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Abstract

As 21st-century climate and disturbance dynamics depart from historic
baselines, ecosystem resilience is uncertain. Multiple drivers are changing
simultaneously, and interactions among drivers could amplify ecosystem
vulnerability to change. Subalpine forests in Greater Yellowstone (Northern
Rocky Mountains, USA) were historically resilient to infrequent (100-300 year),
severe fire. We sampled paired short-interval (<30-year) and long-interval
(>125-year) post-fire plots most recently burned between 1988 and 2018 to
address two questions: (1) How do short-interval fire, climate, topography, and
distance to unburned live forest edge interact to affect post-fire forest
regeneration? (2) How do forest biomass and fuels vary following short-interval
versus long-interval severe fires? Mean post-fire live tree stem density was an
order of magnitude lower following short-interval versus long-interval fires
(3240 vs. 28,741 stems ha ™", respectively). Differences between paired plots were
amplified at longer distances to live forest edge. Surprisingly, warmer-drier cli-
mate was associated with higher seedling densities even after short-interval fire,
likely relating to regional variation in serotiny of lodgepole pine (Pinus contorta
var. latifolia). Unlike conifers, density of aspen (Populus tremuloides), a decidu-
ous resprouter, increased with short-interval versus long-interval fires (mean
384 vs. 62 stems ha™!, respectively). Live biomass and canopy fuels remained
low nearly 30 years after short-interval fire, in contrast with rapid recovery after
long-interval fire, suggesting that future burn severity may be reduced for sev-
eral decades following reburns. Short-interval plots also had half as much dead
woody biomass compared with long-interval plots (60 vs. 121 Mg ha™"), primar-
ily due to the absence of large snags. Our results suggest differences in tree
regeneration following short-interval versus long-interval fires will be especially
pronounced where serotiny was high historically. Propagule limitation will also
interact with short-interval fires to diminish tree regeneration but lessen subse-
quent burn severity. Amplifying driver interactions are likely to threaten forest
resilience under expected trajectories of a future fire.
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INTRODUCTION diminished under expected changes in fire and climate,

Changes in disturbance regimes threaten the fate of con-
temporary ecosystems. Disturbances can spur rapid
change in ecosystem structure and resource availability
(White & Pickett, 1985), ecosystem processes such as bio-
geochemical cycling (Wan et al., 2001), and species diver-
sity (Collins et al., 1998; Connell, 1978). Ecosystems are
resilient, meaning they can absorb disturbance without
shifting to a qualitatively different structural or functional
state (Holling, 1973), when aligned with historical distur-
bance frequency, size, and severity (Johnstone et al.,
2016). Ecosystem recovery is the process of returning to
this initial state (Ghazoul & Chazdon, 2017). Although
ecosystems may be resilient to changes in a single driving
process such as increasing disturbance frequency,
interacting drivers can push systems past thresholds where
recovery is inhibited and resilience is no longer possible
(Barnosky et al., 2012; Ratajczak et al., 2018; Turner et al,,
2020). Interactions are amplifying when they increase the
magnitude or likelihood of change, such as the effects of
blowdown and fire on forest recovery (Kleinman et al.,
2019); disease, predation, cyclones, and bleaching events
on coral reefs (De’Ath et al.,, 2012; Haapkyli et al., 2013);
and pathogens and pesticides on bee populations (Doublet
et al., 2015). Anticipating how interacting drivers affect
resilience is critical because simultaneous driver change
will be the norm, not the exception, in the coming decades
(Seidl et al., 2017).

Anticipating resilience is especially important in for-
ests (Millar & Stephenson, 2015; Pugh et al., 2019; Reyer
et al., 2015; Trumbore et al., 2015). Forests store approxi-
mately half of the world’s terrestrial carbon (Bonan,
2008), sequester twice as much carbon as they emit
(Harris et al., 2021), and provide ecosystem services such
as wildlife habitat, clean water, building materials, and
scenic beauty (MEA, 2005). Fire is a dominant forest dis-
turbance, and fire activity is expected to increase across
much of the globe with warmer and drier 21st-century
climate (Bowman et al.,, 2020). Fire-adapted traits of
tree species (e.g., thick bark, serotinous seed banks,
resprouting, and long-distance dispersal; Baker, 2009;
Pausas & Keeley, 2014), together with residual post-fire
structures such as dead wood and nearby live seed
sources, confer resilience and enable forests to persist or
recolonize burned areas (Franklin et al, 2000).
However, these disturbance legacies may be lost or

especially when fires are stand-replacing (Johnstone
et al., 2016). For example, more frequent fires may recur
before a forest can replenish its former carbon stocks or
reach reproductive maturity (Keeley et al., 1999; Turner
et al., 2019), larger fires may impair regeneration by
increasing distances to seed sources (Harvey et al.,
2016b), and more severe fires may facilitate changing
post-fire tree species composition by altering soil seed-
beds (Johnstone et al., 2010). Tree seedlings are particu-
larly vulnerable to climate change because they tolerate
a narrow range of temperature and moisture stress rela-
tive to mature trees (Dobrowski et al., 2015; Hansen &
Turner, 2019; Jackson et al., 2009). Simultaneous
changes in fire, climate, and vegetation may interact to
erode resilience by amplifying reductions in post-fire for-
est recovery.

Projections of future fire often incorporate only cli-
mate drivers, but post-fire forest and fuel recovery also
affect subsequent fire behavior. In many western USA
forest landscapes, increasing fire frequency is expected to
regulate future fires by decreasing fuel loads, thereby
reducing fire spread rates and burn severity (Parks et al.,
2014, 2015; Prichard et al., 2017; Stevens-Rumann et al.,
2016). These negative feedbacks could counteract the
influence of climate on fire at landscape scales (Coop
et al., 2020), but may not limit regional climate-driven
increases in burning (Abatzoglou et al., 2021). Further,
self-regulation after a single severe fire is short-lived in
many forest types. For example, lodgepole pine (Pinus
contorta var. latifolia) forests recover fuels rapidly after
fire and can burn at similar or higher severity as mature
forests within 10-12 years (Braziunas et al., 2022; Harvey
et al., 2016a; Nelson et al., 2016, 2017).

Short-interval fires (i.e., fires that burn forests at a
short fire return interval relative to historical intervals,
hereafter referred to as “reburns”) are occurring more
often, yet understanding of forest and fuel recovery follow-
ing reburns under a wide range of post-fire climate condi-
tions remains unresolved. In the United States Northern
Rocky Mountains, 138,061 ha of forest burned twice
within a 26-year period (1984-2010), with more than
one-third of reburns occurring in subalpine forests
(i.e., 0.5% of total subalpine forest area in this region
burned twice over 26 years; Harvey et al, 2016a).
High-severity fires in subalpine forests historically
recurred every 100-300 years, driven by rare combinations
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of drought and high wind (Higuera et al., 2011; Romme &
Despain, 1989; Whitlock et al., 2008), and forests recovered
rapidly (Turner et al., 1999). However, area burned is
already increasing with warmer and drier climate
(Abatzoglou & Williams, 2016; Littell et al, 2009;
Westerling, 2016), and climatically based fire rotations
could shorten to <30years over the 21st century
(Westerling et al., 2011). In this study, we used field data
from paired short-interval and long-interval post-fire plots
in Greater Yellowstone most recently burned between
1988 and 2018 to ask: (1) How do short-interval fire, cli-
mate, topography, and distance to unburned live forest
edge interact to affect post-fire forest regeneration? We
expected post-fire tree stem densities to be lower in
short-interval (<30-year) compared with long-interval
(>125-year) plots and drier post-fire climate to amplify dif-
ferences between paired plots (Whitman et al., 2019). We
further expected lower post-fire stem density with
warmer-drier topographic conditions and greater distance
to live forest edge (Hoecker et al., 2020; Stevens-Rumann
& Morgan, 2019). (2) How do forest biomass and fuels vary
following short-interval versus long-interval severe fires?
We expected lower loads and delayed recovery of live and
dead biomass and fuels following short-interval relative to
long-interval fire (Donato et al., 2016; Stevens-Rumann
et al., 2020; Turner et al., 2019). In all plots, we expected
large fuels (1000-h downed wood or >7.6 cm diameter
snags) to comprise the majority of dead woody biomass.
For both questions, we considered long-interval plots the
reference condition for resilient post-fire recovery com-
pared with paired short-interval plots.

METHODS
Study area

The Greater Yellowstone Ecosystem (GYE) comprises
89,000 km* (YNP, 2017) of mostly federally managed
land centered on Yellowstone and Grand Teton National
Parks (Figure 1). Greater Yellowstone has cold, snowy
winters and mild summers, with most annual precipita-
tion falling as snow. Average summer temperature
(1981-2010) is 12.3°C, and annual precipitation averages
644 mm at centrally located Old Faithful in Yellowstone
National Park (WRCC, 2021). The region is expected to
get warmer and drier over the 21st century, with length-
ening fire seasons and harsher conditions for germina-
tion and establishment of young tree seedlings
(Romme & Turner, 2015; Westerling et al., 2011). Since
1950, Greater Yellowstone has warmed +1.3°C, and
annual snowfall has decreased by 25% (Hostetler et al.,
2021). Soils are primarily derived from highly infertile,

volcanic rhyolite; slightly less infertile andesite; or
sedimentary parent materials (Despain, 1990).

Subalpine forests cover much of the GYE between
~1500-3000 m elevation and historically recovered rap-
idly after infrequent severe fire due to prevalent seroti-
nous lodgepole pine with its fire-stimulated canopy seed
bank (Turner et al., 1999). Stand-level percent serotiny
of lodgepole pine is highest at lower elevations (up to
~2300-2400 m) and ranges widely (0 to more than 85%
of trees with serotinous cones; Schoennagel et al., 2003;
Tinker et al., 1994). Approximately one-third of
1984-2010 area burned in United States Northern Rocky
Mountains subalpine forests was stand-replacing (Harvey
et al., 2016a), and 19%-25% of 1984-2020 short-interval
area burned in Northwest United States forests was
stand-replacing in both the initial and subsequent fire
(Harvey et al., 2023). Mean aboveground biomass in
lodgepole pine-dominated forests averages 139 Mg ha™"
(live tree) and 98 Mgha™' (dead woody) across a
300-year chronosequence, and stand density stabilizes to
approximately 1200 stems ha™" after 200 years of stand
development (Kashian et al., 2013; Kashian, Turner, &
Romme, 2005).

Other tree species in the subalpine zone include
Douglas fir (Pseudotsuga menziesii var. glauca) and quak-
ing aspen (Populus tremuloides) at lower elevations,
Engelmann spruce (Picea engelmannii) and subalpine fir
(Abies lasiocarpa) at higher elevations, and whitebark
pine (Pinus albicaulis) near upper treeline (Baker, 2009).
Douglas fir, Engelmann spruce, subalpine fir, and
non-serotinous lodgepole pine rely on wind dispersal
from nearby live seed sources, and most seeds fall within
50m of a live tree (Gill et al., 2021; McCaughey &
Schmidt, 1987). Whitebark pine and quaking aspen can
disperse over longer distances (Lorenz et al.,, 2011;
Turner et al., 2003), and aspen can also resprout after
fire (Baker, 2009).

Reburn and plot selection

We identified recent, large fires (1994-2018; >404 ha)
that severely burned subalpine forests at both short
(<30-year; n = 16 reburns) and long (>125-year) inter-
vals (Figure la; Appendix S1; Eidenshink et al., 2007).
In 2021, we sampled 22 plot pairs (1-2 pairs per reburn)
each consisting of a 0.25-ha short-interval plot burned
twice as stand-replacing fire and a topographically
similar, nearby 0.25-ha long-interval plot burned as
stand-replacing in the same recent fire (Figure 1Ic).
These data were augmented with paired short-interval
and long-interval post-fire plot data collected in 2000,
12 years after the 1988 fires (Braziunas et al., 2023;
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FIGURE 1 (a)Reburnssampled in 2021 in the Greater Yellowstone Ecosystem (GYE). Different shades show perimeter of first fires,
second fires (long-interval), and reburned areas (short-interval overlap of first and second fires). (b) Location of GYE within the USA.

(c) Example paired plot site in the 2016 Berry Fire reburn of the 2000 Wilcox Fire, Grand Teton National Park (44.0° N, 110.7° W).
Short-interval plots burned twice as stand-replacing fire and long-interval plots only burned as stand-replacing in the most recent fire.

Shading shows underlying topography.

Schoennagel et al., 2003). Together, these datasets included
33 plot pairs (n = 66 plots) in 27 reburns widely distributed
throughout the GYE and representing 7-28-year short fire
return intervals, 3-27 years since most recent fire,
1798-2769 m in elevation, 0-356° aspect, and 0-25° slope
(Figure 1; Appendix S2: Table S1 and Figure S1).

Field data collection

Forest recovery and fuels were sampled in 0.25-ha plots
following standard methods (Nelson et al., 2016; Turner
et al., 2019). Seedling (<2 years old), sapling (>2 years old
and <14 m height), tree (>1.4 m height), and standing
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dead (>1.4 m height) stem density were tallied in three
parallel 2-m X 50-m belt transects. At 5-m intervals, we
measured height, crown base height, and diameter at
breast height (dbh) of the closest live tree by species;
height and dbh of the closest standing dead snag; height of
the closest sapling by species; and cover and average
height of shrubs by species in 0.25-m? quadrats (n = 25
quadrats for 6.25-m?> per plot). Downed woody and forest
floor fuels were quantified with five 20-m Brown’s planar
intersect transects (Brown, 1974) oriented randomly from
plot center (total length = 100 m per plot). We recorded
1-h (<0.64 cm diameter) and 10-h (0.64-2.54 cm) fuels
along the first 3 m, 100-h (2.54-7.60 cm) fuels along the
first 10 m, and sound and rotten coarse woody debris
(>7.6 cm diameter, 1000-h fuel) along the entire 20 m.
Litter and duff depth were recorded at 2-m intervals at
three locations per transect (n = 15 measurements per
plot). At plot center we measured aspect, slope, and dis-
tance to unburned live forest edge. If live edge was not vis-
ible or too far to measure in the field, this distance was
estimated in ArcGIS Desktop 10.6 from aerial imagery and
burn severity perimeters. Field data from 2000 included
live stem densities by species counted in four parallel
2-m X 50-m belt transects spaced 25 m apart (Schoennagel
et al., 2003).

Biomass and fuels calculations

We derived live tree, dead snag, lodgepole pine sapling,
and shrub aboveground biomass using allometric equa-
tions (Appendix S1). Snag biomass was summarized by size
classes corresponding to downed wood (i.e., 1-, 10-, 100-,
and 1000-h based on dbh). Canopy fuel load and bulk den-
sity were estimated from conifer tree crown biomass. Dead
woody fuel biomass was computed for 1-, 10-, 100-, and
1000-h pools following Brown (1974) and correcting for
slope. Litter and duff biomass were quantified based on
average depth and bulk densities for lodgepole pine forest
types (Brown et al., 1982; Nelson et al., 2016).

Question 1: Effects of interacting drivers on
forest regeneration

We tested whether live stem densities (including all seed-
lings, saplings, and trees) were lower in short-interval
versus long-interval fire with a one-sided, paired
Wilcoxon signed rank test (n = 33 pairs, lower densities
expected in reburns). Differences were also evaluated by
species. For lodgepole pine, which was present in all
plots, a two-sided, paired Wilcoxon signed rank test was
used. For other species, which were absent from many
plots and exhibited high variance relative to mean values,

differences in presence and density between pairs were
tested with zero-inflated negative binomial regression
models adjusted for matched data (Abadie & Spiess,
2022; McElduff et al., 2010). Simulated model residuals
were evaluated to determine that these distributions
appropriately represented underlying data (Appendix S2:
Figures S2 and S3). Subsequent analyses only used live
conifer stem densities (i.e., excluding aspen).

Post-fire climate was characterized with water-year
(October-September) climate water deficit and summer
(June-August) vapor pressure deficit (VPD; Davis et al.,
2019; Harvey et al., 2016b; Stevens-Rumann et al., 2018).
We used 4-km resolution climate data (TerraClimate;
Abatzoglou et al., 2018) and summarized 30-year normal
(1989-2018) and 3-year post-fire anomaly (z-score relative
to normal; Appendix S2: Figures S4-S7). We assessed
whether differences in conifer stem density were associ-
ated with warmer-drier climate using Spearman’s rank
correlations because pairwise bivariate distributions were
not normal.

The relative importance of drivers of post-fire stem
density was tested with multiple linear regression models
(n =66 observations). Predictors included -climate
(climate water deficit normal and post-fire summer VPD
anomaly), short-interval versus long-interval fire, lower
(<2350) versus higher elevation as a proxy for stand-level
serotiny, topography (heat load index and topographic
position index; Appendix S1), and distance to live edge.
Continuous predictors were not strongly correlated
(Pearson’s |r| < 0.5) and were rescaled to have a mean of
0 and a standard deviation of 1. Conifer stem density was
log,o transformed to meet assumptions of linearity, nor-
mality, and equal variance, which were assessed with
residual and quantile-quantile plots (Appendix S2:
Figures S10 and S11). We fit a full model, including inter-
actions between each predictor and short-interval versus
long-interval fire. We used exhaustive model selection to
identify the most important factors based on model
Bayesian Information Criterion (BIC), retaining all
models with differences in BIC <2 (see Appendix S2:
Table S2 for additional models).

Question 2: Forest biomass and fuels after
short-interval versus long-interval fires

We assessed whether total live and dead tree biomass was
lower in short-interval versus long-interval fire with
one-sided, paired t-tests (n = 22 pairs for live and n = 21
for dead fuels, lower biomass expected following reburns).
Individual fuel pool differences were tested using either
two-sided, paired t-tests or two-sided, paired Wilcoxon
signed rank tests. Fuels were transformed as needed to meet
normality based on quantile-quantile plots (Appendix S2:
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Figure S12), and a Wilcoxon test was used if transforma-
tions did not result in normal distributions. Trees (>1.4 m
height), canopy fuels, and 1-h and 10-h snags were absent
from >40% of plots and were not tested for differences.
Finally, biomass pools were averaged over 0-10, 10-20, and
20-30 years since fire to explore trajectories of biomass
change and recovery following short-interval versus
long-interval fires.

All analyses and visualizations were performed in
ArcGIS Desktop 10.6 and R 4.1.3 (R Core Team, 2022).
See Appendix S1 for supplemental detail on methods and
R packages.

RESULTS

Question 1: Effects of interacting drivers on
forest regeneration

Live stem densities were an order of magnitude lower fol-
lowing short-interval compared with long-interval fire
(mean 3240 vs. 28,741 stems ha™!, median 2000 vs. 5000
stems ha™, respectively; Figure 2). Tree species presence
did not differ between plot pairs, but conifer densities were
68%-92% lower following short-interval reburns (Table 1).
In contrast, aspen density was more than 500% higher in
short-interval plots (Table 1; Appendix S2: Figure S13).
Differences in long-interval minus short-interval conifer

a
@ _p=0.0002
100,000 A ‘
‘l_’\
]
o
(7]
£ 10,000
9
22
P
2 1000-
(0]
©
£
Q
2 100 -
(0]

Long interval
- Short interval

stem density were strongly positively correlated with cli-
mate water deficit normal (p=0.67, p=0.00002, n =33;
Figure 3a) and weakly positively correlated with summer
VPD anomaly (p = 0.34, p =0.05, n = 33; Figure 3b).

Higher post-fire stem densities were best explained by
long fire return intervals, higher climate water deficit nor-
mal (i.e., warmer—drier conditions), and interactions of fire
interval with both distance to unburned live edge and deficit
(Figure 3c,d; Table 2). Following short-interval fire, stem
densities declined at farther distances from live edge and
diverged from long-interval densities with warmer-drier cli-
mate. However, stem densities increased with warmer—drier
climate after both short-interval and long-interval fire;
although not in the top models, this was also the case for
post-fire summer VPD anomaly (Appendix S2: Table S2).
The main effects of fire interval and climate water deficit
explained most variation in stem densities (adjusted
R?=0.23 for the model without interactions, adjusted
R? = 0.27-0.29 for models with interactions).

Question 2: Forest biomass and fuels after
short-interval versus long-interval fires

Short-interval plots had more than seven times less
aboveground live tree/shrub biomass and half as
much dead woody biomass compared with long-interval
plots (mean 1.72vs.12.73 Mg ha™' live and 60.19 vs.

FIGURE 2 (a) Total live stem density boxplots for long-interval and short-interval plots. Jittered points show raw data. Differences are
significant at p = 0.0002 based on a one-sided, paired Wilcoxon signed rank test (test statistic V = 478, n = 33 pairs). (b) Aerial view of forest
recovery and variation in fuels following the 2006 Derby Fire, which reburned the 1990 Iron Mountain Fire as short-interval fire (left) and
burned older forest as long-interval fire (right). Location: 45.6° N, 109.9° W. Photograph credit: Kristin Braziunas.
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TABLE 1 Presence (proportion of plots) and live stem density (stems ha™") by species in long-interval and short-interval plots (n = 33

of each).
Presence
roportion
L Test

Species Long Short statistic p
ABLA 0.27 0.21 0.77 0.45
PIAL 0.18 0.09 1.74 0.09
PICO 1.00 1.00
PIEN 0.42 0.30 1.42 0.16
POTR 0.24 0.36 —1.60 0.12
PSME 0.24 0.09 1.86 0.07

Live stem density
mean (SE) range

Test
Long Short statistic p
97 (53) 13 (6) —7.45 2x1078
0-1667 0-167
77 (40) 20 (14) —2.26 0.03
0-1133 0-433
28,189 (9560) 2790 (663) 490 7 X107

33-197,433 25-14,825

286 (174) 23 (10) —8.14 3x107°
0-5667 0-300
62 (37) 384 (164) 3.16 0.003
0-1200 0-4300
31 (13) 10 (8) —0.22 0.83
0-267 0-267

Note: Differences in lodgepole pine density were tested with a two-sided, paired Wilcoxon signed rank test (test statistic = V). Presence and density for all other
species were tested with zero-inflated negative binomial regression models adjusted for matched data (test statistic = ¢, df = n — 1). Bold p-values are

significant at p < 0.05.

Abbreviations: ABLA, Subalpine fir; PIAL, Whitebark pine; PICO, Lodgepole pine; PIEN, Engelmann spruce; POTR, Quaking aspen; PSME, Douglas fir.

121.25 Mg ha™! dead, respectively; Table 3; see illustra-
tive plot photos in Appendix S2: Figure S13). Differences
in live biomass were reflected in tree biomass, available
canopy fuel load, canopy bulk density, and lodgepole
pine sapling biomass. Live shrub biomass was low and
similar between plot pairs (Table 3).

Individual snag and downed woody pools were highly
variable and mostly did not differ between short-interval
and long-interval plots (Table 3). Large, 1000-h (>7.6 cm
diameter) snags were the primary driver of lower dead
woody fuel loads in short-interval plots (Figure 2b;
Table 3). Although the majority (>80%) of dead woody
fuels were in 1000-h pools in all plots, the proportion of
dead wood in 100-h fuels increased from 2% to 15% fol-
lowing short-interval reburns (Appendix S2: Figure S14).
Litter and duff loads did not differ between plot pairs.

Total live plus dead biomass increased over time follow-
ing long-interval fire and allocation shifted among standing
dead, downed wood, and live pools; in contrast, total live
plus dead biomass changed little during the first 30 years
after short-interval fire (Figure 4). Live tree biomass accu-
mulated more rapidly following long-interval compared with
short-interval stand-replacing fire. Long-interval plots had
much higher snag biomass immediately after fire, which
increased the accumulation of downed wood over time.

DISCUSSION

Our study revealed interactions between short-interval fire
and other drivers of subalpine forest regeneration. Mean

post-fire stem density was an order of magnitude lower fol-
lowing short-interval versus long-interval fires, and differ-
ences were amplified farther from unburned live forest
edge. Surprisingly, warmer-drier climate was associated
with increases in conifer regeneration even after
short-interval fire. Despite the pace of climate change in
this region, seedling physiological tolerance thresholds
appear not to have been crossed across a wide range of
recently reburned areas. Relationships with climate high-
light the importance of stand-level lodgepole pine percent
serotiny, which is highest at lower elevations where cli-
mate is warmer and drier. Greater differences in regenera-
tion density between short-interval and long-interval fires
in warmer—drier areas indicate that young forests are
reburning before recovering their serotinous seed bank.
Our results suggest that forest change due to short-interval
fire will be especially pronounced in historically
high-serotiny areas, shifting recovery from a high-density
to a low-density pathway and potentially leading to forest
restructuring (sensu Seidl & Turner, 2022). Furthermore,
conifer regeneration in subalpine forests with previously
robust serotinous seed banks becomes more reliant on ex
situ seed sources after short-interval fire, and propagule
limitation interacts with short-interval fire to threaten sub-
alpine forest resilience.

Differences in post-fire biomass between short-
interval and long-interval plots highlight nuanced feed-
backs between developing fuels and subsequent fire.
Although many short-interval reburns had abundant
downed wood, they had minimal additional input from
snags and a higher proportion of fuels in smaller size
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FIGURE 3

Climate water deficit normal (mm)

Long interval

Distance to unburned edge (m)

== Short interval

Pairwise relationships between (a) climate water deficit normal (1989-2018) or (b) 3-year post-fire summer vapor pressure

deficit (VPD) anomaly and differences in live conifer stem density in long-interval minus short-interval paired plots (n = 33). Differences in
conifer density have been cube-root transformed for plotting. Interactions between fire interval and (c) climate water deficit normal or (d)
distance to unburned live forest edge explained post-fire live conifer stem density (n = 66). Points and lines are colored by long-interval
(light peach) or short-interval (dark red) fire. Y-axis is on a log;, scale. Lines are linear fits and shading is standard error.

classes that could decompose quickly or burn readily if

fire recurred. In

contrast with rapid recovery after

long-interval fire, live biomass and canopy fuels remained

low nearly 30 years after short-interval fire, suggesting
delayed recovery of pre-fire biomass and prolonged
self-regulation of future burn severity (Figure 5).

Interacting drivers amplify effects on
forest regeneration

Independent effects of short-interval reburns and long dis-
tances to live forest on post-fire conifer densities are well
documented (Stevens-Rumann & Morgan, 2019), and here
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TABLE 2 Multiple linear regression models predicting stem density (log;, transformed) from multiple factors and potential interactions

with short-interval fire.

Model ABIC  Adjusted R Predictor Estimate SE t p
Model 1 0 0.28 (Intercept) 3.70 0.13 29.01 2%x107¥
Fire interval (short) —0.74 0.18 —4.03 0.0002
Climate water deficit normal 0.28 0.09 3.02 0.004
Distance to unburned:Fire interval (short) —-0.34 0.16 -2.19 0.03
Distance to unburned:Fire interval (long) 0.12 0.12 0.96 0.34
Model 2 0.7 0.27 (Intercept) 3.74 0.12 3060 4x107%
Fire interval (short) —0.67 0.17 —3.87 0.0003
Climate water deficit normal 0.43 0.12 3.55 0.0008
Climate water deficit normal:Fire interval (short) —0.37 0.17 —2.12 0.04
Model 3 1.1 0.23 (Intercept) 3.74 0.13 2977  8x107%¥
Fire interval (short) —0.67 0.18 —3.77 0.0004
Climate water deficit normal 0.25 0.09 2.81 0.007
Model 4 1.7 0.29 (Intercept) 3.72 0.13 29.17 4x10°%
Fire interval (short) —0.74 0.18 —4.01 0.0002
Climate water deficit normal 0.40 0.13 3.09 0.003
Distance to unburned:Fire interval (short) —0.28 0.16 -1.72 0.09
Climate water deficit normal:Fire interval (short) —-0.24 0.19 —1.30 0.20
Distance to unburned:Fire interval (long) 0.07 0.12 0.59 0.56

Note: Exhaustive model selection and Bayesian Information Criteria (ABIC <2) were used to identify models that best represented the relative importance of
predictors. Continuous predictors were standardized to have a mean of 0 and a standard deviation of 1. Bold p-values are significant at p < 0.05.

we found amplifying interactions. This is particularly
concerning in western United States forests, where current
trends in area burned and stand-replacing fire indicate
that these two conditions will co-occur with increasing
likelihood (Buma et al., 2020; Harvey et al., 2016a, 2023;
Westerling, 2016). Climate-driven increases in other agents
of tree mortality, such as bark beetles, wind, drought, and
pathogens (Anderegg et al., 2020; Seidl et al., 2017), could
further reduce seed source availability throughout forest
landscapes and exacerbate impacts on post-fire regenera-
tion (Coop et al.,, 2020). Interactions among drivers alter
the likelihood of crossing thresholds and the rate of eco-
system transformation (Ratajczak et al., 2018; Scheffer &
Carpenter, 2003). Our findings suggest that historically
fire-resilient forests could experience much slower rates of
recovery or be vulnerable to surprising forest change
where interacting drivers overlap (Figure 5).

Contrary to our expectations, warmer—drier sites and
drier post-fire conditions were associated with higher
conifer seedling densities, as well as greater differences
between short-interval and long-interval plots. This in
part reflects the higher prevalence of lodgepole pine
serotiny (Tinker et al., 1994) and longer growing seasons
at lower elevations, which explains how warmer-drier

sites could buffer tree regeneration even after short-
interval fires that occur before forests recover their seroti-
nous seed banks. Stevens-Rumann et al. (2018) similarly
found that 30-year climate water deficit was positively
associated with post-fire forest replacement before 2000,
but after 2000 this relationship switched to negative. The
warmer-drier conditions represented in our study were
apparently still favorable for tree seedling regeneration,
but post-fire droughts have exceeded seedling tolerance
thresholds in many forests across the western USA over
the past 20 years (Davis et al., 2019; Stevens-Rumann &
Morgan, 2019). Future research should prioritize areas
that burned as short-interval fire followed by extreme
drought and disentangle the role of warmer—drier climate
from serotiny. Other changing drivers not considered in
this study may also affect post-fire regeneration densities
and could be included in future research (e.g., height of
live forest edge, because young forests are shorter and dis-
perse seeds less far into burned patches; Gill et al., 2021).
Overall, post-fire conifer regeneration densities were
lower and less variable across a broad environmental gra-
dient after short-interval versus long-interval fire. These
initial regeneration densities dictate stand development
for decades to centuries, with important implications for
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TABLE 3 Fuels and biomass pools in long-interval and short-interval plots (n = 22 each of short and long plots unless otherwise
noted); due to time constraints, fuels data were not measured in one plot pair and shrubs were not measured in two plot pairs.

Long-interval Short-interval Test or Test
Biomass or fuel characteristic mean (SE) range mean (SE) range trans. statistic P
Live tree aboveground (all species) 10.25 (4.01) 1.46 (0.70)
0-63.64 0-15.32
Canopy fuels (conifers only)
Available canopy fuel load 3.57 (1.39) 0.52 (0.26)
0-23.71 0-5.62
Canopy bulk density (kg m™) 0.20 (0.10) 0.03 (0.01)
0-2.14 0-0.30
Dead aerial fuels
1-h snag size class 0.00 (0.00)
0-0.01
10-h snag size class 0.01 (0.00) 0.29 (0.21)
0-0.10 0-4.50
100-h snag size class 0.41 (0.20) 1.98 (0.72) Wilcoxon 48 0.11
0-4.48 0-13.36
1000-h snag size class 53.88 (8.41) 3.19 (0.98) Cube root 9.81 3x107°
0-133.92 0-18.78
Total snag 54.29 (8.41) 5.46 (1.28) Square root 9.03 1x10°®
0-134.16 0-20.45
Live surface fuels
Sapling aboveground (lodgepole pine) 2.40 (1.54) 0.19 (0.06) Wilcoxon 214 0.003
0-34.18 0-0.93
Shrub (n = 20) 0.08 (0.01) 0.08 (0.02) Cube root 0.70 0.49
0.01-0.22 0-0.46
Dead surface fuels (n = 21)
Litter 3.84 (0.80) 2.62 (0.66) Wilcoxon 168 0.07
0.03-16.20 0.17-11.41
Duff 12.01 (2.46) 9.14 (2.54) Wilcoxon 110 0.12
0-45.52 0-45.34
1-h 0.16 (0.04) 0.10 (0.02) Wilcoxon 162 0.11
0.01-0.72 0-0.34
10-h 1.68 (0.26) 1.37 (0.25) No trans. 0.79 0.44
0.09-5.02 0-4.42
100-h 3.66 (0.52) 4.86 (0.68) Wilcoxon 58 0.08
1.00-11.98 1.21-12.79
Sound 1000-h 45.86 (7.73) 32.10 (6.59) Wilcoxon 151 0.23
5.67-154.30 0-105.30
Rotten 1000-h 17.64 (5.53) 16.14 (2.92) Cube root -1.29 0.21
0-95.75 0.31-56.92
Total live aboveground (tree + sapling + shrub) 12.73 (4.98) 1.72 (0.73) Logio 3.82 0.0005
0.06-91.14 0.02-16.27
Total dead woody (snags + downed 121.25 (7.92) 60.19 (7.80) No trans. 7.48 2x1077
wood, n = 21) 58.97-203.50 20.15-153.54

Note: All loads are in Mg ha™" unless otherwise noted. Differences between plot pairs were tested with one-sided, paired t-tests (total live and total dead, test

statistic = f), two-sided paired t-tests (test statistic = ¢, df = n — 1), or Wilcoxon signed rank tests (test statistic = V). The Test or transformation (trans.) column
indicates whether a Wilcoxon test was used or whether a transformation was used with a t-test (No trans. = data were not transformed). Snag and woody surface fuel
size classes: 1-h, <0.64 cm diameter; 10-h, 0.64-2.54 cm; 100-h, 2.54-7.60 cm; and 1000-h, >7.6 cm diameter. Bold p-values are significant at p < 0.05.
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FIGURE 4 Aboveground live and dead biomass pool trajectories following (a) long-interval and (b) short-interval fire. Plots cover a range of

3-27 years since most recent fire. Pools are averaged in 10-year bins (0-10 years since fire, n = 11 plot pairs; 10-20, n = 8; and 20-30, n = 2).
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FIGURE 5 Conceptual framework of potential recovery
trajectories for aboveground biomass (live plus dead) after stand-
replacing long-interval or short-interval fire. The starting point for each
trajectory is the residual dead woody biomass after the fire. Following
long-interval fire (a, light peach), biomass recovers rapidly to pre-fire
levels. Following short-interval fire (b, solid dark red), biomass
recovery is delayed and slower due to lower initial levels of dead
biomass and tree regeneration. Average regeneration densities are
sufficient so that full biomass recovery is likely in the absence of
subsequent disturbance. Amplifying effects of long distances from seed
source or other drivers could further delay biomass recovery (c, dashed
dark red) or potentially result in only partial biomass recovery if
post-fire tree density is insufficient for self-replacement (d, dotted dark
red). If stand-replacing fires reburn forests before they have recovered
to pre-fire conditions, forests may be vulnerable to sustained
reductions in biomass. LI, long interval; SI, short interval.

ecosystem structure, function, and services (Braziunas
et al., 2018; Kashian, Turner, Romme, & Lorimer, 2005;
Turner et al., 2016).

Quaking aspen emerged as a potential winner in a
more fiery future, although regeneration density after a sin-
gle short-interval fire often remained much lower than
conifer density. Aspen effectively colonizes recently burned
areas from seed via long-distance dispersal (Turner et al.,
2003). Once established, aspen resprout successfully and in
abundance after short-interval reburns (e.g., Eisenberg
et al., 2019; this study) or short intervals between bark bee-
tle outbreaks and fire (e.g., Andrus et al., 2021). Aspen is a
keystone species of global importance for biodiversity
(Rogers et al., 2020), and warmer climate is associated with
inhibited growth and dieback of aspen in the Rocky
Mountains (Hanna & Kulakowski, 2012). Our results high-
light a potentially positive effect of climate-driven increases
in short-interval fire, which may enable aspen expansion by
reducing competition with conifers and facilitating aspen
regeneration. Similarly, severe fire has catalyzed transitions
from conifer to deciduous dominance in boreal forests
(Johnstone et al., 2010; Mack et al., 2021).

Reburns alter fuel recovery trajectories
and potential future burn severity

Delayed recovery of live canopy fuels following
short-interval stand-replacing fire suggests a lower likeli-
hood of crown fire for 30 years or more following reburns.
Average canopy bulk density in long-interval plots was
already above an active crown fire threshold of
0.10 kg m~> (Cruz et al, 2005), whereas average
short-interval bulk density was well below. Self-regulating
effects of past fires on future fire spread and burn severity

85U8017 SUOLILLIOD BATea.0 3edldde aup Aq peusenob ase e YO ‘8sn JO s3I0y Ariqi8uljuO A8|IA U0 (SUONIPUOD-PUR-SLLIBY/LID"AB | 1M ARIq 1 Ul UO//:SANY) SUORIPUOD pUe SWiB | 8L 88S *[£202/20/2T] uo Ariqiauliuo A8|IM ‘Auewsen aueiyood Aq zi0t A98/200T 0T/I0p/W0 A8 | IMAleIq U1 |UO'S [N fess//Sdy Wwoy pepeoumod ‘9 ‘€202 ‘0LT6656T



12 of 16 |

BRAZIUNAS ET AL.

are often short-lived (Buma et al., 2020; Parks et al., 2015),
especially in subalpine forests (Harvey et al., 2016a), but
our data show that regulation of canopy burn severity
could be lengthened following short-interval fire.

Surface fire spread relies on fine surface fuels, which
did not differ between plot pairs, suggesting future surface
fire spread may be unaffected by reburns. Although we did
not quantify herbaceous fuels, Schoennagel et al. (2004)
found that herb and grass cover did not differ 12 years after
short-interval versus long-interval fire in this region. Coarse
woody debris does not contribute substantially to fire spread
rates, but higher loadings can increase residence time, burn
severity, and resistance to fire control (Graham et al., 2004;
Sikkink & Keane, 2012). Downed coarse wood loads of
22-67 Mgha™' balance high ecological benefits with
low-to-moderate fire hazard in cool-climate, post-fire forests
(Brown et al, 2003). Average loadings following
short-interval fire were within this range, but average
long-interval loadings including large snags were much
higher. Thus, short-interval reburns may reduce future sur-
face burn severity even if they do not limit spread.
Alternatively, more open forest canopies result in drier fuels
and higher windspeeds, which could enable rapid fire
spread and high tree mortality given sufficient surface fuel
loads (van Wagtendonk, 1996).

Implications for forest resilience and
change

Overall, our results suggest that some characteristics of for-
est resilience remain intact after short-interval fire, while
others are diminished or lost. All plots had tree regeneration
and average densities in reburned areas were sufficient for
self-replacement (1200 stems ha™" in 200-year-old stands;
Kashian, Turner, & Romme, 2005), indicating that forest
regeneration could be considered resilient even after two
severe fires within a few decades (Figure 5). In terms of
material disturbance legacies, downed coarse wood, which
provides regeneration microsites, energy, nutrients, and car-
bon in post-fire environments (Franklin et al., 2007;
Harmon et al, 1986), remained high following
short-interval fire. In contrast, large standing snags, which
serve as a critical wildlife habitat for several bird species
(Hutto, 1995), were virtually absent in reburns. Total live
and dead biomass was also much lower in reburns, and bio-
mass accumulation was dampened relative to long-interval
fire. These results suggest that short-interval fires weaken
forest contributions to climate regulation via carbon seques-
tration. These diminished capabilities could be long-lasting
and further amplified if stands reburn again within a few
decades (Figure 5; Hayes & Buma, 2021; Turner et al., 2019).
However, negative feedbacks on burn severity from reduced

fuel loads could still mitigate future fire effects, and transi-
tions to deciduous species could enhance carbon uptake
and increase albedo (Beck et al., 2011; Mack et al., 2021).
Our results apply to other forests facing simultaneous
changes in multiple interacting drivers, including North
American boreal (Baltzer et al.,, 2021; Whitman et al.,
2019), European temperate (Albrich et al., 2022; Senf &
Seidl, 2021), pantropical (Brando et al., 2019), and
Mediterranean forests (Batllori et al., 2019). Historically
resilient forests may experience restructuring or
reassembly following disturbance (Seidl & Turner, 2022)
if species traits become misaligned with changing distur-
bance regimes (Johnstone et al., 2016). Results of this
study underscore the importance of considering amplify-
ing interactions among drivers, the need for quantifying
recovery over time scales long enough to detect trends,
and the power of paired design to improve causal infer-
ences from observational data. Short-interval fire dimin-
ished and delayed forest recovery and, coupled with
interacting drivers, could lead to rapid, surprising
changes in forest resilience during the 21st century.
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