respectively,
rather than the 40, 40 and 5% if coverages were unadjusted.

Thermokarst landscape SOC estimates. Estimates of 0-3 m SOC storage for
non-thermokarst landscapes and the three thermokarst landscape types within
each region are based on available spatial information of 0-3 m SOC storage!. This
spatial information on SOC storage is scaled using on pedon data stratified both by
depth (0-1m/1-2 m/2-3 m), and by soil type!. Partitioning of the total 0-3 m SOC
storage within each region of this study uses information of the adjusted
thermokarst landscape coverages along with region-specific SOC concentrations
(kgCm ~?) and areal coverages of different soil types (histosols, histels, turbels,
orthels and a category of other non-permafrost soils). Wetland thermokarst
landscape SOC concentration within a specific region is estimated by using the
area-weighted SOC concentrations of histosols and histels within that region. This
again acknowledges that wetland thermokarst landscapes are assumed to be a mix
of permafrost and non-permafrost peatland ecosystems. Lake and hillslope
thermokarst landscape SOC concentrations are both determined by the area-
weighted SOC concentrations of histels, turbels and orthels. Non-thermokarst
landscape SOC storage is determined by the residual SOC storage after all
thermokarst landscape SOC is subtracted from the total regional SOC storage.

Thermokarst landform database. A database of thermokarst landform study sites
(differentiating between thermokarst landforms typical of wetland, lake and hill-
slope thermokarst landscapes) was compiled from published scientific literature
within personal libraries and through Web of Science. Study sites were only
included in the database if no other site characteristic of the same thermokarst
landscape type was already located within 30 km. This exclusion of nearby sites was
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done to avoid over-representation of a few intensely studied sites. Hence, the
database is not an exhaustive thermokarst literature list, but includes 225 study
sites described in 161 studies (Supplementary Tables 4-6). The number and con-
centrations of study sites within regions of each thermokarst landscape coverage
class was calculated (Supplementary Fig. 1).

Data availability. The maps of thermokarst landscape distribution are published
as images and in a polygon data-format through Oak Ridge National Laboratory
(ORNL) Distributed Active Archive Center for Biogeochemical Dynamics (DAAC)
with the identifier ‘https://dx.doi.org/10.3334/ORNLDAAC/1332’ (ref. 59). Data
attributes include polygon total area, thermokarst landscape area of each type, total
SOC and SOC stored in each thermokarst landscape type.
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