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Abstract | The formation, growth and drainage of lakes in Arctic and boreal lowland permafrost
regions influence landscape and ecosystem processes. These lake and drained lake basin (L-DLB)
systems occupy >20% of the circumpolar Northern Hemisphere permafrost region and ~50% of
the area below 300 m above sea level. Climate change is causing drastic impacts to L-DLB systems,
with implications for permafrost dynamics, ecosystem functioning, biogeochemical processes
and human livelihoods in lowland permafrost regions. In this Review, we discuss how an increase
in the number of lakes as a result of permafrost thaw and an intensifying hydrologic regime are
not currently offsetting the land area gained through lake drainage, enhancing the dominance of
drained lake basins (DLBs). The contemporary transition from lakes to DLBs decreases hydrologic
storage, leads to permafrost aggradation, increases carbon sequestration and diversifies the shift-
ing habitat mosaic in Arctic and boreal regions. However, further warming could inhibit perma-
frost aggradation in DLBs, disrupting the trajectory of important microtopographic controls on
carbon fluxes and ecosystem processes in permafrost-region L-DLB systems. Further research is
needed to understand the future dynamics of L-DLB systems to improve Earth system models,
permafrost carbon feedback assessments, permafrost hydrology linkages, infrastructure

development in permafrost regions and the well-being of northern socio-ecological systems.

Permafrost is any Earth material that remains at or
below 0°C for two or more consecutive years'. Estimates
indicate that permafrost underlies 11-15% of Arctic
and boreal regions, and occurs across 15-24% of the
Northern Hemisphere land mass* (FIC. 1). Northerly
(>60°N), lowland regions (<300 m above sea level)
account for ~60% of the Arctic and boreal permafrost
region (FIG. 1). Modern-day permafrost distribution is a
function of current climate conditions, the legacy of cold
and warm periods in the past, the interactions between
atmospheric temperature and precipitation conditions,
and soil, vegetation and landscape changes through
time®”. Permafrost has warmed throughout much of
the Northern Hemisphere since the 1980s, with colder
permafrost sites warming most rapidly'®'".

In northern high-latitude regions, landscape
dynamics are critical for local-scale, regional-scale and
global-scale biogeochemical and hydrogeomorpho-
logical processes and feedbacks'>"°. For example,
disturbance and warming of near-surface permafrost
may lead to widespread terrain instability in ice-rich
permafrost regions'®". Such land surface changes can

affect vegetation, hydrology, aquatic ecosystems, infra-
structure and soil carbon dynamics”'®'"”. Lakes and
drained lake basins (DLBs) are the most prominent
periglacial landforms in high-latitude lowland regions,
occupying more than one-fifth of the northern circum-
polar permafrost region®. Their dynamics profoundly
affect permafrost, an important component of terrestrial
and aquatic ecosystems in Arctic and boreal regions*"*.
The environmental processes impacting and control-
ling the evolution of lowland permafrost on different
spatial and temporal scales are intricately tied to lake
dynamics with the collection, expansion and subsequent
release of water through lake drainage®>*'. The extant
lake phase acts to degrade permafrost, while lake drain-
age processes expose fresh land surfaces for permafrost
aggradation to occur, with potential for its degradation
in the future®.

These processes collectively drive dynamics in
lake and drained lake basin (L-DLB) systems. Studies
of L-DLB systems build off the integrated work that
focused on alas basin complexes in Central Yakutia®>*
and coastal lowland regions North America*-.
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Key points

e Lake formation, growth and drainage create a shifting mosaic of landforms that serve
as a primary driver of landscape and ecosystem processes in Arctic and boreal
lowland permafrost regions.

* The lake and drained lake basin (L-DLB) system governs geomorphic, hydrologic,
ecological and human land use activities in more than 20% of the northern permafrost

region.

* L-DLB systems occur in regions with both ice-rich and ice-poor permafrost terrains.

* The recent increase in the rate of L-DLB landscape dynamics in lowland permafrost
regions highlights their role as a catalyst for understanding Arctic system change

in a warming climate.

e Climate warming will likely increase the loss of lakes and continue to tip the
landscape to one more heavily dominated by drained lake basins (DLBs).

* The rate of permafrost aggradation under DLBs will likely slow, disrupting important
microtopographic controls on carbon fluxes and ecosystem processes in
permafrost-region L-DLB systems. Constraining the environmental impacts of an
increase in the coverage of DLBs in a warming landscape is, therefore, a critical topic

for future research.

Taliks

Ground in permafrost regions
that remains unfrozen year
round.

Thermokarst lake

Lake that forms as a result
of subsidence of the land
surface due to the melting of
ground ice.

Better understanding of the dynamics of the L-DLB sys-
tem will improve Earth system models by better account-
ing for the dynamic nature of lake formation and drainage
over varying spatial and temporal scales’-*. Future warm-
ing could inhibit permafrost aggradation in DLBs and
cause persistent taliks, disrupting the trajectory of impor-
tant microtopographic controls on carbon and hydrolog-
ical fluxes and ecosystem processes in permafrost-region
L-DLB systems. A more balanced assessment of lakes
and DLBs will, therefore, provide much needed informa-
tion for permafrost carbon feedback assessments'*** and
water quality and quantity assessments* . Future land
use strategy and mitigation practices, land management
and risk assessments, infrastructure development and the
well-being of northern socio-ecological systems in per-
mafrost regions will need to consider potential regime
shifts in the L-DLB system™,

In this Review, we focus on the critical role of L-DLB
processes in lowland permafrost regions of the Arctic.
We present a comprehensive assessment of the geomor-
phic and ecological state of L-DLB districts and discuss
recent observations that indicate changes in the dynamic
behaviour of lakes and DLBs in these systems. We review
the potential regime shifts that could alter the future
state of lowland permafrost regions, including interac-
tions between ecological, hydrological and geomorphic
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processes associated with L-DLB evolution and their
trajectory in a warmer, wetter Arctic. We conclude by
discussing the importance of understanding the coupled
response of lakes and DLBs to ongoing climatic changes.
More observations and Earth system model projections
are needed to identify and quantify the impacts of future
L-DLB dynamics in lowland Arctic permafrost regions.

L-DLB systems

Lakes and DLBs are critical landscape elements in the
Arctic system. Their initiation, growth and drainage rep-
resent the largest combined lowland permafrost-region
disturbance during the Holocene. The opposing effects
of lake development and lake drainage have created a
mosaic of landforms that exert strong controls on geo-
morphic processes’~*, hydrology**-*/, permafrost and
ground ice characteristics*~, talik development™-*/,
biogeochemical cycling and ecosystems™*, vegeta-
tion succession®*, wildlife habitat®®-%, subsistence use
activities®*”” and industrial activity'*****"!. The need
to view L-DLB dynamics and patterns as part of an
integrated system is highlighted in this section.

L-DLB landscape processes. The formation and drain-
age of lakes modulates lowland permafrost landscape
dynamics. L-DLB regions occur along a continuum of
ground ice conditions that control lake genesis and land-
scape dynamics®****”2. The dynamics associated with
lake—permafrost interactions can be categorized into pri-
mary (lake formation and permafrost degradation) and
secondary (lake drainage and permafrost aggradation)
stages of evolution of lowland Arctic landscapes®**7>7%.

Lakes in lowland permafrost regions with uncon-
solidated sediments form through various processes
controlled by local conditions that vary with respect to
palaeoenvironmental and palaeoclimate history, as well
as geological and permafrost properties**>>7® (FIC. 2).
Conceptually, thermokarst lake development in ice-rich
permafrost terrain includes processes associated with
top-down thaw of perennially frozen sediments, which
promotes melting of ice wedges (or other massive ice
bodies) and/or thawing of ice-rich sediments that con-
tain layers and lenses of segregated ice’"”. For these
thermokarst lakes, the lake basin forms in response to
localized ground subsidence due to ground ice melt.

Non-thermokarst lakes are formed when the local
water budget permits excess water to collect in top-
ographic depressions within ice-poor permafrost
terrain”. These thaw-independent basin initiation
points have often been preconditioned through fluvial,
mass-wasting and aeolian processes that promote the
pooling of water*?. Water accumulation within lakes in
ice-poor permafrost terrain degrades the permafrost
below with minimal thaw subsidence.

Despite differences in the initiation of thermokarst
and non-thermokarst lakes, both these water bodies
interact with the surrounding terrain through similar
thermal and mechanical erosional processes. Such pro-
cesses can increase the mean lateral extent of the basin
by 0.1 to 1.0m per year through degradation of the sur-
rounding and underlying permafrost*>’®. The lateral
expansion rate of thermokarst lakes, which is determined
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by thermal erosion (abrasion) of ice-rich sediments, is
much higher than that of lakes with a non-thermokarst
origin surrounded by ice-poor permafrost>*. In both
lake types, the development of taliks under the lakes
is a defining characteristic of the thermal interaction
between surface water and permafrost”-*..
Permafrost-region lakes tend to drain, owing to their
dynamic expansion, the thaw of the surrounding sills that
confine them and the dynamics of adjacent landscape

Ground ice
M High [ Medium

Low

[ Lowland permafrost regions ‘
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features that provide a conduit for drainage*"”>*. Lake
drainage processes in general can be linked to external
factors such as changes in climate and internal factors
that represent site-specific conditions, such as shore
erosion and talik development®-%¢. The vulnerabil-
ity of an individual lake to drain is dependent on the
characteristics of the surrounding permafrost (ground
ice content and distribution, ground temperature, active
layer thickness), lake characteristics (bathymetry, shore

Surficial geology

[l Thick overburden [ Thin overburden and
(>5-10 m) exposed bedrock

B Thermokarst lake landscapes

Fig. 1| The Arctic and boreal lowland permafrost region. a | A portion of the northern circumpolar permafrost region
showing variability in ground ice content from high (blue; >20%), to medium (green; 10-20%), to low (tan; 0-10%)’.

b | A portion of the northern circumpolar permafrost region showing generalized surficial geology characterized by thick
overburden cover (dark blue; including lowlands, highlands, and intramontane and intermontane depressions) and

thin overburden cover and exposed bedrock (dark grey; including mountains, highlands ridges and plateaus). ¢ | A portion
of the lowland permafrost region (<300 m above sea level) shown in pink (derived from REF?%?). d | A portion of the northern
circumpolar permafrost region showing regions identified as having low, moderate, high and very high thermokarst lake
coverage?. The figure is based upon published geospatial data sets, and we recognize that there might be misclassifica-
tions of permafrost terrain types at regional and local scales. The lake and drained lake basin system is defined as lowland
permafrost regions with unconsolidated sediments with varying degrees of ground ice richness.
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Bank overtopping

The process of water spilling
over the lake bank, promoting
lateral drainage.

Piping or tunnel flow
Drainage through open frost
cracks, underground erosional
channels or layers of
permeable material in taliks.

Pingos

A perennial frost mound
consisting of a core of massive
ice, produced primarily by
injection of water, and covered
with soil and vegetation.
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Fig. 2 | The variability of lake and drained lake basin system districts. Examples from Landsat satellite imagery
demonstrate the variability in lake and drained lake basin districts in lowland permafrost regions with varying ice content.
a| Koudjouak Plain, Canada. b | Northern Seward Peninsula, Alaska. c | Ayon Island lowland, Siberia. d | Yana-Indigirka
Lowland, Siberia. e | Hudson Bay Lowlands, Canada. f | Taiga Plains, Canada. g | Yukon-Kuskokwim Delta, Alaska.

h| Central Yakutian Lowlands, Siberia. i | Victoria Island, Canada. j | Western Arctic coastal plain, Canada. k | Arctic Coastal
Plain, Alaska. l| Lena Delta, Siberia. Each image frame is 50 km x 50 km. Note that some basin features can also form in
response to drying. Lakes and drained lake basins are the most prominent periglacial landforms in northern high-latitude
lowland regions, and their dynamics impact permafrost, ecosystem and biogeochemical processes.

configuration, watershed and lake water balance), topog-
raphy (the presence of a topographic drainage gradient
and nearby landforms such as streams, river valleys,
gullies, DLBs, sea coasts and other lakes), climate (air
temperature, precipitation and snow cover thickness)
and human activity (infrastructure development,
impoundment and trenching)*7***. Common mecha-
nisms that can lead to lake drainage include ice-wedge
degradation and flow through ice-wedge troughs, head-
ward stream erosion, snow damming, bank overtopping,
river channel migration, coastal erosion, underground
piping or tunnel flow, human disturbance and expan-
sion of a lake towards a drainage gradient*"*>*#%. Both
thermokarst and non-thermokarst lakes are prone
to drainage®, with the latter likely exhibiting more

relative stability over periods of millennia, owing to their
development in an ice-poor environment.

Evidence for ubiquitous permafrost-region lake
drainage is found throughout the Arctic and is mani-
fest as a palimpsest of DLB forms in lowland permafrost
regions in Alaska, Canada and Siberia®*** (FIG. 2). Upon
drainage, DLBs provide a fresh surface for geomorphic,
ecological and hydrological succession to ensue as a
series of interconnected processes** . Under a cold
climate, post-drainage geomorphic processes include
permafrost aggradation, ice-wedge growth, segregated
ground ice formation, basin floor heave and, in some
cases, the formation of pingos®*¥>-%,

In the first 20 years following drainage, basins enter
a new ecological state as species take advantage of the
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initially nutrient-rich basin floors®’. Over time, vegetation
succession progresses along various pathways, depending
on the local species pool and site-specific conditions™.
Site-specific conditions are largely controlled by hydrol-
ogy and post-drainage permafrost aggradation, which
form a micromosaic of topographic highs and lows that
can support aquatic, wet, moist and even dry tundra
within basins over time***>*". The diversity of plants in
any one place is largely driven by the diversity of lithol-
ogy, landforms and habitats, among other factors, such
as present climate, history of the flora and landscapes®.

Collectively, across the permafrost region, these
DLBs are commonly referred to as drained thaw (or
thermokarst) lake basins. However, DLBs also occur
frequently in regions with ice-poor permafrost®*>,
One focus of this Review, and hopefully future litera-
ture, is to distinguish between drained thaw lake basins
of thermokarst origin and DLBs of non-thermokarst
origin, given the contrasting processes governing
post-drainage succession and the future trajectory of
change in permafrost-region DLBs** (FIC. 3).

Bolling—Allerod warming

An abrupt warm period that
occurred during the final stages
of the last glacial period.

L-DLB response to past climate changes. Contemporary
permafrost and periglacial landscapes inherit legacies
imposed by climatic variability during the late Quaternary
period”*. Landscape evolution and Quaternary geological
history are intricately linked in permafrost terrains*-*-%.

During glacial phases of the late Quaternary period,
sediment and ground ice accumulated across large swaths
of the unglaciated terrestrial Arctic (FIG. 32). Non-glaciated
permafrost regions extended throughout Eurasia and
North America during the Last Glacial Maximum, from
Central Europe to the Russian Plain into Siberia and
through portions of lowland Alaska and north-west

a End of Last Glacial Maximum b Deglacial and Early Holocene

Widespread lake initiation
by thermokarst processes

Ice-wedge Limited lake

polygons initiation
Ice-rich
permafrost
Ice
wedges Antecedent Widespread lake
depressions initiation
Ice-poor
permafrost

Permafrost
degradation

¢ Mid and Late Holocene

Secondary
thermokarst lake

Permafrost
aggradation
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Canada’'">'%, Throughout the late Pleistocene, exten-
sive regions were further modified by fluvial, aeolian
and colluvial deposition and sediment reworking***.
An abrupt increase in lake development during the
deglacial period to early Holocene period was demon-
strated through the application of geochronological
methods (particularly radiocarbon and luminescence
dating) targeting stratigraphic transitions repre-
senting the onset of ground ice degradation*®?%!0410>
(FIC. 3Db). The first episode of lake formation followed
Bolling—Allerod warming at 14.7 ka (REF.%)). Much of the
evidence points to the initiation of thermokarst lakes
owing to increases in air temperature, and, possibly,
fire frequency, that caused near-surface permafrost
degradation, ground ice melt and terrain subsidence
in areas with ice-rich permafrost'®*'>. The second lake
initiation episode occurred during the early Holocene
warm period (11.5-9.0ka) (FIC. 3b), a relatively warm
and wet period that followed the Younger Dryas. This
period is thought to represent the most active period
of lake formation, the so-called thermokarst wave'®,
in lowland permafrost regions over the last 15ka
(REFS?%10%197 The increase in precipitation during the
early Holocene period also likely fostered the initia-
tion of lakes through water accumulation in antecedent
depressions in thaw-stable permafrost terrain* (FIC. 3b).
Lake initiation in lowland permafrost regions waned
after 9.0ka before present (BP) as the system entered a
new geomorphic and ecological state’®'**!”_ The early
Holocene’s relatively warm and wet climate ushered in
modern boreal forest and tundra ecosystems with thick
organic deposits, which resulted in ecosystem-driven
protection of permafrost-maintaining ground thermal
regimes’. Lakes that initiated before the early Holocene

d Warmer future

Continued permafrost
degradation and lake
development

permafrost .

aggradation

Increased

Secondary
thermokarst
lake development

O Active layer V Ice wedge

[ Permafrost

M Talik

Fig. 3 | Evolution and future trajectory of the lake and drained lake
basin system. Conceptual depiction of lake initiation and drainage in
ice-rich and ice-poor permafrost lowland Arctic regions from the deglacial
period, through the Holocene and in awarmer future. a| The end of the Last
Glacial Maximum period (21-15 ka before present) landscape is underlain
by cold, Pleistocene-aged permafrost that varies with respect to the
presence of ground ice. b | During the deglacial and early Holocene periods
(15-9 ka before present), widespread lake initiation occurred in both
ice-rich and ice-poor permafrost lowland terrain. Lake formation inice-rich
terrain was driven by thermokarst processes and in ice-poor terrain through

pooling of water in antecedent depressions. ¢ | During the Mid and Late  system®.

Holocene, lakes continued to form, however, lake drainage became more
prevalent over time. Permafrost aggraded in recently drained basins and, in
some cases, secondary thermokarst lakes formed. d | The warmer future will
likely see a further increase in the transition from lakes to drained lake
basins due to increases in landscape relief and drainage. A warmer future
will also likely lead to a regime shift, whereby the aggradation of permafrost
slows or ceases in freshly exposed drained lake basins. The increase in
drained lake basin area and the lack of permafrost aggradation in a warming
climate is a probable regime shift in the behaviour of lowland permafrost
regions, with cascading effects throughout the lake and drained lake basin
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Fig. 4| Primary lake and drained lake basin system districts of the northern circumpolar permafrost region.
Delineation of the primary lake and drained lake basin districts based on lake and wetland-rich regions?, the presence of
unconsolidated surface sediments with varying degrees of ground ice content’ and low-lying areas less than 300 m above
sea level’”. Percentage cover in the figure legend refers to percent of the area covered by lakes and wetlands in prede-
fined polygon mapping units*. Detailed information for each numbered district is provided in TABLE 1. The figure is based
upon published geospatial data sets, and we recognize that there might be misclassifications of permafrost terrain types
atregional and local scales. The delineation of lake and drained lake basin districts highlights variability in this component
of the Arctic system and the need to focus future efforts on the coupled response of lakes and drained lake basins to

ongoing climatic changes.

ecosystem regime change also evolved through inter-
actions with surrounding permafrost and periglacial
terrain, which promoted later drainage during the
mid-to-late Holocene®''? (FIG. 3¢). The oldest known
DLBs in lowland permafrost regions date to 5-8ka BP in
north-western and northern Alaska®'*>!'%!"!._ However,
DLBs that date to 12-13ka BP are known in north-east
Siberja® %> Lake drainage continued to dominate
over the Holocene, with only sporadic episodes of lake
initiation occurring to the present day**’*%. The influ-
ence of climate change on local landscape processes, con-
ditions and characteristics has created the modern-day
palimpsest of lakes and DLBs in lowland permafrost
regions in the Northern Hemisphere.

L-DLB distribution and recent dynamics. L-DLB
regions represent 21% of the permafrost region area
(not including the Tibetan Plateau) and 49% of low-
land permafrost regions (below 300 m above sea level)*
(FIC. 1). Typically, these regions are all considered to

be dominated by thermokarst and thermokarst lake
processes. Here, this distinction is refined by identify-
ing distinct permafrost-affected lake regions based on
the presence of ice-rich versus ice-poor permafrost.
A classification scheme for L-DLB districts across
lowland permafrost regions is further defined based
on the ice content and other landscape characteristics
(FIG. 4; TABLE 1). The rationale for designating the vari-
ous L-DLB districts on ice content was based on the foci
of previous research activity>**. Regions indicative of
thermokarst processes were identified due to the pres-
ence of ice-rich permafrost and an abundance of lakes
and DLBs, in addition to regions or subregions with
moderate to ice-poor permafrost but still with a prev-
alence of lakes and DLBs dominating the landscape
(TABLE 1). Identification of these 25 districts highlights
the variability in the L-DLB system at the circum-Arctic
scale. Recognition of this dichotomy is critical for con-
straining future landscape evolution projections and
associated feedbacks to the global climate system (FIG. 3).
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Several regional mapping efforts have been made in
Alaska, Canada and Siberia to quantify L-DLB cover at
local to regional scales (TABLE 2). The ratio of DLBs to
lakes provides a metric for the rate of landscape change
that has likely occurred over the course of the Holocene
to infer the long-term trajectory of various regions”'"*.
Local-scale to regional-scale studies have shown that,
when combined, lakes and DLBs can occupy more than
75% of the landscape in certain regions®'"". In general,
DLB cover is typically two to three times higher than the
cover of contemporary, extant lakes (TABLE 2). Estimates
of the DLB to lake ratios show that they vary from 1.1 to
16 across various L-DLB subregions (TABLE 2). The range
of DLB to lake ratios helps to understand variability in
permafrost ground ice conditions better and provides
insights on surface process dynamics and underlying
landscape characteristics'".

Remote sensing imagery has been widely used to
assess contemporary and historical L-DLB system
dynamics®''>''5. Several local-scale to regional-scale

©OPERMAFROST

changes in the balance of lakes and DLBs on the land-
scape have been assessed over the last 40-70 years®'"".
The dominant trend is for a net loss of lake area in
permafrost lowland regions and a concurrent increase
in the extent of DLB cover and wetland vegetation
communities'>'"'"¥, The most comprehensive assess-
ment covered 10% of the permafrost region and showed
that DLB cover increased by 1.5% between 1999 and 2014
due to lake drainage'"”. However, changes in hydrology in
the Kolyma Lowland in north-east Siberia''’, changes
in human land use activity in Central Yakutia®''*'** and
increases in beaver activity in north-western Alaska'”'
have been shown to cause water impoundment in
low-lying areas and DLBs factoring into localized
increases in lake area. However, the increases in existing
lake area are not rapid enough to offset the land gain
through lake drainage”**”. In addition, the formation
of new lakes in lowland permafrost regions remains spa-
tially limited since the ~1990s, likely because of a highly
dissected and recycled landscape and well-developed

Table 1 | Prominent L-DLB districts in the Arctic and boreal regions

Region  Map L-DLB district Land area L-DLBsystem MAGT (°C) Ground ice
number (km?) (% coverage) content (%)
Canada 1 Koudjouak Plain 50,307 70.3 -2to-1 High
2 Hudson Bay Lowlands 231,738 67.3 -1to0 Medium
3 Victoria Island 126,228 11.1 —7to-6 Low to medium
to high
4 Banks Island 18,962 39.8 -11to-10 High
5 Canadian western Arctic 451,052 47.1 —7to-2 Medium to high
coastal and Taiga plains
6 Old Crow Flats 12,116 48.4 -3to-1 Medium to high
Alaska 7 Yukon Flats 38,065 272 -3to-1 Medium to high
8 Koyukuk/Innoko lowlands 43,775 37.6 -2t00 Medium to high
9 Yukon—Kuskokwim Delta 57,788 86.2 -1to0 Medium
10 Selawik/Kobuk lowlands 16,050 46.7 -3to-1 Medium to high
11 Northern Seward 8,518 60.6 -3to-2 High
12 Alaska North Slope 63,261 73.6 —7to—4 Low to medium
to high
Siberia 13 Anadyr lowland 39,526 59.9 -3to-1 Medium
14 Chaun lowland 20,250 47.1 -3to-2 High
15 Ayon Island lowland 15,467 54.0 -8to-5 High
16 Kolyma Lowland 111,978 70.4 -9to-7 Medium to high
17 Yana-Indigirka Lowland 309,620 67.7 -10to -8 High
18 New Siberian Islands 28,226 46.1 -11to-10 Medium to high
19 Central Yakutian Lowland 229,391 46.3 -7to—4 Medium to high
20 Lena Delta 20,609 72.2 -9to-8 Medium to high
21 Northern Siberian Lowland 325,363 55.0 -10to -8 Low to medium
to high
22 Gydan Peninsula 257,836 67.0 —6to—4 Medium to nigh
23 Yamal Peninsula 113,066 77.8 —6to -2 Medium to high
24 West Siberian Plain 272,850 59.3 -2to0 Low to medium
to high
25 North Russian Plain 167,285 58.5 -3to0 Medium to high

Lake and drained lake basin (L-DLB) district names based on regional expert knowledge, land area and L-DLB system % cover
estimated from REF.? by combining the area covered by lakes and wetlands in each district, mean annual ground temperature
(MAGT) of near-surface permafrost from REF.” and percent ground ice content from REF.’.
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Table 2 | The ratio of drained lake basins to lakes in L-DLB systems

Region Subregion Lake DLB DLBto Yedoma Ref.
cover (%) cover (%) Lratio region?

Siberia  Kolyma Lowland 12 88 76 Yes 8
tundra zone
Kolyma Lowland taiga 20 80 4 Yes e
zone, Kolyma lower
reach region
Eastern part of 18 82 4.5 Yes e
the Yana-Indigirka
Lowland, low-lying
region
Eastern part of 12 88 73 Yes e
the Yana-Indigirka
Lowland, mountain
region
Shirokostan Peninsula 8 45 5.6 Yes 198
(Yana-Indigirka
Lowland)
Bykovsky Peninsula 20 46 2.3 Yes 199
Anabar-Olenek 9 11 1.2 Yes 200
lowland (Mamontov
Klyk)
Lena Delta 5 20 4 Yes and 0

no

Alaska  Barrow Peninsula 22 50 2.3 No s
Teshekpuk Lake 23 62 2.7 No 8
Pleistocenesandsea 18 19 1.1 No %
Anaktuvuk fire loess 2 32 16 Yes 201
belt
Northern Seward 8 76 9.5 Yes 1o

Peninsula

The higher the drained lake basin (DLB) to lake (L) ratio, the more dynamic the lake expansion
and drainage rates are for the Holocene. Areas underlain by ice-rich permafrost have higher
ratios than areas underlain by ice-poor permafrost. The DLB to L ratio is useful for comparing
DLB occurrence for similar terrains across the circumpolar region.

erosional drainage system that is no longer conducive
to widespread lake development+'22,

Future L-DLB system regimes. The Arctic climate
is warming, and it is affecting the pace of change in
permafrost-region L-DLB systems'”!'”!#* (FIG. 3d).
Valuable information gleaned from palaeo-archives
indicates that the boom in lake initiation that occurred
at the Pleistocene to Holocene transition will likely not
occur again during anthropogenic warming”, in part,
owing to the development of ecosystem protection
during the Holocene’. Direct observations of newly
forming thermokarst lakes is sparse and it appears that
lake drainage will continue to dominate the L-DLB sys-
tem in the future’'"” (FIG. 3d). Advances in modelling
are beginning to incorporate lake initiation and drain-
age dynamics into physical, empirical and Earth system
models’*>'**, although major knowledge gaps still per-
sist in our understanding of how permafrost degradation
will interact with lake dynamics.

Widespread lake drainage has been noted in
north-western Alaska since 2015 and is thought to be
driven by the development of terrestrial taliks as the
mean annual air temperature approaches 0°C (REFS'*'*).

As DLBs continue to form and occupy more of the low-
land permafrost region landscape, their evolution will
likely be disrupted as the system enters a new, warmer
state that will not be favourable for permafrost aggrada-
tion (FIG. 3). Drainage of lakes in areas with continuous
cold permafrost would have promoted permafrost aggra-
dation in the freshly exposed DLBs***'**!*". However,
under a warmer climate regime, the formation of per-
mafrost on freshly exposed surfaces will slow and/or not
occur at all if annual mean air temperatures exceed 0°C.
This warmer regime would permit the development of
persistent within-basin taliks and inhibit the accumula-
tion of ground ice, throwing the L-DLB system into a new
landscape regime that will impact hydrology, ecosystems,
carbon cycling and human activities by altering the ther-
mal state of DLBs (FIG. 3d). However, better understand-
ing of uncertainties associated with the L-DLB system’s
response to the combined effects of air temperature, pre-
cipitation, hydrologic, land cover and fire regime change
are needed to develop robust projections of the future of
the Arctic and boreal permafrost regions*>*>*.

Several modelling efforts have highlighted how
L-DLB systems will likely change in the future with
climate change. The trajectory of the L-DLB system
will likely vary as permafrost aggradation slows in
freshly exposed sediments following lake drainage.
Constraining the environmental impacts of an increase
in the coverage of DLBs in a warming landscape is a
critical topic for future research. Knowledge gaps still
exist concerning the environmental factors that drive the
initiation and long-term growth of permafrost-region
lakes, such that reliable projections of future lake
formation remain extremely limited.

Lakes and DLBs in permafrost hydrology

Interactions between permafrost, surface water, and
suprapermafrost and subpermafrost groundwater are
highly complex and their dynamics heavily influence
surface water storage, routing, and runoff and the
exchange of heat and energy in the L-DLB system'*-"!.

Subsurface water. Permafrost limits sediment permea-
bility, inhibiting water movement between surface and
groundwater systems. In the continuous permafrost
region, suprapermafrost groundwater is commonly
perched on top of the permafrost table in the active layer
and within closed subaerial and open subaqueous taliks'*.
In discontinuous permafrost regions, the lack of perma-
frost continuity can promote direct connections between
the surface and groundwater systems, and the hydrologic
dynamics of lakes can be influenced by groundwater
fluxes®**!%, In addition, the flow of water through hydro-
logically connected taliks that have developed in response
to L-DLB system dynamics might also occur'**'**. Thus,
permafrost hydrological processes are conditioned by
long-term legacy of permafrost characteristics such as per-
mafrost properties, distribution, past degradation events
and thickness that act to influence surface and ground-
water connectivity. Short-term hydrological characteris-
tics are subject to substantial decadal, interannual or even
seasonal variability, such as ground thermal regime, active
layer dynamics, and surface and soil water availability'*.
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Surface-subsurface connectivity. Changes in hydro-
logic fluxes, induced by interactions with surrounding
permafrost, have been widely studied in the L-DLB sys-
tem, demonstrating the redistribution of surface water
flow pathways across the landscape and potential for
vertical lake drainage conduits to deep subpermafrost
groundwater®>"**'*>, Changes in the surface water area
of lakes have been assessed in a number of regions using
remotely sensed observations, indicating a general trend
in stable to increasing lake areas in the continuous per-
mafrost zone and decreasing lake areas in the discontin-
uous permafrost zone™''”'**. However, inconsistency in
observations and mediating processes within and among
regions underscores the importance of site-specific
permafrost and environmental conditions, the scale
of measurements and the importance of quantifying
complexities in feedbacks between climatologic, ther-
mal, ecologic and hydrologic processes'”. Better under-
standing the transient nature of surface and subsurface
hydrologic connectivity is critical, since it plays such an
important role in energy exchange, nutrient cycling and
habitat connectivity in L-DLB regions'”.

Extreme drainage events. Catastrophic lake drainage
events in the L-DLB system are affected by and heav-
ily affect lowland permafrost region hydrology*”#>!*!%,
Only a few lake drainage events have been directly meas-
ured or observed in the past”®, so inferences related
to the role of rainfall and winter snowpacks on driving
permafrost-region lake drainages come from remotely
sensed observations and analysis of nearby meteoro-
logical station data®®"'"*!>>_ The increase in the number
of lakes draining in north-western Alaska'''* and in
the western Canadian Arctic* since ~2000-2010 might
be attributed to an intensifying hydrological regime in
certain lowland permafrost regions in the Arctic'*~'*,
By contrast, more arid boreal permafrost regions
are likely responding to periods of drought affecting
permafrost-region lake area'*'*,

The few available observations and model estimates
indicate that lake drainage events produce flood peak
discharge values that are equivalent to watersheds that
are two to four orders of magnitude larger than the
lake basins themselves*”***. Once drained, DLBs tend
to produce annual catastrophic drainages for several
decades following the initial lake drainage, owing to
snow damming of the DLB drainage gullies that facil-
itates the formation of ephemeral lakes during the peak
snowmelt period and, ultimately, results in snow dam
outburst floods”. Synchronous snow dam failure at lake
outlets has been hypothesized to cause rapid and consist-
ent flood peaks in lowland permafrost regions'*. Since
then, further observations indicate that DLBs likely play
amore important role, as they have much higher storage
deficits and occupy larger areas compared with lakes in
most watersheds (TABLE 2).

Hydrology in permafrost regions is driven by com-
plex processes associated with the interactions between
surface water, suprapermafrost and subpermafrost
groundwater systems. These complex interactions are
highly dynamic in nature, being influenced by seasonal
and annual variability and feedbacks associated with
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the thermal effect of water on permafrost. Shifts in the
L-DLB system both influence and are influenced by
changes in hydrology that remain an important topic of
future study.

Influence of lakes and DLBs on the carbon cycle
Permafrost-region lakes and DLBs play an important
role in the northern high-latitude carbon budget'**'*>
(FIG. 5). In general, thermokarst lakes are seen as a pos-
itive feedback mechanism, since the lakes have a high
potential to tap into the old and deep permafrost carbon
pool'>** a5 opposed to active layer deepening that
largely affects shallow and young permafrost soil carbon
pools. However, recent discussions have highlighted the
importance of permafrost-region lakes and DLBs for
the contemporary carbon cycle and the relative role of
CO, versus CH, production that factor into greenhouse
gas emissions'’~'*". Below, several studies are highlighted
that are seeking to address uncertainties in the role of
L-DLBs on northern high-latitude carbon cycling.

Lakes and the carbon cycle. Diverse thermokarst and
non-thermokarst lakes located in different terrain types
in northern Alaska were found to be emitting primar-
ily young carbon, ranging from modern to less than
3,000 years old'*’. Furthermore, the C was most likely
produced within lake sediments deposited during the
Holocene and CO, dominated the signal'**. However,
the focus of the study, performed as part of a rigorous
Arctic lakes observation network, was on diffusive fluxes
and important ebullition fluxes, known to emanate
from deeper and older permafrost carbon in deep lake
taliks'!, remain undersampled and poorly quantified for
most lake types.

A similar finding was observed for what have been
referred to as arid, low-relief circumpolar permafrost
landscapes that include L-DLB districts such as the Yukon
Flats in Alaska and other similar continental climatic
settings'*”. Lakes in these prominent regions (26% of the
northern permafrost region) were shown to have miner-
alized <1% of average terrestrial net primary production
of 194 TgC per year and received little organic carbon
from ancient permafrost soils based on the young age
(<400 years) of radiocarbon-dated dissolved organic
carbon'*. Study of thermokarst lakes of the north-eastern
European peatlands shows that moss and lichen were the
dominant factors controlling the enrichment of the lake
water in organic C and increasing the CO, concentration'.
In Central Yakutia lakes, types and seasonality are impor-
tant factors to consider'**. Major knowledge gaps currently
exist regarding the role of permafrost-region lakes in the
carbon cycle. However, development of remote sensing
techniques hold promise for the future'>-'".

DLBs and the carbon cycle. Compared with extant
lakes, far fewer studies have been conducted on the
role of DLBs in carbon cycling (FIG. 5). Following drain-
age, DLBs become an important environment for the
accumulation of peat, the aggradation of permafrost
and the establishment of a dynamic hydrologic regime
controlled by snow damming of drainage outlets*>'"’.
DLBs have been shown to represent an important
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Fig. 5 | The role of lake and drained lake basin systems in lowland permafrost carbon cycling. Oblique aerial photo-
graph of a thermokarst lake and drained lake basin in ice-rich permafrost on the northern Seward Peninsula, Alaska.
Shown in cross section are idealized schematics of the underlying talik and permafrost configurations associated with the
lake and drained lake basin phases, and key surface and subsurface carbon (C) cycling components are indicated with vari-
ous arrow shades. CH,, methane; CO,, carbon dioxide; DOC, dissolved organic carbon; POC, particulate organic carbon.

Background image courtesy of Lawrence Plug.

carbon stock in lowland permafrost regions, which, in
some cases, have accumulated peat for several thou-
sands of years*'"’. Peat accumulation tends to initiate
in the first few decades following drainage, owing to the
initial establishment of highly productive plants with
deep root systems, such as grasses and sedges that are
dominant pioneer species, and often waterlogged soils
that impede decomposition®. The rapid accumulation
of peat slows several centuries after drainage as per-
mafrost aggradation and vegetation succession reduce
gross primary production in the DLBs'*. In general,
productivity in DLBs decreases with time since drain-
age. However, the development of ice wedges and the
topographic controls on microtopography associated
with ice-wedge polygons leads to the formation of a
more heterogeneous land surface'”. Microtopographic
controls on vegetation and the lateral flow of organic
matter in DLBs as they evolve following drainage to cre-
ate a dynamic mosaic of carbon storage and release that
deserves further study®>'*’.

The general assumption is that contemporary car-
bon fluxes in DLBs are one to three orders of magnitude
lower than that from extant lakes®. The lower flux of
DLBs is owing to refreezing of taliks and colonization
of drained basins by plants with a quick succession from
fen-type wetland to bog and tundra wetlands, whose CO,
uptake offsets emissions and CH, emissions are only ini-
tially high and subsequently decline'**-'. However, the

short-term and long-term carbon cycling in L-DLB sys-
tems is dynamic'®’. A DLB in central Alaska was shown
to be a CO, source in the first 15 years following drain-
age, although, 30 years post-drainage, the basin became
a net C sink through the establishment of vegetation
and a decrease in labile compounds in the soil'*%. Over
millennial timescales, following the deglacial period and
early Holocene rapid expansion and associated perma-
frost carbon losses from L-DLB systems, they started to
become a carbon sink with ongoing L-DLB maturation
and climatic cooling during the mid-Holocene'"*.

Major research efforts have focused on CO, and CH,
emissions from permafrost-region lakes and DLBs.
However, knowledge gaps remain related to the role of
lakes and DLBs in the northern latitude carbon cycle.
There is also a pressing need to treat the system as a
shifting mosaic of landforms and disturbance patterns
that affect past, present and future carbon sink and
source potential.

Human livelihood and land use activity

Lakes and DLBs are key focal points for human live-
lihood and land use activity in the Arctic. L-DLB sys-
tems are central to the vulnerability and resilience of
socio-ecological systems, defined as an analytical frame-
work for the study of intertwined human and natural
systems'®’, in terrestrial and aquatic regions in the Arctic
and boreal domains'".
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Lakes are commonly relied upon as a source of drink-
ing water for Indigenous populations and for industrial
activities, as surface water in permafrost regions is often
the only viable source of water'**~'®*. Access to a reliable
source for clean drinking water is essential for northern
communities. Many northern communities and villages
pump water from permafrost-region lakes into hold-
ing tanks, or chip ice for household use, to supply the
extended 8-9-month winter period'®.

Lakes and DLBs have been a focus of agricultural
and animal husbandry activities for several hundred
years across vast areas of Siberia and more locally in
Alaska. In Siberia, farmers use DLBs (referred to as ‘alas
basins’ in Yakutia) to support hay cultivation activities
for horse and cattle breeding and as pastureland'”’.
Productive pastureland is declining as a result of per-
mafrost degradation occurring in alases and the sur-
rounding landscape that is causing waterlogging of
soils and subsidence>*"!'®1*’, ultimately leading to less
nutritious grasslands in the Sakha Republic'”'. Over
time, efforts have focused on several methods for man-
aging these DLBs to support hayfield production that
includes draining, ground levelling and deforestation”.
The largest reindeer herding region in the world is
located in the West Siberian lowlands®. Herders use
certain types of lakes in various stages of evolution
as sources of drinking water in both the summer and
the winter, as well as locations to drive their herds to
during warm periods of the summer to seek mosquito
relief. The drainage of lakes has been observed to affect
migration routes and particularly camp locations,
because both reindeer and herders depend on water
from the lakes'”.

Several major oil and gas production fields occur in
L-DLB districts in the Arctic®***”". Industrial activities
make use of lakes in the wintertime by locating those
that retain water below the ice in order to provide access
to liquid water. Shallow lakes are also used as a source of
ice chips for building ice roads and for supporting winter
oil and gas exploration activities*'”*-'>. Therefore, those
planning winter travel routes for exploration crews and
the locations of future infrastructure'®'”” in the Arctic
need to consider the dynamics of the L-DLB system?’.
A common issue in these regions, and, in particular,
in areas with ice-rich permafrost, is the interactions
between permafrost and infrastructure that are both
costly and pose an environmental risk'”’-'%.

Summary and future perspectives

This Review highlights the critical role of L-DLB sys-
tems in Arctic and boreal permafrost regions. L-DLB
regions occupy more than 20% of the circumpolar
Northern Hemisphere permafrost region and ~50% of
the area below 300 m above sea level in the Northern
Hemisphere permafrost region. The balance of diver-
gent forces associated with lake initiation and growth
versus lake drainage and DLB succession occurring over
millennia has dictated geomorphic processes, hydrol-
ogy, permafrost and ground ice characteristics, talik
development, biogeochemical cycling and ecosystems,
vegetation succession, wildlife habitat, subsistence use
activities and industrial activity across extensive lowland
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permafrost regions. Changes that have occurred over
the Holocene have factored into the prevalence of
DLBs relative to lakes, and have likely amplified in
the twenty-first century. The increase in DLB area
in a warming climate is a probable regime shift in the
behaviour of lowland permafrost regions with cascading
effects throughout the L-DLB system. Future warming
could inhibit permafrost aggradation in DLBs and cause
persistent taliks, disrupting the trajectory of important
microtopographic controls on carbon and hydrological
fluxes and ecosystem processes in permafrost-region
L-DLB systems.

Despite 50 years of carbon cycling research on tar-
geted aspects of the L-DLB system since the 1970s, few
studies have addressed questions related to sink and
source potential in a systems framework that resolves the
spatial and temporal L-DLB evolution at the landscape
to pan-Arctic scales’>**'®’. Further research is needed to
more fully understand the spatial and temporal dynam-
ics of L-DLB systems and how these prominent lowland
Arctic landscapes factor in the northern high-latitude
carbon cycle. In addition, scaling up field observations to
undersampled regions and certain waterbody types (lake
versus pond) in the Arctic”>*'*, limiting double-counting
in scaling inventories'*” and refining discrepancies in
the budgeting between top-down and bottom-up
approaches'® are essential steps forward. Future work
must treat L-DLB systems as a shifting mosaic of land-
forms and disturbance patterns that affect past, present
and future carbon sink and source potential (FIG. 5).

The mosaic created by the spatial and temporal
dynamics of L-DLB systems produces habitat at various
stages of succession and associated productivity that
likely enhances diversity in the system'**"'"". Complex
habitat mosaics are composed of diverse terrestrial and
aquatic habitats that shift over time owing to ongoing
landscape evolution, climate change and successional
processes that can influence geomorphology and per-
mafrost dynamics. This diversity is partly because of
the portfolio effect — at any given time, each landscape
tesserae in the L-DLB mosaic exists in a distinct stage
of landscape evolution, harbouring its own ecological
community.

As permafrost-region lakes and basins are relatively
small (<10km?), there is a relatively high diversity of
landscape L-DLB stages in a local area. These diverse dis-
tricts are ecological hotspots that provide essential hab-
itat for microbes, benthic communities, terrestrial and
aquatic plants, plankton, fish and birds'®. The concept of
shifting habitat mosaics has received attention in temper-
ate and tropical systems'®~""!, but rarely in the Arctic'*""**,
and never solely focused on L-DLB systems. Better under-
standing of how various elements of the L-DLB system
both respond to and offer relief from anthropogenic cli-
mate change and other stressors is needed. Habitat pro-
ductivity in L-DLB systems is known to vary by landform
age®”'"® and hydrological connectivity'>*>!*, but the
relative proportion of shifting habitats through time and
the interaction and feedbacks with wildlife populations
remain largely unstudied in the Arctic.

The dynamic nature of L-DLB districts and the direct
influence of climate on the major processes driving
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geomorphic, hydrological and ecological changes make
them a prime target for future research. In addition, a
focus on understanding shifting habitat mosaics and the

role of L-DLBs as ecological climate refugia'”’ are impor-

tant to gain insight into the most biologically important

1. van Everdingen, R. O. & International Permafrost
Association. Multi-language Glossary of Permafrost
and Related Ground-ice Terms in Chinese, English,
French, German, Icelandic, Italian Norwegian, Polish,
Romanian, Russian, Spanish, and Swedish (Arctic Inst.
of North America University of Calgary, 1998).

2. Brown, J,, Sidlauskas, F. J. & Delinski, G. Circum-Arctic
map of Permafrost and Ground Ice Conditions
(US Geological Survey, 1997).

3. Zhang, T., Heginbottom, J. A., Barry, R. G. & Brown, J.
Further statistics on the distribution of permafrost
and ground ice in the Northern Hemisphere.

Polar Geogr. 24, 126-131 (2000).

4. Gruber, S. Derivation and analysis of a high-resolution
estimate of global permafrost zonation. Cryosphere 6,
221-233(2012).

5. Obu, J. et al. Northern Hemisphere permafrost map
based on TTOP modelling for 2000-2016 at 1 km?
scale. Earth Sci. Rev. 193, 299-316 (2019).

6. Smith, M. W. & Riseborough, D. W. Climate and
the limits of permafrost: a zonal analysis. Permafr.
Periglac. Process. 13, 1-15 (2002).

7. Shur, Y. L. & Jorgenson, M. T. Patterns of permafrost
formation and degradation in relation to climate and
ecosystems. Permafr. Periglac. Process. 18, 7-19
(2007).

8. French, H. & Shur, Y. The principles of cryostratigraphy.
Earth Sci. Rev. 101, 190-206 (2010).

9. Jorgenson, M. T. et al. Resilience and vulnerability
of permafrost to climate change. Can. J. For. Res. 40,
1219-1236 (2010).

10. Biskaborn, B. K. et al. Permafrost is warming at
a global scale. Nat. Commun. 10, 264 (2019).

11. Smith, S. L. et al. The changing thermal state of
permafrost. Nat. Rev. Earth Environ. 3 https://doi.
org/10.1038/s43017-021-00240-1 (2022).

12. Schuur, E. A. G. et al. Vulnerability of permafrost
carbon to climate change: implications for the global
carbon cycle. BioScience 58, 701-714 (2008).

13. Schuur, Ea. G. et al. Climate change and the permafrost
carbon feedback. Nature 520, 171-179 (2015).

14. Schaefer, K., Lantuit, H., Romanovsky, V. E.,

Schuur, E. A. G. & Witt, R. The impact of the
permafrost carbon feedback on global climate.
Environ. Res. Lett. 9, 085003 (2014).

15. Turetsky, M. R. et al. Carbon release through abrupt
permafrost thaw. Nat. Geosci. 13, 138-143 (2020).

16. Jorgenson, M. T, Shur, Y. L. & Pullman, E. R. Abrupt
increase in permafrost degradation in Arctic Alaska.
Geophys. Res. Lett. 33, 102503 (2006).

17. Liljedahl, A. K. et al. Pan-Arctic ice-wedge degradation
in warming permafrost and its influence on tundra
hydrology. Nat. Geosci. 9, 312—-318 (2016).

18. Hinzman, L. D. et al. Evidence and implications of
recent climate change in Northern Alaska and other
Arctic regions. Clim. Change 72, 251-298 (2005).

19. Vincent, W. F,, Lemay, M. & Allard, M. Arctic
permafrost landscapes in transition: towards an
integrated Earth system approach. Arct. Sci. 3,
39-64 (2017).

20. Olefeldt, D. et al. Circumpolar distribution and carbon
storage of thermokarst landscapes. Nat. Commun. 7,
13043 (2016).

21. Grosse, G., Jones, B. & Arp, C. in Treatise on
Geomorphology Vol. 8 (ed. Shroder, J. F) 325-353
(Academic, 2013).

22. Jorgenson, M. T. in Treatise on Geomorphology Vol. 8
(ed. Shroder, J. F) 313-324 (Academic, 2013).

23. Hinkel, K. M. et al. Spatial extent, age, and carbon
stocks in drained thaw lake basins on the Barrow
Peninsula, Alaska. Arct. Antarct. Alp. Res. 35,
291-300 (2003).

24. Roy-Léveillée, P. & Burn, C. R. A modified landform
development model for the topography of drained
thermokarst lake basins in fine-grained sediments.
Earth Surf. Process. Landf. 41, 1504-1520 (2016).

25. Jones, B. M. et al. Modern thermokarst lake dynamics
in the continuous permafrost zone, northern Seward
Peninsula, Alaska. J. Geophys. Res. Biogeosci. 116,
GOOMO3 (2011).

26. Czudek, T. & Demek, J. Thermokarst in Siberia and
its influence on the development of lowland relief.
Quat. Res. 1, 103—-120 (1970).

27.

28.

29.

30.

31.

32.

33,

34,

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

Soloviev, P. A. Thermokarst phenomena and
land-forms due to frost heaving in Central Yakutia.
Biul. Peryglac. 23, 135—155 (1973).

Hinkel, K. M., Frohn, R. C., Nelson, F. E., Eisner, W. R.
& Beck, R. A. Morphometric and spatial analysis

of thaw lakes and drained thaw lake basins in the
western Arctic Coastal Plain, Alaska. Permafr.
Periglac. Process. 16, 327-341 (2005).

Jorgenson, M. T. & Shur, Y. Evolution of lakes and
basins in northern Alaska and discussion of the thaw
lake cycle. J. Geophys. Res. Earth Surf. 112, F02S17
(2007).

Marsh, P. & Neumann, N. N. Processes controlling the
rapid drainage of two ice-rich permafrost-dammed
lakes in NW Canada. Hydrol. Process. 15, 3433-3446
(2001).

van Huissteden, J. et al. Methane emissions from
permafrost thaw lakes limited by lake drainage.

Nat. Clim. Chang. 1, 119-123 (2011).

Walter Anthony, K. et al. 21st-century modeled
permafrost carbon emissions accelerated by

abrupt thaw beneath lakes. Nat. Commun. 9, 3262
(2018).

Smith, L. C., Sheng, Y., MacDonald, G. M. &
Hinzman, L. D. Disappearing Arctic lakes. Science
308, 1429-1429 (2005).

Roberts, K. E. et al. Climate and permafrost effects
on the chemistry and ecosystems of High Arctic Lakes.
Sci. Rep. 7, 13292 (2017).

Larsen, A. S., O'Donnell, J. A., Schmidt, J. H.,
Kristenson, H. J. & Swanson, D. K. Physical and
chemical characteristics of lakes across heterogeneous
landscapes in arctic and subarctic Alaska. J. Geophys.
Res. Biogeosci. 122, 989-1008 (2017).

Arp, C. D. et al. Ice roads through lake-rich Arctic
watersheds: Integrating climate uncertainty

and freshwater habitat responses into adaptive
management. Arct. Antarct. Alp. Res. 51, 9-23
(2019).

Arp, C. D. et al. Recurring outburst floods from
drained lakes: an emerging Arctic hazard. Front. Ecol.
Environ. 18, 384-390 (2020).

Walker, D. A., Raynolds, M. K., Buchhorn, M. &
Peirce, J. L. Landscape and Permafrost Changes in
The Prudhoe Bay Oilfield, Alaska (Alaska Geobotany
Center, 2014).

Morgenstern, A., Grosse, G., Gunther, F,, Fedorova, I.
& Schirrmeister, L. Spatial analyses of thermokarst
lakes and basins in Yedoma landscapes of the Lena
Delta. Cryosphere 5, 849-867 (2011).
Morgenstern, A. et al. Evolution of thermokarst

in East Siberian ice-rich permafrost: a case study.
Geomorphology 201, 363-379 (2013).
Farquharson, L. M., Mann, D. H., Grosse, G.,

Jones, B. M. & Romanovsky, V. E. Spatial distribution
of thermokarst terrain in Arctic Alaska. Geomorphology
273,116-133 (2016).

Wolfe, S., Murton, J., Bateman, M. & Barlow, J.
Oriented-lake development in the context of late
Quaternary landscape evolution, McKinley Bay
Coastal Plain, western Arctic Canada. Quat. Sci. Rev.
242, 106414 (2020).

Ulrich, M. et al. Differences in behavior and
distribution of permafrost-related lakes in Central
Yakutia and their response to climatic drivers.

Water Resour. Res. 53, 1167—-1188 (2017).
Andresen, C. G. & Lougheed, V. L. Disappearing Arctic
tundra ponds: Fine-scale analysis of surface hydrology
in drained thaw lake basins over a 65 year period
(1948-2013). J. Geophys. Res. Biogeosci. 120,
466-479 (2015).

MacDonald, L. A. et al. A synthesis of thermokarst
lake water balance in high-latitude regions of North
America from isotope tracers. Arct. Sci. 3, 118—-149
(2017).

Walvoord, M. A. & Striegl, R. G. Increased
groundwater to stream discharge from permafrost
thawing in the Yukon River basin: Potential impacts
on lateral export of carbon and nitrogen. Geophys.
Res. Lett. 34, L12402 (2007).

Fedorov, A. N. et al. Estimating the water balance of a
thermokarst lake in the middle of the Lena River basin,
eastern Siberia. Ecohydrology 7, 188—196 (2014).

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

regions of the Arctic. Future conservation efforts in
the Arctic should prioritize the protection and study of
biologically diverse L-DLB systems.

Published online 11 January 2022

Veremeeva, A., Nitze, |., Gunther, F, Grosse, G. &
Rivkina, E. Geomorphological and climatic drivers of
thermokarst lake area increase trend (1999-2018)
in the Kolyma Lowland Yedoma region, North-Eastern
Siberia. Remote Sens. 13, 178 (2021).

Bockheim, J. G. & Hinkel, K. M. Accumulation

of excess ground ice in an age sequence of drained
thermokarst lake basins, Arctic Alaska. Permafr.
Periglac. Process. 23, 231-236 (2012).

Kanevskiy, M. et al. Ground ice in the upper
permafrost of the Beaufort Sea coast of Alaska.

Cold Reg. Sci. Technol. 85, 56—70 (2013).

Kanevskiy, M. et al. Cryostratigraphy and permafrost
evolution in the lacustrine lowlands of west-central
Alaska. Permafr. Periglac. Process. 25, 14—34 (2014).
Ulrich, M., Grosse, G., Strauss, J. & Schirrmeister, L.
Quantifying wedge-ice volumes in Yedoma and
thermokarst basin deposits. Permafr. Periglac. Process.
25, 151-161 (2014).

West, J. J. & Plug, L. J. Time-dependent morphology
of thaw lakes and taliks in deep and shallow ground
ice. J. Geophys. Res. Earth Surf. 113, F01009 (2008).
Rowland, J. C., Travis, B. J. & Wilson, C. J. The role

of advective heat transport in talik development
beneath lakes and ponds in discontinuous permafrost.
Geophys. Res. Lett. 38, 48497 (2011).

Langer, M. et al. Rapid degradation of permafrost
underneath waterbodies in tundra landscapes —
Toward a representation of thermokarst in land
surface models. J. Geophys. Res. Earth Surf. 121,
2446-2470 (2016).

Roy-Leveillee, P. & Burn, C. R. Near-shore talik
development beneath shallow water in expanding
thermokarst lakes, Old Crow Flats, Yukon. J. Geophys.
Res. Earth Surf. 122, 1070-1089 (2017).

Creighton, A. L. et al. Transient electromagnetic
surveys for the determination of talik depth and
geometry beneath thermokarst lakes. J. Geophys.
Res. Solid Earth 123, 9310-9323 (2018).
Pokrovsky, O. S. et al. Thermokarst lakes of Western
Siberia: a complex biogeochemical multidisciplinary
approach. Int. J. Environ. Stud. 71, 733-748 (2014).
Jongejans, L. L. et al. Organic matter characteristics in
yedoma and thermokarst deposits on Baldwin Peninsula,
west Alaska. Biogeosciences 15, 6033-6048 (2018).
Koch, J. C., Fondell, T. F,, Laske, S. & Schmutz, J. A.
Nutrient dynamics in partially drained arctic thaw lakes.
J. Geophys. Res. Biogeosci. 123, 440-452 (2018).
Heslop, J. K. et al. A synthesis of methane dynamics
in thermokarst lake environments. Earth Sci. Rev.
210, 103365 (2020).

Skeeter, J., Christen, A., Laforce, A.-A., Humphreys, E.
& Henry, G. Vegetation influence and environmental
controls on greenhouse gas fluxes from a drained
thermokarst lake in the western Canadian Arctic.
Biogeosciences 17, 4421-4441 (2020).

Li, B. et al. Thaw pond development and initial
vegetation succession in experimental plots at

a Siberian lowland tundra site. Plant Soil 420,
147-162 (2017).

Lantz, T. C. Vegetation succession and environmental
conditions following catastrophic lake drainage in Old
Crow Flats, Yukon. Arctic 70, 177-189 (2017).
Loiko, S., Klimova, N., Kuzmina, D. & Pokrovsky, O.
Lake drainage in permafrost regions produces variable
plant communities of high biomass and productivity.
Plants 9, 867 (2020).

Carey, M. P. & Zimmerman, C. E. Physiological and
ecological effects of increasing temperature on fish
production in lakes of Arctic Alaska. Ecol. Evol. 4,
1981-1993 (2014).

Bégin, P. N. & Vincent, W. F. Permafrost thaw lakes
and ponds as habitats for abundant rotifer
populations. Arct. Sci. 3, 354-377 (2017).

Jones, B. M. et al. A lake-centric geospatial database
to guide research and inform management decisions
in an Arctic watershed in northern Alaska
experiencing climate and land-use changes. Ambio
46, 769-786 (2017).

Istomin, K. V. & Habeck, J. O. Permafrost and
indigenous land use in the northern Urals: Komi and
Nenets reindeer husbandry. Polar Sci. 10, 278-287
(2016).

96 | JANUARY 2022 | VOLUME 3

www.nature.com/natrevearthenviron


https://doi.org/10.1038/s43017-021-00240-1
https://doi.org/10.1038/s43017-021-00240-1

70. Crate, S. et al. Permafrost livelihoods:

A transdisciplinary review and analysis of thermokarst-
based systems of indigenous land use. Anthropocene
18,89-104 (2017).

71. Raynolds, M. K. et al. Cumulative geoecological effects
of 62 years of infrastructure and climate change in
ice-rich permafrost landscapes, Prudhoe Bay Oilfield,
Alaska. Glob. Chang. Biol. 20, 1211-1224 (2014).

72. Hinkel, K. M. et al. Thermokarst lakes on the Arctic
coastal plain of Alaska: geomorphic controls on
bathymetry. Permafr. Periglac. Process. 23, 218-230
(2012).

73. Mackay, J. R. Catastrophic lake drainage, Tuktoyaktuk
Peninsula area, District of Mackenzie. Curr. Res. D
Geol. Surv. Canada 88, 83-90 (1988).

74. Burn, C. R. & Smith, M. W. Development of
thermokarst lakes during the holocene at sites near
Mayo, Yukon territory. Permafr. Periglac. Process. 1,
161-175 (1990).

75. Lara, M. J. & Chipman, M. L. Periglacial lake origin
influences the likelihood of lake drainage in northern
Alaska. Remote Sens. 13, 852 (2021).

76. Edwards, M., Grosse, G., Jones, B. M. & McDowell, P.
The evolution of a thermokarst-lake landscape: Late
Quaternary permafrost degradation and stabilization
in interior Alaska. Sediment. Geol. 340, 3—14 (2016).

77. Bouchard, F. et al. Thermokarst lake inception and
development in syngenetic ice-wedge polygon terrain
during a cooling climatic trend, Bylot Island (Nunavut),
eastern Canadian Arctic. Cryosphere 14, 2607-2627
(2020).

78. Arp, C.D., Jones, B. M., Urban, F. E. & Grosse, G.
Hydrogeomorphic processes of thermokarst lakes
with grounded-ice and floating-ice regimes on the
Arctic coastal plain, Alaska. Hydrol. Process. 25,
2422-2438 (2011).

79. O'Neill, H. B., Roy-Leveillee, P., Lebedeva, L. & Ling, F.
Recent advances (2010—2019) in the study of taliks.
Permafr. Periglac. Process. 31, 346—357 (2020).

80. Rangel, R. C. et al. Geophysical observations of
taliks below drained lake basins on the Arctic Coastal
Plain of Alaska. J. Geophys. Res. Solid Earth 126,
€2020JB020889 (2021).

81. Parsekian, A. D. et al. Detecting unfrozen sediments
below thermokarst lakes with surface nuclear
magnetic resonance. Geophys. Res. Lett. 40,
535-540 (2013).

82. Jones, B. M. et al. Identifying historical and future
potential lake drainage events on the western Arctic
coastal plain of Alaska. Permafr. Periglac. Process. 31,
110-127 (2020).

83. Yoshikawa, K. & Hinzman, L. D. Shrinking thermokarst
ponds and groundwater dynamics in discontinuous
permafrost near Council, Alaska. Permafr. Periglac.
Process. 14, 151-160 (2003).

84. Lantz, T. C. & Turner, K. W. Changes in lake area in
response to thermokarst processes and climate in Old
Crow Flats, Yukon. J. Geophys. Res. Biogeosci. 120,
513-524 (2015).

85. Hinkel, K. M. et al. Methods to assess natural and
anthropogenic thaw lake drainage on the western
Arctic coastal plain of northern Alaska. J. Geophys.
Res. Earth Surf. 112, F02S16 (2007).

86. Jones, B. M. & Arp, C. D. Observing a catastrophic
thermokarst lake drainage in northern Alaska.
Permafr. Periglac. Process. 26, 119-128 (2015).

87. lIrrgang, A. et al. Drivers, dynamics and impacts of
changing Arctic coasts. Nat. Rev. Earth Environ. 3
https://doi.org/10.1038/s43017-021-00232-1 (2022).

88. Veremeeva, A. & Glushkova, N. Formation of relief
in the regions of Ice Complex deposits distribution:
remote sensing and GIS studies in the Kolyma lowland
tundra. Earths Cryosphere XX, 14—-24 (2016).

89. Mackay, J. R. A full-scale field experiment
(1978-1995) on the growth of permafrost by means
of lake drainage, western Arctic coast: a discussion of
the method and some results. Can. J. Earth Sci. 34,
17-33 (1997).

90. Mackay, J. R. & Burn, C. R. The first 20 years
(1978-1979 to 1998-1999) of active-layer
development, lllisarvik experimental drained lake site,
western Arctic coast, Canada. Can. J. Earth Sci. 39,
1657-1674 (2002).

91. Wilson, M. A, Burn, C. R. & Humphreys, E. R. in 18th
International Conference on Cold Regions Engineering
and 8th Canadian Permafrost Conference 687-695
(American Society of Civil Engineers, 2019).

92. Mackay, J. R. & Burn, C. R. The first 20 years
(1978-1979 to 1998-1999) of ice-wedge growth at
the lllisarvik experimental drained lake site, western
Arctic coast, Canada. Can. J. Earth Sci. 39, 95-111
(2002).

93.

94.

95.

96.

97.

98.

99.

100.

=)

102.

10

3N

104.

105.

106.

107.

108.

109.

110.

11

113.

11

~

116.

Regmi, P., Grosse, G., Jones, M. C., Jones, B. M. &
Anthony, K. W. Characterizing post-drainage
succession in thermokarst lake basins on the

Seward Peninsula, Alaska with TerraSAR-X backscatter
and landsat-based NDVI data. Remote Sens. 4,
3741-3765 (2012).

Wetterich, S. et al. Holocene thermokarst and

pingo development in the Kolyma Lowland (NE
Siberia). Permafr. Periglac. Process. 29, 182—-198
(2018).

Heijmans, M. M. P. D. et al. Tundra vegetation change
and impacts on permafrost. Nat. Rev. Earth Environ. 3
https://doi.org/10.1038/s43017-021-00233-0 (2022).
Kokelj, S. V., Lantz, T. C., Tunnicliffe, J., Segal, R. &
Lacelle, D. Climate-driven thaw of permafrost
preserved glacial landscapes, northwestern Canada.
Geology 45, 371-374 (2017).

Lindgren, A., Hugelius, G. & Kuhry, P. Extensive

loss of past permafrost carbon but a net accumulation
into present-day soils. Nature 560, 219-222 (2018).
Brosius, L. S. et al. Spatiotemporal patterns of
northern lake formation since the Last Glacial
Maximum. Quat. Sci. Rev. 253, 106773 (2021).
Grosse, G. et al. Geological and geomorphological
evolution of a sedimentary periglacial landscape

in Northeast Siberia during the Late Quaternary.
Geomorphology 86, 25-51 (2007).

Smith, L. C., Sheng, Y. & MacDonald, G. M. A first
pan-Arctic assessment of the influence of glaciation,
permafrost, topography and peatlands on northern
hemisphere lake distribution. Permafr. Periglac.
Process. 18,201-208 (2007).

. Anderson, L., Edwards, M., Shapley, M. D., Finney, B. P.

& Langdon, C. Holocene thermokarst lake dynamics
in northern interior Alaska: the interplay of climate,
fire, and subsurface hydrology. Front. Earth Sci. 7, 53
(2019).

Schirrmeister, L., Froese, D., Tumskoy, V., Grosse, G. &
Wetterich, S. in Encyclopedia of Quaternary

Science (Second Edition) (eds Elias, S. A. & Mock, C. J.)
542-552 (Elsevier, 2013).

. Gaglioti, B. V. et al. Aeolian stratigraphy describes

ice-age paleoenvironments in unglaciated Arctic
Alaska. Quat. Sci. Rev. 182, 175—-190 (2018).
Walter, K. M., Edwards, M. E., Grosse, G., Zimoy, S. A.
& Chapin, F. S. Thermokarst lakes as a source of
atmospheric CH, during the last deglaciation. Science
318, 633-636 (2007).

Kaplina, T. N. Alas complex of northern Yakutia.
Kriosf. Zemli 13, 3—17 (2009).

Bouchard, F. et al. Paleolimnology of thermokarst
lakes: a window into permafrost landscape evolution.
Arct. Sci. 3,91-117 (2017).

Lenz, J. et al. Evidence of multiple thermokarst lake
generations from an 11 800-year-old permafrost core
on the northern Seward Peninsula, Alaska. Boreas 45,
584-603 (2016).

Loisel, J. et al. A database and synthesis of northern
peatland soil properties and Holocene carbon and
nitrogen accumulation. Holocene 24, 1028—1042
(2014).

Treat, C. C. & Jones, M. C. Near-surface permafrost
aggradation in Northern Hemisphere peatlands
shows regional and global trends during the past
6000 years. Holocene 28, 998-1010 (2018).

Jones, M. C., Grosse, G., Jones, B. M. & Walter
Anthony, K. Peat accumulation in drained thermokarst
lake basins in continuous, ice-rich permafrost,
northern Seward Peninsula, Alaska. J. Geophys. Res.
Biogeosci. 117, GOOMO7 (2012).

. Fuchs, M. et al. Organic carbon and nitrogen stocks

along a thermokarst lake sequence in Arctic Alaska.
J. Geophys. Res. Biogeosci. 124, 1230-1247 (2019).

. Anthony, K. M. W. et al. A shift of thermokarst lakes

from carbon sources to sinks during the Holocene
epoch. Nature 511, 452-456 (2014).

Andreey, A. A. et al. Late Saalian and Eemian
palaeoenvironmental history of the Bol'shoy
Lyakhovsky Island (Laptev Sea region, Arctic Siberia).
Boreas 33, 319-348 (2004).

. Bergstedt, H. et al. Remote sensing-based statistical

approach for defining drained lake basins in a
continuous permafrost region, North Slope of Alaska.
Remote Sens. 13, 2539 (2021).

. Lindgren, P. R., Farquharson, L. M., Romanovsky, V. E.

& Grosse, G. Landsat-based lake distribution and
changes in western Alaska permafrost regions
between the 1970s and 2010s. Environ. Res. Lett. 16,
025006 (2021).

Nitze, I. et al. Landsat-based trend analysis of lake
dynamics across northern permafrost regions.
Remote Sens. 9, 640 (2017).

7.

120.

N

122.

123.

124.

125.

126.

127.

128.

129.

130.

13

132.

134.

135.

136.

137.

138.

139.

©OPERMAFROST

Nitze, I., Grosse, G., Jones, B. M., Romanovsky, V. E. &
Boike, J. Remote sensing quantifies widespread
abundance of permafrost region disturbances across
the Arctic and Subarctic. Nat. Commun. 9, 5423
(2018).

Swanson, D. K. Thermokarst and precipitation drive
changes in the area of lakes and ponds in the

National Parks of northwestern Alaska, 1984-2018.
Arct. Antarct. Alp. Res. 51, 265-279 (2019).

. Veremeeva, A. Quaternary deposits map of

Yana-Indigirka and Kolyma lowlands tundra zone,
R-55-57, based on Landsat imagery. PANGAEA
https://doi.org/10.1594/PANGAEA.927292 (2021).
Boike, J. et al. Satellite-derived changes in the
permafrost landscape of central Yakutia, 2000-2011:
wetting, drying, and fires. Glob. Planet. Change 139,
116-127 (2016).

. Jones, B. M. et al. Increase in beaver dams controls
surface water and thermokarst dynamics in an Arctic
tundra region, Baldwin Peninsula, northwestern
Alaska. Environ. Res. Lett. 15, 075005 (2020).
Morgenstern, A. et al. Thermo-erosional valleys

in Siberian ice-rich permafrost. Permafr. Periglac.
Process. 32, 59-75 (2021).

in't Zandt, M. H., Liebner, S. & Welte, C. U. Roles

of thermokarst lakes in a warming world. Trends
Microbiol. 28, 769-779 (2020).

Kessler, M. A., Plug, L. J. & Walter Anthony, K. M.
Simulating the decadal- to millennial-scale dynamics of
morphology and sequestered carbon mobilization

of two thermokarst lakes in NW Alaska. J. Geophys.
Res. Biogeosci. 117, GOOMO06 (2012).

Nitze, I., Cooley, S. W., Duguay, C. R., Jones, B. M. &
Grosse, G. The catastrophic thermokarst lake drainage
events of 2018 in northwestern Alaska: fast-forward
into the future. Cryosphere 14, 4279-4297 (2020).
Briggs, M. A. et al. New permafrost is forming around
shrinking Arctic lakes, but will it last? Geophys. Res.
Lett. 41, 1585-1592 (2014).

Kaverin, D. A. et al. Long-term changes in the ground
thermal regime of an artificially drained thaw-lake
basin in the Russian European north. Permafr.
Periglac. Process. 29, 49-59 (2018).

Bring, A. et al. Arctic terrestrial hydrology: a synthesis
of processes, regional effects, and research challenges.
J. Geophys. Res. Biogeosci. 121, 621-649 (2016).
Walvoord, M. A. & Kurylyk, B. L. Hydrologic impacts
of thawing permafrost — a review. Vadose Zone J. 15,
1-20 (2016).

Lafreniére, M. J. & Lamoureux, S. F. Effects of
changing permafrost conditions on hydrological
processes and fluvial fluxes. Earth Sci. Rev. 191,
212-223(2019).

. Ala-aho, P. et al. Permafrost and lakes control river
isotope composition across a boreal Arctic transect in
the Western Siberian lowlands. Environ. Res. Lett. 13,
034028 (2018).

Woo, M.-K. & Guan, X. J. Hydrological connectivity
and seasonal storage change of tundra ponds in

a polar oasis environment, Canadian High Arctic.
Permafr. Periglac. Process. 17, 309-323 (2006).

. Karlsson, J. M., Lyon, S. W. & Destouni, G.
Thermokarst lake, hydrological flow and water balance
indicators of permafrost change in Western Siberia.

J. Hydrol. 464—465, 459466 (2012).

Hiyama, T., Asai, K., Kolesnikov, A. B., Gagarin, L. A. &
Shepelev, V. V. Estimation of the residence time of
permafrost groundwater in the middle of the Lena
River basin, eastern Siberia. Environ. Res. Lett. 8,
035040 (2013).

Olenchenko, V., Gagarin, L., Khristoforov, I. I.,
Kolesnikov, A. B. & Efremoy, V. S. The structure of a
site with thermo-suffosion processes within Bestyakh
terrace of the Lena River, according to geophysical
data. Earths Cryosphere 21, 16-26 (2017).

Riordan, B., Verbyla, D. & McGuire, A. D. Shrinking
ponds in subarctic Alaska based on 1950-2002
remotely sensed images. J. Geophys. Res. Biogeosci.
111, 1G04002 (2006).

Pohl, S., Marsh, P., Onclin, C. & Russell, M. The
summer hydrology of a small upland tundra thaw lake:
implications to lake drainage. Hydrol. Process. 23,
2536-2546 (2009).

Turner, K. W., Wolfe, B. B. & Edwards, T. W. D.
Characterizing the role of hydrological processes

on lake water balances in the Old Crow Flats,

Yukon Territory, Canada, using water isotope tracers.
J. Hydrol. 386, 103—117 (2010).

Arp, C. D., Whitman, M. S., Kemnitz, R. & Stuefer, S. L.
Evidence of hydrological intensification and regime
change from northern Alaskan watershed runoff.
Geophys. Res. Lett. 47, €2020GL089186 (2020).

NATURE REVIEWS | EARTH & ENVIRONMENT

VOLUME 3 | JANUARY 2022 | 97


https://doi.org/10.1038/s43017-021-00232-1
https://doi.org/10.1038/s43017-021-00233-0
https://doi.org/10.1594/PANGAEA.927292

REVIEWS

140.

14

142.

143.

144,

145.

146.

147.

148.

149.

150.

15

152.

153.

154.

155.

156.

157.

158.

159.

160.

16

162.

163.

164.

Beel, C. R. et al. Emerging dominance of summer
rainfall driving High Arctic terrestrial-aquatic
connectivity. Nat. Commun. 12, 1448 (2021).

. lijima, Y., Nakamura, T., Park, H., Tachibana, Y. &

Fedorov, A. N. Enhancement of Arctic storm activity in
relation to permafrost degradation in eastern Siberia.
Int. J. Climatol. 36, 4265—4275 (2016).

Kuhn, C. & Butman, D. Declining greenness in
Arctic-boreal lakes. Proc. Natl Acad. Sci. USA 118,
2021219118 (2021).

Bowling, L. C., Kane, D. L., Gieck, R. E., Hinzman, L. D.
& Lettenmaier, D. P. The role of surface storage in a
low-gradient Arctic watershed. Water Resour. Res. 39,
1087 (2003).

Wik, M., Varner, R. K., Anthony, K. W., Macintyre, S. &
Bastviken, D. Climate-sensitive northern lakes and
ponds are critical components of methane release.
Nat. Geosci. 9, 99-105 (2016).

Heslop, J. K. et al. Thermokarst lake methanogenesis
along a complete talik profile. Biogeosciences 12,
4317-4331 (2015).

Walter, K. M., Zimoy, S. A., Chanton, J. P, Verbyla, D.
& Chapin, F. S. Methane bubbling from Siberian

thaw lakes as a positive feedback to climate warming.
Nature 443, 71-75 (2006).

Lara, M. J. et al. Polygonal tundra geomorphological
change in response to warming alters future CO, and
CH, flux on the Barrow Peninsula. Glob. Chang. Biol.
21, 1634-1651 (2015).

Sepulveda-Jauregui, A., Walter Anthony, K. M.,
Martinez-Cruz, K., Greene, S. & Thalasso, F. Methane
and carbon dioxide emissions from 40 lakes along

a north—south latitudinal transect in Alaska.
Biogeosciences 12, 3197-3223 (2015).

Elder, C. D. et al. Greenhouse gas emissions

from diverse Arctic Alaskan lakes are dominated

by young carbon. Nat. Clim. Chang. 8, 166—171
(2018).

Miner, K. R. et al. Permafrost carbon emissions in

a changing Arctic. Nat. Rev. Earth. Environ. 3 https://
doi.org/10.1038/s43017-021-00230-3 (2022).

. Walter Anthony, K. et al. Methane emissions

proportional to permafrost carbon thawed in Arctic
lakes since the 1950s. Nat. Geosci. 9, 679-682
(2016).

Bogard, M. J. et al. Negligible cycling of terrestrial
carbon in many lakes of the arid circumpolar
landscape. Nat. Geosci. 12, 180—-185 (2019).
Shirokova, L. S. et al. Lichen, moss and peat control
of C, nutrient and trace metal regime in lakes of
permafrost peatlands. Sci. Total Environ. 782,
146737 (2021).

Hughes-Allen, L. et al. Seasonal patterns in
greenhouse gas emissions from thermokarst lakes

in Central Yakutia (Eastern Siberia). Limnol. Oceanogr.
66, S98-5116 (2021).

Lindgren, P. R., Grosse, G., Walter Anthony, K. M. &
Meyer, F. J. Detection and spatiotemporal analysis

of methane ebullition on thermokarst lake ice using
high-resolution optical aerial imagery. Biogeosciences
13, 27-44 (2016).

Engram, M. et al. Remote sensing northern lake
methane ebullition. Nat. Clim. Chang. 10, 511-517
(2020).

Matthews, E., Johnson, M. S., Genovese, V., Du, J. &
Bastviken, D. Methane emission from high latitude
lakes: methane-centric lake classification and
satellite-driven annual cycle of emissions. Sci. Rep. 10,
12465 (2020).

Zona, D. et al. Characterization of the carbon fluxes
of a vegetated drained lake basin chronosequence on
the Alaskan Arctic Coastal Plain. Glob. Chang. Biol.
16, 1870-1882 (2010).

Zona, D. et al. Increased CO, loss from vegetated
drained lake tundra ecosystems due to flooding.

Glob. Biogeochem. Cycles 26, GB2004 (2012).
Treat, C. C. et al. Predicted vulnerability of carbon in
permafrost peatlands with future climate change and
permafrost thaw in Western Canada. J. Geophys. Res.
Biogeosci. 126, €2020JG005872 (2021).

. Frolking, S. & Roulet, N. T. Holocene radiative forcing

impact of northern peatland carbon accumulation

and methane emissions. Glob. Chang. Biol. 13,
1079-1088 (2007).

Wickland, K. et al. in AGU Fall Meeting Abstracts 2009
U41C-0057 (American Geophysical Union, 2009).
Berkes, F,, Folke, C. & Colding, J. Linking Social and
Ecological Systems: Management Practices and
Social Mechanisms for Building Resilience (Cambridge
Univ. Press, 2000).

Heino, J. et al. Lakes in the era of global change:
moving beyond single-lake thinking in maintaining

165.

16

(9}

169.

170.

]

172.

173.

174.

17

a1

176.

178.

179.

183.

184.

185.

186.

18

J

188.

189.

190.

biodiversity and ecosystem services. Biol. Rev. 96,
89-106 (2021).

White, D. M., Gerlach, S. C., Loring, P, Tidwell, A. C. &
Chambers, M. C. Food and water security in a changing
arctic climate. Environ. Res. Lett. 2, 045018 (2007).

. Medeiros, A. S., Wood, P., Wesche, S. D., Bakaic, M. &

Peters, J. F. Water security for northern peoples:
review of threats to Arctic freshwater systems

in Nunavut, Canada. Reg. Environ. Change 17,
635-647 (2017).

. Daley, K. et al. Chemical and microbial characteristics

of municipal drinking water supply systems in
the Canadian Arctic. Environ. Sci. Pollut. Res. 25,
32926-32937 (2018).

. Gora, L. S. et al. Microbiological water quality in a

decentralized Arctic drinking water system. Environ.
Sci. Water Res. Technol. 6, 1855—-1868 (2020).
Martin, D. et al. Drinking water and potential threats
to human health in Nunavik: adaptation strategies
under climate change conditions. Arctic 60, 195-202
(2007).

Vinokurova, D. E. & Prokhorova, M. N. Features of
reindeer husbandry and trends in changing the number
of domestic deer in the Republic of Sakha (Yakutia)
[Russian]. Issues Mod. Econ. 126—135 (2013).

. Zakharova, E. A. et al. Recent dynamics of

hydro-ecosystems in thermokarst depressions in
Central Siberia from satellite and in situ observations:
Importance for agriculture and human life. Sci. Total
Environ. 615, 1290-1304 (2018).

Rees, W. G., Stammler, F. M., Danks, F. S. & Vitebsky, P.
Vulnerability of European reindeer husbandry to global
change. Clim. Change 87, 199 (2007).

Jones, B. M. et al. Arctic lake physical processes and
regimes with implications for winter water availability
and management in the national petroleum reserve
Alaska. Environ. Manag. 43, 1071-1084 (2009).
Prowse, T. D. et al. Implications of climate change for
economic development in northern Canada: Energy,
resource, and transportation sectors. Ambio 38,
272-281 (2009).

. Instanes, A. et al. Changes to freshwater systems

affecting Arctic infrastructure and natural resources.
J. Geophys. Res. Biogeosci. 121,567-585 (2016).
Hjort, J. et al. Degrading permafrost puts Arctic
infrastructure at risk by mid-century. Nat. Commun. 9,
5147 (2018).

. Hjort, J. et al. Impacts of permafrost degradation on

infrastructure. Nat. Rev. Earth Environ. 3 https://
doi.org/10.1038/s43017-021-00247-8 (2022).
Streletskiy, D. A., Suter, L. J., Shiklomanov, N. 1.,
Porfiriev, B. N. & Eliseev, D. O. Assessment of climate
change impacts on buildings, structures and
infrastructure in the Russian regions on permafrost.
Environ. Res. Lett. 14, 025003 (2019).

O'Neill, H. B. et al. Permafrost thaw and northern
development. Nat. Clim. Chang. 10, 722-723
(2020).

. Rajendran, S. et al. Monitoring oil spill in Norilsk,

Russia using satellite data. Sci. Rep. 11, 3817 (2021).

. Holgerson, M. A. & Raymond, P. A. Large contribution

to inland water CO, and CH, emissions from very
small ponds. Nat. Geosci. 9, 222-226 (2016).

. Thornton, B. F.,, Wik, M. & Crill, P. M. Double-counting

challenges the accuracy of high-latitude methane
inventories. Geophys. Res. Lett. 43, 12,569-12,577
(2016).

Bruhwiler, L., Parmentier, F.-J. W,, Crill, P., Leonard,
M. & Palmer, P. I. The Arctic carbon cycle and its
response to changing climate. Curr. Clim. Change Rep.
7, 14-34 (2021).

Rautio, M. et al. Shallow freshwater ecosystems

of the circumpolar Arctic. Ecoscience 18, 204—222
(2011).

Meltofte, H. et al. Arctic Biodiversity Assessment
201 3: Synthesis (CAFF, 2013).

Vincent, W. F. & Laybourn-Parry, J. Polar Lakes and
Rivers: Limnology of Arctic and Antarctic Aquatic
Ecosystems (Oxford Univ. Press, 2008).

. Smith, P. A. et al. Status and trends of tundra birds

across the circumpolar Arctic. Ambio 49, 732-748
(2020).

Stanford, J. A., Lorang, M. S. & Hauer, F. R.

The shifting habitat mosaic of river ecosystems.

Int. Ver. Theor. Angew. Limnol. Verh. 29, 123-136
(2005).

Thorp, J. H., Thoms, M. C. & Delong, M. D. The
riverine ecosystem synthesis: biocomplexity in river
networks across space and time. River Res. Appl. 22,
123-147 (2006).

Kleindl, W. J., Rains, M. C., Marshall, L. A. &
Hauer, F. R. Fire and flood expand the floodplain

shifting habitat mosaic concept. Freshw. Sci. 34,
1366-1382 (2015).

. Lim, I. E., Wilson, S. K., Holmes, T. H., Noble, M. M. &

Fulton, C. J. Specialization within a shifting habitat

mosaic underpins the seasonal abundance of a

tropical fish. Ecosphere 7, 01212 (2016).

Mouw, J. E. B. et al. Recruitment and successional

dynamics diversify the shifting habitat mosaic of an

Alaskan floodplain. River Res. Appl. 29, 671-685

(2013).

. Vonk, J. E. et al. Reviews and syntheses: effects

of permafrost thaw on Arctic aquatic ecosystems.

Biogeosciences 12, 7129-7167 (2015).

Brennan, S. R. et al. Shifting habitat mosaics and

fish production across river basins. Science 364,

783-786 (2019).

195. Johaneman, T. M. et al. Classifying connectivity to

guide aquatic habitat management in an arctic coastal

plain watershed experiencing land use and climate

change. Arct. Antarct. Alp. Res. 52, 476—490 (2020).

Scott, R. W., Tank, S. E., Wang, X. & Quinlan, R.

Are different benthic communities in Arctic delta lakes

distinguishable along a hydrological connectivity

gradient using a rapid bioassessment approach?

Arct. Sci. 6, 463—-487 (2020).

Stralberg, D. et al. Climate-change refugia in boreal

North America: what, where, and for how long?

Front. Ecol. Environ. 18, 261-270 (2020).

. Tarasenko, T. V., Kravtsova, V. I. & Pizhankova, E. I.

Study of thermokarst lakes dynamics in the coastal

part of the Yana-Indigirka Lowland using remote data.

In Proceedings of the Conference Geocryological

Mapping: Problems and Prospects 135—-138

(Lomonosov Moscow State Univ., 2013).

Grosse, G., Schirrmeister, L., Kunitsky, V. V. &

Hubberten, H.-W. The use of CORONA images

in remote sensing of periglacial geomorphology:

an illustration from the NE Siberian coast. Permafr.

Periglac. Process. 16, 163—172 (2005).

. Grosse, G., Schirrmeister, L. & Malthus, T. J.
Application of Landsat-7 satellite data and a DEM
for the quantification of thermokarst-affected terrain
types in the periglacial Lena—Anabar coastal lowland.
Polar Res. 25, 51-67 (2006).

. Jones, B. M. et al. Recent Arctic tundra fire initiates
widespread thermokarst development. Sci. Rep. 5,
15865 (2015).

. Amante, C. & Eakins, B. W. ETOPO1 1 arc-minute
global relief model: procedures, data sources and
analysis. NOAA technical memorandum NESDIS
NGDC-24. Natl Geophys. Data Center NOAA 10,
V5C8276M (2009).

19

192.

194.

196.

197.

19

jecl

199.

Acknowledgements

B.M.J., LM.F,, M.Z.K., B.V.G. and A.L.B. were supported
by NSF grant OPP-1806213. B.M.J. and B.V.G. were sup-
ported by NSF grant OPP-1850578. B.M.J. was supported
by NSF grant OPP-1903735. M.Z.K. was supported by NSF
grant OPP-1820883. A.D.P. was supported by NSF grant
OPP-1806202. K.M.H. was supported by NSF grant OPP-
1806287. G.G. received support through BMBF KoPf
Synthesis (03F0834B). P.R.-L. was supported by
Gouvernement du Québec under the 2030 Plan for a Green
Economy, Sentinel North programme of Université Laval
(Canada First Research Excellence Fund) and ArcticNet, a
Network of Centres of Excellence of Canada. Additional sup-
port was provided by an Action Groups award from the
International Permafrost Association and the Teshekpuk Lake
Observatory through the National Fish and Wildlife
Foundation (NFWF-8006.19.063445). The authors would
like to thank H. Foss for the graphical contributions to Fig. 3.

Author contributions

B.M.J. led the synthesis and organized the international col-
laborative author team. All co-authors provided input on the
manuscript text, figures, discussion of scientific content,
regional expertise and contributed equally to all aspects of
the article.

Competing interests
The authors declare no competing interests.

Peer review information

Nature Reviews Earth & Environment thanks Y. lijima and the
other, anonymous, reviewers for their contribution to the peer
review of this work.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

© Springer Nature Limited 2022

98| JANUARY 2022 | VOLUME 3

www.nature.com/natrevearthenviron


https://doi.org/10.1038/s43017-021-00230-3
https://doi.org/10.1038/s43017-021-00230-3
https://doi.org/10.1038/s43017-021-00247-8
https://doi.org/10.1038/s43017-021-00247-8

	Lake and drained lake basin systems in lowland permafrost regions

	L-DLB systems

	L-DLB landscape processes. 
	L-DLB response to past climate changes. 
	L-DLB distribution and recent dynamics. 
	Future L-DLB system regimes. 

	Lakes and DLBs in permafrost hydrology

	Subsurface water. 
	Surface–subsurface connectivity. 
	Extreme drainage events. 

	Influence of lakes and DLBs on the carbon cycle

	Lakes and the carbon cycle. 
	DLBs and the carbon cycle. 

	Human livelihood and land use activity

	Summary and future perspectives

	Acknowledgements

	Fig. 1 The Arctic and boreal lowland permafrost region.
	Fig. 2 The variability of lake and drained lake basin system districts.
	Fig. 3 Evolution and future trajectory of the lake and drained lake basin system.
	Fig. 4 Primary lake and drained lake basin system districts of the northern circumpolar permafrost region.
	Fig. 5 The role of lake and drained lake basin systems in lowland permafrost carbon cycling.
	Table 1 Prominent L-DLB districts in the Arctic and boreal regions.
	Table 2 The ratio of drained lake basins to lakes in L-DLB systems.




