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W Check for updates

Climate warming is increasing the prevalence of overwintering ‘zombie’
fires, which are expected to occur primarily in peatlands, undermining
carbon storage through deep burning of organic soils. We visited
overwintering fires in Northwest Territories, Canada, and Interior Alaska,
United States, and present field measurements of where overwintering
fires are burning in the landscape and their impact on combustion severity
and forest regeneration. Combustion severity hotspots did not generate
overwintering, but peat and woody biomass smouldering both supported
overwintering, leading to wintertime smouldering in both treed peatlands

and upland forests. These findings create challenges for fire managers
and uncertainty about carbon emissions, but forest regeneration was

not compromised.

Overwintering or ‘zombie’ firesignite in one fire season, smoulder over
winter and re-emerge after snowmelt'. High-latitude warming? that is
leading to morelarge, severe wildfire seasonsis also conducive to more
overwintering fires**. The 2023 fire season exemplifies this: extreme
hot, dry conditions in Western Canada led to widespread burning
(>10 Mha) and unprecedented numbers of overwintering fires (>150)
and spring flare-ups, numbers that do not capture the full extent of
overwintering fires as many go undetected and unreported because
they do not flare up or are too small for detection. Despite growing
concerns about the ecological and climate feedbacks of overwintering
fires*®, we lack in situ information. Here, we evaluate where overwin-
tering fires occur in the landscape, that is, treed peatlands or upland
forests. We also investigated the impacts of these fires on combustion
severity, postfire tree regeneration and material legacies that affect
postfire forest recovery.

Overwintering fires are thought to occur primarily in peatlands
where deep, carbon-rich peat can support smouldering combustion
belowground for extended periods’ with potential feedbacks on cli-
mate warming'. However, there are no field-based observations to sup-
portthis expectation. To evaluate whereinthe landscape overwintering
fires occur and their ecologicalimpacts, we sampled 20 overwintering
fire sites, without previous knowledge of the landcover in which they
were burning, and nearby single-season fires that burned in the initial
ignition year without overwintering. We determined the forest type
in which overwintering fires burned (treed peatland versus forested
upland) and the main mechanism of smouldering.

Smouldering combustion impacts material legacies, mat-
ter present in an ecosystem after disturbance’. Smouldering over
winter in organic soils should lead to a thinner and less variable
residual soil organic layer (SOL) owing to deeper soil combustion®,
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Fig.1| Aerial and ground images of landscape conditions in which overwintering fires occurred. a-f, Landscape (a-c) and corresponding ground-based (d-f)
pictures of sites where overwintering fires occurred. These locations ranged from subhygric peatlands (a,d) to mesic (b,e) and xeric (c,f) productive forests.

Photo credits:].L.B. (a,c,d,f), S.V. (b) and Jason Paul (e).

modifying seedbeds’. Similarly, extended smouldering should accel-
erate postfire tree fall because smouldering combusts roots and the
organic soil supporting them, owing to lower soil moisture around
trees'’. Dead-fallen versus dead-standing trees alter postfire regenera-
tion conditions (for example, viashading), fuel structure, decomposi-
tion and wildlife use".

Recent boreal wildfires are altering forest composition (for exam-
ple, conifer to broadleaf) but perhaps more worryingly, undermining
regeneration entirely (thatis, forest to non-forest)’; forests experienc-
ing short-interval fires may be particularly vulnerable™. Overwintering
fires could exacerbate this loss of resilience through two main mecha-
nisms. First, greater canopy combustionresulting fromburninginboth
the initial and overwintering fire year should reduce seed inputs and
seedling establishment™. Second, soil heating with prolonged smoul-
dering and subsequent flare-ups should kill seeds and seedlings on the
forest floor that would have supported regrowth. These mechanisms
shouldresultin poor orfailed tree regeneration. Alternatively, deeper
burningand exposure of mineral soil seedbeds canimprove establish-
ment conditions for many boreal species, particularly faster-growing,
broadleaf trees”, meaning that, if seeds are available, seedling estab-
lishment and growth may be higher’.

The largest number of overwintering fires in Interior Alaska
(AK) and southern Northwest Territories (NT) since detection began
in 2000° occurred following large fire years in 2009 (AK; 1.19 Mha)
and 2014 (NT; 2.85 Mha)'®. Overwintering fire locations® in these
years were refined using high-resolution (30 m) Landsat images
(Hessilt et al., manuscript in preparation); all locations were remote,
requiring helicopter access. This led to 15 (AK) and 17 (NT) potential
locations within a flight radius of -150 km for fires overwintering into
2010 (AK) and 2015 (NT) (Extended Data Fig. 1), which were sampled
in 2022 (NT) and 2023 (AK). Not all sites could be visited for logis-
tic and safety reasons, leading to 7 and 13 sample sites in AK and NT,
respectively. We sampled one site where overwintering and reburn-
ing occurred and a nearby, environmentally comparable site which
experienced only single-season burning (Methods). Here, we describe
landcover types that supported overwintering fires in our sampling
domain (Extended Data Fig. 1) and ecological impacts with respect to
combustion severity, material legacies and regeneration.

Surprisingly, only 2 of the 20 overwintering fires occurred in
peatlands (SOL thickness >40 cm) and less than half supported SOL

smouldering as a mechanism for overwintering (Fig. 1a,d and Sup-
plementary Table 1). Most overwintering fires occurred in mesic to
dry, productive forests with thinner prefire SOL (<29 cm; Fig. 1 and
Supplementary Table 1). Inmany sites, most or all of the SOL had been
combusted and smouldering appeared to have been supported by tree
roots and boles (Extended Data Fig. 2b,c and Supplementary Table 1).
Thus, overwintering fires are not limited to peatlands and are occur-
ringmore than expected in productive forests, which represented only
~30% and 15% of unburned landcover area in our sampling domains
in AK and NT, respectively (Hessilt et al., manuscript in preparation).
Our results suggest that smouldering over winter can be sustained by
woody biomass and transmitted through the root system, given that
our driest sites had insufficient SOL to sustain combustion. Previous
remote-sensing studies provide mixed evidence for the suggested"®
colocation of overwintering fires and peatlands®, which corroborates
our field-based findings. We want to emphasize that, because of the
limited sample size on which these findings are based, we cannot infer
therelativeimportance of smoulderingin peatlands versus uplandsin
promoting overwintering fire behaviour at the landscape scale.

Our finding that overwintering fires occur across landscape
positions has implications for proposed ecological responses. First,
the idea that overwintering fires experience deeper burning com-
pared to single-season fires received mixed support; AK sites burned
deeperinoverwintering fires while NT sites did not (treatment x region
P=0.0016; Fig. 2, Extended Data Fig. 3a and Supplementary Table 2).
Onecaveatisthatthedrier AK sites (four of seven) could not be included
inthis analysis because we were unable to estimate burn depth owing
to a lack of black spruce; this may have exaggerated burn depth dif-
ferences in AK. The ambiguous support for proposed differences
in burn depth is not surprising given that many of our sampled fires
occurred in mesic or dry sites with thinner SOL, which cannot sup-
portdeep burning”. Overwintering fires experienced more complete
SOL combustion than single-season fires in both regions (treatment
P=0.0052; Fig. 2, Extended Data Fig. 3b and Supplementary Table 2).
Together, these findings provide some support for deeper and more
complete SOL combustion with overwintering. In contrast, we found
no evidence of greater aboveground combustion in overwintering
fires (treatment P= 0.2310; Fig. 2, Extended Data Fig. 3c and Supple-
mentary Table 2). Both single-season and overwintering fires had
low aboveground combustion, with fine fuels intact in many sites
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Fig.2| Overwintering fire effects on combustion severity, regeneration
outcomes and material legacies. Effect sizes (Cohen’s D; a standardized effect
size measuring the difference between two means) and 95% confidence intervals
comparing measured variables in overwintering and single-season fire sites in
NT (n =75 (nine overwintering and six single-season fire sites with five nested
plots per site)) and AK (n = 66 (seven overwintering and four single-season

fires sites with six nested plots per site)). Negative effect sizes indicate a larger
valueinsingle-season compared to overwintering sites while positive values
indicate alarger mean value in overwintering compared to single-season sites.
Variables are grouped into combustion severity (proportional combustion (%),
burn depth (cm) and canopy combustion (unitless)), regeneration outcomes
(recruit size (basal diameter in cm), conifer proportion in recruits (unitless)

and recruit density (seedlings m)) and material legacies (rSOL thickness (cm),
dead-standing BA (m? ha™) and dead-fallen BA (m? ha™)) for ease of viewing. Mean
values for all variables are presented in Extended Data Figs. 3,4 and 6 and linear
mixed effects model results are presented in Supplementary Table 2.

(Extended Data Fig. 2a,b). Most overwintering fires occur near fire
perimeters (Hessilt et al., manuscript in preparation) where the fire
intensity and spread rate will be diminished, reducing aboveground
combustion. Our data support this explanation given that our combus-
tion estimates for both single-season and overwintering fires are com-
parable to or lower than mean combustion rates for single-season fires
inthese regions””. Our data thus do not support the notion that over-
wintering behaviour is supported by hotspots of extreme combustion.

Our results support the idea that overwintering is supported by
severe combustion of tree roots and boles. Most overwintering sites
experienced near-complete stem fall (Extended DataFig. 2e,f) whereas
most stems remained standing in single-season fires (dead-fallen basal
area (BA) treatment P = 0.0379; Fig. 2, Extended Data Fig. 4a,b and
Supplementary Table 2). In NT, there was evidence of charring on the
undersides of downed stems in most overwintering sites (Extended
DataFig.2b) indicatingtree fallin response to over-winter smouldering
with subsequent gentle reburning, which charred the stems without
consuming fine fuels. Aerial reconnaissance of 2023 overwintering
fires showed complete stem fall by spring 2024, corroborating this
idea (Extended Data Fig. 5). Postfire residual SOL (rSOL) was reduced
in overwintering compared to single-season fires, although this was
only marginally significant (treatment P= 0.0637; Fig. 2 and Extended
DataFig. 4c); thisaligns with our finding of proportionally greater SOL
combustionin overwintering fires.

Overwintering did not affect seedling growth (treatment
P=0.2753) or regeneration densities (treatment P= 0.4476; Fig. 2
and Extended Data Fig. 6a,b). Regeneration was strong across sites
(7.7 £ 8.4 seedlings m?; mean + s.d.; Extended Data Fig. 6b) and some-
what higher than postfire seedling densities in single-season fires
across boreal North America (4.0 +11.9 seedlings m™) (ref. 9), indicat-
ing that conditions in overwintering fires do not undermine forest
recovery. There were no instances of complete regeneration failure
in any overwintering sites. The absence of regeneration failure sug-
gests that overwintering fires are not sufficiently severe to limit forest
recovery. There were large regional differences in postfire regeneration
compositionwith AK having lower proportional conifer regeneration
than NT (Fig. 2, Extended Data Fig. 6¢c and Supplementary Table 2),
probably owingto agreater prefire deciduous fractionin AK sites. How-
ever,bothregions saw modestincreasesin the proportion of deciduous
recruits in overwintering compared to single-season fires (treatment
P=0.0432; Fig. 2, Extended Data Fig. 6¢ and Supplementary Table 2).
Thistranslated to postfire compositional shifts: prefire, most sites were
conifer-dominated, which was not the case postfire (Extended Data
Fig. 6d). These findings suggest that the mainimpact of overwintering
fireson forest regeneration is reinforcement of the declining postfire
conifer dominance observed in boreal North America’.

Climate warming is affecting many aspects of the boreal fire
regime, including increases in overwintering fires. This is concerning
for fire management and ecological function; we have contributed new
knowledge to both areas. Relatively low combustion severity suggests
that combustion hotspots do not give rise to overwintering. We dem-
onstrated that overwintering fires occur across landscape positions,
which create distinct hazards. Prevalent combustion of tree roots and
boles leads to falling trees that can endanger fire crews and increase
surface fuel buildup enhancing future flammability. Similarly, peat
smouldering can create pits disguised under a thin duff veneer. Ecologi-
cally, we demonstrated that overwintering firesimpact aspects of com-
bustion, material legacies and tree regeneration. However, these effects
were moderate and differed somewhat between regions. Given our
limited sample size, we consider two important next steps to deepen
our understanding of overwintering fires. One priority arising from our
work is to further evaluate the landscape distribution of overwinter-
ing fires and whether different landscape positions lead to different
outcomes in terms of flare-ups and fire growth in the subsequent fire
season. A second priority is to evaluate situations where overwinter-
ing fires lead to sustained smouldering into the next fire season. Our
sites were limited to overwintering fires that re-ignited the following
spring, as we used flare-ups for detection. However, fire managers have
noted overwintering firesinnorthwest Canadaassociated with ongoing
smouldering with and without flare-ups (for example, Extended Data
Fig.5). Without significant rain, this could lead to multiyear overwin-
tering fires dominated by smouldering further modifying patterns of
burning seasonality. In several years, the many overwintering fires in
northwest Canada following the unprecedented 2023 fire season will
be instrumental to studies examining these priorities.

Methods

Site description and sampling locations

Two field sampling campaigns were undertaken, one in 2022 in the
southern Taiga Plainsin NT, Canada, and one in2023 in Interior Boreal
Alaska at sites near Fairbanks (AK), United States (Extended Data Fig.1).
Both regions are home to conifer-dominated forests, black spruce
(Picea mariana) being the shared dominant tree species, and both
experience regular wildfire. These regions both capture considerable
variability in parent material, soil development and landcover'®', The
year 2014 was a then unprecedentedly large fire season in NT with
2.85Mha of forested land burning®. Similarly,2009 led to 1.19 Mha of
forested land burning in the Alaskan interior'’. These large fire years
both gave rise to the most overwintering fires since MODIS detection
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beganin2000 (ref.3), providing the opportunity to evaluate overwin-
tering fire impacts.

In each region, we sampled adjacent overwintering and single-
season burn sites. For the overwintering fires, we targeted locations
that had burned in the summers of 2009 and 2014, smouldered
through the winter months and re-ignited in2010 and 2015in AK and
NT, respectively. We used previous detections of overwintering fires
based on satellite data and reports from fire managers to identify
overwintering fires®>. We increased the accuracy of overwintering
fire locations using 30 m Landsat imagery (Hessilt et al., manuscript
in preparation). Adjacent to these overwintering sites, we identi-
fied single-season burn sites from within portions of the 2009 and
2014 fires that were unaffected by overwintering. The identified
single-season samplinglocation was also evaluated on the ground to
ensure comparability in site attributes identified to be important to
postfire outcomes such as prefire tree species composition and site
drainage’. Because all sampling was conducted by helicopter, where
proximal overwintering fire sampling locations were environmentally
similar, we used a shared single-season fire as the unburned contrast
for efficiency in flight time. In AK, a total of seven overwintering fire
sites and four single-season fire sites were sampled, while nine over-
wintering fire sites and six single-season fires sites were sampled inNT
(Extended DataFig.1).InNT, additional sites were visited but for safety
reasons (for example, large, actively falling trees in single-season fires)
were deemed unsafe to sample. However, during reconnaissance of
these sites we were able to evaluate landscape position, stand type and
dominant smouldering mechanismthereby expanding our sample size
to 13 overwintering fire sites for the evaluation of these attributes in
NT. Although helicopter access limited our sample size owing to the
remote nature of the 32 identified overwintering fire locations, we
visited 20 (63%). Helicopter sampling reduced the likelihood of biases
in drainage conditions that can occur with road access sampling.
As such, we consider this representative of overwintering sites in
our sampling domain (see above).

Field data collection

Sampling methods in the two regions were largely similar but had
some site-specific differences outlined below. At each sampled site,
site drainage was determined following ref. 21, dominant smouldering
type (SOL or tree roots/boles) was determined subjectively on the
basis of evidence available on site. Specifically, sites with an existing
organiclayer were assumed toinclude peat smouldering as amecha-
nism of overwintering; fully combusted large roots and hollowed-
outtree stems provided evidence of smouldering in woody biomass.
A 30 x 2 m?belt transect was then established at each site. Overwin-
tering fires ranged from 1,150 to 113,073 m? and sampling transects
were fully located within these areas. In NT, where topographicrelief
was minimal, these transects ran south to north, whilein AK transects
ran parallel to the slope to avoid slope related gradients. All trees
originally rooted within the belt were identified to species, scored as
alive/dead and standing/fallen and measured for diameter at breast
height (1.37 m). For each stand, standing and fallen BA was calculated
from this tree transect. Additionally, combustion was measured
on each stem. In NT, we used an ordinal score where each tree was
ranked from 0 to 3: 0 = none, alive and no biomass combusted; 1= low,
only needles/leaves consumed; 2 = moderate, all foliage and most
fine branches combusted; and 3 = high, most of the aboveground
canopy including foliage, branches and bark combusted®. In AK,
the percentage combustion (0%, 25%, 50%, 75% and 100%) for the
stem, coarse branches, fine branches, needles/foliage and cones
(ifapplicable) was recorded; these percentage categories correspond
approximately to the ordinal score used in the NT, so data harmoni-
zation was trivial. It was not possible to distinguish trees that were
firekilled in the original fire versus those that were fire killed during
the overwintering fire. Along each belt transect, five (NT) or six (AK)

1x1m?vegetation quadrats were established. Within these quadrats,
tree recruits were identified to species, counted and basal diameter
measurements made on three representative individuals per species
and quadrat. Burn depth was measured using the adventitious root
method adjacent to each subplot'”?2. The black spruce nearest to each
subplot was found and the height of the upper three adventitious
roots (ARs) from the soil surface was measured. Many of the nearest
black spruce trees were fallen, so height of the ARs was measured
horizontally from AR to middle of the root ball. The rSOL thickness
was also measured from soil cores at every site. It is noteworthy that
there was no evidence of moss layer recovery at any sites we visited.
Ceratadon, an early colonizing moss, was still the dominant moss
cover so the rSOL measures should reflect postfire residual rather
thana combination of postfire residual and early moss layer recovery.
In NT, all measured sites had some black spruce allowing for the use
ofthe adventitious root height method of estimating depth of burn.
In AK, the prevalence of paper birch (Betula neoalaskana)-dominated
stands did not permit this burn depth estimation, so measurements
of burn depth and proportional combustion are limited to black
spruce-dominated stands (n =3 of 7). Following NT specific correc-
tions, adventitious root height measurements were corrected to
provide burn depth estimates”. Burn depth + rSOL provide prefire
SOL thickness, allowing the calculation of proportional combustion
(burn depth/prefire SOL). Proportional combustionis animportant
metric when considering regeneration outcomes (high proportional
combustion means exposure of underlying mineral soil which pro-
motes broadleaf regeneration®) and the potential for legacy carbon
loss (if legacy carbon is present, high proportional combustion will
ensure its loss?).

Data analysis

All analyses were conducted using the R statistical software v.4.0.3
(ref. 24). We had three response variables for each of combustion
(burn depth, proportional combustion and canopy combustion),
material legacies (rSOL, dead-standing BA and dead-fallen BA) and
regeneration (seedling basal diameters, conifer seedling proportion
and seedling density). Each of these response variables was mod-
elled individually. All models included two main effects and their
interaction: treatment (overwintering versus single-season fire) and
region (NT versus AK) as we were interested in evaluating the effect
of overwintering fires on these responses and whether regions varied
in their response. Except for dead-standing and dead-fallen BA, all
variables were modelled using linear mixed effects models (Imer in
the Ime4 package”) with a random intercept for site to account for
replicated measurements within site. Linear models were used for
the stand-level variables dead-standing BA and dead-fallen BA. Model
residuals were visually inspected for normality and homoscedascity.
Model P-values were estimated using the Satterthwaite’s method
in the emmeans package®. For ease of visualization of differences
between single-season and overwintering fires, Cohen’s D effect
sizes were calculated for each region separately using cohens_d in
the stats package.

Inclusion and ethics statement
The NT portion of this research was authorized under Northwest
Territories Scientific Research License no.17506.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data for NT are available on Borealis” while the raw data for
AK are available in the National Science Foundation-funded Bonanza
Creek Long-Term Ecological Research Data Catalog?>°.
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Extended Data Fig. 1| Sampling locations within single seasonand follow the US EPA classification (US EPA: Ecoregions of North America [data],
overwintering fires. Locations of sampling in the Interior Boreal Alaska https://www.epa. gov/eco-research/ecoregions-north-america (last access:
ecoregion of Alaska (A) and the Taiga Plains ecoregion of Northwest Territories 15May 2024),2015). Green shadingin A and B represent Landsat-based tree cover
(B). Fire perimeters for 2009 (AK)** and 2014 (NT)* within the sampling region product from 2008 for AK and 2013 for NT*°.

areshowninbrown. Delimitations of ecoregions are provided in panel C and
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Extended Data Fig. 2| Ground conditions in overwintering fires. Indication of as exemplified by complete combustion of large roots (B), boles (C) and frequent
low severity burning as evidenced by intact fine fuels (A) and light combustion occurrences of complete stem fall, which was not evident in single season pairs
on the underside of downed trees (D). Evidence of woody biomass smouldering (E, F). Photo credits: J. Baltzer (A,B, D-F), M. Turetsky (C).
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Extended Data Fig. 3| Comparison of combustion variables between
overwintering (0) and single season (S) fires in the Northwest Territories
(NT) and Alaska (AK). Boxplots showing distribution of combustion variables;
plotsinclude median, 1 and 3" data quartiles and outliers. Canopy combustion
isanordinal score where each tree was ranked from O to 3; 0 =none, alive and
no biomass combusted;1=low, only needles/leaves consumed; 2=moderate,
all foliage and majority of fine branches combusted; 3 = high, most of the
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aboveground canopy including foliage, branches, and bark combusted. Model

results are presented in Supplementary Table 2. Samples sizes for burn depth and

proportional combustion were as follows: NT, n=75 (9 overwintering and 6 single

season fire sites with 5 nested plots per site] and AK, n = 66 (7 overwintering and

4 single season fires sites with 6 nested plots per site). Canopy combustion was

measured at the stand level meaning n=15for NT and n =11 for AK.
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Extended Data Fig. 4| Comparison of material legacy variables between thickness (rSOL) were as follows: NT, n =75 (9 overwintering and 6 single season
overwintering (0) and single season (S) fires in the Northwest Territories (NT) fire sites with Snested plots per site] and AK, n = 66 (7 overwintering and 4 single
and Alaska (AK). Boxplots showing distribution of material legacy variables; season fires sites with 6 nested plots per site). Deadstanding and deadfallen basal
plotsinclude median, 1 and 3 data quartiles and outliers. Model results are area (BA) were measured at the stand level meaning n=15 for NT and n =11 for AK.

presented in Supplementary Table 2. Samples sizes for residual soil organic layer
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Extended DataFig. 5| Aerialimage of an overwintering fire thatignited trail of downed stems leading to the current smouldering hotspot. Photo credit:
in2023 and continues to smoulder without a flare-up as of July 2024. Duane Sinclair, Government of the Northwest Territories Environment and
This overwintering fire is at the perimeter of SS022 near Fort Smith, NT. Note the Climate Change.
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Extended Data Fig. 6| Comparison of regeneration variables between
overwintering (0) and single season (S) fires in the Northwest Territories
(NT) and Alaska (AK). Boxplots showing distribution of regeneration variables
including seedling density (seedlings m™), basal diameter (m?ha™), and relative
abundance of conifers (proportion conifer; unitless). Samples sizes for all of
these variables were as follows: NT, n=75 (9 overwintering and 6 single season
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fire sites with Snested plots per site] and AK, n = 66 (7 overwintering and 4 single
season fires sites with 6 nested plots per site). In the fourth panel, Time indicates
whether the proportion conifer value is for pre-fire (before) or post-fire (after).
Inthis plot site-level means were used as the pre-fire composition is at the site
level meaning n=15 for NT and n=11for AK. Plots include median, 1 and 3" data
quartiles and outliers. Model results are presented in Supplementary Table 2.
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