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Climate warming is altering the persistence, timing, and distribution of permafrost and
snow cover across the terrestrial northern hemisphere. These cryospheric changes have
numerous consequences, not least of which are positive climate feedbacks associated
with lowered albedo related to declining snow cover, and greenhouse gas emissions
from permafrost thaw. Given the large land areas affected, these feedbacks have the
potential to impact climate on a global scale. Understanding the magnitudes and rates
of changes in permafrost and snow cover is therefore integral for process understanding
and quantification of climate change. However, while permafrost and snow cover are
largely controlled by climate, their distributions and climate impacts are influenced by
numerous interrelated ecosystem processes that also respond to climate and are highly
heterogeneous in space and time. In this perspective we highlight ongoing and emerging
changes in ecosystem processes that mediate how permafrost and snow cover interact
with climate. We focus on larch forests in northeastern Siberia, which are expansive,
ecologically unique, and studied less than other Arctic and subarctic regions. Emerging
fire regime changes coupled with high ground ice have the potential to foster rapid
regional changes in vegetation and permafrost thaw, with important climate feedback
implications.

Keywords: Siberia, larch, permafrost, wildfire, snow—vegetation interactions, ecosystems, arctic and boreal
ecosystems, Arctic

INTRODUCTION

Amplified climate warming across the Arctic is causing widespread terrestrial cryospheric change
in the form of altered snow cover dynamics and permafrost thaw, both with the potential to act as
globally important climate feedbacks (Flanner et al., 2011; Schuur et al., 2015; Meredith et al., 2019).
Reduced albedo associated with declines in snow cover duration and increased snow masking by
vegetation canopies protruding above the snowpack acts as a positive climate feedback (Bonan
etal,, 1992; Chapin, 2005). Permafrost thaw makes previously inaccessible organic carbon available
for microbial decomposition and subsequent release to the atmosphere as greenhouse gases, also
acting as a positive feedback to climate warming (Schuur et al., 2015). These processes are not
independent; increases in snow depth insulate permafrost soils from cold winter air temperatures,
further increasing greenhouse gas efflux and the likelihood of thaw (Stieglitz et al., 2003; Anisimov
and Zimov, 2020). Consequently, concurrent changes in snow cover and permafrost thaw across
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the terrestrial Arctic and subarctic will dictate the strength of
terrestrial cryospheric climate feedbacks. However, quantifying
these changes remains a key challenge in climate research
because they are affected by spatially heterogeneous interactions
between climatic, ecological, and geomorphic conditions, as well
as disturbances such as fire (Loranty et al., 2018).

Among ecological factors, vegetation is a key determinant
of cryospheric feedback strengths because of the role it plays
in surface energy partitioning (Loranty et al., 2018). Variability
in vegetation canopy cover, height, and leaf habit within and
between vegetation functional types at local and regional scales
drives differences in land surface albedo that are important
in the context of snow-albedo-feedback magnitudes (Sturm
et al.,, 2005; Loranty et al., 2014). Similarly, vegetation canopy
influences on snow redistribution impact the timing and
duration of melt-out (Pomeroy et al., 2006; Marsh et al,
2010; Sweet et al., 2014) and soil thermal dynamics (Kropp
et al., 2020). Without snow cover, vegetation canopy shading
may reduce permafrost soil temperatures, while plant water
use and soil properties interact to affect ground heat flux
(Blok et al, 2010; Loranty et al., 2018). Taken together,
these processes highlight the important fact that an accurate
predictive understanding of terrestrial cryospheric change
across the northern hemisphere requires detailed knowledge
of ongoing vegetation change. In particular, changes that
involve transitions from prostrate to erect shrub growth forms,
transitions in leaf habit (e.g., deciduous vs. evergreen), or
substantial changes in shrub and forest canopy cover are
especially important.

Vegetation structure and distribution are changing in direct
response to warming temperatures, with the most prominent
example being shrub expansion into graminoid dominated
tundra ecosystems (Tape et al., 2006; Forbes et al., 2010; Frost
and Epstein, 2014). Here, the associated reduced albedo (Loranty
et al., 2011), snow trapping by canopies (Sturm et al., 2001),
and increased ground temperatures (Myers-Smith and Hik, 2013;
Kropp et al., 2020) are well documented. Wildfire disturbance
is also an important driver of vegetation change, with altered
post-fire succession as a consequence of climate-driven fire
regime shifts in boreal North America forming the primary basis
of current knowledge (Johnstone et al., 2010; Alexander and
Mack, 2016). Associated post-fire albedo recovery (Amiro et al.,
2006; Randerson et al., 2006), albedo associated with deciduous
dominance (Beck et al., 2011), and elevated ground temperature
(Fisher et al., 2016; Way and Lapalme, 2021) are among
the key consequences. Notably, however, there has been less
work focused on boreal canopy-snow interactions, and previous
fire focused work occurs mostly in the discontinuous and
sporadic permafrost zones where permafrost may not be present.
Conspicuously absent from this emerging body of research are
analyses focused on ecosystem-cryosphere interactions in the
Siberian Arctic and subarctic (Metcalfe et al., 2018), despite a
unique combination of ecological and cryospheric conditions
and extensive areal extent that makes it regionally important.
In this perspective, we highlight and synthesize recent research
and emerging evidence illustrating the potential for ecosystem
processes to drive rapid and widespread cryospheric change

across central and eastern Siberia, with particular focus on larch
(Larix spp.) dominated forests.

THE SIBERIAN CLIMATIC AND
ECOLOGICAL SETTING

Eastern Siberia is characterized by winters with extreme low
air temperatures with thin to moderate snow accumulation
that reaches maximum depths of 20-100cm between January
and March (Grippa et al., 2004; Zhong et al., 2018; Mortimer
et al., 2020). Maximum snow depth increased throughout much
of Siberia over recent decades (Bulygina et al, 2009). Snow
accumulation typically begins around October, and snow extent
is largely diminished by June (Grippa et al., 2004). The duration
of total days of snow cover is decreasing in northern and
central regions (Bulygina et al, 2009; Bormann et al., 2018)
coinciding with below average May and June snow cover extent
in recent decades (Mudryk et al., 2017, 2020). On the ecosystem
and landscape scales, patterns of snow depth and timing of
snowmelt can be varied, influenced by localized factors including
topography, vegetation canopy characteristics, and tree density
(Sturm et al., 2001; Todt et al., 2018).

Continuous permafrost occurs at subarctic latitudes (~60°N)
in central and eastern Siberia, owing to the harsh continental
climate. Thick, carbon and ice-rich permafrost deposits (termed
Yedoma) are prevalent in Northern Siberia, particularly in
lowlands and foothills (Grosse, 2013; Strauss et al., 2017). The
high ice content (~80% by volume) of Yedoma deposits means
they are highly vulnerable to temperature-induced permafrost
degradation, and thermokarst lakes are prevalent throughout
the region (Olefeldt et al., 2016; Nitze et al., 2018). Permafrost
thaw has also been documented in the more mountainous
areas of Siberia, where hill slope thermokarst features such as
retrogressive thaw slumps are common (Olefeldt et al., 2016;
Nitze et al., 2018).

Siberia is characterized primarily by boreal forests and
wetlands with a transition to tundra ecosystems a few degrees
of latitude north of the Arctic circle. Considerable landscape
heterogeneity is driven by local variation in topoedaphic and
hydrologic conditions (Sulla-Menashe et al., 2011). Tundra
vegetation communities are comparable to those found in North
America, with similar climatic and geomorphic controls on
distribution (Walker et al., 2005). Relative to North America,
the forest-tundra ecotone generally occurs further north and is
more diffuse in Siberia (Ranson et al., 2011) owing to differences
in geomorphology and glacial history. Siberian boreal forests
differ in several key ways from those in North America. Eastern
Siberian boreal forests are dominated by larch (Larix spp.),
a deciduous needle-leaf tree. Larch forests tolerate cold soil
conditions, and cover more than 3 M km? with in the permafrost
zone (Loranty et al., 2016). By contrast, boreal forests in North
America and western Siberia are composed of evergreen conifers
and deciduous broadleaf trees and are underlain by sporadic or
isolated permafrost.

The deciduous, needle-leaf larch (Larix spp.) forests that
cover vast expanses of Siberia’s boreal biome require periodic
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FIGURE 1 | Area burned (A) in eastern Siberia from 2001-2020 derived from Landsat data using Google Earth Engine (Talucci et al., 2021) with areas of continuous
permafrost delineated in light blue. Note more area has burned (in red) in recent years above the Arctic circle (gray dashed line). Soil temperature (B) across a forest

density gradient associated with post-fire regrowth within a burn perimeter near Cherskiy where H1 and H2 represent high-density stands (> 75% canopy cover), M1
and M2 represent medium density stands (75% > canopy cover > 25%), and L1 and L2 represent low density stands (<25% canopy cover) (Loranty and Alexander,
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fire disturbances to perpetuate their long-term persistence in
this region (Kharuk et al., 2011). Fires, ignited by lightning or
humans during the warm and relatively dry growing season
(Kharuk et al., 2021), occur every 80-350 years, with fire
return intervals increasing with latitude (Kharuk et al., 2011;
Berner et al,, 2012). Fires are typically surface fires (>90%)
that creep along the forest floor, fueled by consumption of
the thick soil organic layer (SOL) that accumulates during the
fire free intervals (Kharuk et al., 2021). Fire removal of the
SOL exposes high-quality mineral soil seed beds that promote
seed germination (Sofronov and Volokitina, 2010; Alexander
et al., 2018). Fire also consumes shrubs and other vegetation,

decreasing competition, and improving conditions for early
seedling establishment (Kharuk et al., 2011, 2021). Without fire to
prepare the seedbed and remove competition, larch recruitment
is often limited to microsites provided by tip-up mounds or other
small-scale disturbances (Shirota et al., 2006).

Fire activity varies across Siberia, and much of what is known
comes from research in western and central Siberia with a
limited understanding of fire activity in eastern Siberia. Across
Siberia, the area burned and the number of large fire seasons
(i.e., over 50% area burned) has increased between 1995 and
2005 (Soja et al., 2007), but the full extent of area burned is
often underestimated by coarse resolution satellites (Shvidenko
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FIGURE 2 | Trends in albedo change (April-September of 2000-2019) attributed to surface water change derived using MODIS data. The standard MODIS albedo
product was used to characterize albedo trends using linear regression, and the surface water change was quantified using the Superfine Water Index calculated from
MODIS data. A generalized additive model (GAM) was used to attribute albedo trends to surface water change. Adapted from Webb et al. (2021).

etal., 2011; Berner et al., 2012) e.g., MODIS ~500 m; (Shvidenko
et al, 2011; Berner et al,, 2012). It is predicted that greater
combustion losses and permafrost thaw during more extreme
fire seasons will increase carbon emissions (Soja et al., 2004).
In northwestern Siberia, warmer and drier conditions (Soja
et al.,, 2007; Ponomarev et al., 2016) as well as human activity
(Sizov et al., 2021) have contributed to increased fire activity. In
northeastern Siberia fire regimes are less well understood (Berner
et al., 2012) because long-term ground-based records are limited
and difficult to access (Soja et al., 2007). Improved quantification
of regional fire dynamics is crucial to identifying fire-induced
vegetation shifts and altered soil conditions (Holloway et al,
2020) that act as catalysts for permafrost degradation (Loranty
etal., 2016), and contribute further to ongoing climate feedbacks.

Larch forest recovery after fire requires a co-occurring suite
of conditions. Fires often damage larch roots (Kharuk et al.,
2021), which are mostly restricted to the shallow, seasonally-
thawed ground layer above the permafrost (Abaimov et al., 1998).
Consequently, many mature, seed-bearing larch die soon after
fire, resulting in stand-replacing fires. Thus, a critical primary
filter for larch forest recovery after fire is seed availability, which
depends on several factors. Larch annually produce small, wind-
dispersed seeds that can travel ~100m (Cai et al., 2018), with
masting events (large seed crops) every 3-5 years (Abaimov,
2010). As such, small seed crops in non-mast years can limit post-
fire larch recovery despite fire’s creation of appropriate seedbed
conditions. However, if the seed crop is substantial, and fires
do not propagate into the larch canopy, already ripe seeds on
fire-killed trees can provide seed sources for forest recovery
(Kharuk et al., 2021). If canopy fires damage seeds, recovery
depends on seeds from nearby unburned forests or islands of

unburned trees. Thus, seed availability may be low within the
interior of large burn patches whose size exceeds that of larch
seed dispersal distances (Cai et al., 2013), especially in low seed
crop years, unless residual seed crops persist within the burn (Cai
et al., 2018). Recruitment failure may occur in areas with ice-
rich yedoma permafrost where charring and vegetation removal
triggers ground subsidence and pooling of water on the ground
surface inhibits larch seed germination (Alexander et al., 2018).
Ultimately, low seed availability or failure to germinate after
fire can result in larch recruitment failure and forest transition
to alternative vegetation cover types, including shrublands and
grasslands (Cai et al,, 2013, 2018; Chu et al., 2017).

DISCUSSION OF EMERGING ECOSYSTEM
CHANGES WITH IMPLICATIONS FOR
CRYOSPHERIC CLIMATE FEEDBACKS

Vegetation cover is an important determinant of the snow albedo
feedback (Thackeray et al., 2019). As with elsewhere in the Arctic
(Beck and Goetz, 2011), tree and shrub cover are increasing
across Siberia in response to rising temperatures (Frost and
Epstein, 2014; Shevtsova et al., 2020, 2021). The prevalence of
canopy infilling in larch forests (Shevtsova et al., 2020) combined
with relatively low canopy cover (Loranty et al., 2014) and
fragmented nature of the forest-tundra ecotone (Ranson et al.,
2011) in the region create a potential for changes in forest
cover over large areas. These vegetation changes will act as a
positive climate feedback when increased canopy cover masks the
underlying snowpack thereby reducing albedo. However, when
vegetation masks snow the difference between snow-on and
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snow-off albedo is lower, and the strength of climate feedbacks
associated with changes in the duration of seasonal snow cover
is reduced (Euskirchen et al., 2016; Potter et al., 2020). Accurate
representation of ongoing vegetation change is therefore integral
to observational quantification and predictive modeling of the
snow albedo feedback strength.

Fire is an important driver of vegetation change, and though
it is common in the region, the past several years have been
exceptional both in terms of total area burned, as well as
the proportion of area burned above the Arctic Circle. In
northeastern Siberia, the 2020 fire season alone constitutes
nearly 30% of the cumulative area burned over the past two
decades. During the 2019 and 2020 fire seasons the area
burned in the Arctic (3.4 and 5.4 million hectares, respectively)
was much greater than the average over the previous two
decades (0.7 million hectares) (Figure 1A; Talucci, in review).
Additionally, recent albedo trends suggest a fire regime shift
may be underway (Webb et al., 2021). If these fire regime
shifts are sustained, the potential impacts on forest cover
associated with recruitment dynamics (Alexander et al.,, 2012,
2018; Paulson et al, 2021) have important implications for
cryospheric climate feedbacks. The extent to which increases
in winter albedo immediately postfire (Chen et al, 2018;
Stuenzi and Schaepman-Strub, 2020) are reversed during post-
fire succession will depend on the density of forest regrowth
(Talucci et al., 2020; Paulson et al, 2021; Walker et al.,
2021). Similarly, forest impacts on surface energy exchange
exert a series of interrelated controls on permafrost and snow
thermal dynamics (Loranty et al, 2018; Stuenzi et al, 2021).
Variation in forest recovery within a single fire perimeter
near Cherskiy has resulted in even-aged stands with canopy
cover ranging from ~10-95% (Paulson et al., 2021), and
winter albedos of ~0.3 and ~0.7 at representative high-
and low- density stands (Kropp and Loranty, 2018; Kropp
et al,, 2019). Corresponding to post-fire tree density, summer
and winter soil temperatures are warmer at sites with lower
tree cover (Figure 1B) as a result of lower canopy shading
and insulation from organic soils, and snow redistribution,
respectively. Fire-induced vegetation change will exert strong
control on albedo and permafrost climate feedbacks if this
type of variation in post-fire larch regrowth becomes more
common. Consequently, accurate model predictions of these
cryospheric climate feedbacks requires improved observational
understanding of fire impacts on vegetation-snow-permafrost
interactions in the region.

Changes in snow cover, and snow-vegetation interactions,
are likely to influence the distribution and rates of permafrost
thaw. Snow is an effective insulator that decouples permafrost
soils from frigid winter air temperatures (Jorgenson et al., 2010;
Park et al, 2015), and numerous manipulation experiments
have illustrated that increases in snow depth can lead to
permafrost thaw and increased greenhouse gas emissions
(Walker et al., 1999; Natali et al., 2014; Webb et al., 2016).
For example, in northeastern Siberia near Cherskiy, snow
depths were nearly double the long-term average in the winters
beginning in 2016 and 2017, resulting in exceptionally deep
seasonally thawed active layers that did not fully re-freeze

in subsequent winters (Anisimov and Zimov, 2020). While
these findings are consistent with model projections (Réisinen,
2008; Mankin and Diffenbaugh, 2015), and the relationship
between snow cover and permafrost soil temperature is not
unique to Siberia (Lawrence and Slater, 2010), the high ground
ice and carbon content of Siberian permafrost mean that
ground thaw in the region will be irreversible once started
and lead to high carbon emissions (Strauss et al., 2017). The
observations reported by Anisimov and Zimov (2020) highlight
the following important points regarding the impacts of snow
cover on permafrost climate feedbacks. First, changes in snow
cover can initiate permafrost thaw even in regions such as
northeastern Siberia where air and permafrost temperatures
are low (Anisimov and Zimov, 2020). Additionally, the relative
impact of increased snow depth on permafrost varies with
vegetation and disturbance history (Shur and Jorgenson, 2007).
This highlights the importance of vegetation snow interactions,
which are well documented at the local scale (Essery and
Pomeroy, 2004), and appear to be important yet less well
understood at the pan-Arctic scale (Kropp et al., 2020). Lastly,
Anisimov and Zimov (2020) noted the greatest impacts of
increased snow cover on permafrost in recently burned locations
devoid of vegetation and organic soils, which is in line with
observations of an inverse relationship between seasonally
thawed active layer depth and time since fire for forests in the
region (Webb et al,, 2017; Alexander et al., 2018; Kharuk et al.,
2021). Taken together, this evidence indicates that vegetation-
snow interactions are of crucial importance for albedo and
permafrost related climate feedbacks. The ability of fire to
foster rapid vegetation change over large areas in relatively
short time spans means that changing fire regimes may exert
very strong influences on regional cryospheric feedbacks in the
coming decades.

Wildfire, and climate warming more generally, thaw
permafrost and cause ground subsidence or thermokarst
formation (Jones et al, 2015; Yanagiya and Furuya, 2020).
Thermokarst features, especially lakes, are common in Siberia,
and surface water extent (e.g., lake size, river discharge, and
moisture stored in the active layer) is changing across the
region—increasing in some areas and decreasing in others—
likely due to climate-change induced shifts in precipitation
and permafrost thaw (Iijima et al, 2010; Karlsson et al,
2012; Vey et al, 2013; Boike et al., 2016; Nitze et al., 2017;
Wang et al, 2021). Changes in the areal extent of surface
waters have important implications for localized albedo-
mediated heat transfer (that is, the presence of water can
increase near surface temperatures by as much as 10°G;
(Jorgenson et al., 2010) as well as regional warming and
cooling through albedo-induced changes in top-of-the
atmosphere radiative forcing (Webb et al, 2021). Overall,
changes in Siberian surface water over the past two decades
have led to regional albedo-induced warming (Webb et al,
2021), although the pattern is heterogeneous across the
region (Figure 2). Thermokarst lakes are also CH4 emission
hotspots (Heslop et al.,, 2020) that effectively increase global
warming potential of greenhouse gas emissions related to
permafrost thaw.
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CONCLUSIONS

Eastern Siberia contains a unique combination of fire-prone
larch forests and ice-rich yedoma permafrost. The ability of
fire to alter vegetation and permafrost conditions over relatively
short time scales has the potential to influence climate feedbacks
associated with albedo change and permafrost thaw. However,
our understanding of ongoing change in the region is lacking
relative to other areas of the Arctic, thus highlighting a need for
additional work in the region. Specifically, there is a crucial need
to understand how emerging changes in the fire regime are likely
to impact post-fire vegetation recovery, and how this in turn
will affect permafrost resilience. Variation of vegetation-snow
interactions, and associated impacts on permafrost stability also
requires closer examination. The latter is particularly important
in the context of surface water induced albedo trends. Accurately
predicting the timing and magnitude of the cryospheric climate
feedbacks arising from terrestrial ecosystem change in the region
requires improved understanding of key processes achieved
through continued observational and model investigation. For
example, a recent study in northern Siberia conducted using
a model with explicit representation of ice-rich permafrost
dynamics, informed with field observations, predicted a much
greater degree of permafrost thaw than previous projections
that lacked these process representations (Nitzbon et al., 2020).
Similar research utilizing observations and models to investigate
interactions between fire, vegetation, and permafrost will help
improve forecasts of ecological change in the region and identify
key processes necessary to help constrain feedback processes
in land surface and climate models. It is also important to
note that a great deal of research on this region has been
published in the Russian literature, and so translation of Russian
papers and data offers a means to improve understanding of the
region. Additionally, eastern Siberia includes large indigenous
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