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ABSTRACT

Many disturbances are shifting in severity, fre- sess patterns of post-fire tree recovery across a pre-
quency, and extent due to changing climate and fire gradient of spruce- to deciduous-dominated
human activities. Altered disturbance regimes can forests in Interior Alaska and quantify composi-
trigger shifts in ecosystem state where recovery to tional and environmental thresholds that support
the pre-disturbance ecosystem is uncertain. In the the resilience of alternative canopy types. We
western North American boreal forest, the inten- found post-fire organic soil depth of stands on a
sification of wildfire can cause canopy dominance recovery trajectory to deciduous dominance
to switch from black spruce (Picea mariana) to (7.3 £ 5.5 cm) were similar regardless of pre-fire
deciduous trees such as Alaska paper birch (Betula composition and significantly shallower than
neoalaskana) and trembling aspen (Populus tremu- spruce (14.9 &+ 9.0 cm) or mixed trajectories
loides). Understanding the key mechanisms that (10.4 + 5.9 cm). Deciduous-dominated stands
determine the resilience and stability of these were highly resilient to fire, as 100% remained
alternative community types is required for the deciduous-dominated post-fire. Even when decid-
prediction of future forest dynamics. Here, we as- uous trees only accounted for a small proportion

(12%) of the pre-fire stand, deciduous trees often
became dominant after wildfire. We conclude that
the establishment of deciduous bud banks and seed
sources creates a strong hysteresis in stand recovery
that reinforces the resilience of deciduous-domi-
nated boreal forests to wildfire. Accounting for the
resilience of this alternative stable state to wildfire
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HIGHLIGHTS

e Ecological legacies reinforce resilience of decidu-
ous boreal forests to wildfire.

e Deciduous legacies create a strong hysteresis in
post-fire stand recovery.

e Fire induced shifts from spruce to deciduous will
persist across fire cycles.

INTRODUCTION

Patterns of disturbance and recovery shape the
structure and function of many ecosystems and
play a central role in driving ecosystem response to
global change (Seidl and others 2014; McDowell
and others 2020). The ability of ecosystems to re-
cover their essential structure and function after a
disturbance (that is, ecosystem resilience) is trans-
mitted as legacies of past ecosystems via species
traits and materials (Johnstone and others 2016).
Many disturbances are exhibiting shifts in their
severity, frequency, and extent due to changing
climate and human activities (Mollicone and others
2006; Abatzoglou and Williams 2016). These al-
tered disturbance regimes can modify key legacies
(for example, seedbanks, seedbeds) and trigger
shifts to alternative vegetation states that exhibit
hysteresis (Ratajczak and others 2018), where
recovery to the pre-disturbance ecosystem is un-
likely (Johnstone and others 2010b; Kukavskaya
and others 2016; Whitman and others 2019; Coop
and others 2020). New ecosystem states may pro-
duce novel legacies that will similarly constrain
future responses to disturbance, potentially
inhibiting recovery to the original state even if
external drivers return to prior conditions (Rata-
jczak and others 2018). Understanding how chan-
ges in ecological legacies interact with disturbances
is essential for predicting dynamic ecosystem re-
sponses to global change (Foster and others 2022b).

Wildfire is the primary large-scale disturbance
throughout the northwestern North American
boreal forest. Much of this forest is dominated by
conifer stands of black spruce (Picea mariana),
where stand-replacing fires have historically oc-
curred at approximately 100-year intervals (John-
stone and others 2010a). Forest succession under
such short fire cycles is typically driven by early
dominance of the post-fire cohort (Gutsell and
Johnson 2002), although relay succession of stand
composition is possible under longer fire-free
intervals (for example, Taylor and Chen 2011). The

fire and climate regimes of this region have main-
tained persistent cycles of black spruce self-re-
placement for the past ~ 6000 years, indicating a
high level of ecosystem resilience to wildfires
(Lloyd and others 2006; Higuera and others 2009;
Kelly and others 2013; Hoecker and others 2020).

Resilience of black spruce stands depends on
legacies of the soil organic layer (SOL) and plant
adaptations to disturbance, such as the semi-
serotinous cones of black spruce triggered by fire to
release stored seed (Johnstone and others 2016).
Climate warming and drying in the boreal forest
have led to increases in fire severity and frequency
(Kelly and others 2013). This can reduce or elimi-
nate the SOL and cause canopy dominance to
switch from black spruce to deciduous trees such as
Alaska paper birch (Betula neoalaskana) and trem-
bling aspen (Populus tremuloides) (Whitman and
others 2019; Johnstone and others 2020; Baltzer
and others 2021; Hayes and Buma 2021). Post-fire
regeneration patterns of deciduous trees depend on
different legacies than black spruce. For successful
post-fire regeneration via deciduous seed, mast
seeding years must coincide with fires. However,
both aspen and birch can regenerate prolifically
and rapidly via vegetative reproduction (Greene
and Johnson 1999; Frey and others 2003; Chen
and others 2009). Once deciduous trees establish
via seed following severe wildfire, their asexual
regeneration strategies may reinforce the shift in
boreal forest composition from the historic black
spruce state to deciduous dominance.

As fire regimes continue to intensify in the North
American boreal forest (Yue and others 2015;
Young and others 2017), changes in forest com-
position from conifer dominance to alternative
deciduous forest types could have important
implications for biome C storage, wildlife habitat,
forest products, future fire hazard, and feedbacks to
earth system dynamics. However, under the rapidly
changing environments of the twenty-first century,
we often lack sufficient historical analogs to antic-
ipate the resilience of long-lived organisms such as
trees to intensifying disturbance regimes. For
example, cold soils in high latitude or elevational
areas have previously been understood to constrain
deciduous-dominated states to a transient stage in
successional recovery to conifer dominance (Cleve
and others 1991). However, changing climate and
fire conditions are altering both drivers and
ecosystem feedbacks that may alter the stability of
forest types (Johnstone and others 2016; Mekon-
nen and others 2019). Prediction of future forest
dynamics thus depends on understanding the key
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mechanisms that will determine the resilience and
stability of historic or alternative community types
(Foster and others 2019; Mekonnen and others
2019). In the North American boreal forest, the
potential for shifts from conifer to deciduous
broadleaf forests, and their potential to mitigate C
losses from fire and future fire risk, depends on
whether demographic processes are sufficient to
support stable persistence of deciduous stands un-
der future disturbances.

Here, we assess post-fire regeneration across a
gradient of spruce- to deciduous-dominated forests
in Interior Alaska and quantify compositional and
environmental thresholds that support resilience of
alternative vegetation types to fire. Specifically, we
determine the impact of pre-fire deciduous pres-
ence on post-fire recruitment patterns. We
hypothesize that pre-fire deciduous presence will
result in post-fire deciduous dominance due to
reproductive legacies that reinforce the alternate
successional trajectory of deciduous-dominated
boreal forests. Given the known importance of SOL
depth for black spruce self-replacement (for
example, Johnstone and others 2010b), we also
examine differences in post-fire SOL depth among
successional trajectories. Our results not only
demonstrate vulnerability of spruce to post-fire

-150.0 -148.0 -146.0 -144.0

replacement by deciduous trees, but also under-
score high resilience of mixed and deciduous-
dominated boreal forests to wildfire, thereby pro-
viding a basis for anticipating the consequences of
altered successional trajectories for future forest
dynamics.

METHODS
Study Area

Our study area was the boreal forest ecosystem that
lies south of the Brooks Range and north of the
Alaskan Range in Interior Alaska, USA (Figure 1).
Temperatures across this region are highly conti-
nental and seasonally range from — 50 to 38 °C
with mean annual temperature of — 3.3 °C and
mean annual precipitation of ~ 285 mm, includ-
ing ~ 40% from snow (Fairbanks International
Airport, 1985-2015). This region is underlain by
discontinuous permafrost, and soils are undevel-
oped, primarily (~ 90%) consisting of Inceptisols,
Gelisols, Histosols, and Entisols (Osterkamp and
Romanovsky 1999). Approximately 57% of the
370,000 km? Alaskan boreal forest area is domi-
nated by coniferous trees, while 27% is a mix of
conifers and deciduous tree species, such as aspen
and Alaska paper birch, and 16% is unforested

+ Sample site
3 Fire perimeter
— Major river

Forest deciduous fraction

-142.0

Figure 1. Sample sites and associated fire perimeters in the boreal forest of Interior Alaska. Forest deciduous fraction in
2000 is also shown for areas with > 20% tree cover based on maps by Massey and others (in review). Fire perimeters are

from the Alaska Large Fire database.
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wetland and tundra (Yarie and Billings 2002; Neigh
and others 2013).

Field Methods

We collected and collated data on pre- and post-
fire stand composition from 212 sites across Inte-
rior Alaska that burned between the years 2004
and 2014 (Figure 1). Sites were established by
three independent research projects, but field
measurements on pre- and post-fire trees were
similar (Walker and others 2017; Johnstone and
others 2020). Of the 212 sites examined, we
established 88 pre-fire black spruce dominated
sites in three separate fire complexes following the
2004 wildfires in Interior Alaska (details in
Johnstone and others 2020; Mack and others
2021). In 2010 and 2011, we established an
additional 82 sites in the same 2004 fire scars, but
sites ranged in pre-fire composition from black
spruce dominance to black spruce co-dominance
with deciduous species (details in Walker and
others 2017). In 2019, we established 42 new sites
dispersed between six independent fire scars that
were largely deciduous dominated pre-fire. We
chose these sites using the Alaska large fire data-
base and forest deciduous fraction maps (Massey
and others In Revision). All sites were mature
(> 70 years since previous fire) at the time of fire
based on historical record of fires in the Alaskan
Large Fire Database and confirmed with stand age
reconstructions using tree ring analyses. Sampling
took place 4-13 years after fire, once the regen-
eration patterns that set the trajectory of early
succession have established (Johnstone and others
2020).

We estimated pre- and post-fire stem density
and forest composition by measuring pre-fire
(burned) trees and newly established seedlings.
We counted all standing or fallen pre-fire trees
and measured diameter at breast height (dbh) on
all individuals taller than 1.4 m or basal diameter
on all trees less than 1.4 m in height that were
originally rooted in two parallel 2 m x 30 m belt-
transects. Similarly, we estimated post-fire density
by counting post-fire seedlings within ten ran-
domly positioned 1 m x 1 m quadrats along the
same two transects and measuring the basal
diameter of at least one representative species per
quadrat. We counted all post-fire stems of spruce,
aspen, and birch that were rooted in quadrats,
regardless of size. Given the range of time after
fire that we sampled (4-13 years) we were unable
to differentiate seedlings from vegetative regener-
ation.

Classification of Successional
Trajectories

Using the survey data, we calculated total density
(stems ha™') of each tree species pre- and post-fire.
We used published allometric equations to calcu-
late pre-fire (Alexander and Mack 2016) and post-
fire (Johnstone and others 2020) species-specific
aboveground tree biomass (g m~?). We then cal-
culated the proportion of deciduous stems relative
to total stems in both the pre- and post-fire stand
(relative deciduous density) and the proportion of
deciduous biomass relative to total biomass in both
the pre- and post-fire stand (relative deciduous
biomass). We classified sites into pre- and post-fire
tree species dominance classes based on a decidu-
ous fraction index (DI) calculated from the survey
data (DI = relative density plus relative biomass of
deciduous tree seedlings divided by two and mul-
tiplied by 100). When DI was < 33.33%, sites
were classified as black spruce (hereafter Spruce).
Sites were classified as mixed black spruce-decid-
uous (hereafter Mixed) if DI was > 33.33% and
< 66.66%, and as deciduous if DI was = 66.66%.
We used biomass rather than the more typical basal
area because biomass accounts for the different
allometric scaling relationships between black
spruce and deciduous tree species. Based on pre-
and post-fire DI and spruce density, we categorized
sites in seven classes representing observed transi-
tions in stand dominance after fire: (1) Spruce to
Deciduous, (2) Spruce to Mixed, (3) Spruce to
Spruce, (4) Spruce thinning (where stands re-
mained spruce dominated after fire but did not
regenerate with sufficient density for self-replace-
ment to occur), (5) Mixed to Mixed, (6) Mixed to
Deciduous, and 7) Deciduous to Deciduous.

Statistical Analyses

All analyses were performed using R statistical
software version 3.5.2 (R Development Core Team
2018) and model results were plotted using the R
package ‘ggplot2’ (Wickham 2016). To assess the
impact of pre-fire DI on post-fire DI, we fit a gen-
eralized additive model (GAM) in the R package
‘mgcv’ (Wood 2017). GAMs are a nonparametric
technique that fit smooth relationships between
response and predictor variables (Wood 2017). The
smooth for pre-fire DI was fit using thin plate
splines and we set the basis dimension to 10 to
allow for potentially complex nonlinear relation-
ships. We used a Gaussian distribution and random
intercept of fire scar to account for the spatial
dependence of sites nested within fire scars. We
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Figure 2. Post-fire deciduous fraction index as a function
of pre-fire deciduous fraction index. Shapes represent
different pre-fire species composition (circle = spruce,
square = mixed, triangle = deciduous) and colors
indicate post-fire succession trajectory
(purple = thinning, blue = spruce, green = mixed, and
yellow = deciduous). Black line represents generalized
additive model fit with shading for the 95% confidence
intervals. The pink line represents the threshold in pre-
fire DI from which post-fire DI > 66% is likely to emerge
based on model fit. The purple line represents the
threshold in pre-fire DI from which post-fire DI > 66%
will emerge with 95% confidence based on model fit.

also used restricted maximum likelihood for auto-
mated selection of smoothing parameters (Wood
2011). Model diagnostics were completed using the
‘gratia’ package (Simpson 2022).

To examine differences in post-fire SOL depth
among the seven successional trajectories we fit
linear mixed effects models (LMMs) using the R
package ‘nlme’ (Pinheiro and others 2022). We
included a random intercept of fire scar (nine le-
vels) to account for the spatial non-independence
of sites within fire scars and a variance structure
(Varldent) to account for changing variance with
trajectory that was apparent in the model residuals
(Zuur and others 2009). The significance of the
fixed effect was assessed using a likelihood ratio test
of the full model against the reduced model and
verified using AIC (Zuur and others 2009). We
confirmed that the statistical assumptions of
homogeneity of variance and independence were
not violated by visually inspecting residual versus
fitted values, the explanatory variable, and each
grouping level of the random intercept (Zuur and

others 2009). We used Tukey-Kramer post hoc
analysis for multiple comparisons in the R package
‘emmeans’ (Lenth and others 2019) with a Bon-
ferroni adjustment to test for differences in mar-
ginal means of SOL depths between post-fire
trajectories within the same pre-fire class (for
example, Spruce to Spruce vs. Spruce to Mixed)
and among the same post-fire trajectory with dif-
ferent pre-fire classes (for example, Spruce to
Deciduous vs. Deciduous to Deciduous).

REsuLTs

Stands with > 12% pre-fire DI were likely to
transition to deciduous dominance after fire (that
is, post-fire DI was predicted to be > 66%) (Fig-
ure 2; pink line). Stands with > 17% pre-fire DI
were expected to be exclusively deciduous domi-
nated post-fire based on confidence intervals of
fitted relationships (Figure 2; purple line). Out of
157 pre-fire spruce stands, we found 43% transi-
tioned to deciduous dominance and 32% to mixed
spruce-deciduous, whereas only 18% remained
spruce dominant following fire. The final 7% of
pre-fire spruce stands remained spruce dominated
after fire but post-fire density was insufficient for
self-replacement (that is, post-fire spruce density
was lower than pre-fire spruce density; thinning).
Notably, 100% of the 35 pre-fire deciduous stands
self-replaced, while 93% of the 43 mixed stands
transitioned to deciduous dominance, with the
remaining 7% of sites continuing as mixed spruce-
deciduous post-fire. Our results show that decidu-
ous dominated forests are highly resilient to fire
and that even a small component of deciduous
stems (~ 12%) in the pre-fire stand can result in a
transition of spruce forests to deciduous dominance
in the first two decades post-fire.

Post-fire SOL depth differed between spruce
stands that remained spruce versus transitioned to
deciduous dominance following wildfire (Fig-
ure 3). Specifically, spruce stands that remained
spruce had an average post-fire SOL of depth of
14.9 £ 9.0 cm, significantly (p value < 0.05)
higher than spruce stands that transitioned to
deciduous dominance (8.4 + 6.4 cm). Spruce
stands that transitioned to mixed or thinned had
intermediate post-fire SOL depths of
10.7 £ 6.0 cm, and 14.6 + 8.9 cm, respectively.
Post-fire SOL depth of stands on a deciduous
recovery trajectory (7.3 £ 5.5 cm) was similar
regardless of pre-fire composition. Similarly, post-
fire SOL depth of mixed stands (10.4 & 5.9 cm) did
not differ between stands that were pre-fire mixed
or pre-fire deciduous (Figure 3).
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Post-fire Trajectory

Figure 3. Post-fire soil organic layer (SOL) depth (cm) grouped according to post-fire trajectory (colors) and pre-fire class
(panels). Colors indicate post-fire succession trajectory (purple = thinning, blue = spruce, green = mixed, and
yellow = deciduous). Three panels represent pre-fire classes (deciduous, mixed, spruce) based on deciduous index (see
classification of successional trajectories section in methods). Different letters above boxplots indicate significant
differences (p value < 0.05) among SOL depths of post-fire trajectories within pre-fire dominance classes based on linear
mixed effects models and Tukey’s post hoc analyses. We also tested for differences in SOL depth of the same post-fire

trajectory among pre-fire classes but did not observe any statistical differences.

DiscussioN

Our analyses of an extensive dataset on pre-fire to
post-fire composition shifts in boreal Alaska
demonstrate the presence of deciduous trees in the
pre-fire stand strongly impacts post-fire composi-
tion, generating strong hysteresis in the succes-
sional trajectories and dominant forest states across
fire cycles (Figure 4). Stands with pre-fire decidu-
ous fraction as low as 12% transitioned to decidu-
ous dominance within the first 20 years post-fire.
This is likely due to the presence of deciduous trees
in the pre-fire stand providing a belowground bud
bank for asexual regeneration that facilitates rapid
and prolific post-fire colonization (Greene and
Johnson 1999; Chen and others 2009). However,
almost 30% of pure spruce stands (that is, no
deciduous trees) still transitioned to deciduous
dominance post-fire, highlighting the importance
of deciduous seed availability and favorable seed-
beds (that is, thin SOL) for the establishment of
alternative deciduous trajectories (Johnstone and
others 2010b; Brown and others 2015). With con-
tinued intensification of wildfire (Young and others
2017), spruce stands are likely to shift to alternative
recovery trajectories leading to deciduous domi-
nance, setting in motion the establishment of eco-
logical legacies that will reinforce the resilience of

deciduous forest states across multiple fire cycles
(Figure 4).

A key assumption of our findings is that patterns
of post-fire regeneration reflect the composition of
future boreal forest stands. Stand age reconstruc-
tions and longer-term observations of post-fire
regeneration support this assumption. Specifically,
early successional studies in northwestern boreal
forests indicate the relative abundance of tree spe-
cies recruiting during the initial 3-7 year period of
post-disturbance regeneration is maintained
through 2-3 decades of succession (Gutsell and
Johnson 2002; Johnstone and others 2004; Shenoy
and others 2011; Seidl and Turner 2022). This
pattern holds even when changes in fire severity
cause a shift from spruce to deciduous-dominated
recovery (Johnstone and others 2020). Detailed
reconstructions of tree ages further show that the
trees that recruited immediately after fire dominate
the canopy for at least a century of successional
development (Johnson and others 1994; Gutsell
and Johnson 2002). Relay succession is possible in
mixed stands with a sufficiently long fire return
interval, due to the shorter lifespan of aspen and
birch compared to shade-tolerant conifers (Berg-
eron 2000; Taylor and Chen 2011) (Figure 4).
However, succession in mixed canopy forests rarely
leads to pure spruce even after 200 years in Interior
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Figure 4. A Fire severity acts as a driver of the initiation of alternative stable states in black spruce forests, through impacts
on the depth of the soil organic layer (SOL; underlying dark gray profile). Spruce-dominated stands show high stability
and resilience to fire when fire severity is low and a thick SOL persists after fire. When the SOL decreases to an average
depth of ~ 10 cm by more severe fire, there is an increased likelihood that seedbeds will support deciduous tree
recruitment from seed, creating opportunities for post-fire communities to shift from black spruce (blue) to mixed (green)
or even deciduous (yellow) dominance at very high severities (Figure 3). Once deciduous trees are present in the prefire
stand, the positive effects of pre-deciduous tree density and biomass on post-fire deciduous recruitment (Figure 2) lead to
system hysteresis, where the alternative deciduous-dominated state persists under similar climate and fire regimes. B Step
changes in forest composition occur in association with fire events when severe fire, coupled with available seed, allows
deciduous trees to colonize. Mixed deciduous-spruce stands may represent an intermediate state that can return to spruce
dominance with a long fire-free interval or shift to deciduous dominance with the historical fire return interval. A return
from deciduous to spruce dominance is unlikely even if fire severity returns to low levels unless fire frequency also greatly

declines. Ilustrated by Victor Leshyk, Center for Ecosystem Science and Society, Northern Arizona University.

Alaska (Fastie and others 2002; Kurkowski and
others 2008), while the historic mean fire return
interval is 70-120 years (Johnstone and others
2010a; Young and others 2017). Thus, forest com-
position initially established after fire in Interior
Alaska likely persists until the stand burns again.
Our results demonstrate that even if deciduous
dominance declines to 12% of stand density and
biomass (the metrics used in our analyses), this still
provides enough of a budbank or seed source to
ensure ample regeneration and subsequent domi-
nance of deciduous trees after fire.

Post-fire observations (Johnstone and others
2010b, 2020; Baltzer and others 2021), experi-
mental manipulations of burn depth (Johnstone
and Chapin 2006), remote sensing of changes in
deciduous fraction over time (Beck and others
2011; Massey and others In Revision), and mod-
eling forecasts (Mekonnen and others 2019; Han-
sen and others 2020; Foster and others 2022a)
provide support for the idea that deeper, more
severe burning will lead to increasing abundance of
deciduous stands on the landscape. Although all
our pre-fire black spruce sites were established
following the same year of fire our results align
with these previous studies where fire severity

drives compositional shifts from black spruce to
deciduous dominance. Here, we found that even
relatively low pre-fire deciduous presence results in
post-fire deciduous dominance, suggesting that
once alternative deciduous trajectories are in place,
they will likely be resistant to reverting to conifer
dominance in subsequent fire cycles. Specifically,
the vegetative regeneration strategies of deciduous
trees make them highly resilient to disturbance as
they can rapidly resprout following fire (Greene
and Johnson 1999; Chen and others 2009). Al-
though black spruce is still likely to establish in
high abundance following fire in black spruce for-
ests (Johnstone and others 2020; Baltzer and others
2021; Mack and others 2021), if deciduous trees are
present their rapid colonization via vegetative
regeneration gives them a competitive advantage
over the slow growing black spruce, further rein-
forcing the deciduous trajectory. The combination
of (a) increases in fire conditions conducive to
deciduous tree recruitment and (b) strong ecologi-
cal legacies that support subsequent deciduous re-
silience is likely to cause directional change and
hysteresis in forest landscape responses to changing
climate and fire. Model simulations that incorpo-
rate even a conservative version of this hysteresis



Shifts in Ecological Legacies Support Hysteresis of Stand Type 1803

predict a substantial conversion of conifer to
deciduous-dominated forests in Interior Alaska in
the current century (Mann and others 2012; Foster
and others 2022b).

Our finding that post-fire SOL was thinner in
deciduous trajectories compared to spruce trajec-
tories aligns with previous research on post-fire
regeneration dynamics throughout the North
American boreal forest (Johnstone and others
2010b, 2020; Baltzer and others 2021; Walker and
others 2017). These studies highlight that high fire
severity, measured as either total or proportional
SOL combustion, can expose mineral soil and
facilitate deciduous tree regeneration after wildfire.
However, our measurement of post-fire SOL depth
is not only driven by burn depth but is also a
function of pre-fire SOL depth (Kane and others
2007; Johnstone and others 2020), which is af-
fected by fire frequency and environmental con-
ditions at the site. Deciduous forests are generally
located in dry and warm landscape positions
(Kurkowski and others 2008; Walker and others
2017) and therefore likely had thinner pre-fire SOL
than spruce stands which are generally located at
wet and cold landscape positions. In this study, we
did not assess burn depth of the SOL and therefore
could not reconstruct pre-fire SOL depth and total
or proportional combustion. However, we found
that post-fire SOL depth of deciduous trajectories
did not differ among pre-fire tree compositional
dominance classes, suggesting that post-fire SOL
representative of seedbed conditions is a more
important driver of deciduous recruitment and
success than total or proportional combustion.

Historically, North American boreal forests have
acted as a net C sink, accumulating C from the
atmosphere over numerous fires cycles or centuries
(Chapin and others 2006; Bond-Lamberty and
others 2007; Kelly and others 2013). With the
continued intensification of wildfires, these
ecosystems could switch from net C sink to a net C
source via deep burning of the SOL (Walker and
others 2019). However, deep burning and the
associated establishment of deciduous forests also
impacts the boreal net ecosystem C balance and can
result in fourfold net increase in C storage over the
100-year disturbance cycle (Mack and others
2021). Our results show that once deciduous trees
become established, even at low densities in spruce
stands, their reproductive strategies frequently en-
able them to dominate recovery after wildfire,
thereby setting the stand on an alternative succes-
sional trajectory that is likely to persist across
multiple fire cycles in boreal Alaska.

Moreover, although deciduous stands are gen-
erally considered resistant to burning (Parisien and
others 2011; Girardin and others 2013; Rogers and
others 2015), our findings suggest that when they
do burn, their asexual regeneration strategies pro-
mote continued deciduous dominance. Lower re-
silience of spruce than deciduous stands to wildfire
could leave spruce forests vulnerable to replace-
ment by deciduous forests, especially as wildfires
become more frequent and intense with warming
over the coming decades (Foster and others 2022a).
This switch to deciduous dominance not only alters
the pattern of boreal forest C storage (Alexander
and Mack 2016; Mack and others 2021), but could
cool the atmosphere through higher albedo (Rogers
and others 2013) and substantially decrease wild-
fire activity and risk (Parisien and others 2011;
Girardin and Terrier 2015).

Critical next steps for understanding the persis-
tence of deciduous boreal forests include assessing
their resilience to other disturbances (for example,
insect outbreaks and drought) and determining the
drivers of fire occurrence and severity in these
forests. As boreal forests store upwards of 30%
terrestrial C, understanding these drivers is not
only key to predicting the future structure and
function of boreal forests but also for quantifying
the role of fire in the global C cycle and its feed-
backs to climate change.
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