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Boreal forests, covering approximately a quarter of the continuous
permafrost zone, store relatively modest aboveground carbon, but

thermally protect vast soil organic carbon (SOC) pools. Here, using a
process-based model to compare seasonal thaw depths under forested

and bare-ground scenarios, we quantify distinct canopy thermalinsulation
capacities of deciduous needleleaf, evergreen needleleaf and deciduous
broadleaf canopies on permafrost thermal dynamics. Canopy buffering
maintains approximately 59 Pg of carbonin a frozen state, which equals 32%
of the total forested permafrost carbon pool and far exceeds boreal biomass
stocks (7-19 Pg). Canopy changes could mobilize this frozen SOC through
gradual thaw (40 Pg) and rapid thermokarst collapse (19 Pg). While forest
loss sacrifices biomass carbon stocks, resulting thaw would expose orders of
magnitude more SOC from previously frozen reservoirs, revealing a critical
asymmetry. Forest conservation strategies in continuous permafrost zones
must account for canopy-mediated thermal protection of frozen SOC, which
far exceedsits biomass carbon sequestration capacity.

Approximately a quarter of the continuous permafrost zone is forested
(Fig.1), storing substantial carbon, 95% of whichis below groundin the
active layer and permafrost'. These pools are increasingly vulnerable
astheborealbiome warms nearly four times faster thanthe global aver-
age, withmeanannual air temperatures projected torise by 6-11 °Cby
2100 under high-emissions scenarios®*. Although some regions show
increased carbon uptake through greening, these gains are heterogene-
ousand potentially offset by wildfire and wetland emissions®”. Beyond
the net ecosystem carbon balance, forest and active layer properties
are important factors in preserving near-surface permafrost and the
soil organic carbon (SOC) stored thereinin a state of thermal disequi-
librium with climate conditions. This makes the system highly sensitive
to disturbances, underscoring the need to quantify vulnerabilities of
the predominantly soil-based carbon stock®’.

SOCstocksinboreal permafrost regions vastly exceed live biomass,
storing approximately 1,000 + 200 Pg SOC in the top 3 m (refs. 10,11),
representing 33% of global SOC despite covering only 15% of global soil

area® (Fig.2). Thevulnerability of this SOC upon thaw is not uniformbut
is determined by prefreezing decomposition, carbon origins and age,
influenced by formation mechanisms, burial rates and environmental
conditions™", as well as topographic, edaphic and depositional pro-
cesses controlling contemporary carbon distribution'’, The thermal
protectionofthis heterogeneousreservoiris critically dependent onthe
thermal buffering capacity of the forest canopy, which maintains the fro-
zen state of permafrost throughits control over surface energy fluxes.

The canopy regulates ground thermal regimes through multiple
competing mechanisms”. Summer shading reduces incoming solar
radiation by up to 90%, cooling the ground and limiting thaw depth’s,
However, the magnitude of thisis largely controlled by canopy structure
and canopies also exert warming effects, such as lower surface albedo,
and longwave radiation retention by dense canopies'. The net effect
is a dampened seasonal temperature amplitude. The reduced sum-
mer warming drives shallower thaw depths than in open landscapes,
while the relative dominance of summer versus winter warming effects
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Fig.1|Forested continuous permafrost. a, Continuous permafrost zone with
dominant forest PFTs**'. b,c, Schematics showing the vertical distribution of
carbon stocks in forested (canopy-insulated) (b) and unforested (c) continuous
permafrost with low to medium (left) and high (right) ground ice content™.
Forest carbon poolsinclude: (1) aboveground live biomass, (2) belowground root
biomass, (3) litter layer and (4) below-canopy organic matter. Deadwood biomass
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(light grey) is notincluded in the analysis. SOC is mediated by canopy insulation
inforested permafrost areas, while SOC in unforested areas is more likely to be
exposed to seasonally thawed conditions, particularly inice-rich, rapid-thaw-
affected areas. Basemap: Bright Earth eAtlas v1.0 (AIMS, GBRMPA, JCU, DSITIA,
GA,UCSD, NASA, OSM, ESRI), under a Creative Commons license CC-BY-3.0-AU.

depends on climate, canopy structure and snow cover regime?® % This
thermal buffering is reinforced by synergistic mechanisms including
reduced soil thermal conductivity from dry soils, modulated snowmelt
timing, and insulating litter and organic layer accumulation®?>*,
Forest loss triggers active layer deepening and can accelerate
thermokarst formationinice-rich permafrost®. However, Earth system
models poorly represent these forest-ground thermal interactions®?,
particularly in permafrost regions® 2. The stability of the permafrost car-
bon pool, thermally regulated by the canopy, is jeopardized by forest loss
fromcompound disturbances. Theseinclude logging, wildfires, drought
and storms* ¥, often amplified by climate-intensified biotic threats
such as insect outbreaks®*%, This confluence underscores the need to
quantify the size of the carbon pool currently kept in a frozen state by
canopy insulation, asitis increasingly vulnerable to destabilization.
Boreal forest disturbances exert complex and opposing thermal
effects on climate, complicating forest-based climate interventions®*":
while forest loss causes regional atmospheric cooling through increased
snow-seasonalbedo**, it simultaneously diminishes ground insulation,
increasing heat flux to subsurface layers and accelerating permafrost
degradation”*°~, These atmosphericand subsurface thermal responses
are decoupled: increased winter albedo reduces net radiation at the sur-
face, cooling the atmosphere and ground, while in summer, increased
shortwaveradiationatthegroundsurface and altered turbulent heat fluxes
drive subsurface warming and active layer deepening. Consequently, the
perceived climatic benefit of albedo-induced atmospheric cooling may
be offset locally by heightened subsurface warming and soil carbon loss
risks. While boreal afforestation can alter permafrost stability through
radiativeand snow-mediated effects*, forest removalincreases ALT despite
subsequent regrowth, dueto persistent changesinshading, heat fluxesand
shallow rooting depths thatlimit evapotranspiration cooling. However, the
magnitude of forest thermal buffering and consequently the vulnerability
of permafrost-protected SOC remains unquantified across the climaticand
biogeographicgradients of the continuous permafrost zone**.,

We present a process-based modelling framework coupled with
a comprehensive meta-analysis to assess how boreal forest canopies
regulate soil carbon storage by controlling permafrost thermal dynam-
icsacross climatic and biogeographic gradients. We quantify the ther-
malbuffering capacity of forests by comparing seasonal thaw depthsin
forested versus unforested scenarios using paired simulations within
seven climate zones of the forested continuous permafrost zone™
(Extended DataFig.1and Extended Data Table 1). Our analysisincludes
three dominant plant functional types (PFTs) and multiple canopy
density classes toidentify regions where forest cover most effectively
insulates SOC from seasonal thaw (Extended Data Fig. 2 and Extended
Data Table 2). We complement this with a first assessment of the vul-
nerabilities of different SOC stocks to forest loss across biogeographic
gradients in forested continuous permafrost regions.

Soil Cstocks exceed biomass C in forested permafrost

Biomass carbonin the forested continuous permafrost zone is approxi-
mately 7.2-18.6 Pg (Fig. 3c). While aboveground live biomass represents
the largest pool with 4.5 Pg (ref. 54), the other components (root™ %,
below-canopy***° and litter biomass® °*) show substantial regional
variability between Eurasian and North American boreal forests (Sup-
plementary Section 6). Eurasian forests, adapted to nutrient-poor soils
and shallow active layers, allocate less carbon to roots and accumulate
more litter, while North American ENF stands invest more heavily in
belowground biomass®. The Northern Hemisphere (NH) permafrost
region stores over 1,000 Pg of SOCin the top 3 m, with 188 Pg located
inforested continuous permafrost''>%. Of this, 64.5% is currentlyina
frozenstate (118 Pg)¥, clearly exceeding biomass stocks, which amount
toonly 3-8% of the SOC reservoir.

Canopy thermal regulation sustains shallow active layers
Simulations with the CryoGrid permafrost model (Extended DataFig. 3)
find that a forest canopy substantially lowers active layer thickness
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Fig. 2| SOCsstocks (Pg) in NH permafrost regions. Distribution of SOC stocks
within the 0-3 m depth across global soils and the NH permafrost region 15116,
Theinner circle represents the global SOC stock (3,350 Pg), progressively
subdivided by permafrost zone and land cover™. Forested continuous
permafrost holds 183 Pg, of which 118 Pg remains frozen. Within this frozen
forested area, 59 Pg is canopy-mediated, of which 39.5+ 1.5 Pgis vulnerable

to gradual thaw and19.5+1.5 Pg to rapid thaw upon canopy removal. The
uncertainty reflects the range in partitioning between thaw pathways across
canopy density scenarios. The aggregate exposed stock of 59 Pg is consistent
across scenarios, as the bare-ground ALT exceeds the 3 m depth of available SOC
dataacross virtually the entire domain. All values are in PgC.

(ALT) (Supplementary Fig. 2). Comparing forested and non-forested
scenarios under current climatic conditions, the simulated 2018-2023
average ALTis 50.2-62.3% larger under bare-ground scenarios. In abso-
lute terms, the canopy reduces the ALT by 0.87-1.43 m compared with
bare-ground conditions (interquartile range 0.98-1.18 m). We find
regional variation in the insulating effect. In North America, ALT is
reduced by 1.0-1.4 m (mean +s.d.: 1.2+ 0.13 m), indicating a stronger
insulating effect compared with Eurasia (1.02 + 0.1 m).

The strength of the canopy’s insulating effect varies by PFT and
leaf area index (LAI) (Supplementary Fig. 2). Deciduous needleleaf
forest (DNF), covering close to three-quarters of the forested con-
tinuous permafrost area (2 million km?) and composed predomi-
nantly of Larix spp.®®, exhibits a modest, regionally consistent effect
(1.03+0.07 m; North America:1.08 + 0.04 m; Eurasia:1.02+ 0.08 m).
Evergreen needleleaf forest (ENF), covering one-tenth of the area
(0.3 million km?) primarily as stands of spruce, pine and firin north-
ern Canada, whose persistent canopies intercept snowfall and retain
longwave radiation®, show a moderate effect (1.10 + 0.15 m), with
strong regional differences: ENF in North America displays substantial
ALTreduction (1.18 £ 0.1 m) while the effect is weaker in Eurasia (0.93
+0.05 m). Broadleaf deciduous forest (DBF), occupying one-fifth of
the zone (0.4 million km?) with dominant species including birch,
aspen and poplar’®, exhibits the largest reduction (1.21+ 0.18 m),
predominantly driven by stands along the North American treeline
(1.4 £ 0.03 m), with Eurasia showing moderate reductions (1.11 £
0.15m). Sparse canopies (LAl=1m?m™) provide the strongest ALT
reduction, especiallyin North America (1.3+0.11 m) butalsoin Eura-
sia (1.1+ 0.11 m). Denser canopies produce a smaller ALT reduction
compared with sparse canopiesinboth North America (1.1+0.13 m)
and Eurasia (1.0 £ 0.08 m).

Thenonlinear relationship between canopy density and ALT reduc-
tion (Supplementary Figs. 3 and 4a) reflects competing radiative and
hydrological controls (Supplementary Figs. 4 and 5). Sparse canopies

substantially reduce summer shortwave radiation and ground heat
flux while maintaining relatively high soil moisture, which sustains
thermal conductivity and enhances heat extraction during freeze-back.
By contrast, dense canopies, despite stronger shading, promote long-
wave radiative trapping and higher evapotranspiration rates that dry
the soil, lowering thermal conductivity and limiting winter heat loss.
This moisture-mediated feedback partly offsets the increased shading,
resulting in slightly deeper active layers under high compared with
intermediate canopy densities (Supplementary Fig. 4a).

Simulation results for 2023 for the Eurasian deciduous
needleleaf-dominated cluster in the continental subarctic (Dfc) climate
zone across the four canopy density scenarios (bare, sparse, mid and
dense) support this. During the snow-free season (June-September),
mean incoming shortwave radiation at the ground decreased by 91%
from bare (194.5 W m™2) to dense (16.7 W m ), and by 62% from sparse
(43.7 W m™) to dense, reflecting progressive canopy interception. By
contrast, mean outgoing longwave radiation during the snow season
(October-May) increased only modestly (3.9% from bare to dense; 3.6%
from sparse to dense). Mean summer canopy transpiration increased
by 66% from sparse to dense (0.81-1.34 mm per day), consistent with
enhanced soil drying at higher LAl (Supplementary Figs. 4c,d and 5).

Forest canopy attenuates gradual and rapid SOC thaw
SOCinpermafrostregionsis vertically stratified but retains substantial
carbonatdepth dueto cryoturbation and frozen paleosoils. Because the
majority of the SOC stock s in the upper 0-3 m, maintaining a shallow
ALT viacanopy insulation notably reduces the amount of SOC exposed
toseasonal thaw (Fig. 3b). Depending on the LAI, canopy presence limits
thaw exposure by 37.9-41.1 Pg, equivalent to 3.2% of the entire NH per-
mafrost SOC pool and 33.5% of the frozen SOC in forested continuous
permafrost (Fig. 4b and Supplementary Table 3).

Thelargest amount of frozen SOC preserved by canopy buffering
is found in Eurasian DNF stands within the continental subarctic (Dfc)
climate zone, with storage densities from 16.7 to 18.3 kg m™ (Fig. 4b).
However, the highest SOC densities are located in North American
DBF stands (in Dfc), with 42.9-44.5 kg m2 (Fig. 4a). ENF in subarctic
climate with dry summer (Dsc) and Dfc zones of North America pre-
serve22.2-25.2 kg m2and36.5-40.9 kg m, respectively. Overall, SOC
densities spanawider range in North America (12.7-44.5 kg m™) than
in Eurasia (15.3-20.7 kg m ™ Fig. 4b).

To account for abrupt thaw in high excess-ice areas (Supplemen-
tary Fig. 6), we quantify the thaw exposure of the full 0-3 m SOC pro-
file. Inice-rich permafrost, total degradation combines active layer
deepening and ground subsidence from excess ice melt”’. Thermo-
karst processes mobilize carbon 10-100 times faster than gradual
top-down thaw alone’, with consequences varying across thermokarst
modes depending on slope position, soil texture and ground ice con-
tent. Thermokarst extent across interior Alaska has nearly doubled
since 1949, with increasingly transformative expansion projected
through 21007. In addition, a forest canopy delays thermokarst onset
by 3-18 years and slows excess ice melt by up to 7 years compared with
bare-ground simulations, and post-disturbance subsidence progresses
within 2-35 years depending on cryostratigraphy and climate”, with
fire further capable of triggering complete permafrost degradation
within an 18-m soil column within 120 years in upland forests’™. The
potential for rapid and deep thaw highlights that an additional SOC
pool of 17.7-20.9 Pg is currently protected by canopy thermal insula-
tionin high excess-ice areas (Fig. 3d).

Discussion

Our analysis reveals that forest canopies act asa critical thermal buffer,
preserving 59 Pgof SOCinafrozen state. This pool represents 30% of the
total forested permafrost SOC stock, far exceeding the 7-19 Pg storedin
boreal biomass pools, which underscores the canopy’s disproportion-
ateroleinstabilization. However, this protectionis fragile, and canopy
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Fig. 3| Carbon stocks and permafrost stability in boreal forests. a, Estimated
total SOC and biomass carbon stocks in boreal forests on continuous permafrost,
integrating canopy-insulated SOC and above- and belowground biomass pools.

b, SOC content (kg m™2) maintained frozen under a sparse canopy (1 m*m2LAl).

¢, Above- and belowground live dry biomass (kg m ), representing the standing
carbonstockin forested continuous permafrost. d, SOC stocks vulnerable to
gradual and rapid thaw, and total canopy-mediated SOC. Bars show the central
estimate (LAl =2 m?>m); error bars show the full range across n=3 canopy density
sensitivity runs (LAl =1,2 and 4 m> m™2). Each bar represents asingle spatially
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loss through disturbance could mobilize ancient carbon stocks, with
the climate impact hinging on the SOC’s biogeochemical vulnerability
andthe processes driving forest loss (Fig. 5and Supplementary Table 2).

SOC vulnerability across boreal permafrost landscapes reflects
substantial heterogeneity in soil genesis and depositional history.
These differences in carbon origin, formation history and edaphic
factors give rise to pronounced contrasts in thaw sensitivity°. One
of the most labile pools is found in the Yedoma deposits, accumu-
lated during the cold, arid late Pleistocene and under limited decom-
position (Supplementary Fig. 6). Yedoma is characterized by low
carbon-to-nitrogen (C:N) ratios, preserved labile compounds and
high ice content (>80%)”. Yedoma deposits are partly forested, with
the canopy protecting 1.7 PgC. This ancient C is highly vulnerable to
rapid decomposition upon thaw, representing a pathway for long-term
SOC losses that are effectively irreversible on policy-relevant time-
scales, complicating temperature overshoot scenarios where tem-
porary exceedance of warming thresholds could trigger permanent
carbonrelease’>7%7,

However, the majority (39 Pg) of thermally protected SOC in for-
ested continuous permafrost resides in other soil classes with distinct
formation histories, carbon stabilization mechanisms and thaw vulner-
abilities (Extended Data Fig. 4 and Supplementary Table 3). Turbels,
formed through cryoturbation processes that physically mix organic
matter intomineral horizons, store 14.7 Pg across 32.6% of the forested
continuous permafrost area and exhibit high vulnerability to thaw.
Orthels, the most extensive class (48.6%), contain the largest carbon

pool at 17.2 Pg with medium vulnerability’®’°. Organic-rich Histels
and Histosols, representing peatland systems with generally lower
vulnerability due to prefreezing humification, although labile fractions
remain®®~%?, store 6.7 Pg combined across 9.4% of the area. Soil class
composition differs across PFTs (Supplementary Fig. 7). DNF forests
dominate the continuous permafrost zone and are primarily under-
lain by Orthels (59.9%) and Turbels (28.0%), with the highest Yedoma
occurrence (6.0%) of the three PFTs, thereby concentrating medium- to
high-vulnerability soils. ENF and DBF forests are instead dominated by
Turbels and Histels, reflecting wetter, more cryoturbated conditions
and low Yedoma occurrence. Understanding the distinct character-
istics and vulnerabilities of these soil classes is critical for projecting
carbon dynamics under forest disturbance and climate change.

Empirical evidence confirms that vulnerable C can be rapidly
mineralized. Sampling across 18 farms spanning permafrost and
non-permafrostsoils revealed that conversion of permafrost-affected
foreststo cropland resulted inSOC losses 0f15.6% + 21.3%, while conver-
sionto grassland resulted in losses of 23.0% +13.0% (ref. 83). Notably,
the deforestationled to permafrost disappearance, indicating that the
land-use change accelerated warming and subsequent thawing. Con-
versely, soils without permafrost showed no substantial SOC loss and,
in some cases, slight SOC gains under grassland®**, demonstrating
that the thermally protected SOC is not only theoretically vulnerable
butis already being lost (Supplementary Section 4.1).

The shallower active layer relative to open ground reflects the
net balance of competing radiative and hydrological canopy effects
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Fig. 5| Vulnerability of SOC in forested continuous permafrost. a, Spatial
distribution of SOC vulnerability based on dominant soil class across the forested
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database version 2 prioritized where present"'". Classes shown are Histel
(organic-rich cryosols), Histosol (organic soils), Orthel (well-drained mineral
cryosols), Turbel (cryoturbated soils) and Yedoma (ice-rich late-Pleistocene
deposits). b, Bar lengths represent spatially integrated total SOC stocks per
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(Supplementary Figs. 4 and 5). The thermal buffer provided by the
canopy is increasingly compromised by intensifying disturbance
regimes, which are amplified by climate warming, drying and earlier
snowmelt**5%¢ Wildfire represents the most immediate and wide-
spread disturbance. Beyond combustion of biomass and near-surface
SOC, directly transferring carbon and nitrogen to the atmosphere®,
fire can disturb the insulating vegetation layer and lead to acceler-
ated active-layer deepening and soil warming?. The consequence

is areduction in carbon stocks. In burned and subsided soils, car-
bon pools in the upper 1.25 m are reduced by more than half (from
7.3 kg m2to3.1kg m™), withonly approximately 10% lost during com-
bustion and the remainder through subsequent thaw-driven microbial
decomposition®?° (Supplementary Section 4.2).

Disturbance regimes can exhibit strong positive feedbacks
that promote further disturbances. Wind damage and insect out-
breaks generate deadwood that fuels subsequent fires and pathogen
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attacks, with cascading interactions triggering compounding
impacts on soil thermal stability and carbon release®*”*>. Changes
inspecies composition, such as shifts towards broadleaf deciduous
taxa that are less fire-prone, may partially counteract some feed-
backs, althoughresilience is limited under rapidly changing distur-
bance regimes’®**. Inice-rich Yedomaregions, any such disturbance
can destabilize ice wedges, triggering thermokarst collapse within
months to years>>®%%,

Our analysis reveals a critical paradigm: for the global carbon
budget, the primary significance of boreal forests in continuous per-
mafrost zones lies less in their biomass and carbon sequestration
capacity, but in their capacity as a thermal insulator for the substan-
tially larger soil carbon pool. The live biomass and litter pools store
anestimated 7.2-18.6 Pg (Supplementary Section 6). By contrast, the
canopy’s cooling effect maintains approximately 59 Pg SOC frozen, a
poolthreetimes larger than the total biomass-related carbon. Spatially,
our simulations show that boreal canopies most effectively insulate
permafrost and stabilize frozen SOC in zones with high carbon stor-
age (Fig. 3b), with biomass-related carbon playing a smaller overall
role (Fig. 3¢). Particularly in northeastern Canada, canopy loss would
disproportionately impact permafrost-stabilized SOC stocks, as these
areas combine high carbon densities with strong canopy-mediated
thermal buffering. In addition, disturbances also alter nitrogen cycling,
as shown by substantial losses in total and labile nitrogen, along with
depletionin foliar nitrogen®.

The nonlinear dependence of thermal protection on canopy
density (Supplementary Figs. 2, 4 and 5) means that partial canopy
loss from drought stress, insect outbreaks or selective logging may
not immediately compromise permafrost stability in proportion to
canopy loss?>**%, and the continuous presence of a canopy is more
critical for permafrost stability than the specific forest composition
or canopy density.

Enhanced vegetation growth from CO, fertilization, warming or
increased nitrogen availability could partially offset SOC losses’®”” but
increased plant productivity does not directly translate into higher
ecosystem carbon storage”'** (Supplementary Section 4.3). Birch
forest expansion into tundra may stimulate SOC decomposition
through priming effects, potentially reducing net carbon storage
despite higher productivity'®, while initial carbon gains from boreal
forest densification'*® eventually plateau due to growth limitations
and climate-induced species mortality'®”. The SOC pool will probably
release more carbon through thaw and decomposition than can be
sequestered by vegetation expansion, with losses persisting even
under net-zero emissions scenarios due to ongoing soil respiration',

Our study reveals that the potential costs of boreal forest loss
extend far beyond theimmediate reductionin tree respiration and bio-
mass carbon storage (Supplementary Section 4.4). Our analysis high-
lights that the forest-affected continuous permafrost region contains
approximately 183 Pgof carbonin the top 3 mof soil, which represents
about 15% of the total NH permafrost SOC pool. Currently, 32% of this
SOC stock is stabilized by the thermal buffering effect of the forest
canopy, while the canopy’s own carbon represent a comparatively
smaller contribution.

These large SOC pools demonstrate that boreal forests provide
critical ecosystem services on regional to global scales. Our findings
have direct implications for forest management and climate policy.
The canopy-mediated preservation of 59 Pg frozen SOC represents
avoided emissions rather than active sequestration, a distinction with
consequences for how boreal forests are valued in carbonaccounting
frameworks. Forest management in continuous permafrost regions
must prioritize maintaining canopy cover for thermal protection,
even through sparse stands with increased drought resistance and
reduced fire-proneness'®"°. While fire is a natural disturbance in
boreal ecosystems™, targeted management in high-carbon, ice-rich
permafrost areas, where canopy loss could trigger irreversible

carbon mobilization, may offer climate benefits. A pilot project by
the US Fish and Wildlife Service in the Yukon Flats demonstrates such
prioritization'?, offering aframework compatible with Indigenous-led
stewardship™®. Current policy frameworks inadequately account for
permafrost thaw and SOC vulnerabilities, revealing a critical gap that
our findings can help address.

Conclusion

Inboreallandscapes, the net ecosystem C balance is driven primarily by
SOC dynamics, not aboveground biomass™*. We found astrong linkage
between SOC stabilization and forest canopy cover. Consequently, for-
estloss could disproportionately destabilize the vast boreal continuous
permafrost SOC pool,impacting regional and global carbon cycles. The
58.8 PgC (4.8% of the total permafrost SOC pool) thermally protected
from seasonal thaw by forests, underscores the critical importance
of maintaining canopy cover to mitigate large-scale emissions from
thawing boreal permafrost soils.

Our simulations demonstrate that forest canopies critically modu-
late ground thermal and hydrological regimes, with the vulnerability
of permafrost to canopy loss varying regionally based on climate and
PFT. Rather than aiming to project future permafrost trajectories, we
quantified the present-day thermal and hydrological buffering effects
of existing forest canopies on permafrost stability. Our findings under-
score the necessity of incorporating detailed canopy-permafrost inter-
actionsinto larger-scale permafrost models, as the insulating effect of
borealforestsis not uniformbut contingent on forest density, composi-
tionand regional climate conditions. The observed spatial heterogene-
ityin permafrostresponses furtherindicates thataccurate vulnerability
assessments must account for these ecosystem-specific controls.

Complete boreal forest removal in the continuous permafrost
region would expose 40-59 Pg of permafrost SOC to thaw, equivalent
to 3.2-4.8% of permafrost SOC of the NH and 4.3-6.4% of its frozen
carbon stock. This SOC pool at risk dwarfs potential carbon losses
fromabovegroundbiomass (4.5 Pg) and other biomass-related stocks
(subcanopy pool, roots and litter; 7.2-18.6 Pg).

The disproportionate impact of canopy removal on boreal SOC
stability would result ina substantially negative net C balancein boreal
ecosystems, revealing a key risk for future greenhouse gas emissions
from boreal permafrost. This protective role of the canopy far exceeds
its contribution to standing biomass carbon stocks, underscoring that
canopy conservation is critical for mitigating the permafrost carbon
feedback. Our findings can guide the planning management policies for
protecting large natural carbon sinks as well as preventing additional
carbonlosses.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-026-02692-z.

References

1. Tamocai, C. et al. Soil organic carbon pools in the Northern
Circumpolar permafrost region. Glob. Biogeochem. Cycles 23,
2023 (2009).

2.  Hugelius, G. et al. Estimated stocks of circumpolar permafrost
carbon with quantified uncertainty ranges and identified data
gaps. Biogeosciences 11, 6573-6593 (2014).

3. Bradshaw, C. J. & Warkentin, |. G. Global estimates of boreal forest
carbon stocks and flux. Glob. Planet. Change 128, 24-30
(2015).

4. Rotbarth, R., Nes, E. H., Scheffer, M. & Holmgren, M. Boreal forests
are heading for an open state. Proc. Natl Acad. Sci. USA 122,
2404391121 (2025).

Nature Climate Change | Volume 16 | August 2026 | 971-979

976


http://www.nature.com/natureclimatechange
https://doi.org/10.1038/s41558-026-02692-z

Article

https://doi.org/10.1038/s41558-026-02692-z

10.

mn

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zhao, B. et al. North American boreal forests are a large carbon
source due to wildfires from 1986 to 2016. Sci. Rep. 11, 7723
(2021).

Hugelius, G. et al. Permafrost region greenhouse gas budgets
suggest a weak CO, sink and CH, and N,O sources, but
maghnitudes differ between top-down and bottom-up
methods. Glob. Biogeochem. Cycles 38, e2023GB007969
(2024).

Virkkala, A. M. et al. Wildfires offset the increasing but spatially
heterogeneous arctic-boreal CO, uptake. Nat. Clim. Change 15,
188-195 (2025).

Chang, X. et al. Thermal impacts of boreal forest vegetation

on active layer and permafrost soils in northern Da Xing’anling
(Hinggan) mountains, Northeast China. Arct. Antarct. Alp. Res. 47,
267-279 (2015).

Ran, Y. et al. Biophysical permafrost map indicates ecosystem
processes dominate permafrost stability in the Northern
Hemisphere. Environ. Res. Lett. 16, 095010 (2021).

Mishra, U. et al. Spatial heterogeneity and environmental
predictors of permafrost region soil organic carbon stocks. Sci.
Adv. 7, 5236 (2021).

Strauss, J. et al. in Organic Matter Storage and Vulnerability in
the Permafrost Domain 3rd edn (ed. Scott, E.) 399-410 (Elsevier,
2025); https://doi.org/10.1016/B978-0-323-99931-1.00164-1
Schuur, E. A. G. et al. Climate change and the permafrost carbon
feedback. Nature 520, 171-179 (2015).

Ping, C. L. et al. Carbon stores and biogeochemical properties
of soils under black spruce forest, Alaska. Soil Sci. Soc. Am. J. 74,
969-978 (2010).

Jongejans, L. L. et al. Molecular biomarkers in batagay
megaslump permafrost deposits reveal clear differences in
organic matter preservation between glacial and interglacial
periods. Cryosphere 16, 3601-3617 (2022).

Hugelius, G. et al. The northern circumpolar soil carbon database:

spatially distributed datasets of soil coverage and soil carbon
storage in the northern permafrost regions. Earth Syst. Sci. Data 5,
3-13 (2013).

Palmtag, J. et al. Storage, landscape distribution, and burial
history of soil organic matter in contrasting areas of continuous
permafrost. Arct. Antarct. Alp. Res. 47, 71-88 (2015).

Bonan, G. B. et al. Modeling canopy-induced turbulence in the
Earth system: a unified parameterization of turbulent exchange
within plant canopies and the roughness sublayer (CLM-ml vO).
Geosci. Model Dev. 11, 1467-1496 (2018).

Stuenzi, S. M. et al. Variability of the surface energy balance in
permafrost-underlain boreal forest. Biogeosciences 18, 343-365
(2021).

Betts, R. A. Offset of the potential carbon sink from boreal
forestation by decreases in surface albedo. Nature 408, 187-190
(2000).

Fisher, J. P. et al. The influence of vegetation and soil
characteristics on active-layer thickness of permafrost soils in
boreal forest. Glob. Chang. Biol. 22, 3127-3140 (2016).

Loranty, M. M. et al. Reviews and syntheses: changing ecosystem
influences on soil thermal regimes in northern high-latitude
permafrost regions. Biogeosciences 15, 5287-5313 (2018).
Stuenzi, S. M. et al. Thermohydrological impact of forest
disturbances on ecosystem protected permafrost. J. Geophys.
Res. Biogeosci. 127, €2021JG006630 (2022).

Tanaka, H. et al. Energy balance and its closure over a young larch
forest in eastern Siberia. Agric. For. Meteorol. 148, 1954-1967
(2008).

Zweigel, R. B. et al. Simulating the thermal regime and surface
energy balance of a permafrost-underlain forest in Mongolia.

J. Geophys. Res. Earth Surf. 129, e2023JF007609 (2024).

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

Stuenzi, S. M., Boike, J., Westermann, S. & Langer, M. Boreal
forest cover delays thermokarst onset in central Siberia’s Yedoma
deposits. J. Geophys. Res. Earth Surf. 130, e2024JF007873
(2025).

Steinert, N. J., Debolskiy, M. V., Burke, E. J., Garcia-Pereira, F. & Lee,
H. Evaluating permafrost definitions for global permafrost area
estimates in CMIP6 climate models. Environ. Res. Lett. 19, 014033
(2023).

Luo, Z., Ji, D. & Ahrens, B. Assessing climate modeling
uncertainties in the siberian frozen soil regions by contrasting
CMIP6 and LS3MIP. Cryosphere 19, 6547-6576 (2025).

Dankers, R., Burke, E. J. & Price, J. Simulation of permafrost

and seasonal thaw depth in the Jules land surface scheme.
Cryosphere 5, 773-790 (2011).

Ekici, A. et al. Site-level model intercomparison of high latitude
and high altitude soil thermal dynamics in tundra and barren
landscapes. Cryosphere 9, 1343-1361(2015).

Aalto, J., Karjalainen, O., Hjort, J. & Luoto, M. Statistical forecasting
of current and future circum-arctic ground temperatures and
active layer thickness. Geophys. Res. Lett. 45, 4889-4898 (2018).
Burke, E. J., Zhang, Y. & Krinner, G. Evaluating permafrost physics
in the Coupled Model Intercomparison Project 6 (CMIP6) models
and their sensitivity to climate change. Cryosphere 14, 3155-3174
(2020).

Jafarov, E. E. et al. Estimation of above- and below-ground
ecosystem parameters for DVM-DOS-TEM v0.7.0 using MADS
v1.7.3. Geosci. Model Dev. 18, 3857-3875 (2025).

Martinez-Garcia, E. et al. Drought response of the boreal forest
carbon sink is driven by understorey-tree composition. Nat.
Geosci. 17,197-204 (2024).

Janssen, T. A. J. & Veraverbeke, S. What are the limits to the growth
of boreal fires?. Glob. Chang. Biol. 31, 70130 (2025).

Layritz, L. S. et al. Disentangling future effects of climate change
and forest disturbance on vegetation composition and land
surface properties of the boreal forest. Biogeosciences 22,
3635-3660 (2025).

Kautz, M., Meddens, A. J. H., Hall, R. J. & Arneth, A. Biotic
disturbances in Northern Hemisphere forests - a synthesis of
recent data, uncertainties and implications for forest monitoring
and modelling. Glob. Ecol. Biogeogr. 26, 533-552 (2017).
Kalamandeen, M. et al. Climate change and human footprint
increase insect defoliation across central boreal forests of
Canada. Front. Ecol. Evol. 11, 1293311 (2023).

Kharuk, V. 1. et al. Wildfires in the Siberian taiga. Ambio 50,
1953-1974 (2021).

Bastin, J. F. et al. The global tree restoration potential. Science
364, 76-79 (2019).

Drever, C. R. et al. Natural climate solutions for Canada. Sci. Adv.
7, 6034 (2021).

Toit, F., Coops, N. C., Mulverhill, C. & Toomey, A. Assessing

the impact of afforestation as a natural climate solution in the
canadian boreal. Environ. Res. Ecol. 3, 035004 (2024).

Bala, G. et al. Combined climate and carbon-cycle effects of
large-scale deforestation. Proc. Natl Acad. Sci. USA 104, 6550-
6555 (2007).

Bonan, G. B. Forests and climate change: forcings, feedbacks, and
the climate benefits of forests. Science 320, 1444-1449 (2008).
Jin, Y. et al. The influence of burn severity on postfire vegetation
recovery and albedo change during early succession in North
American boreal forests. J. Geophys. Res. Biogeosci. 117, GO1036
(2012).

Helbig, M., Pappas, C. & Sonnentag, O. Permafrost thaw and
wildfire: equally important drivers of boreal tree cover changes
in the taiga plains, Canada. Geophys. Res. Lett. 43, 1598-1606
(2016).

Nature Climate Change | Volume 16 | August 2026 | 971-979

977


http://www.nature.com/natureclimatechange
https://doi.org/10.1016/B978-0-323-99931-1.00164-1

Article

https://doi.org/10.1038/s41558-026-02692-z

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Chen, D. & Loboda, T. V. Surface forcing of non-stand-replacing
fires in siberian larch forests. Environ. Res. Lett. 13, 2002-2011
(2018).

Stuenzi, S. M. & Strub, G. S. Vegetation trajectories and shortwave
radiative forcing following boreal forest disturbance in eastern
Siberia. J. Geophys. Res. Biogeosci. 125, €2019)JG005395

(2020).

Blanchard-Wrigglesworth, E., DeRepentigny, P. & Frierson, D. M.
W. Increasing boreal fires reduce future global warming and sea
ice loss. Proc. Natl Acad. Sci. USA 122, 2424614122 (2025).

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

Li, X. Y. et al. Influences of forest fires on the permafrost
environment: a review. National Climate Center https://doi.
org/10.1016/j.accre.2021.01.001 (2021).

Talucci, A. C. et al. Permafrost-wildfire interactions: active layer
thickness estimates for paired burned and unburned sites in
northern high latitudes. Earth Syst. Sci. Data 17, 2887-2909
(2025).

Montesano, P. M. et al. A shift in transitional forests of the North
American boreal will persist through 2100. Commun. Earth
Environ 5, 290 (2024).

Beck, H. E. et al. High-resolution (1 km) Képpen-Geiger maps for
1901-2099 based on constrained cmip6 projections. Sci. Data 10,
724 (2023).

Santoro, M. & Cartus, O. ESA Biomass Climate Change Initiative
(Biomass CClI): global datasets of forest above-ground biomass
for the years 2007, 2010, 2015, 2016, 2017, 2018, 2019, 2020, 2021
and 2022, v6.0. NERC EDS Centre for Environmental Data Analysis
https://doi.org/10.5285/95913ffb6467447ca72c4e9d8cf30501
(2025).

Gower, S. T. et al. Carbon distribution and aboveground net
primary production in aspen, jack pine, and black spruce stands
in saskatchewan and Manitoba, Canada. J. Geophys. Res. Atmos.
102, 29029-29041(1997).

Steele, S. J., Gower, S. T., Vogel, J. G. & Norman, J. M. Root mass,
net primary production and turnover in aspen, jack pine and
black spruce forests in saskatchewan and Manitoba, Canada. Tree
Physiol. 17, 577-587 (1997).

Kajimoto, T. et al. Above- and belowground biomass and net
primary productivity of a Larix gmelinii stand near Tura, Central
Siberia. Tree Physiol. 19, 815-822 (1999).

Sato, H., Kobayashi, H., Iwahana, G. & Ohta, T. Endurance of larch
forest ecosystems in eastern Siberia under warming trends. Ecol.
Evol. 6, 5690-5704 (2016).

Bond Lamberty, B., Wang, C. & Gower, S. T. Net primary
production and net ecosystem production of a boreal black
spruce wildfire chronosequence. Glob. Chang. Biol. 10, 473-487
(2004).

Berner, L. T. et al. Cajander larch (Larix cajanderi) biomass
distribution, fire regime and post-fire recovery in northeastern
Siberia. Biogeosciences 9, 3943-3959 (2012).

Vedrova, E. F., Shugalei, L. S. & Stakanov, V. D. The carbon balance
in natural and disturbed forests of the southern taiga in Central
Siberia. J. Veg. Sci. 13, 341-350 (2002).

Sergeeva, O., Mukhortova, L. & Krivobokov, L. Carbon stock in
litter of middle taiga forest ecosystems of Central Siberia. IOP
Conference Series: Earth and Environmental Science 875, 012085
(2021).

Mukhortova, L. V., Sergeeva, O. V., Krivobokov, L. V. & Osipenko, Y.
S. Structure of forest litter in larch forests of Middle and Southern
Siberia. IOP Conf. Ser. Earth Environ. Sci. 937, 032112 (2021).

Kurz, W. A. et al. Carbon in Canada’s boreal forest—a synthesis.
Environ. Rev. 21, 260-292 (2013).

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Abaimov, A. P. in Permafrost Ecosystems. Ecological Studies (eds
Osawa, A. et al.) Vol. 209, 41-58 (Springer, 2010); https://doi.org/
10.1007/978-1-4020-9693-8_3

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

Westermann, S. et al. ESA Permafrost Climate Change

Initiative (Permafrost CCIl): permafrost active layer thickness

for the Northern Hemisphere, v4.0. NERC EDS Centre

for Environmental Data Analysis https://doi.org/10.5285/
d34330ce3f604e368c06d76de1987ceb (2024).

Loranty, M. M. et al. Spatial variation in vegetation productivity
trends, fire disturbance, and soil carbon across arctic-boreal
permafrost ecosystems. Environ. Res. Lett. 11, 095008 (2016).
Bonan, G. B., Chapin, F. S. & Thompson, S. L. Boreal forest and
tundra ecosystems as components of the climate system. Clim.
Change 29, 145-167 (1995).

Mekonnen, Z. A., Riley, W. J., Randerson, J. T., Grant, R. F. & Rogers,
B. M. Expansion of high-latitude deciduous forests driven by
interactions between climate warming and fire. Nat. Plants 5,
952-958 (2019).

Nitzbon, J. et al. Fast response of cold ice-rich permafrost in
Northeast Siberia to a warming climate. Nat. Commun. 1, 2201
(2020).

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

Jorgenson, M. T. et al. Repeated permafrost formation and
degradation in boreal peatland ecosystems in relation to climate
extremes, fire, ecological shifts, and a geomorphic legacy.
Atmosphere 13, 1170 (2022).

Jafarov, E. E., Romanovsky, V. E., Genet, H., McGuire, A. D. &
Marchenko, S. S. The effects of fire on the thermal stability of
permafrost in lowland and upland black spruce forests of interior
Alaska in a changing climate. Environ. Res. Lett. 8, 035030 (2013).
Strauss, J. et al. Deep Yedoma permafrost: a synthesis of
depositional characteristics and carbon vulnerability. Earth Sci.
Rev. 172, 75-86 (2017).

Zimov, S. A. et al. Permafrost carbon: stock and decomposability
of a globally significant carbon pool. Geophys. Res. Lett. 33,
20502 (2006).

Strauss, J. et al. Circum-arctic map of the Yedoma permafrost
domain. Front. Earth Sci. 9, 758360 (2021).

Hodgkins, S. B. et al. Changes in peat chemistry associated with
permafrost thaw increase greenhouse gas production. Proc. Natl
Acad. Sci. USA 1M1, 5819-5824 (2014).

Treat, C. C. et al. Effects of permafrost aggradation on peat
properties as determined from a pan arctic synthesis of plant
macrofossils. J. Geophys. Res. Biogeosci. 121, 78-94 (2016).
Beilman, D. W., MacDonald, G. & Yu, Z. The northern peatland
carbon pool and the holocene carbon cycle. PAGES News 18,
22-24(2010).

Gorham, E., Lehman, C., Dyke, A., Clymo, D. & Janssens, J.
Long-term carbon sequestration in North American peatlands.
Quat. Sci. Rev. 58, 77-82 (2012).

Fewster, R. E. et al. Holocene vegetation dynamics of
circum-Arctic permafrost peatlands. Quat. Sci. Rev. 307, 108055
(2023).

Peplau, T., Schroeder, J., Gregorich, E. & Poeplau, C. Subarctic
soil carbon losses after deforestation for agriculture depend on
permafrost abundance. Glob. Change Biol. 28, 5227-5242
(2022).

Grunzweig, J. M., Valentine, D. W. & Chapin, F. S. Successional
changes in carbon stocks after logging and deforestation for
agriculture in interior Alaska: implications for boreal climate
feedbacks. Ecosystems 18, 132-145 (2015).

Nature Climate Change | Volume 16 | August 2026 | 971-979

978


http://www.nature.com/natureclimatechange
https://doi.org/10.1016/j.accre.2021.01.001
https://doi.org/10.1016/j.accre.2021.01.001
https://doi.org/10.5285/95913ffb6467447ca72c4e9d8cf30501
https://doi.org/10.1007/978-1-4020-9693-8_3
https://doi.org/10.1007/978-1-4020-9693-8_3
https://doi.org/10.5285/d34330ce3f604e368c06d76de1987ce5
https://doi.org/10.5285/d34330ce3f604e368c06d76de1987ce5

Article

https://doi.org/10.1038/s41558-026-02692-z

85. Jain, P. et al. Drivers and impacts of the record-breaking 2023
wildfire season in Canada. Nat. Commun. 15, 6764 (2024).

86. Veraverbeke, S. et al. Lightning impacts on global forest and
carbon dynamics: current understanding and knowledge gaps.
Glob. Change Biol. 31, 70179 (2025).

87. Walker, X. J. et al. Soil organic layer combustion in boreal black
spruce and jack pine stands of the Northwest Territories, Canada.
Int. J. Wildland Fire 27,125-134 (2018).

88. Waldrop, M. P. et al. Carbon fluxes and microbial activities from
boreal peatlands experiencing permafrost thaw. J. Geophys. Res.
Biogeosci. 126, €2020JG005869 (2021).

89. Webb, E. E. et al. Fire-induced carbon loss and tree mortality in
Siberian larch forests. Geophys. Res. Lett. 51, e2023GL105216
(2024).

90. Izbicki, B. et al. Wildfire and permafrost thaw reduce C pools and
diminish carbon sequestration potential in Yedoma surface soils.
J. Geophys. Res. Biogeosci. 130, €2024JG008631(2025).

91. Anyomi, K. A., Mitchell, S. J. & Ruel, J. C. Windthrow modelling in
old-growth and multi-layered boreal forests. Ecol. Model. 327,
105-114 (2016).

92. Seidl, R. et al. Forest disturbances under climate change.

Nat. Clim. Change 7, 395-402 (2017).

93. Massey, R. et al. Forest composition change and biophysical
climate feedbacks across boreal North America. Nat. Clim.
Change 13, 1368-1375 (2023).

94. Gibson, C. M. et al. Wildfire as a major driver of recent permafrost
thaw in boreal peatlands. Nat. Commun. 9, 3041 (2018).

95. Vi, S., Woo, M.-k & Arain, M. A. Impacts of peat and vegetation on
permafrost degradation under climate warming. Geophys. Res.
Lett. 34, L.16504 (2007).

96. Finger, R. A. et al. Effects of permafrost thaw on nitrogen
availability and plant-soil interactions in a boreal Alaskan
lowland. J. Ecol. 104, 1542-1554 (2016).

97. Ramm, E. et al. A review of the importance of mineral nitrogen
cycling in the plant-soil-microbe system of permafrost-affected
soils—changing the paradigm. Environ. Res. Lett. 17, 013004
(2022).

98. Pearson, R. G. et al. Shifts in arctic vegetation and associated
feedbacks under climate change. Nat. Clim. Change 3, 673-677
(2013).

99. McGuire, A. D. et al. Dependence of the evolution of carbon
dynamics in the northern permafrost region on the trajectory of
climate change. Proc. Natl Acad. Sci. USA 115, 3882-3887 (2018).

100. Myers-Smith, I. H. et al. Complexity revealed in the greening of
the arctic. Nat. Clim. Change 10, 106-117 (2020).

101. Mack, M. C. et al. Carbon loss from boreal forest wildfires offset by
increased dominance of deciduous trees. Science 372, 280-283
(2021).

102. Kropp, H. et al. Shallow soils are warmer under trees and tall
shrubs across Arctic and boreal ecosystems. Environ. Res. Lett. 16,
015001 (2021).

103. Mekonnen, Z. A. et al. Arctic tundra shrubification: a review of
mechanisms and impacts on ecosystem carbon balance. Environ.
Res. Lett. 16, 053001 (2021).

104. Heijmans, M. M. P. D. et al. Tundra vegetation change and impacts
on permafrost. Nat. Rev. Earth Environ 3, 68-84 (2022).

105. Hartley, I. P. et al. A potential loss of carbon associated with
greater plant growth in the European Arctic. Nat. Clim. Change 2,
875-879 (2012).

106. Wulder, M. A., Hermosilla, T., White, J. C. & Coops, N. C. Biomass
status and dynamics over Canada’s forests: disentangling
disturbed area from associated aboveground biomass
conseqguences. Environ. Res. Lett. 15, 094093 (2020).

107. Burke, K. D. et al. Pliocene and eocene provide best analogs for
near-future climates. Proc. Natl Acad. Sci. USA 115, 13288-13293
(2018).

108. Park, S.-W. et al. Continued permafrost ecosystem carbon
loss under net-zero and negative emissions. Sci. Adv. 11, 8819
(2025).

109. Sankey, T. & Tatum, J. Thinning increases forest resiliency during
unprecedented drought. Sci. Rep. 12, 9041 (2022).

110. Wotherspoon, A. R., Duchesne, L., Barrette, M. & Houle, D.
Pre-commercial thinning could mitigate drought stress of black
spruce stands. For. Ecol. Manag. 517, 120278 (2022).

1. Johnstone, J. F. et al. Fire, climate change, and forest resilience in
interior Alaska. Can. J. For. Res. 40, 1302-1312 (2010).

112. Mathes, K. C., Rogers, B. M., Frumhoff, P. C., Fox, J. & Saperstein, L.
B. Boreal wildfire management to protect carbon, permafrost and
human health: a pilot project on the yukon flats national wildlife
refuge. In AGU Fall Meeting Abstracts, B33I-05. https://agu.confex.
com/agu/agu24/meetingapp.cgi/Paper/1528085 (2024).

13. Teitelbaum, S., Asselin, H., Bissonnette, J.-F. & Blouin, D. in
Governance in the Boreal Forest: What Role for Local and
Indigenous Communities? (eds Girona, M. M. et al.) 513-532
(Springer, 2023); https://doi.org/10.1007/978-3-031-15988-6_20

14. Gundale, M. J. et al. The biological controls of soil carbon
accumulation following wildfire and harvest in boreal forests: a
review. Glob. Change Biol. 30, 17276 (2024).

15. Friedl, M. & Sulla-Menashe, D. MCD12Q1 MODIS/Terra+Aqua
Land Cover Type Yearly L3 Global 500m SIN Grid VOO6. NASA
Land Processes Distributed Active Archive Center https://doi.
org/10.5067/MODIS/MCD12Q1.006 (2019).

116. Brown, J., Ferrians, O. J. Jr, Heginbottom, J. A. & Melnikov, E. S.
Circum-Arctic Map of Permafrost and Ground-Ice Conditions,
Version 2 (National Snow and Ice Data Center/World Data Center
for Glaciology, 2002); https://doi.org/10.3133/cp45

17. Strauss, J. et al. Database of Ice-Rich Yedoma Permafrost
Version 2 (IRYP v2) [dataset]. PANGAEA https://doi.org/10.1594/
PANGAEA.940078 (2022).

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2026

Nature Climate Change | Volume 16 | August 2026 | 971-979

979


http://www.nature.com/natureclimatechange
https://agu.confex.com/agu/agu24/meetingapp.cgi/Paper/1528085
https://agu.confex.com/agu/agu24/meetingapp.cgi/Paper/1528085
https://doi.org/10.1007/978-3-031-15988-6_20
https://doi.org/10.5067/MODIS/MCD12Q1.006
https://doi.org/10.5067/MODIS/MCD12Q1.006
https://doi.org/10.3133/cp45
https://doi.org/10.1594/PANGAEA.940078
https://doi.org/10.1594/PANGAEA.940078
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41558-026-02692-z

Methods

We investigated forest canopy effects on continuous permafrost by
integrating satellite-derived vegetation products, climate reanalysis
data and numerical modelling. A supervised classification approach
grouped the domaininto 16 bioclimatic clusters based on:

(1) climate zones: seven subarctic and semi-arid Koppen-Gei-
ger climate classes defined by temperature, seasonality and
precipitation®’;

(2) PFT: Moderate Resolution Imaging Spectroradiometer
(MODIS)-derived boreal forest PFTs (ENF/DNF, DBF)">;

(3) continuous permafrost extent®®;

(4) clusters established separately per continent to account for
regional climate-vegetation interactions and climate history.

The classification framework was implemented through three
sequential steps. First, climate zones were delineated using the
Kdppen-Geiger system®, which categorizes regions on the basis of
critical temperature thresholds and seasonal patterns, emphasizing the
coldest month of the year as adetermining factor (Extended Data Fig. 1
and Extended Data Table 1).

Second, forest PFT were extracted from MODIS MCD12Q1 at 500 m
resolution', focusing on the PFTs that represent boreal forests. The
deciduous needleleaf PFT covers 17.2% or 1.97 x 10° km?, particularly
in Eurasian Dwc and Dfd zones (Extended Data Fig. 2).

Third, these data were intersected with continuous permafrost
boundaries, excluding discontinuous, sporadic and isolated per-
mafrost zones®’. Continental-scale differentiation was maintained
throughout the analysis, with 5 clusters identified in North America
and1linEurasia (Extended Data Table 2 and Extended Data Fig. 2). This
separation accounts for fundamental bioclimatic differences: Eura-
sian forests experience stronger continentality with colder winters,
while clustersin North America show greater precipitation variability.
Within each climate zone, clusters are only established for PFTs that
are present.

Processing of remote sensing and climate forcing data

We used Google Earth Engine® to analyse the spatial distribution of
tree PFTs within continuous permafrost regions and their associated
Koppen climate classifications. The approachincluded three steps: (1)
dataacquisitionand preprocessing, (2) masking and classification, and
(3) spatial analysis and export.

We obtained three primary datasets: (1) the Képpen-Geiger cli-
mate classification®, (2) a continuous dataset on the extent of perma-
frost®® and (3) the MODIS land cover product (MCD12Q1, Collection 6.1,
ref.115). The MODIS dataset provides annual land cover classifications
ataspatial resolution of 500 m. We used the 2020 land cover map and
extracted the ‘LC_Type5’ bandtoidentify boreal PFTs. The classification
identifies areas with ENF, DNF and DBF trees >2.0 min height and with
tree cover >10%. The use of MODIS PFTs to map forested areasis limited
by multiple factors that warrant careful consideration. Foremost is the
coarse spatial resolution, which obscures fine-scale forest patterns and
isinadequate for detecting forest clearing occurring at subpixel scales
or mixed pixelsintransition zones. In addition, class-specificaccuracies
vary widely, particularly for spectrally similar vegetation types, result-
ingin potential misclassification and omission of forest patches due to
residual noise in input time series, missing data, and variability in the
training database. Alternative land cover classifications and datasets
would yield somewhat different estimates of boreal forest extent on
continuous permafrost, depending on the classification approach and
spatial resolution (Supplementary Section 4.4).

To define forested areas within continuous permafrost zones, we
applied abinary mask to the PFT datatoretain pixels classified as ENF
(class 1), DNF (class 3) and DBF (class 4). The continuous permafrost
dataset (1,000 mspatial resolution) was rasterized to match the MODIS
grid and used to create a binary mask (1 = continuous permafrost),

which was then applied. We note that use of the Obu et al. (2019)
permafrost dataset introduces uncertainty due to its model-based
representation of permafrost extent, limited ground validation and
static snapshot nature, which oversimplifies complex spatial and
temporal dynamics®.

A combined mask was subsequently applied to the Koppen climate
classificationraster, filtering climate datato include only areas overlap-
ping with both continuous permafrost and tree PFTs. The processed
rasters were clipped to predefined bounding geometries for North
America and Eurasia before export. The final output consisted of a
two-band image: one band representing the continuous permafrost
filtered tree PFT distribution and the other the corresponding Kop-
pen climate classification. Resulting combinations with fewer than 10
pixels were filtered out toreduce noise, resultinginatotal of 16 clusters
(Extended Data Fig. 2). ERAS hourly forcing (1990-2023) was spatially
averaged per cluster (Supplementary Section 7).

Canopy density was classified into three classes based on mean
summer (June,July, August) LAl derived from MODIS MOD15A2H (Col-
lection 6.1, ref. 119): sparse canopy (LAl =1, representing LAl <1.2; 53%
of area), moderate canopy (LAl =2, representing 1.2 < LAl < 3; 31.1%)
and dense canopy (LAI = 4, representing LAI >3; 15.9%). Full details of
LAI processing and quality filtering are provided in Supplementary
Section 8.

Tocharacterizegroundiceconditions, we utilizedtheNorthernHem-
isphere Permafrost Ground Ice Volume dataset (GGD318, version 2)"'¢,
which provides estimated excess ice content at 12.5 km spatial reso-
lution (Supplementary Fig. 6). The dataset classifies excess ice into
five categories based on volumetric ice content and distribution pat-
terns: negligible (<10% by volume), low (10-20%), medium (20-30%),
high (>30%) and variable (heterogeneous distribution with localized
high-ice-contentareas). Excessice distribution across forested continu-
ous permafrost regions showed considerable spatial heterogeneity. We
filtered for high excessice conditions, indicative of ice-rich permafrost
susceptible to ground subsidence upon thaw.

Process representation in the coupled permafrost-vegetation
model

To simulate the thermal and hydrological processes within the clus-
ters, we applied the CryoGrid community model, a numerical land
surface model designed for permafrost environments'. CryoGrid
integrates modules for excess ground ice, snow physics, lateral water
flow and a multilayer forest canopy, making it well suited for cap-
turing ecosystem-specific interactions between forest and perma-
frost. The model set-up follows previous implementations®'* with
updated adaptations to account for PFT-specific canopy characteristics
(Extended DataFig. 3 and Supplementary Tables 4 and 5).

Canopy radiative transfer. The multilayer canopy module resolves
shortwave and longwave radiation transfer between atmosphere,
canopy layers and ground surface". Shortwave radiation is calculated
using atwo-stream approximation that partitions solar radiationinto
direct beam, scattered direct beam and diffuse components for sun-
lit and shaded leaves based on cumulative plant area index and leaf
optical properties (reflectance and transmittance). This represents
the summer shading mechanism that reduces solar radiation reach-
ing the ground by up to 90% (ref. 18). Longwave radiation exchange
among canopy layers, the ground surface and the atmosphere is rep-
resented using amultilayer radiative transfer scheme that accounts for
both emission and scattering. This framework resolves canopy-scale
longwave radiative trapping, whereby radiation emitted from the
surface and vegetation is absorbed and re-emitted within the can-
opy, enhancing downward longwave flux at the forest floor relative
to open conditions”. The resulting increase in subcanopy longwave
irradiance elevates ground surface temperatures, particularly during
winter months'®,
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Turbulent heat fluxes. The multilayer canopy model computes sen-
sible and latent heat fluxes at multiple within-canopy layers using a
diffusive flux approach based on scalar concentration gradients and
eddy diffusivity profiles. Above-canopy fluxes are calculated using
Monin-Obukhov similarity theory with stability corrections modi-
fied for the roughness sublayer. Within the canopy, wind speed and
turbulent diffusivity both decrease exponentially with depth below
the canopy top, with the rate of decrease determined by a mixing
length scale that relates to canopy density”. This vertical structure
creates distinct microclimates within the canopy, with temperature,
humidity, and wind speed varying by layer. The ground surface energy
balance is solved separately from canopy layers, with ground-level
turbulent fluxes computed from the temperature and humidity differ-
ences between the ground surface and the lowest atmospheric layer
within or below the canopy, mediated by aerodynamic resistance that
depends on near-surface wind speed. The canopy effectively buffers
ground-atmosphere coupling by reducing wind speeds and vapour
pressure gradients at ground level. During cold periods, this sup-
pression reduces turbulent cooling of the ground (warming effect),
while during warm periods it limits turbulent heating from warm air
above (cooling effect). This multilayer approach allows the model to
represent how canopy density (LAI) modulates the degree of ground
thermal buffering.

Evapotranspiration and soil moisture coupling. Canopy transpiration
is calculated from stomatal conductance optimized for water-use effi-
ciency within constraintsimposed by plant hydraulics and soil-to-leaf
water transport”'?2, Transpiration fluxes are subtracted from soil layers
within the rooting depth, and evaporation/sublimation fluxes from
the ground or snow surface are calculated based on surface energy
balance'®. Soil thermal conductivity is calculated as aweighted power
mean of the conductivities and volumetric fractions of water, ice, air,
mineral and organic constituents'?, following its implementation in
CryoGrid™*'®, Increases in soil moisture enhance thermal conductiv-
ity, strengthening conductive heat exchange between the surface and
deeper soillayers and thereby altering ground heat flux. Soil moisture
dynamics are represented in a one-dimensional vertical scheme that
accounts for canopy interception, throughfall, evapotranspiration and
precipitation infiltration'”®,

Snow dynamics. Snow processes are represented using the Crocus
multilayer snow scheme'?® asimplemented in CryoGrid'”, which simu-
lates snow accumulation, compaction, densification, microstructure
metamorphism and melt. Snow microstructure is characterized by
grainsize, sphericity and dendricity, which evolve on the basis of tem-
perature gradients and liquid water content'*, The canopy module
includes snow interception on canopy elements, handled similarly
to liquid precipitation interception, which reduces ground snow-
pack accumulation. Sublimation is calculated from the snow surface
based on surface energy balance. Canopy shading reduces incoming
shortwaveradiation to the snowpack, modulating the timing and rate
of snowmelt. The snowpack provides thermal insulation between the
atmosphere and ground, with notable implications for winter ground
temperatures and subsequent summer thaw depths'.

Subsurface heat and water transfer. The subsurface extends to
100 m depth where the geothermal heat flux is set to 0.05 W m (ref.
128). The ground is divided into layers with thickness of 0.05 m for
the top 8 m, 0.1 m for the next 20 m (8-28 m depth), 0.5 m from 28
to 50 m,and 1 m thereafter®”. Heat conduction is solved with thermal
conductivity and heat capacity that respond dynamically to changesin
moisture content, ice content and temperature following ref. 123 and
ref.125. Flowin freezing soil is solved using a modified non-isothermal
Richards equation. Phase partitioning among liquid water, water
vapour and ice follows ref. 129, which eliminates jump discontinuity

at freezing and improves performance for unsaturated conditions
typical of boreal eastern Siberia. ALT is diagnosed as the maximum
depth of seasonal thaw where temperatures exceed 0 °C during the
thaw season.

The model set-up follows previous implementations®>'*° with
updated adaptations to account for PFT-specific canopy characteristics
(see Extended Data Fig. 3 and Supplementary Table 4 for parameters
and constants) based on MODIS-derived PFT classifications and ref.
17. PFT is specified as a parameter at initialization which automati-
cally assigns canopy parameters, including leaf and photosynthetic
properties. The canopy is described by LAI, stem area index and leaf
areadensity function. Static canopy configurations are prescribed with
summer LAls 0f1.0,2.0 and 4.0 m?* m 2, stem areaindex of 0.05 m?> m~
andtree height of 12.0 m (ref. 121). The vertical distribution of leaf area
is represented by the beta distribution probability density function
with parameters p = 3.5 and g = 2 for needleleaf trees, which approxi-
mates a cone-like tree shape™. Deciduous phenology (DNF and DBF) is
prescribed through seasonal LAl variations, with leaf-off periods from
October to May when LAl is reduced to minimum values representing
stems and branches only, while ENFs maintain constant LAl year-round.
The lower atmospheric boundary layer is simulated by 4 m of atmos-
phericlayers above the canopy.

Model initialization and spin-up. We simulate the surface and ground
fluxes in forested and bare-ground set-ups for each cluster. Simula-
tions are performed with a 5-min time step to resolve subdaily varia-
tionsin energy fluxes and soil moisture. Snowpack evolution follows
the Crocus snow scheme'”, ensuring representation of snow accumu-
lation, interception and melt processes'?®. Our modelling framework
isolates the thermal effect of canopy cover by comparing forested
versus bare-ground scenarios withinidentical climate-soil-permafrost
combinations. For each of the 16 bioclimatic clusters, we apply iden-
tical soil parameterizations (mineral layer properties) and identical
initial soil temperature and moisture profiles to both forested and
unforested model runs, varying only the presence and absence of
canopy and the organic layer thickness. For forested simulations,
the model prescribes a thin organic layer (0.16 m), typical for upper
soil layers below canopies, whereas for bare simulations, acombined
organic-mineral soil profile is applied, with a thin organic layer of
0.04 m, following previous model set-ups (Supplementary Table 6).
The bare-ground simulation serves as the reference run for unfor-
ested conditions. Simulations are run for 1991-2023 and analysed
for the 2018-2023 analysis period. This paired design allows us to
attribute differencesin ALT specifically to canopy-mediated thermal
buffering. The model set-up follows previous implementations®'*°
with updated adaptations to account for PFT-specific canopy char-
acteristics (Supplementary Table 4) based on the MODIS-derived PFT
classifications”. Future studies might also consider clustering based
on soil composition and organic layer thickness.

Target variables and spatial analyses

To evaluate the physical impact of boreal forest cover on permafrost,
we quantified the thermal buffering effect of canopies across vary-
ing densities on ALT and the resulting impact on SOC exposure to
seasonal thaw.

ALT analysis. We employed a delta approach that combines observa-
tional baseline data with model-derived canopy effects. For each of
the 16 bioclimatic clusters, we simulated four scenarios using Cryo-
Grid: three forested scenarios with varying canopy density (sparse,
LAI=1; moderate, LAl = 2; dense, LAl = 4) and one bare-ground scenario
(LAI=0). From these simulations, we calculated the cluster-specific
changein ALT for each canopy density:

AAI-TLAI,cIuster = ALTbare,sim - AI-TLAl,sim,
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where ALTy,pe sim iS the simulated ALT under bare-ground conditions,
ALT 5 simis the simulated ALT for each forested scenario (LAI=1,2 or 4)
and the subscript ‘cluster’ denotes that each value is specifictoagiven
climate-PFT combination. Positive values of AALT ;s indicate that
the canopy reduces ALT relative to bare ground, with the magnitude
representing the thermal buffering capacity of each canopy density.

To generate spatially explicit estimates of ALT under hypotheti-
cal canopy removal scenarios, we applied these cluster-specific AALT
values to the observational baseline ALT from the Climate Change
Initiative (CCI) permafrost product®: ALT e es(X, ¥) = ALT (X, y) +
AALT cusier Where ALT(x, y) represents the gridded observed ALT
under current forested conditions at location (x, y), and ALT ¢ e«
(x,y)istheestimated ALT if the current canopy were replaced with the
corresponding LAl scenario. Each LAl scenario (1, 2 or 4) produces a
distinct AALT  ; useer Value and thus a different estimated bare-ground
ALT for each pixel. The AALT 4 useer Value is applied uniformly to all
pixels within each cluster. This approach leverages the spatial detail
of the CCl observational product while incorporating model-derived
estimates of how canopy density modulates thermal buffering effects.

We evaluated CryoGrid’s capability to reproduce observed
ALT magnitudes using field measurements from the Circumpo-
lar Active Layer Monitoring (CALM) programme''. The CALM
dataset comprises 17 sites within four of the simulated clusters
(Supplementary Fig.1). Model validation demonstrates that CryoGrid
reproduces the observed range and spatial patterns of ALT in forested
continuous permafrost regions.

SOC analysis. The canopy-protected SOC pool was quantified by com-
paring SOC exposed to seasonal thaw under current forested condi-
tions versus hypothetical bare-ground conditions for each LAl scenario.
For each pixel, we calculated: ASOC (X, ¥) = SOCawed[ ALT pare,est (X, V)]
=SOC awed[ALT (X, 1)1, where SOC,,neq[ALT] represents the vertically
integrated SOC fromthe surface to ALT, calculated from the Northern
Circumpolar Soil Carbon Database (NCSCDv2)". Because each LAI
scenario produces different ALT,,..,; values, this yields three estimates
of canopy-protected SOC corresponding to sparse (LAl =1), moderate
(LAI=2) and dense (LAI = 4) canopy scenarios.

The integration accounted for vertical SOC heterogeneity by
applying depth-weighted interpolation across the four standardized,
available depth intervals (0-0.3 m, 0.3-1m, 1-2 m and 2-3 m). For
each pixel, the absolute ALT depth (ALT ;e .cs OF ALT(¢;) determined
which depthintervals contributed to the seasonally thawed SOC pool.
The resulting ASOC, 4 (x, y) represents the additional SOC that would
be exposed to seasonal thaw under each LAl scenario compared with
current conditions, corresponding to the canopy-protected carbon
pool at each canopy density. Finally, the total net change in exposed
SOC for each scenario was determined by spatially summing the
pixel-level ASOC, ,(x,y) values across the forested continuous per-
mafrost domain, yielding regional estimates of canopy-protected
carbonstocks in petagrams.

Raster calculations were performed in two stages. Initial com-
putations of SOC exposure to thaw were conducted in a geographic
coordinate system (EPSG:4326) at 0.0449° x 0.0449° resolution
matching the CCl and NCSCDv2 products. For mass summation,
the SOC rasters were reprojected to an equal-area polar stereo-
graphic system (EPSG:3413) at 500 mresolution to ensure accurate
area-based calculations of carbon stocks in petagrams. Raster opera-
tions were executed using GDAL (Geospatial Data Abstraction Library,
v3.8.0)**with array-based computationsin NumPy (v1.24.1)"** within
aPython 3.9.5 environment. Maps were generated using QGIS version
3.34.1-Prizren’*. For large-scale analyses exceeding available RAM,
we employed block-wise processing with optimized tile sizes (1,024
x 1,024 pixels), sequentially processing data subsets while maintain-
ing spatial consistency through edge handling and memory flushing
betweeniterations.

This assumed only gradual thaw, where only the carbon within the
activelayeris considered at risk of mobilization. Inregions character-
ized by high excess ice based on ref. 116, permafrost thaw is likely to
occur rapidly due to thermokarst and thaw lake formation processes
(Supplementary Fig. 6). Therefore, in a second analysis step and for
high excessice areas only, we considered the entire SOC column from
the surface downto 3 mtobe exposed to seasonal thaw upon potential
canopy removal (Supplementary Fig. 4).

The spatial distribution of the exposed SOC was analysed across
dominantsoil classifications (Extended Data Fig. 4) toidentify vulner-
able pedological units. For soil classification, we integrated the four
primary permafrost-affected soil types from the NCSCDv2 (Histels,
Orthels, Histosols and Turbels)® with Yedoma deposits (high con-
fidence only) from the IRYP v2 database” (Supplementary Fig. 6).
The NCSCDv2 dataset acknowledges substantial uncertainties (Sup-
plementary Section 4.4), particularly regarding spatial coverage of
deep pedons and distribution of massive ground ice®, while the IRYP
v2 applies a three-level confidence classification (confirmed, likely,
uncertain) to account for variability in Yedoma identification'. By
restricting our analysis to high-confidence Yedoma areas only, we
minimize classification uncertainty in this particularly vulnerable soil
type. Percentage-cover rasters for each NCSCDv2 soil class were used
to derive adominant soil type per grid cell, defined as the class with the
highest fractional coverage. This dominant-class approachintroduces
classification uncertainty in mixed-soil pixels, where secondary soil
types may occupy substantial fractions but are not representedin our
analysis. Yedoma deposits were treated as a priority class and assigned
dominance wherever present, regardless of underlying soil composi-
tion. The Yedoma raster was resampled to match the spatial extent and
resolution of the NCSCDv2 grid using nearest-neighbour interpolation
before classification. The resulting dominant soil classification raster
was reprojected from geographic coordinates (EPSG:4326) to the
equal-area polar stereographic system (EPSG:3413) at 500 m resolu-
tion to align with the SOC data. A masking procedure was applied to
retain only pixels with valid SOC values and to restrict the analysis to
continuous, forested permafrost regions. For quantitative analysis,
SOC was aggregated by soil class using zonal statistics. Total carbon
stocks were calculated by summing pixel-level SOC density (kg m™)
multiplied by pixel area (m?), withresults reported in petagrams. Area
calculations and percentage distributions were computed to assess the
relative contribution of each soil class to total exposed SOC.

SOC vulnerability classifications were assigned to each dominant
soil type. These classifications represent pedological characteris-
tics rather than quantitative thaw rates, and inherit the spatial and
classificatory uncertainties of the underlying soil datasets. Yedoma
deposits were classified as very high vulnerability due to deep car-
bon storage, high lability of well-preserved organic matter, and high
excessice content that facilitates rapid thermokarst-mediated carbon
mobilization””. Turbels were classified as high vulnerability because
cryoturbation distributes fresh organic matter throughout soil pro-
files, making carbon accessible upon thaw under variable drainage
conditions®. Orthels were classified as medium vulnerability because,
despite lower total SOC content, post-thaw drainage favours rapid
aerobic decomposition’. Histels and Histosols were classified as low
vulnerability because waterlogged conditions persist after thaw, con-
straining decomposition to slower anaerobic pathways regardless of
depth®. These classifications reflect the rate and pathway of potential
SOC mobilization following canopy loss and permafrost thaw, rather
than absolute carbon stock size.

Soil class composition differs markedly across PFTs (Supplemen-
tary Fig. 7). DNF forests, which dominate the continuous permafrost
zone, overlie predominantly Orthels (59.9%) with a substantial Turbel
fraction (28.0%) and the highest Yedoma occurrence of any PFT (6.0%),
concentrating both medium- and high-vulnerability soils. ENF and DBF
forests show a strikingly different pattern, with Turbels as the largest
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class (53.8% and 48.8%, respectively) and Histels as the second most
abundant (29.8% and 40.7%), reflecting wetter, more cryoturbated soil
conditions and very low Yedoma occurrence.

To estimate the biomass carbon pools we combine the different
above-andbelow-ground live biomass, litter biomass and below-canopy
biomass pools from literature, using low and high regional estimates
for North America and Eurasia each (Supplementary Section 6).

Data availability

Climate data were obtained using Koppen-Geiger climate classifica-
tion data® from https://www.gloh2o0.org/koppen/ to generate shape-
files for extracting ERAS reanalysis forcing data'> (ECMWF Reanalysis
v5, 0.25° x 0.25° resolution) for the Northern Hemisphere covering
September 1990 to September 2023, accessed through the Coperni-
cus Climate Data Store (https://cds.climate.copernicus.eu/). Perma-
frost extent data®® were accessed at https://doi.pangaea.de/10.1594/
PANGAEA.888600 (ref. 136). Land cover data were obtained from
the MODIS land cover product (MCD12Q1, Collection 6.1'%, https://
doi.org/10.5067/MODIS/MCD12Q1.061 (ref. 137) and the MODIS Leaf
Area Index product (MOD15A2H, Collection 6.1, 10.5067/MODIS/
MODI15A2H.061"%), which provides global 8-day composite LAl esti-
mates at 500 mspatial resolution. Both datasets were accessed through
Google Earth Engine. Aboveground biomass data were obtained from
the European Space Agency Climate Change Initiative Biomass project
(version 6.0°*). The GeoTIFF file for 2021-2022 was downloaded from
the Centre for Environmental Data Analysis archive (https://data.ceda.
ac.uk/neodc/esacci/biomass/data/agb/maps/v6.0/geotiff/2022-2021/),
accessed on 6 May 2025. The Bright Earth eAtlas basemap used for
cartographic background in Figs. 1, 3 and 5, Extended Data Figs. 1,
2and 4, and Supplementary Figs. 3 and 6 is available under a Creative
Commons license CC-BY-3.0-AU at https://eatlas.org.au/data/uuid/
ac57aa5a-233b-4c2c-bd52-1fb40a31f639 (ref. 138). Source data are
provided with this paper.

Code availability

The computer code and input data (parameter files and forcing data)
requiredtoreproducetheforested and bare-ground simulations are avail-
ableviaZenodo at https://doi.org/10.5281/zenodo.11382310 (ref. 139).
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Extended Data Table 1| Names and descriptions of Képpen climate zones used in this study

Code Climate Description

Dwc Monsoon-influenced subarctic Cold, dry winter; 1--3 month > 10°C; much wetter in summer

Dsc Dry summer subarctic Cold, dry winter; 1--3 month > 10°C; much wetter in winter, dry summer

Dfc Subarctic Cold, 1--3 month > 10°C; no substantial precipitation difference between seasons
Dwd Monsoon-influenced extremely cold subarctic Extremely cold; 1--3 month > 10°C; much wetter in summer

Dsd Extremely cold, dry summer, subarctic Extremely cold, 1--3 month > 10°C; much wetter in winter, dry summer

Dfd Extremely cold subarctic Extremely cold, 1--3 month > 10°C; no seasonal precipitation difference

BSk Cold semi-arid (steppe) Semi-arid, cold; MAAT <18°C; dry, with some seasonal precipitation.

Names and descriptions of K&ppen climate zones (Beck et al., 2023). Extremely cold: coldest month < -38 °C. Cold: coldest month < 0 °C (MAAT = mean annual air temperature).
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Extended Data Table 2 | Clusters of plant functional types and associated Képpen climate zones in Eurasia and
North America

Region DNF ENF DBF Climate zones
Eurasia 6 2 2 Dwec (2), Dfc (2), Dfd (1), Dwd (1), Dsd (1), Dsc (1)
North America 1 4 1 Dwec (1), Dfc (2), Dsc (2), BSk (1)

Clusters of PFTs and associated Koppen climate zones in Eurasia and North America. DNF = Deciduous needleleaf forest, ENF = Evergreen needleleaf forest, DBF = Deciduous broad|eaf forest.
Numbers in parentheses indicate the number of clusters per zone.
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Extended DataFig. 1| Spatial distribution of climate zones in forested continuous permafrost based on the Koppen-Geiger classification (Beck et al., 2023).
Basemap: Bright Earth eAtlas v1.0 (AIMS, GBRMPA, JCU, DSITIA, GA, UCSD, NASA, OSM, ESRI), under a Creative Commons license CC-BY-3.0-AU.
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Extended Data Fig. 2 | Distribution of the continuous permafrost zones and further categorized by Koppen-Geiger climate classifications (Beck et al.,2023).
plant functional types across the Northern Hemisphere. Map shows the The map highlights the overlap between the continuous permafrost zone and
spatial extent of permafrost classified as continuous (blue), the continuous boreal forest vegetation, illustrating the bioclimatic diversity of high-latitude
permafrost zone is overlaid with dominant forest PFTs (Friedl et al., 2015): ecosystems. Basemap: Bright Earth eAtlas v1.0 (AIMS, GBRMPA, JCU, DSITIA, GA,

deciduous needleleaf (shades of pink and purple), deciduous broadleaf (shades UCSD, NASA, OSM, ESRI), under a Creative Commons license CC-BY-3.0-AU.
of yellow tored), and evergreen needleleaf (shades of red). Forest types are

Nature Climate Change


http://www.nature.com/natureclimatechange
https://creativecommons.org/licenses/by/3.0/au/legalcode

Article https://doi.org/10.1038/s41558-026-02692-z

Atmospheric input

(Kdppen climate zone) + PO

\ 2 / A /

Sparse | Mid §Dense§

Canopy parameterization :

(LAI + PFT) i
A

v
Subcanopy space @ 4 4
- <P v ¥V gty
(5) ()| snow Snow
>4 A | A A A AC]> > p A A A >
. v —Vv ¥ ¥ 7A|_T’ ¥ ¥
Soil layers — s ! N
(mineral + organic content) B <[> Permafrost ¥ ¥  «l»
4 4
Bedrock 5 Bedrock

Forested Bare ground

Extended Data Fig. 3| Schematic representation of model functionalities bare ground scenarios to isolate canopy effects on permafrost dynamics. Key
controlling permafrost thermal dynamics under forested and bare ground mechanismsinclude: (1) shading, reducing incoming solar radiation to the
conditions. Atmosphericinputs based on forcing data derived per Koppen ground; (2) precipitation interception by the canopy, reducing throughfall; (3)
climate zone (blue arrows: water fluxes; red arrows: energy fluxes) are modified transpiration, driving soil moisture depletion; (4) longwave radiation trapping,
by canopy structure, parameterized through leafareaindex (LAI) and plant whereby dense canopies re-emit longwave radiation downward, warming the
functional type (PFT) classifications spanning sparse to dense canopies across ground surface particularly in winter; (5) suppressed turbulent heat fluxes
evergreen needleleaf (ENF), deciduous needleleaf (DNF), and deciduous atthe soil surface beneath the canopy due to reduced wind speeds; and (6)
broadleaf (DBF) forests. The model framework contrasts forested versus canopy-modulated snowmelt timing.
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Extended DataFig. 4 | Distribution of dominant soil types across forested
continuous permafrost regions. Spatial extent of the continuous permafrost
zone overlaid with dominant soil types (Hugelius et al., 2013), focusing on
areas of forest cover. Soil classes reflect major soil groups characteristic of
permafrost-affected landscapes. The map highlights the spatial heterogeneity
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of soil properties within forested continuous permafrost regions, underscoring
their rolein controlling soil organic carbon storage and permafrost thermal
stability. Basemap: Bright Earth eAtlas v1.0 (AIMS, GBRMPA, JCU, DSITIA, GA,
UCSD, NASA, OSM, ESRI), under a Creative Commons license CC-BY-3.0-AU.
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