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Abstract

Post-fire carbon, fuels, and vegetation dynamics in wet temperate forests: implications for future

fire and management in the Pacific Northwest

Jenna Morris

Chair of the Supervisory Committee:
Brian J. Harvey

School of Environmental and Forest Sciences

Forecasting ecosystem dynamics under warming climate and increasing fire activity is a critical
priority for contemporary ecology and ecosystem management. However, fundamental
understanding of fire effects is missing in ecosystems where fire is infrequent, including wet
temperate forests west of the Cascade Range crest in Washington and northern Oregon, USA
(“northwestern Cascadia”). In this dissertation, I combined empirical and simulation insights
from recent fires in northwestern Cascadia to address research priorities for anticipating the
effects of large infrequent fires on future forest dynamics. First, I characterized initial (25 years)
post-fire aboveground biomass in long-term monitoring plots within five fires to explore the
relative influence of pre-fire stand age and burn severity on two important post-fire disturbance

legacies: carbon and fuel profiles. I found that pre-fire stand age drove total legacy amounts



while burn severity modified legacy condition. Regardless of burn severity, most biomass
present pre-fire persisted following fire. These findings suggest that, when burned, older stands
may have greater potential than younger stands to support several ecosystem functions, due to
more abundant and complex disturbance legacies. Next, I characterized the relative importance
of bottom-up and top-down drivers on short-interval reburn potential. I used the Fire and Fuels
Extension to the Forest Vegetation Simulator to model potential fire behavior and effects in each
field plot under two fire weather scenarios. I found that initial fuel variability influenced some
aspects of potential fire behavior and effects in reburns under moderate fire weather conditions.
However, extreme fire weather is likely to override these effects and result in stand-replacing fire
effects regardless of differences in initial fuel variability among stands. Microclimate responding
to differences in stand structure buffered potential fire behavior and effects, particularly in
unburned stands, but did not change overall patterns. These findings suggest the dominance of
top-down drivers on influencing short-interval reburn potential in wet temperate forests. Finally,
I examined potential tradeoffs for managing post-fire forest trajectories, specifically focusing on
early-seral conditions, tree regeneration, and fuel profiles. I initialized each high severity field
plot in the individual-based landscape model, iLand, and simulated 80 years of stand
development under two future climate scenarios. I found that pre-fire stand age had lasting
effects on forest recovery following stand-replacing fire, with older stands having longer
persistence of early-seral conditions, more abundant and diverse live tree regeneration, and
greater canopy and surface fuel loads. Post-fire trajectories were similar under both warming and
current future climate scenarios. These findings suggest that post-fire recovery may be more
robust in older stands, and negative effects of warming are unlikely through the end of the

century in the absence of additional disturbance. Further, common post-fire management



interventions present likely tradeoffs for post-fire forest structure and function. Collectively, this
work builds understanding of the drivers and consequences of fire in forests shaped by long
intervals between severe disturbances. Exploring the immediate and future effects of fire on
ecosystem functions, disturbance interactions, and management outcomes supports our ability to

manage post-fire recovery trajectories in some of the world’s highest biomass forests.
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INTRODUCTION

Forest dynamics are shifting in response to global change (McDowell et al. 2020). In addition to
direct effects on demographic processes, warming climate has indirect effects on forest
ecosystems through natural disturbances (Seidl et al. 2017). These disturbances (i.e., discrete
disruptive events that alter the state and trajectory of ecosystems; Pickett and White 1985) are
important drivers of forest patterns and processes (Bowd et al. 2021). However, disturbance
frequency, severity, and extent are changing in response to warming climate (Sommerfeld et al.
2018), threatening ecosystem services and creating uncertainty about future forest trajectories
(Seidl et al. 2016). As climate continues to warm in the future (Lee et al. 2021), understanding
the drivers and anticipating the effects of disturbances on forest ecosystems will be critical for
adapting to climate change (Turner 2010).

Characterizing future disturbance dynamics is particularly important in forest ecosystems
shaped by large infrequent disturbances (Turner and Dale 1998). These disturbances, such as the
1980 eruption of Mount St. Helens and the 1988 Yellowstone fires in western North America,
can produce qualitatively different outcomes for ecosystems compared to smaller and more
frequent disturbance events (Romme et al. 1998). Variability in the magnitude of large
infrequent disturbances interacts with the pre-disturbance ecosystem state to produce complex
spatial patterns of disturbance legacies (i.e., individuals, materials, and adaptations from the pre-
disturbance system that persist following disturbance; Franklin et al. 2000). These legacies can
influence post-disturbance structure and function and interactions with other disturbances for
decades to centuries (Foster et al. 1998, Turner et al. 1998). However, despite their profound role
in shaping landscape patterns and processes, the ecological effects of large infrequent

disturbances are not well understood due to the rarity of these events and limited data on long-



term effects (Turner and Dale 1998). Therefore, when these disturbances do occur, it is crucial to
characterize the immediate effects and post-disturbance recovery over time to inform future
forest management (Dale et al. 1998).

Fire is a major disturbance agent and fundamental ecological process in forest ecosystems
(Bowman et al. 2009, McLauchlan et al. 2020). However, changing climate has increased fire
activity in forests across the world (Bowman et al. 2020). In western North America, warmer and
drier conditions have promoted increases in area burned (Westerling 2016, Abatzoglou and
Williams 2016), high severity burn area (Parks and Abatzoglou 2020, Parks et al. 2023), fire
season length (Jolly et al. 2015), and number of large fires (Dennison et al. 2014). Fire activity is
expected to continue to increase with future warming (Jones et al. 2022), highlighting
uncertainties and challenges for understanding the implications of future fires on forest
ecosystems.

One research priority for addressing these challenges is characterizing the drivers and
effects of fires on forest structure and function (McLauchlan et al. 2020). Biological legacies,
shaped by the pre-fire ecosystem state and fire severity, are major determinants of post-fire
outcomes (Peters et al. 2011, Johnstone et al. 2016). Given the role of forests as the largest
terrestrial carbon sink (Pan et al. 2011), live and dead post-fire biomass components are key
legacies that support carbon cycling (Kashian et al. 2006) and feedbacks to future disturbances
(Burton et al. 2020). Thus, characterizing these legacies immediately following fire can provide a
baseline condition for monitoring change over time and supporting forest resilience to future fire
(Seidl and Turner 2022).

A second priority for addressing key challenges in ecology is examining interactions and

feedbacks among disturbances (McLauchlan et al. 2020). Disturbance interactions shape



ecosystem dynamics across scales with important consequences for forest structure and function
(Buma 2015, Burton et al. 2020). Multiple fires can interact as linked disturbances (Simard et al.
2011) where one fire alters the occurrence or effects of a subsequent fire. Past fires can often act
as temporary barriers to the spread and severity of subsequent fires by consuming fuels and
altering vegetation structure and composition (Parks et al. 2014, 2015). When occurring at short
intervals, disturbance interactions can also produce compound effects on structure and
composition (Paine et al. 1998) that may cause abrupt shifts in forest dynamics (Turner et al.
2020), such as conversion of forest to non-forest or homogenization of landscape patterns
(Prichard et al. 2017, Hoecker and Turner 2022, Harvey et al. 2023). Since increasing fire
activity may promote the likelihood of reburns, characterizing how one fire interacts with
subsequent fires is important for managing post-fire landscapes.

A third priority for addressing key challenges in ecology is understanding the long-term
consequences of disturbances (McLauchlan et al. 2020). Forests are long-lived ecosystems and
stand development after severe disturbances can take decades to centuries (Franklin et al. 2002,
Seidl and Turner 2022). While initiating empirical studies shortly after disturbance can help fill
knowledge gaps and provide important ecological and management insights (Lindenmayer et al.
2010), process-based ecosystem models allow for examination of responses over time and under
novel conditions (Grimm et al. 2017, Turner and Carpenter 2017). Thus, combining empirical
and simulation modeling approaches can be especially powerful for exploring the drivers and
effects of changing climate and fire activity on forest ecosystems (Seidl 2017).

While fire dynamics are relatively well-studied in forests adapted to frequent fire (e.g.,
Hessburg et al. 2021), critical insights on large and severe fire effects are missing in forests

shaped by infrequent fires. Wet forests at temperate latitudes in coastal margins worldwide (e.g.,



northwestern North America, southwestern South America, southeastern Australia) are
characterized by fire regimes that include large stand-replacing fires occurring at intervals of
several decades to centuries (McCarthy et al. 1999, Veblen et al. 2008, Reilly et al. 2021). Fire
occurrence is limited primarily by fuel flammability, requiring prolonged periods of high heat
and low moisture conditions to sufficiently dry fuels for fire ignition and spread (Bradstock
2010, Littell et al. 2018). When fires do occur, abundant fuel loads can facilitate high fire
intensity and result in near-total tree mortality and conversion of forests from carbon sinks to
carbon sources for several decades (Kashian et al. 2006). After fire, live fuels can recover rapidly
in these high productivity systems, suggesting past fires may not reduce the likelihood or
severity of subsequent fire (Buma et al. 2020). However, given the long intervals between these
large severe fire events, there are inherently few opportunities to study the drivers and effects of
fire in wet temperate forests, and examine post-fire recovery trajectories over longer time scales.
Using concepts and approaches from disturbance and fire ecology, forest ecology, and
ecosystem modeling, this dissertation explores the immediate and mid- to longer-term
consequences of large infrequent fires in wet temperate forests. Specifically, I focus on wet
temperate forests west of the Cascade Range crest in Washington and northern Oregon, USA
(hereafter ‘northwestern Cascadia’) as an archetype of systems shaped by stand-replacing fires at
multi-century intervals (Agee 1993, Reilly et al. 2021). Conifer-dominated forests in
northwestern Cascadia support exceptionally high levels of biomass (Waring and Franklin 1979)
and are continually at the forefront of global forest, carbon, and climate change policy (Spies et
al. 2018). Historical records suggest these forests have a tendency to reburn at short intervals
following an initial fire (Gray and Franklin 1997, Reilly et al. 2022), though mechanisms are

uncertain. Recent fires have burned nearly a quarter million hectares in the region (Reilly et al.



2022), creating an opportunity to build understanding of forest recovery after large infrequent
fires in wet temperate forests.

In collaboration with local, state, tribal, and federal agencies, this dissertation uses
empirical and simulation insights from these recent fires in northwestern Cascadia to address
priorities for anticipating the effects of large infrequent fires on future forest dynamics. In
Chapter 1, I characterize aboveground biomass in recently burned stands across the region to
explore drivers of variability in initial post-fire carbon and fuel profiles. In Chapter 2, I use
detailed fuels data from these field-measured stands and a mechanistic fire behavior model to
address uncertainties about drivers of early post-fire reburn potential. In Chapter 3, I use
landscape simulation modeling to extend empirical insights from Chapters 1 and 2 into the
future, examining potential tradeoffs for managing post-fire forest trajectories under changing
climate. Together, these chapters build fundamental understanding of the mechanisms behind
disturbance-mediated change and feedbacks in systems shaped by long intervals between large,

severe disturbances.
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Chapter 1. STRUCTURAL LEGACIES DRIVE VARIABILITY IN
POST-FIRE ABOVEGROUND CARBON AND FUEL
PROFILES IN WET TEMPERATE FORESTS

1.1 ABSTRACT

Disturbance legacies shape ecosystem functioning and feedbacks to future disturbances, yet how
legacies are driven by pre-disturbance state and disturbance magnitude is poorly understood —
especially in ecosystems influenced by infrequent and severe disturbances. Focusing on wet
temperate forests as an archetype of these ecosystems, we characterized live and dead
aboveground biomass 2—5 years post-fire in western Washington and northwestern Oregon, USA
to ask: How do pre-fire stand age (i.e., pre-disturbance ecosystem state) and burn severity (i.e.,
disturbance magnitude) drive variability in initial post-fire (1) aboveground biomass carbon and
(2) fuel profiles? Dominant drivers of post-fire legacies and potential disturbance feedbacks
varied widely by response variable, with pre-disturbance ecosystem state driving total legacy
amounts and disturbance magnitude moderating legacy condition. Total post-fire carbon was ~3—
4 times greater in mid- and late-seral stands compared to young stands. In unburned and low-
severity fire stands, >70% of post-fire total carbon was live, and canopy fuel profiles were
largely indistinguishable between the two fire severity classes, suggesting greater continuity of
structure and function pre- and post-fire. Conversely, in high-severity stands, >95% of post-fire
total carbon was dead and very little canopy fuel remained. Regardless of burn severity, most
biomass present pre-fire persisted following fire, suggesting high-carbon pre-fire stands lead to
high-carbon post-fire stands (and vice versa). Persistence of legacy biomass in high-severity

stands, even as it decays, will therefore buffer total ecosystem carbon storage as live tree carbon
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recovers over time. Further, all burned stands had considerable production of black carbon in
charred wood biomass which can support ecosystem functioning and promote long-term carbon
storage. Initial post-fire fuel loads are sufficient to support fire in all stands but reburn potential
may be greater in high-severity stands due to rapid regeneration of flammable live surface
vegetation and more exposed microclimatic conditions. Fuel reduction benefits from fire on
subsequent fire occurrence in high-productivity systems therefore appear short-lived. Our
findings demonstrate the importance of pre-disturbance ecosystem state in dictating many
aspects of initial post-disturbance structure and function, with important implications for
managing post-fire recovery trajectories in some of Earth’s most productive and highest biomass

forests.

1.2 INTRODUCTION

As climate warms and disturbance activity increases (Seidl et al. 2017), understanding drivers of
post-disturbance outcomes is essential for forecasting ecosystem futures. Disturbance legacies
(i.e., individuals, materials, and adaptations from the pre-disturbance system that persist
following disturbance; Franklin et al. 2000) are major determinants of post-disturbance outcomes
that can shape ecosystem trajectories for decades to centuries (Seidl and Turner 2022). Two key
drivers of disturbance legacies include the pre-disturbance ecosystem state and disturbance
magnitude (i.e., degree of effect on ecosystem properties; Pickett and White 1985) (Johnstone et
al. 2016, Peters et al. 2011). The pre-disturbance ecosystem state sets the template of structural
and compositional material available to persist as legacies. Intervals between disturbances
typically dictate the range in biotic structure, composition, and complexity of the pre-disturbance
state. Disturbance magnitude then interacts with the ecosystem state to influence the amount,

composition, and arrangement of available material that either is removed or persists as legacies.
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For example, greater burn severity (i.e., amount of vegetation killed by fire; Keeley 2009) results
in greater total loss and conversion from live to dead biomass (Meigs et al. 2011). While
individual drivers of post-disturbance legacies have received attention, the relative and combined
importance of multiple drivers are less well understood.

Disturbance legacies can strongly shape post-disturbance ecosystem functioning and
feedbacks to future disturbances, and are of particular importance in ecosystems influenced by
infrequent severe disturbances. For example, stand-replacing fire can shift ecosystems from
carbon sinks to sources via mortality and subsequent decomposition of biomass (Kashian et al.
2006). However, live biomass can recover carbon quickly in high-productivity systems and
legacy carbon can persist for centuries in large dead and charred material (Hudiburg et al. 2023).
Disturbance legacies can also alter the likelihood, extent, or magnitude of a future disturbance
via feedbacks (i.e., linked interactions; Simard et al. 2011). For example, fires can temporarily
reduce the probability, spread, and severity of subsequent fires due to fuel consumption and
changes in vegetation composition, though the strength of these effects diminishes over time as
fuels recover (Buma et al. 2020). In highly productive ecosystems, rapid accumulation of fuels
after fire may promote the likelihood of short-interval reburns (Gray and Franklin 1997, Reilly et
al. 2022) with implications for structure (e.g., Hoecker and Turner 2022a) and rates of recovery
(e.g., Braziunas et al. 2023). Given the critical post-disturbance reorganization window (Seidl
and Turner 2022), characterizing the structure and function of legacies soon after disturbances is
important for ecological forecasting and understanding management options (Lindenmayer et al.
2010). Yet, there are inherently few opportunities to study post-disturbance outcomes in
ecosystems with long disturbance-free intervals.

We tested the relative influence of pre-disturbance state and disturbance magnitude on key
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disturbance legacies in forests influenced by long-interval stand-replacing fires. We focused on
wet temperate forests of the Pacific Northwest, USA — an archetype of infrequent stand-replacing
fire regimes shared by other forests at temperate latitudes in coastal margins worldwide (e.g.,
southwestern South America, southeastern Australia). Forests west of the Cascade Range crest in
Washington and northern Oregon (hereafter ‘northwestern Cascadia’) are shaped by a fire regime
that includes stand-replacing fires with multi-century return intervals and extensive area burned
(>50%) at high severity (Agee 1993). Among the range of intermediate fires that can occur
between these long-interval events, historical records suggest a strong tendency of these forests
to reburn in the initial decades following a stand-replacing fire (i.e., fire begets fire; Gray and
Franklin 1997, Reilly et al. 2022), though mechanisms are not well understood. These forests are
among the most productive and carbon dense in the world, representing a vital carbon sink and
economic resource (Case et al. 2021). Accordingly, the region is continually at the forefront of
global forest and climate change policy and displays a wide variety of past disturbance and
management legacies (Spies et al. 2018). Recent fires have burned more than 200,000 ha across
the region (Reilly et al. 2022), creating an opportunity to examine post-fire structure, function,
and implications for future disturbances and management. Using field data from five recent fires
in northwestern Cascadia, we asked: how do pre-fire stand age and burn severity drive variability

in initial post-fire (1) aboveground biomass carbon and (2) fuel profiles?

1.3 METHODS

1.3.1 Study area

Northwestern Cascadia comprises 6.1 Mha of wet temperate forests. Current structural

conditions, which bear the legacy of more than a century of timber harvest activity, are
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dominated by dense young plantations and mid-seral forests among unharvested old growth
stands (Donato et al. 2020, Spies et al. 2018). Forests are dominated by obligate-seeding
gymnosperm species, with composition varying by elevation. At lower elevations (<1,000 m),
Douglas-fir (Pseudotsuga menziesii), western hemlock (7Tsuga heterophylla), and western
redcedar (Thuja plicata) are dominant, with noble fir (4bies procera) and Pacific silver fir (4bies
amabilis) prevalent at relatively cooler and wetter middle elevations (1,000—1,600 m).
Angiosperm tree species are less common, but can resprout and exist at high densities in mesic
and recently-disturbed areas (Franklin and Dyrness 1973). Understory composition is dominated
by abundant cover of shrub, fern, and forb species (Spies 1991). Climate is Mediterranean with
mild seasonal temperatures, wet winters, and dry summers (Franklin and Dyrness 1973). Across
our sampled area, 30-year normals (1991-2020) of annual mean temperature and total
precipitation range from 4.0-10.7°C and 1,435-3,273 mm, with 76% of precipitation occurring
November through April (PRISM Climate Group 2024). Soils are primarily loamy, well-drained
Inceptisols derived from pyroclastic and igneous parent materials (Franklin and Dyrness 1973).
The long interval (200—-600 years) stand-replacing fire regime of northwestern Cascadia
is limited primarily by climatic controls on region-scale weather events and fuel moisture (Agee
1993). More frequent fires may occur in the interim periods, commonly associated with the use
of fire as a management tool by Indigenous peoples (Boyd 1999, Johnston et al. 2023). Most
large and severe fires occur toward the end of summer following prolonged periods of high
temperature and low humidity that allow for sufficient drying of fine fuels to ignite and carry fire
(Reilly et al. 2021). Such fires typically produce large patches (>10,000 ha) of area burned at
high severity (Agee 1998, Reilly et al. 2022) due to intense burning conditions and lack of fire

resistant traits for most tree species (Minore 1979, Stevens et al. 2020), but also tend to include
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substantial portions burned at lower severity arising from periods of mild fire weather (Reilly et
al. 2022). The largest fires (>50,000 ha) are driven by extreme weather events such as synoptic

dry east winds that drive rapid fire spread (Reilly et al. 2021).
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Figure 1.1. Study area. Top: Sampled fire perimeters (red) and recent area burned (1984—
2021; black) within northwestern Cascadia, USA (blue). Botfom: Location, timing, and
number of plots (N = 95) across sampled fires. Fire size only includes area burned on the
west side of the Cascade Range crest (source: Monitoring Trends in Burn Severity,
https://www.mtbs.gov/).
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1.3.2  Sampling design

We established 1-ha long-term monitoring plots (N = 95) in forest stands within five recent
(2017-2020) fires across northwestern Cascadia (Figure 1.1). Plots were established 25 years
post-fire and systematically stratified by field-determined pre-fire stand age and burn severity
(Figure 1.2; Appendix A). We defined pre-fire stand age (i.e., age prior to the recent focal fires in
our study) by developmental stage as a function of structural and compositional attributes (Van
Pelt 2007), and classified as young, mid-seral, or late-seral (Appendix A: Table 1.1). In general,
young stands (~30-50 years) established after clearcut harvest in the late 1900s and had high
densities of small-diameter shade-intolerant conifer trees starting to develop overlapping
canopies. Mid-seral stands (~70—150 years) originated from fire or clearcut harvest after Euro-
American settlement and were dominated by scant understory and near-total canopy cover of
rapidly growing trees. Late-seral stands (~160-500+ years) originated from fire generally prior
to Euro-American settlement and were characterized by spatial heterogeneity in live and dead
vegetation structures including multilayered tree canopies, abundant tree regeneration and down
wood, and large diameter trees (Franklin et al. 2002). We classified burn severity by percent of
fire-killed basal area as unburned (0%), low (<30%), or high (=90%). We could not locate any

young stands that burned at low severity, thus this condition is not represented in this analysis.
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PRE-FIRE STAND AGE

BURN SEVERITY
low high

unburned

Figure 1.2. Representative photos taken two years post-fire within sampled stands
illustrating the range in initial fire effects across pre-fire stand age x burn severity classes.
Note differences in the abundance, size, and arrangement of live and dead biomass
between strata. Young stands burned at low severity were not represented due to rare
occurrence across the study area.
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1.3.3 Field data collection

We characterized post-fire aboveground biomass in each 1-ha plot using standard methods
(Appendix A). Live and dead trees were measured in four variable-radius subplots according to
size class based on diameter at breast height (dbh, 1.37 m): trees (dbh > 10 cm); saplings (height
> 0.3 m, dbh <10 cm). Large trees (dbh > 100 cm) were measured across the entire plot. Live
tree seedlings (height < 0.3 m), woody shrubs, and herbaceous vegetation were measured in 12
fixed-radius subplots. Down woody debris (height <2 m) and forest floor fuel (litter, duff) were
measured along planar intercept transects (Brown 1974, Lutes et al. 2006). In young stands,
subplot radii and transect lengths for measures of trees and down woody debris were reduced by
approximately half to reflect the generally smaller-stature, higher-frequency vegetation. Post-fire

stand structure is summarized in Appendix A: Table 1.4.

1.3.4 Biomass and fuels calculations

We derived aboveground biomass carbon, surface, and canopy fuel loads for each plot using
component-, species-, and region-specific allometric equations (Appendix A). Aboveground
biomass carbon (i.e., carbon stored in plant matter) included wood, bark, branch, and foliage
biomass for all measured vegetation. We also quantified carbon in charred stem wood (i.e., black
carbon; Bird et al. 2015) on standing trees and coarse woody debris. Surface fuels included down
woody debris, live seedlings and small saplings (height < 1.37 m), and live understory vegetation
(woody shrubs, herbaceous vegetation). Canopy fuels included foliage and branch biomass,
available canopy fuel load, canopy bulk density, and canopy base height for live and dead

standing trees and large saplings (height > 1.37 m). All measures were scaled to per-ha values.
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1.3.5 Statistical analysis

We compared mean aboveground biomass carbon and fuel loads across strata using generalized
linear models. Model structure was consistent for all response variables, predicting each non-
negative continuous response as a function of categorical pre-fire stand age and burn severity.
Responses were modeled by a gamma distribution with log link function and included an
intercept-only zero-inflation parameter to account for sampling zeros. To compare the relative
strength of pre-fire stand age and burn severity in driving post-fire outcomes, we computed
pairwise differences in predicted means (i.e., marginal comparisons) for each response across all
levels of pre-fire stand age and burn severity. Mean effect size for each predictor was obtained
by taking the average of the absolute differences across levels. Analyses and visualizations were

performed in R 4.4.0 (see Appendix A for packages; R Core Team 2024).

1.4  RESULTS

1.4.1 Post-fire aboveground biomass carbon

Most aboveground biomass carbon (hereafter ‘carbon’) persisted through fire. On average,
burned stands had at least 67% of the total carbon in unburned stands, the majority of which
(>95%) was in woody biomass (Appendix B: Table 1.9). Pre-fire stand age was the dominant
driver of total carbon, with 2—3x the effect of burn severity on the major carbon components,
including all standing trees and down woody debris (Figure 1.3). In general, post-fire carbon
increased with pre-fire stand age (Figure 1.4). Compared to young stands, mid- and late-seral
stands had 223% and 299% more post-fire total carbon, respectively (Appendix B: Table 1.11,
Table 1.16). Burn severity drove conversion from live to dead carbon but did not override the
effect of pre-fire stand age on post-fire total carbon (Figure 1.3). Compared to unburned stands,
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post-fire live carbon was similar in low-severity stands but 99% less in high-severity stands.
Both low- and high-severity stands had 49% and 321% more post-fire dead carbon, including 0.3

Mg C ha™! more charred wood, respectively (Figure 1.4; Appendix B: Table 1.11, Table 1.16).
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Figure 1.3. Relative effects of pre-fire stand age (gray) and burn severity (black) on
initial post-fire aboveground biomass carbon and fuel profiles. Left: Marginal
comparisons in mean effect sizes. Points and lines are the mean and range (min—max) of
absolute differences in predicted means for pairwise comparisons across all predictor
levels, on the response scale (Mg ha™!, unless otherwise indicated). Wider ranges indicate
larger differences in a single predictor level compared to the other levels. Right: Ratio in
mean effect sizes relative to the dominant predictor. See Appendix B for marginal
comparison summaries and additional response variables.
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Translucent points show plot-level values. See Appendix B for model summaries.
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1.4.2  Post-fire fuel profiles

Pre-fire stand age was the dominant driver of post-fire surface fuel profiles, with 3x the effect of
burn severity on the major surface fuel components, including coarse and fine woody debris
(Figure 1.3). In general, post-fire dead surface fuels increased—and live surface fuels
decreased—with pre-fire stand age (Figure 1.5). Compared to young stands, mid- and late-seral
stands had 197% and 554% more coarse and 37% and 59% more fine woody debris post-fire,
respectively (Appendix B: Table 1.12, Table 1.16). However, burn severity was the dominant
driver of post-fire fuel depths and live surface fuels, with 2—-3x the effect of pre-fire stand age on
duff, litter, and live vegetation (Figure 1.3), though these components comprise a minor portion
of the post-fire total surface fuel load (Figure 1.5). This effect was unique to each burn severity
class; fuel depths and live surface fuels were distinct for unburned, low-, and high-severity
stands. In general, post-fire surface fuels decreased with burn severity (Figure 1.5). Compared to
unburned stands, low- and high-severity stands had 57% and 89% less duff, 33% and 67% less
litter, and 79% and 50% less live surface fuel post-fire, respectively (Appendix B: Table 1.12,

Table 1.16).
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Burn severity was the dominant driver of post-fire canopy fuel profiles, with 2—5x the
effect of pre-fire stand age on available canopy fuels and canopy bulk density (Figure 1.3). This
burn severity effect was driven primarily by high-severity stands; post-fire canopy fuel profiles
were largely indistinguishable between unburned and low-severity stands. In general, post-fire
total and live fuels decreased—and dead fuels increased—with burn severity (Figure 1.5).
Compared to unburned and low-severity stands, high-severity stands had 86% less post-fire total
available canopy fuel, and 82% and 75% less canopy bulk density, respectively. Both low- and
high-severity stands had 11% and 98% less live and 163% and 213% more dead post-fire
available canopy fuel than unburned stands, respectively (Appendix B: Table 1.13, Table 1.16).
However, pre-fire stand age had 5x the effect of burn severity on post-fire canopy base height
(Figure 1.3), driven primarily by mid-seral stands. In general, post-fire canopy fuels increased
with pre-fire stand age (Figure 1.5). Compared to young stands, mid- and late-seral stands had
86% and 117% more post-fire total available canopy fuel, respectively. Mid-seral stands also had
669% taller post-fire canopy base height than young stands (Appendix B: Table 1.13, Table

1.16).

1.5  DISCUSSION

By testing how multiple drivers affect aboveground post-fire legacies of biomass carbon and fuel
profiles, our study demonstrates the importance of pre-disturbance ecosystem state in dictating
many aspects of initial post-disturbance structure and function. This work builds understanding
of the mechanisms behind disturbance-mediated change and feedbacks in systems shaped by
long intervals between severe disturbances, with notable implications for managing post-fire

recovery trajectories in some of Earth’s most productive and highest biomass forests.
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1.5.1 Pre-fire stand age drives variability in total post-fire legacies

Pre-fire stand age was the dominant driver of initial patterns in total disturbance legacies after
fire. Within each severity class, stands that were older at the time of fire had greater post-fire
total aboveground biomass carbon, total tree mass, and down woody debris than younger stands,
corresponding to trends in biomass with succession in wet temperate forests in northwestern
Cascadia (Agee and Huff 1987, Gray et al. 2016, Spies et al. 1988) and globally (Burrascano et
al. 2013, Pregitzer and Euskirchen 2004). Most biomass present pre-fire persisted post-fire,
supporting regional trends (Campbell et al. 2007, Donato et al. 2013, Fahnestock and Agee 1983)
and suggesting that high-carbon pre-fire stands lead to high-carbon post-fire stands (and vice
versa), regardless of burn severity. Woody biomass, particularly within larger trees, accounted
for most of the remaining carbon, reflecting expected patterns of combustion (Agee 1993).

These findings suggest that, when burned, late-seral stands may have a greater potential
than younger stands to support several ecosystem functions, due to greater abundance and
complexity (e.g., greater range of component sizes) of disturbance legacies. Retention of
structural legacies, especially woody biomass, is important for supporting critical post-
disturbance functions (e.g., nutrient cycling, wildlife habitat, microsite diversity), particularly
following stand-replacing disturbances (Franklin et al. 2002). Persistence of legacy biomass on
site, even as it decays following high-severity fire, will buffer total ecosystem carbon storage as
live carbon recovers over time. Accordingly, alterations to stand age and pre-disturbance
structural legacies will have lasting effects on post-fire outcomes and recovery potential (Seidl et
al. 2014), underscoring the importance of considering stand ages present on a landscape when

managing for desired post-disturbance outcomes.
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1.5.2  Burn severity moderates the condition of post-fire legacies

Burn severity moderated the condition of disturbance legacies, driving initial patterns in live and
dead aboveground biomass carbon and canopy fuel profiles after fire. In stands burned at high
severity, >95% of the total post-fire aboveground biomass carbon was in dead material, and very
little (<15% of unburned) canopy fuel remained. Given these stands experienced predominantly
crown fire which consumes the majority of available fuels (Agee 1993), and are composed of
several tree species with few adaptations to resist fire (Minore 1979, Stevens et al. 2020), these
outcomes are in line with expectations from similar systems (Kauffman et al. 2019). By contrast,
in unburned and low-severity stands, >70% of total post-fire aboveground biomass carbon was
stored in live material and canopy fuel loads were similar. This is likely due to low-severity
stands experiencing predominantly surface fire behavior which, compared to crown fire, has less
influence on vegetation structure and does little to alter available canopy fuels in these systems
(Bassett et al. 2017). Regardless of severity, fire produced a considerable amount of black carbon
in charred wood — both low- and high-severity stands had a quarter to more than half a metric ton
of charred wood biomass carbon per hectare. This mechanism of long-term carbon storage
produced values comparable to other systems that have observed similar amounts of black
carbon generated from a range of burn severities (Campbell et al. 2007, Volkova et al. 2022).
These findings have different implications following low- and high-severity fire, both of
which can play significant roles in forest dynamics of wet temperate systems with long intervals
between stand-replacing fires. Retention of mostly live legacies and similarity to unburned
stands suggests greater continuity of structure and function pre- and post-fire in low-severity
stands compared to high-severity stands. Low-severity stands may also help facilitate recovery of

more severely burned areas by providing a live seed source for dispersal into nearby high-
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severity patches (Donato et al. 2009, Laughlin et al. 2023). In contrast, retention of mostly dead
legacies and rapid growth of non-tree vegetation suggests protracted regeneration timelines and a
wider range of potential stand development pathways in high-severity stands compared to low-
severity stands (Tepley et al. 2013). Accordingly, high-severity stands can facilitate the
development of structurally complex early-seral ecosystems, promoting increased biodiversity
and unique ecosystem functions (Swanson et al. 2011), and restoration of the most

contemporarily underrepresented landscape condition (Donato et al. 2020).

1.5.3 Implications for future forest dynamics and management

Initial patterns of post-fire disturbance legacies have implications for carbon trajectories, reburn
potential, and climate-adaptive management. While pre-fire stand age was the dominant driver of
initial post-fire total carbon dynamics in these stands, burn severity will define longer-term
carbon trajectories. Long-term post-fire carbon trajectories are a function of the balance between
carbon lost through biomass consumption and decomposition of fire-killed vegetation, and
carbon gained through vegetation regrowth (Pugh et al. 2019), influenced by the distribution of
stand structures and ages across the burned landscape (Kashian et al. 2006). Total aboveground
biomass carbon remained high in burned stands, though most initial post-fire carbon was stored
in live biomass for low-severity stands and dead biomass for high-severity stands. Post-fire
carbon trajectories in low-severity stands are likely to be similar to unburned stands and follow
expected trends with later successional stages (Janisch and Harmon 2002). High-severity stands
are likely to remain carbon sources for several decades post-fire until net primary production
exceeds decomposition losses (Law et al. 2004), though dead wood can be an effective long-term
carbon store, taking several decades to centuries to fully decompose (Harmon et al. 1986). Black

carbon within charred wood biomass is a particularly persistent form of dead carbon that is
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resistant to decay (Bird et al. 2015). Our findings suggest that fire, regardless of severity, can
promote long-term carbon storage in wet temperate forests via char formation, though many
unknowns have yet to be addressed about the role of black carbon (Santin et al. 2016). Further,
regional projections of future fire activity generally forecast increased number of fires, area
burned by large fires, shorter fire return intervals, and longer fire seasons (Dye et al. 2024).
Increased fire frequency may substantially reduce total carbon through conversion of older
stands to younger stands (Harmon et al. 1990, Seidl et al. 2014) and less persistent large woody
legacies due to more frequent combustion (Donato et al. 2016, Raymond and McKenzie 2012).
Fire occurrence in high-productivity wet temperate forests may increase the risk of
reburning in a subsequent fire due to initial fire effects on post-fire disturbance legacies, meaning
major fires may effectively occur in episodes of burn-reburn sequences (Agee 1993, Gray and
Franklin 1997). Reburn potential appears greater in stands burned at high severity due to rapid
regeneration of more flammable live surface vegetation within the first several years post-fire
(Landesmann et al. 2021, Thompson et al. 2007) as well as reduced cover and likely
microclimatic shifts towards warmer and drier conditions (Chen et al. 1993, though see Cawson
et al. 2017). Yet, despite possible differences in reburn potential as a function of burn severity,
initial post-fire fuel loads may be sufficient to support fire in all stands. For example, reburn
potential may be similar between low-severity and unburned stands because canopy fuels are
largely unchanged, and reductions in surface fuels are incremental. In combination with the high
ecosystem productivity in the study area, our results suggest fuel reduction benefits from fire are
a short-lived limitation on subsequent fire occurrence, though additional research is needed to
disentangle the relative importance of structural versus weather drivers of reburn potential in this

system.
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1.6 APPENDIX A: SUPPLEMENTAL METHODS

A.l Field data collection

A.1.1 Plot establishment and stratification

We established plots on public lands managed by the U.S. Forest Service. Plot centers were
located at least 100 m from roads and trails. We excluded confounding features from the plot
area (e.g., decommissioned roads, streams, riparian zones, and rock outcroppings). Within a
sampled fire, plot centers were located at least 100 m apart for stands of different strata, and at
least 400 m apart for stands of the same strata.

We stratified our plots by field-determined pre-fire stand age, burn severity, and forest
zone. For pre-fire stand age, we characterized the structural development stage of each stand
based on the size, abundance, crown and bark characteristics, and spatial arrangement of the
major tree species. We then assigned a categorical age class to each development stage (Table
1.1). For burn severity, we assessed the amount of basal area killed by fire and categorized
stands as unburned (no evidence of fire), low (<30% mortality), or high severity (i.e., stand
replacing, >90% mortality). In low-severity stands, evidence of fire was present across at least
50% of the plot area, though the spatial pattern of burned area was rarely uniform. Due to greater
accessibility and similarity with burned stands, we established some unburned stands outside
sampled fire perimeters. For forest zone, we used regional keys to classify stands according to

Franklin and Dyrness (1973) based on the percent cover of shade-tolerant species (Table 1.2).
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Table 1.1. Classification of pre-fire stand age based on development stages via Van Pelt (2007).

Pre-fire stand age class Stand development stage(s)
Young Canopy closure
Mid-seral Biomass accumulation / stem exclusion

Maturation I

Late-seral Maturation II
Vertical diversification

Horizontal diversification

Note: Stand development stages follow the successional sequence described by Franklin et al. (2002) and
are generally based on the size, abundance, bark condition, crown characteristics (e.g., lower branch
pruning, presence of epicormic branches), and vertical and horizontal spatial arrangement of the major
shade-intolerant (e.g., Douglas-fir, noble fir) and shade-tolerant (e.g., western hemlock, Pacific silver fir)
tree species with each 1-ha stand.
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Table 1.2. Regional key used for determining forest zones (sensu Franklin and Dyrness 1973)
based on cover of shade-tolerant species, modified from Van Pelt (2007) and Topik and others
(1986).

la Douglas-fir > 10% shade-tolerant cover = rorrrrrmrmr i

1b Notasabove 2
2a  Subalpine fir > 10% shade-tolerant cover =~ - v s er e do not sample
2b  Notasabove 3
3a Mountain hemlock > 10% shade-tolerant cover -+« oovevveeee Tsuga mertensiana Zone
3b Notasabove 4
4a Paciﬁc silver ﬁr 2 10% shade_tolerant COVEI = ssseeec vt v AbleS amabllls ZOHC
4db  Notas above 5
5a Western hemlock > 10% shade-tolerant cover =~ ===« v v oo vnn Tsuga heterophylla Zone
5b Notasabove .. re-check above or do not sample

Notes: If sampling at Norse Peak, replace 10% with 20% for couplets 2—5. If sampling in Oregon, replace
10% with 2% for couplets 2—5.
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A.1.2 Plot layout and field measurements

See Figure 1.6 for a general diagram of the plot layout, and Table 1.3 for a summary of field
measurements. Total area sampled differed by pre-fire stand age, with lengths of cardinal
transects, tree subplot radii, and down woody debris transects in young stands reduced by
approximately half to account for scaling dynamics and improve sampling efficiency given the
much higher tree densities characteristic of earlier successional stages. Lengths of sapling
subplot radii, subcardinal plot transects and subplot radii, and fuel depth locations were
consistent across all stands. Total plot area was 1 ha in mid- and late-seral stands and 0.25 ha in
young stands. Additional details regarding the location, size, and arrangement of the area
sampled and corresponding measurements collected for each aboveground biomass component

are presented below. See Table 1.4 for a summary of post-fire structure.
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= radiussbm

Coarse woody debris (1000-h)
length 56.5m/ 28 m

....... Fine woody debris
100-hlength 12m/6m
10-hlength7m/3.5m
1-hlength3m/1.5m

X Canopy cover
plotcenter & 30-m/ 15-m

_ Tree seedlings & understory
+ | subplotcentersat 7-, 14-, 21-m

Established seedlings (0.1 < ht < 0.3 m)
radius3.5m

Small seedlings (ht < 0.1)
radius0.5m

Woody shrubs & herbaceous vegetation
radius2m

Figure 1.6. Plot layout diagram. Symbols display the size and spatial arrangement of area
sampled for each stand component, corresponding to the following colors: grayscale, trees and
saplings; orange, coarse and fine woody debris; black, canopy cover; blue, tree seedlings and
understory vegetation. For stand components with multiple radii or lengths listed (i.e., separated
by a slash), the first value corresponds to sizes in mid- and late-seral stands and the second value
corresponds to sizes in young stands. Total plot area was 1 ha for mid- and late-seral stands and
0.25 ha for young stands. dbh, diameter at breast height (1.37 m).
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Table 1.3. Summary of field measurements taken for each aboveground biomass component.

Biomass component Description Field measurements
Trees
Trees overstory trees, species, status, decay class!, dbh, total
dbh > 10 cm height, percent stem remaining, height to
base of live and/or dead crown, percent
bark present at dbh, percent of crown
volume with needle scorch?, percent of
stem surface area with charred wood?
Saplings understory trees, species, status, dbh’, total height,
height > 0.3 m & dbh <10 cm  presence of broken top
Seedlings live tree seedlings, species, height?, count

Live understory

height < 0.3 m

Woody shrubs

Herbaceous vegetation

Down woody debris

non-tree woody plants

non-woody forbs, graminoids,
non-vascular plants

species, total height, basal diameter of
each stem

species, percent cover

Coarse woody debris

Fine woody debris

1000-h, diameter > 7.6 cm

1-h, diameter < 0.6 cm
10-h, diameter 0.6-2.5 cm
100-h, diameter 2.5-7.6 cm

species, diameter, decay class, presence
of charred wood

count by size class

Forest floor
Litter dead non-woody plant material depth
Duff decomposing litter depth
Dead fuel dead woody and non-woody depth

plant material, height < 2 m

Notes: Status refers to live or dead. dbh, diameter at breast height (1.37 m).
! Only applicable to dead stems.

2 Only applicable to trees in burned stands.

3 Only applicable to individuals with height > 1.37 m.
4 Only applicable to individuals with height > 0.1 m.
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We measured trees (10 < dbh < 100 cm) and saplings (height > 0.3 m, dbh < 10 cm) in
four variable radius subplots. We selected subplot radii to ensure at least ~60 trees were
measured within each plot. Radii were kept a consistent length for all subplots within a plot. In
mid- and late-seral stands, subplots were located 30 m from plot center along each 56.5 m long
cardinal plot transect. Tree subplot radii ranged from 8 to 16 m, with a default of 12 m (800—
3,217 m? total area). In young stands, subplots were located 15 m from plot center along each
cardinal plot transect. Tree subplot radii ranged from 3 to 9 m, with a default of 6 m. Sapling
subplot radii ranged from 2 to 5 m (50-314 m? total area) regardless of pre-fire stand age. We
measured large trees (dbh > 100 cm) throughout the entire plot due to their larger stature, rarer
occurrence, and outsized ecological role compared to smaller trees. For each stem, we recorded
species, status (live or dead), total height, and presence of broken top. For stems taller than 1.37
m, we also recorded dbh, base height of live and dead crown, decay class (1-5; Lutes et al.
2006), percent bark present at dbh, and percent stem remaining. For stumps (i.e., trees with
broken top and height < 1.37 m), we recorded diameter at base instead of dbh. Percentages of
crown volume with needle scorch and stem wood surface area with char were also recorded for
trees in burned stands. See Table 1.5 for the tree species composition across the sampled study
area.

We measured live tree seedlings (height < 0.3 m), woody shrubs, and herbaceous
vegetation in 12 fixed-radius subplots positioned at the 7-, 14-, and 21-m marks along each 24.5
m long subcardinal plot transect. Subplot radii were 3.5 m for established seedlings (height > 0.1
m; 462 m? total area), 0.5 m for small seedlings (height < 0.1 m; 9 m? total area), and 2 m for
woody shrubs and herbaceous vegetation (150 m? total area). For tree seedlings, we tallied

individuals by species and recorded height for those taller than 0.1 m. For woody shrubs, we
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recorded species, height, and basal diameter of all live stems. For herbaceous vegetation, we
measured percent cover by species (non-vascular and graminoid species were grouped by
functional type).

We took canopy cover measurements at five fixed locations throughout each plot using
the Gap Light Analysis Mobile App (Tichy 2016) run from a Samsung Galaxy tablet. In mid-
and late-seral stands, hemispherical digital photographs were taken at plot center and the 30-m
mark along each 56.5 m long cardinal plot transect. In young stands, canopy cover photographs
were taken at plot center and the 15-m mark along each 28 m long cardinal plot transect.
Photographs were taken from the downhill side of a sampling point facing upslope and analyzed
immediately within the app to determine canopy cover in the field. We also visually estimated
the percent of live canopy in each photograph while in the field.

We measured down woody debris, litter, and duff along planar intercept fuel transects
(Brown 1974, Lutes et al. 2006). Fuel transect lengths differed by size class (fine vs. coarse
woody debris) and pre-fire stand age. Fine woody debris (1-, 10-, and 100-h fuels; diameter < 7.6
cm) was tallied by size class along eight fuel transects. Fuel transects were arranged in pairs
located along each subcardinal plot transect, with the end of each fuel transect crossing the center
of the 21-m subplot. Fine woody debris fuel transect pairs were oriented perpendicularly in the
cardinal directions bisected by the subcardinal plot transects. Fuel transect lengths were 12 m in
mid- and late-seral stands (96 m total sampled length) and reduced to 6 m in young stands (48 m
total sampled length). For mid- and late-seral stands, we tallied 1-h fuels (diameter < 0.6 cm)
along the first 3 m, 10-h fuels (diameter 0.6—2.5 cm) along the first 7 m, and 100-h fuels
(diameter 2.5—7.6 cm) along the entire 12 m. For young stands, we tallied 1-h fuels along the

first 1.5 m, 10-h fuels along the first 3.5 m, and 100-h fuels along the entire 6 m.
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Coarse woody debris (1000-h fuels; diameter > 7.6 cm) was sampled along four fuel
transects originating at plot center and extending in each cardinal direction. Fuel transect lengths
were 56.5 m in mid- and late-seral stands (226 m total sampled length) and reduced to 28 m in
young stands (112 m total sampled length). We classified 1000-h fuels by level of decay as
sound (decay class 1-3) or rotten (decay class 4-5). We measured the overall plot slope and
slope of each coarse woody debris fuel transect from plot center using a laser rangefinder.

Litter, duff, and dead fuel depths were measured along each fine woody debris fuel
transect at consistent locations across all stands. Litter and duff depths were taken at 0.5 and 1.5

m, and dead fuel depths were taken at three intervals between 0.0-0.5, 0.5-1.0, and 1.0—1.5 m.
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A.2  Post-fire stand structure

Initial post-fire stand structure varied widely across pre-fire stand age and burn severity strata
(Table 1.4). Values of most structural variables increased with pre-fire stand age. In unburned
stands, mid- and late-seral stands had on average 93% more total basal area, 149% more tree
seedlings, 75% larger total quadratic mean diameter, and 32% less total overstory density
compared to young stands. In contrast to pre-fire stand age, values of total and live variables
decreased—and dead variables increased—with burn severity. Across all pre-fire stand age
classes, burned stands had 3—30% less total basal area (excluding late-seral low severity stands),
6-32% less overstory density, 37-91% less understory density, and 14—87% less canopy cover
compared to unburned stands. Differences were greatest in high-severity stands: 98—100% of
total basal area, density, and canopy cover in high severity stands were dead, compared to 14—
83% in low-severity stands. Quadratic mean diameter of live trees was 30—137% larger in burned
stands, while total and dead trees were similar size across all severity classes. Live seedling

density was greatest in low-severity and least in high-severity stands (Table 1.4).
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Table 1.4. Initial post-fire stand structure summarized across pre-fire stand age x burn severity
strata. Values are the mean (standard error) minimum—maximum.

young mid-seral late-seral
(n=16) (n=31) (n=48)
sz?il:lt)lll:al unburned high |unburned low high unburned low high
(n=17) n=9) | (n=10) n=9) (n=12) (n=14) (n=15) (n=19)
Basal area (m? ha™')
height > 1.37 m
Total 38.8 27.2 71.8 69.3 66.1 77.6 92.2 66.3
(4.6) (3.6) (5.1) (4.6) (2.8) (5.6) (3.2) (4.5)
20.1-58.9 15.6-41.7|40.5-88.2 48.6-85.1 49.5-83.1| 47.9-120.9 69.2-110.8 21.5-126.0
Live 36.0 0.0 62.9 54.1 0.5 64.9 72.8 1.1
(3.4) (0.0) (4.4 (3.5) (0.5) (4.5) (3.9 (0.7)
20.1-47.5 0.0-0.0 |38.6-82.6 38.2-68.5  0.0-5.5 | 40.0-102.9 36.3-99.9  0.0-11.3
Dead 2.8 27.2 8.8 15.2 65.6 12.7 19.4 65.2
(1.6) (3.6) (1.6) 2.4 (2.8) 2.1) 3.1 4.5)
0.0-11.4 15.6-41.7| 1.8-18.8  4.5-233 49.5-83.1| 4.0-29.3 4.0-55.2  21.5-126.0
Overstory density (stems ha™')
dbh > 10 cm
Total L,111 919 968 660 732 543 508 484
(197) (130) (128) (103) (64) (54) (51) (36)
522-1,720 462-1,719|385-1,444 400-1,332 419-1,033| 311-1,011 226-800 183-793
Live 1,084 0 720 375 2 434 277 2
(201) (0) (93) (60) 2) (40) (35) (1)
472-1,688 0-0 329-1,182  211-734 0-25 270-698 142-592 0-17
Dead 26 919 248 284 730 109 230 483
(12) (130) (55) (60) (64) 31 (36) (36)
0-80  462-1,719| 20-648 117722  419-1,033] 24-486 59-450 183-793
Understory density (stems ha™')
dbh < 10 cm, height > 0.3 m
Total 3,071 1,927 1,228 531 276 5,944 1,347 522
(1,305) (651) (378) (310) (108) (1,055) (268) (126)
765-10,744 224-6,5441191-4,377  0-2,866 0-1,369 | 447-13,706  64-3,725 32-2,356
Live 2,693 11 931 89 0 5,605 292 0
(1,041) (11 (395) (60) (0) (983) 91 (0)
733-8,754  0-96 |191-4,377 0-542 0-0 351-13,263 0-1,083 0-0
Dead 378 1,916 296 442 276 339 1,056 522
(270) (654) (93) (255) (108) (114) (209) (126)
32-1,990 128-6,544| 0-828 0-2,324 0-1,369 0-1,393 64-2,642 32-2,356
Seedling density (stems ha™)
height < 0.3 m
Live 1,304 291 2,559 7,146 1,425 3,934 5,542 3,071
(292) (88) (1,455) (1,711) (602) (704) (683) (614)
499-2,583 22-748 | 0-14,666 2,918-19,477 22-7,342 | 310-8,760 2,145-11,299 22-7,596
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Quadratic mean diameter (cm)
dbh > 10 cm

Total 21.6 18.5
(1.8) (1.1
17.2-29.2 13.4-24.6
Live 214
(1.9 NA
17.2-29.7
Dead 32.8 18.5
(12.1) (1.1)
11.1-67.2 13.4-24.6
Canopy cover (%)
Total 80.5 10.1
(3.5) (1.2)
68-91.4 4.1-15.1
Live 79.1 0.1
(3.3) (0.1)
68-89.9  0.0-0.7
Dead 14 10.0
(0.6) (1.2)
0.044 4.1-15.1

322
2.6)
24.9-53.8
34.9
Q.7)
26.7-56.3
22.7
(2.0)
14.4-35.8

89.2
(1.6)
76.7-96.3
87.8
(1.9)
74.4-95.8
1.4
(0.3)
0.0-3.5

38.2
2.5)
26.5-49.9

45.5
(3.7)
27.6-64.3

26.1

(1.7)
19.8-36.2

77.0
(3.4)
54.1-88.0
66.6
(4.4)
39.5-81.9
10.4
(2.2)
3.2-22.1

35.0
(2.1)
24.5-50.3
52.9"
)

34.9

@.1)
24.5-50.3

28.0
(3.0)
14.9-48.5
0.0
(0.0)
0.0-0.0
28.0
(3.0)
14.9-48.5

433
2.2)
33.8-60.3
443
(2.4)
33.1-62.4
42.1
(3.9)
26.6-73.9

83.6
(1.5)
75.9-92.8
82.0
(1.5)
74.5-90.3
1.7
(0.3)
0.0-3.3

50.5
@.7)
38.2-67.8
61.1
3.1)
42.2-84.6
33.6
2.8)
20.4-55

66.1
(3.0)
39.4-83.0
54.8
(4.4)
17.5-81.6
11.3
2.5)
1.4-36.5

42.7
@2.1)
25.5-63.4
105.2
(7.6)
92.2-124.9

42.4

@.1)
25.5-63.4

26.1
(1.5)
15.6-42.5
0.2
(0.2)
0.0-3.4

259

(1.5)
15.6-42.5

Note: NA for live quadratic mean diameter in young high severity stands due to no live overstory trees
present. Standard error and range are not reported (—) for live quadratic mean diameter in mid-seral high
severity stands due to only having a single observation. dbh, diameter at breast height (1.37 m).
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Table 1.5. Species, functional group, size range, and relative importance for trees and large
saplings (height > 1.37 m) measured across all sampled stands (N = 95).

Scientific name

Common name

Functional dbh range (cm) Importance

group min max value
Pseudotsuga menziesii Douglas-fir I 0.2 180.3 85.5
Tsuga heterophylla western hemlock T 0.1 154.1 76.8
Abies amabilis Pacific silver fir T 0.1 1405 67.3
Abies procera noble fir I 0.1 1719 32.2
Thuja plicata western redcedar T 0.1 160.3 13.5
Taxus brevifolia Pacific yew T 0.5 254 5.5
Chrysolepis chrysophylla giant chinquapin B 0.4 16.5 3.6
Abies grandis grand fir T 5.2 44.0 34
Acer macrophyllum bigleaf maple B 9.0 38.2 2.1
Prunus emarginata bitter cherry B 0.9 35.1 2.0
Pinus monticola western white pine I 13.9 108.7 1.6
Tsuga mertensiana mountain hemlock T 1.3 85.0 1.5
Picea engelmannii Engelmann spruce T 28.5 44.8 1.1
Callitropsis nootkatensis Alaska cedar T 1.0 34.8 0.8
Abies lasiocarpa subalpine fir T 18.8 39.5 0.7
I;(Zf huolztzfvc;lsamifem SSP- black cottonwood B 25.5 38.0 0.6
Alnus rubra red alder B 26.6 34.2 0.6
Larix occidentalis western larch I 47.4 59.7 0.4
Acer glabrum Rocky Mountain maple B 9.0 11.9 0.3
Cornus nuttallii Pacific dogwood B 9.9 9.9 0.3
Pinus contorta var. latifolia lodgepole pine I 17.1 17.1 0.3

Notes: Functional group describes the reproductive classification and shade tolerance of each species: I,
shade-intolerant conifer/gymnosperm; T, shade-tolerant conifer/gymnosperm; B, broadleaf/angiosperm.
Importance value is an index of how dominant a species is within an ecosystem, calculated as the sum of
relative frequency (i.e., proportion of sampled area in which each species occurs), relative density (i.e.,
number of individuals per sampled area), and relative dominance (i.e., basal area per sampled area) of
each species (Curtis and Mclntosh 1951). The importance value index ranges from 0—300, with higher
values indicating greater importance of an individual species. dbh, diameter at breast height (1.37 m).
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A.3  Biomass and fuels calculations

A.3.1 Aboveground biomass carbon

We estimated the aboveground biomass of all measured vegetation using allometric equations
specific to each component, described below (Table 1.6). We determined aboveground biomass
carbon by multiplying the biomass of each component by its corresponding carbon content,
based on species-, component-, position- (i.e., standing vs. down), and decay class-specific
values presented in the literature (range 39.4-58.3%; Table 1.7). We also quantified the biomass
of black carbon within charred wood using methods from Donato et al. (2009 eq. 4) as described
below, assuming a carbon content of 75% (Branca and Di Blasi 2003).

We calculated total aboveground biomass of standing trees and large saplings (height >
1.37 m) by summing individual estimates for crown (foliage, branches) and stem (wood, bark)
components. We derived crown biomass using species-, size-, and region-specific allometric
equations based on height and/or dbh (Table 1.6). We calculated total crown biomass by
summing separate estimates of foliage and branch mass for each individual tree. Equations were
sourced primarily from the BIOPAK database (Means et al. 1994). When multiple suitable
equations were available for a species (i.e., 2+ equations developed in the western Cascades from
trees with size ranges overlapping our field measurements), we took the mean estimate across all
sources to account for latitudinal differences in moisture and productivity, as well as derivation
methods (e.g., sample size, function shape). When equations specific to the western Cascades
were not available, we used equations developed in other regions. When no equations were
available for a species, we substituted equations from analogous species based on shared

structural and functional attributes.
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Table 1.6. References for allometric equations used to convert field measurements into biomass
estimates. Equations were species-specific for trees, seedlings and small saplings, woody shrubs,
and herbaceous vegetation.

Strata Biomass component Source(s)
Down woody debris total 4
(Tlfeeiegsh‘f‘;f%‘; Snall)’“ngs foliage 8, 14,20, 21, 24
branches 6, 8,14, 20, 22, 24
stems' 8, 14, 20, 21, 24
crown proportions? 6,22

(Slf:i(;g‘tlis 1‘?‘3%’;‘)” saplings total 6,9, 10, 19
hnvood 7
Woody shrubs total’ 3,5,8,10,11, 14, 16, 17, 18, 23
Herbaceous vegetation total 1,2,8,10,12, 13, 14, 15,16, 17, 23

Notes: Source codes correspond to the following citations: [1] Acker and Easter 1993; [2] Alaback 1986;
[3] Alexander 1978; [4] Brown 1974; [5] Brown and Johnston 1976; [6] Brown 1978; [7] Donato et al.
2009; [8] Gholz et al. 1979; [9] Halpern et al. 1996; [10] Halpern and Miller 1993; [11] Helgerson et al.
1988; [12] Koerper 1983; [13] Losapio et al. 2018; [14] Means et al. 1994; [15] Monzingo et al. 2022;
[16] Ohmann et al. 1981; [17] Olson and Martin 1981; [18] Ottmar et al. 2000; [19] Ross and Walstad
1986; [20] Shaw 1979; [21] Sillett et al. 2018; [22] Snell and Little 1983; [23] Spies and Easter 1991;
[24] Standish et al. 1985.

"' We used the sum of stem wood and stem bark equations to estimate total stem biomass.

2 Crown proportions were applied to the sum of foliage and branch biomass to determine the amount of
branch biomass within each fuel size class (1-h, 10-h, 100-h, 1000-h).

> When equations for total biomass were unavailable for a shrub species, we used the sum from separate
foliage, stem, and branch equations to estimate total biomass.
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Table 1.7. References for determining carbon content of each biomass component. The range in
carbon content values is shown for all measured species and decay classes within each stratum.

Stratum Biomass Carbon content Source(s)
component range (%)
All trees branches 47.3-52.8 1,4,5,6,8, 10, 12
Live trees & large saplings foliage 40.0-52.3 1,2, 11
stem wood 47.4-52.8 1,4,5,6,10
stem bark 48.9-53.2 1,4,8,12
Dead snags & stumps stem wood 45.5-55.8 4
stem bark 44.1-58.3 4
Seedlings & small saplings total 45.8-51.6 1,2,4,5,6,8,10, 12
Coarse woody debris stem wood 45.5-57.0 4
stem bark 44.1-56.4 4
Fine woody debris total 47.1 5
Herbaceous vegetation total 39.4-48.2 1,5,7,9
Woody shrubs total 47.2 5
Standing trees & charred wood 75.0 3

coarse woody debris

Notes: Source codes correspond to the following citations: [1] Ares et al. 2007; [2] Berner and Law 2016;
[3] Donato et al. 2009; [4] Harmon et al. 2013; [5] Jain et al. 2010; [6] Lamlom and Savidge 2003; [7] Li
and Shipley 2017; [8] Martin et al. 2018; [9] Moore et al. 2007; [10] Namm and Berrill 2012; [11] Smith
and Dukes 2017; [12] Thomas and Martin 2012.
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Since fewer field measurements were taken on individual large saplings (dbh < 10 cm)
compared to trees (dbh > 10 cm), we made several assumptions and approximations necessary
for estimating crown biomass for large saplings. We assumed all dead large saplings had a decay
class of 1, no bark loss, and no charred wood. We estimated crown length and crown base height
for large saplings using species-specific mean ratios of crown length and height from live and
dead trees (dbh > 10 cm) with heights overlapping the observed large sapling height range (Table
1.8).

We corrected crown biomass for mass loss due to foliage scorch, broken top, and decay
class. For trees with evidence of scorched foliage, we reduced total foliage biomass using the
proportion of un-scorched foliage remaining. For trees with a broken top, we adjusted for loss of
crown biomass using a correction factor applied to total foliage and branch biomass. Broken top
correction factors were based on a regression of crown length and dbh for all live unbroken trees
within our dataset (N = 3,440). We calculated crown length as the difference between total height
and height to the base of the crown. We derived a separate correction factor for tree species
considered shade-intolerant conifers, shade-tolerant conifers, and broadleaf trees (Table 1.5;
Figure 1.7). We determined proportional crown remaining for broken top trees by dividing the
observed crown length by the regression-predicted crown length. For dead trees, we corrected for
loss of volume and density due to decay by reducing total branch biomass using decay class-
specific relative volume and density values. We assumed relative volumes of 1.0, 0.8, 0.5, 0.2,
and 0.0 for decay classes 1-5, respectively (Donato et al. 2013), and used species-specific

relative densities for snags from Harmon et al. (2011).
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Table 1.8. Observed height range and mean crown ratio used to estimate crown base height and
crown length for large saplings within the canopy fuel profile (height > 1.37 m, dbh < 10 cm).

Sapling height range (m)

Species’ Status’ Crown ratio
min max

live 1.4 9.0 0.754
Pacific silver fir

dead 1.4 9.0 0.595
grand fir dead 2.6 6.5 0.553

live 1.5 8.5 1.000
noble fir

dead 1.5 11.2 0.929
Rocky Mountain maple dead 3.8 3.8 0.630
bigleaf maple dead 1.5 1.5 0.630
Alaska cedar live 1.6 1.6 0.692
giant chinquapin dead 1.5 9.7 0.630
Pacific dogwood live 54 54 0.630
bitter cherry live 2.7 3.9 0.630

live 1.6 6.7 0.708
Douglas-fir

dead 1.4 12.8 0.708

live 1.4 6.4 0.908
Pacific yew

dead 1.4 4.7 0.760

live 1.4 9.9 0.692
western redcedar

dead 1.7 9.3 0.562

live 1.4 10.4 0.742
western hemlock

dead 1.4 9.6 0.623
mountain hemlock live 1.6 9.4 0.730

Notes: Crown ratios were derived by taking the species-specific mean ratios of crown length and height
from unbroken live and dead trees (dbh > 10 cm) with heights overlapping the sapling height range.

T Species and status include only individuals represented within our field data. Thus, not all tree species
are included here and some species only have a single status reported.
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Figure 1.7. Linear regressions (red lines) of crown length (y) ~ diameter at breast height (dbh, x)
used to correct crown fuel biomass for trees with broken tops. Regressions were based on
observations (gray points) of all live unbroken trees (height > 1.37 m) within our dataset (N =
3,440). Crown length was the difference in total height and height to the base of the crown.
Broken top correction factors were derived separately for tree species considered broadleaf trees
(left), shade-intolerant conifers (center), and shade-tolerant conifers (right) (Table 1.5). A square
root transformation to dbh resulted in the highest goodness-of-fit values for all models.

We derived stem biomass for standing live and dead trees, large saplings (height > 1.37
m), and stumps (broken top and height < 1.37 m) from species- and region-specific allometric
equations based on height and/or diameter (Table 1.6) and corrected for mass loss due to broken
top, bark loss, decay class, and charred wood. We calculated total stem biomass by summing
separate estimates of stem wood and bark mass for each individual tree. Diameter at base (dab)
was used in place of dbh within stem mass equations for stumps. For trees with broken tops
(including stumps), we reduced total stem biomass using the proportion of stem remaining. For
trees and stumps missing bark (i.e., percent bark at dbh/dab < 100), we reduced total bark
biomass using the proportion of bark remaining. For dead trees and stumps, we adjusted wood
biomass for density loss from decay using species- and decay class-specific relative density

reduction factors from Harmon et al. (2011). We also corrected for biomass loss from char on
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stem wood following methods from Donato et al. (2009).

We derived total aboveground biomass of live understory vegetation—including tree
seedlings and small saplings (height < 1.37 m), woody shrubs, and herbaceous vegetation (i.e.,
forbs, ferns, and graminoids)—using species- and region-specific allometric equations based on
height, percent cover, and/or basal diameter (Table 1.6). Equations were sourced primarily from
the BIOPAK and TRY databases (Kattge et al. 2020, Means et al. 1994). When no equations
were available for a species, we substituted equations from analogous species based on shared
structural and functional attributes.

We derived biomass of down wood debris using standard methods (Brown 1974). We
corrected for the slope of each transect using our field-measured slopes and the slope correction
factor equation from Brown (1974). For calculating biomass of fine woody debris (1-, 10-, 100-h
particles), we used non-slash composite values from Brown (1974) for squared average
diameters, specific gravities, and non-horizontal angle correction factor. For calculating biomass
of coarse woody debris (1000-h particles), we used species- and decay class-specific wood
densities (Harmon et al. 2008). We also corrected for mass loss from wood charring on coarse
woody debris following methods from Donato et al. (2009).

We characterized charred wood (i.e., solid organic material that remains after incomplete
combustion of woody biomass) in order to (a) correct for loss of mass due to combustion, and (b)
explicitly quantify the biomass of black carbon (i.e., carbon fraction of char) due to its role in
long-term carbon storage and nutrient cycling (Bird et al. 2015). We quantified biomass of
charred wood on coarse woody debris and standing trees (including stumps) using methods from
Donato et al. (2009) based on presence and depth of char. During field data collection, we

recorded the binary presence or absence of charred wood on coarse woody debris and the
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percentage of surface area with charred wood on standing trees. We assumed a char depth of 8.2
mm based on mean values from mesic Douglas-fir forests in western Oregon (Donato et al.
2009). In general, we derived charred wood biomass by subtracting the mass of the uncharred
inner portion of each 1000-h particle or stem from the total mass. We determined the total mass
of wood using allometric equations, as described above (Table 1.6). We calculated mass of the
uncharred inner core by adjusting measured diameter inputs for the allometric equations for both
stem wood mass and coarse woody debris load to account for the depth of char and associated
mass loss (Donato et al. 2009 eq. 7), assuming 70% loss based on common estimates (e.g.,
Dietenberger 2002).

For coarse woody debris with presence of char, we first determined the mass of the
uncharred inner portion by using the adjusted diameter input within the equation from Brown
(1974). We then subtracted the mass of the uncharred inner portion from the total mass and
adjusted for proportion of mass remaining (i.e., 0.3) to find the mass of the charred outer portion.
We determined total wood mass for coarse woody debris with charred wood by adding the
charred and uncharred portions (Donato et al. 2009 eq. 5).

For standing trees with presence of char, we first calculated the amount of total stem
wood mass with char by multiplying by the proportion of charred surface area. We then found
the mass of the uncharred inner portion of the charred stem wood by using the adjusted diameter
input within same allometric equations for total wood mass (Table 1.6). We subtracted the mass
of the uncharred inner portion from the total stem wood mass with char and adjusted for
proportion of mass remaining (i.e., 0.3) to determine the mass of the charred outer portion. We
calculated total wood mass for trees with charred wood by adding the charred and uncharred

portions. We acknowledge this approach assumes a cylinder and may slightly overestimate char
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mass but was still the best approach given the information we had — i.e., no measures of char

height with which to use the conical frustum approach described in Donato et al. (2009).

A.3.2 Fuel profiles

Fuel loads were determined by separating biomass into surface and canopy fuel components.

Surface fuel profiles included fine and coarse woody debris (height < 2 m), live tree
seedlings and small saplings (height < 1.37 m), and live understory vegetation (shrubs, forbs,
graminoids). We separated down woody debris biomass by standard fuel size and decay (i.e.,
sound vs. rotten) classes. We separated live surface fuel biomass into woody (tree seedlings and
small saplings, shrubs) and herbaceous (forbs, graminoids) components.

Canopy fuel profiles included foliage and branch biomass, available canopy fuel load,
canopy bulk density, and canopy base height for all live and dead standing trees and large
saplings taller than 1.37 m. We separated live and dead branch biomass into fuel size classes
(i.e., 1-, 10-, 100-, 1000-h) using accumulative proportion equations based on species, dbh, and
height (Brown 1978, Snell and Little 1983). This approach was developed by Brown and
Johnston (1976) and is used in common modeling tools for fuel and fire management including
FuelCalc (Reinhardt et al. 2006a) and the Fire and Fuels Extension to the Forest Vegetation
Simulator (FFE-FVS; Rebain 2010). For shade-intolerant tree species (Table 1.5), we used
separate branch size proportion equations for individual trees in dominant versus intermediate
canopy positions. We assigned canopy position based on a tree’s height relative to other trees
within each stand: if tree height was above the 60" percentile for the stand, a tree was considered
dominant (i.e., among the tallest 40% of trees), otherwise it was considered to be intermediate
(Rebain 2010).

Available canopy fuel load represents the portion of canopy biomass that would typically
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be consumed in a crown fire and included the sum of foliage, dead 1-h branches, and half of live
1-h branches (Reinhardt et al. 2006b). We created vertical canopy fuel profiles for each stand by
evenly distributing available canopy fuel in 0.25-m bins along the crown length of each canopy
tree and summing by bin (Donato et al. 2013, Simard et al. 2011). Canopy bulk density
represents the mean volume of available fuel within the canopy and was defined as the maximum
3-m running mean across the vertical canopy fuel profile (Reinhardt et al. 2006b). Canopy base
height represents the height at which there is enough available fuel for fire to travel vertically
through the canopy (Scott and Reinhardt 2001) and was defined as the lowest height at which
canopy bulk density exceeded 0.04 kg m (Cruz et al. 2004, Donato et al. 2013, Sando and Wick

1972).

A4 R packages

We used the following packages for all analyses and visualization in R, version 4.4.0 (R Core
Team 2024): egg, version 0.4.5 (Auguie 2019); ggpmisc, version 0.5.6 (Aphalo 2024); ggpubr,
version 0.6.0 (Kassambara 2023); glmmTMB, version 1.1.9 (Brooks et al. 2017); janitor, version
2.2.0 (Firke 2023); marginaleffects, version 0.20.1 (Arel-Bundock 2024); patchwork, version
1.2.0 (Pedersen 2024); plotrix, version 3.8.4 (Lemon 2006); rtry, version 1.1.0 (Lam et al. 2023);
tidyverse, version 2.0.0 (Wickham et al. 2019); and zoo, version 1.8.12 (Zeileis and

Grothendieck 2005).
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1.7

OUTPUTS

B.1

Model summaries

APPENDIX B: SUPPLEMENTAL RESULTS AND STATISTICAL MODEL

Table 1.9. Model-predicted means and 95% confidence intervals for post-fire aboveground

biomass carbon components across pre-fire stand age x burn severity strata.

Biomass young mid-seral late-seral
t
a(\)/[r;lpcmig_ll) unburned high unburned low high unburned low high
All
Total 98.0 65.8 281.2 303.3 188.9 347.4 374.6 233.3
(83.9-114.4)  (56.8-763) |(247.4-319.6) (264.0-348.3) (168.0-212.4)|(308.8-390.8) (332.7-421.8) (210-259.2)
Live 71.3 0.9 220.1 207.0 2.8 362.0 340.5 4.6
(392-129.8)  (0.5-1.7) | (129.5-374) (118.1-362.9) (1.7-4.7) |(216.1-606.5) (205.1-5653)  (3.1-7.0)
Dead 14.5 63.0 43.1 54.8 187.3 53.1 67.5 230.8
(12.0-17.5)  (52.9-75.1) | (36.9-50.4)  (46.6-64.4) (162.7-215.6)| (463-61)  (58.5-78.0) (203.5-261.7)
Wood 91.9 65.7 264.9 290.9 189.2 3254 357.3 2324
y (787-1073)  (56.7-76.1) |(233.0-301.2) (253.2-334.3) (168.2-212.8)(289.2-366.2) (317.3-402.5) (209.2-258.2)
14.1 0.2 12.6 11.5 0.2 19.6 17.9 0.3
Non-woody | o V20 (0103) | 89180) (7-172)  (0.1-03) | (141272) (12.6253)  (0.2-04)
Trees
Total 86.8 57.6 261.2 287.9 173.3 312.9 3449 207.6
(733-102.7)  (48.8-67.9) | (225.8-302.2) (245.8-337.3) (151.7-197.9) | (273.7-357.8) (301.4-394.7) (184.2-233.9)
Live 86.7 6.1 233.3 239.7 16.4 311.8 320.3 21.9
(63.5-118.4)  (3.7-102) |(185.2-293.9) (187.9-305.8) (10.9-24.7) |(251.5-386.5) (262.3-391.2) (15.2-31.6)
Snags 2.5 44.9 11.6 33.8 206.7 11.5 33.5 204.7
g (18-3.5)  (33.6-60.1) | (9.0-15.0) (255-447) (1604-266.4)| (9.1-14.6)  (26.1-42.9) (164.3-255.1)
1.8 1.0 0.8 0.7 04 0.3 0.2 0.1
Stumps (0838  (0422) | (03-17)  (03-1.6)  (02-1.1) | (0.1-05  (0.1-08)  (0.1-02)
Stem wood
Total 58.3 43.6 175.7 202.3 131.4 207.2 238.6 154.9
(492-69)  (36.9-51.5) |(151.8-203.4) (172.6-237.2) (114.9-150.2) | (180.9-237.2) (208.3-273.2) (137.4-174.6)
Live 57.2 4.5 155.7 168.7 12.3 201.8 218.6 16.0
(39.9-81.9)  (2.5-82) | (119.4-203) (127.2-223.6) (7.7-19.7) |(1573-258.8) (173.7-275.1) (10.5-24.3)
Dead 3.0 414 104 24.8 143.1 10.5 25.2 145.4
(23-39)  (321-532) | (83-13.0) (19.6-314) (1162-1764)| (8.6-12.9) (204-31.1) (121.4-174.0)
Stem bark
Total 12.4 9.3 35.5 429 26.5 37.1 449 27.7
9.9-15.6)  (74-11.6) | (292-432) (347-53.1) (22.1-31.7) | (30.9-44.6) (37.4-53.8) (23.6-32.5)
Live 12.7 1.3 31.0 35.8 3.1 36.0 41.5 3.6
8.6-188)  (0.7-24) | (233-415) (263-48.7)  (1.9-53) | (27.4473) (323-533)  (2.3-5.8)
Dead 0.5 7.9 2.1 5.4 31.7 1.7 4.3 25.7
04-08)  (55-112) | (1528) (3875  (235429) | (13-23)  (32-58)  (19.9-33.1)

52




Down woody debris

9.9 7.1 19.3 16.0 14.0 34.4 28.5 24.9

Total (7.8-124)  (5.8-88) | (16.1-232) (13.1-19.6) (11.7-16.7) | (29-40.7)  (23.9-33.9)  (21.4-29)

Live understory

Total 1.6 0.8 1.3 0.4 0.6 0.8 0.2 04
(0.9-2.8) 0.4-1.3) (0.8-2.1) (0.2-0.6) (0.4-1.0) 0.6-1.3) (0.1-0.4) (0.3-0.6)

Charred wood

Total 0.0 0.3 0.0 0.2 0.3 0.1 0.5 0.6

(0.0-0.1) (0.2-0.4) (0.0-0.1) (0.2-0.4) (0.2-0.4) (0.0-0.1) (0.3-0.7) (0.4-0.8)

Notes: All values are Mg C ha'!. Woody biomass includes branches and stems of standing trees, stumps,
down woody debris, and woody shrubs. Non-woody biomass includes tree foliage and total mass of
herbaceous vegetation. Tree biomass includes foliage, branches, and stems for all live and dead
individuals (i.e., large trees, trees, saplings, seedlings, stumps). Stump biomass includes stem wood and
bark of trees with broken top and height < 1.37 m. Stem wood and bark biomass include standing trees
(height > 1.37 m) and coarse woody debris. Live understory biomass includes woody shrubs, herbaceous
vegetation, and tree seedlings and small saplings (height < 1.37 m). Charred wood biomass includes black
carbon in charred stem wood on coarse woody debris and standing live and dead trees.
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Table 1.10. Model-predicted means and 95% confidence intervals for post-fire surface and
canopy fuel components across pre-fire stand age x burn severity strata.

Fuel young mid-seral late-seral
component unburned high unburned low high unburned low high
Down woody debris (Mg ha™')
Total 19.4 13.9 38.5 32.0 27.6 68.2 56.7 48.9
(15.4-24.5) (11.2-17.3)[(32.1-46.2) (26.3-38.9) (23.2-32.8)|(57.7-80.7) (47.7-67.3) (42.0-56.8)
L-h 33 1.7 4.6 4.7 2.4 5.8 59 3.0
(2.642) (1.3-22) | 3.857 (3.859) (2.0-29) | (48-7.0) (4.9-7.2) (2.6-3.5)
10-h 3.6 2.9 4.9 4.2 3.9 5.6 4.8 4.5
(2.94.5) (2.3-3.6) | (4059 (34-5.1) (3247 | 47-67) (458 (3.8-52)
100-h 3.9 4.8 5.1 4.7 6.3 5.8 52 7.1
(2.9-5.1) (3.6-6.3) | (4.1-6.5) (3.6-6.0) (5.1-79) | (4.6-7.2) (4.2-6.5) (5.9-8.6)
Fine woody 10.8 9.2 14.7 13.7 12.6 17.0 15.9 14.6
debris (8.9-13.1) (7.6-11.2) |(12.5-17.3) (11.5-16.4) (10.8-14.7)((14.6-19.9) (13.6-18.6) (12.8-16.7)
1000-h sound 2.9 1.9 11.2 10.6 7.2 31.4 29.7 20.3
(1.84.7) (1.2-2.9) | (8.0-15.9) (7.4-15.3) (5.2-10.2) | (23-43.1) (21.341.4) (15.2-27)
1000-h rotten 53 3.9 11.3 7.3 8.3 19.0 12.2 14.0
(3.3-8.8) (2.5-6.1) | (7.9-16.2) (4.8-11) (5.8-11.8) [(13.5-26.7) (8.7-17.2) (10.2-19.1)
Coarse woody 7.8 52 23.0 18.3 15.4 51.1 40.6 343
debris (5.6-10.9) (3.9-7.1) |(17.8-29.7) (13.8-24.2) (12.0-19.8)((40.3-64.8) (31.8-51.8) (27.6-42.5)
Surface fuel depths (cm)
Litter 2.7 0.9 3.6 2.2 1.2 4.6 2.8 1.5
(2.0-3.6) (0.7-1.2) | (2.94.6) (1.7-29) (09-1.5) | (3.7-5.8) (2.3-3.6) (1.2-1.8)
Duff 3.9 0.5 5.8 2.2 0.7 8.3 3.1 1.0
(2.5-6.0) (0.3-0.7) | (4.0-8.3) (1.5-3.2) (0.4-1.0) | (5.9-11.7) (2.24.5) (0.7-1.3)
Dead fuel 13.8 10.9 16.0 22.6 12.7 18.1 25.6 14.3

(10.1-18.8) (8.0-14.9)

Live surface fuels (Mg ha™)

34 1.7
Lzl (19-5.9)  (0.9-3)

2.1 0.9
Woody shrubs| =174 5y (0.42.0)
Herbaceous 0.5 0.7
vegetation (0.3-1.0) (0.4-1.2)
Conifer tree 0.1 0.0
seedlings (0.1-0.2)  (0.0-0.0)
Broadleaf tree 0.3 0.4
seedlings (0.0-3.3) (0.1-1.5)
Canopy foliage (Mg ha')

11.9 0.3
ot (8.8-162) (0.2-0.5)

(12.4-20.6) (17.2-29.8) (9.8-16.4)

2.8 0.7 1.4
(1.6-4.7)  (0.4-1.1) (0.9-2.2)
2.5 0.3 1.1
(12-4.9)  (0.2-0.6) (0.6-2.0)
0.3 0.3 0.4
(0.2-0.5) (0.2-0.6)  (0.2-0.6)
0.1 0.0 0.0
(0.1-0.3)  (0.0-0.0)  (0.0-0.0)
0.0 0.0 0.0
(0.0-0.1)  (0.0-0.0)  (0.0-0.3)
29.0 223 0.7
(23.1-36.4) (17.6-28.3) (0.5-1.1)
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(14.1-23.2) (19.9-32.9) (11.7-17.6)

1.7 0.4 0.8
(1.1-2.6)  (0.3-0.7)  (0.6-1.2)
1.0 0.1 0.4
(0.6-1.8) (0.1-0.3)  (0.3-0.7)
0.2 0.3 0.3
(0.1-0.4)  (0.2-0.5) (0.2-0.4)
0.7 0.0 0.0
(0.4-1.1)  (0.0-0.1)  (0.0-0.0)
0.1 0.0 0.2
(0.0-1.1)  (0.0-0.2)  (0.0-0.6)
43.8 33.6 1.1
(35.7-53.7) (27.6-40.9) (0.8-1.6)



Live

Dead'

1-h branches (Mg ha')

Total

Live

Dead

10-h branches

Total

Live

Dead

100-h branches (Mg ha™')

Total

Live

Dead

1000-h branch

Live

Available canopy fuel load (Mg ha™)

Total

Live

Dead

Canopy bulk density (kg m>)

Total

Canopy base h

Total

12.1 0.3
(8.8-16.5) (0.2-0.4)
0.0 0.0
(0.0-0.0)  (0.0-0.0)
9.5 3.8
(17-118) (3.2-4.7)
6.5 0.2
(5.0-84)  (0.1-0.2)
1.4 4.5
(1.1-1.8)  (3.5-5.8)
(Mg ha')
11.4 8.1
(9.4-137)  (6.7-9.7)
8.1 0.2
(6.2-10.7)  (0.1-0.3)
3.2 8.4
(2.5-4.1) (6.5-10.8)
2.6 0.8
(19-3.6)  (0.6-1.2)
3.2 0.1
2.1-4.7)  (0.1-0.2)
0.3 0.7
02-0.5)  (0.5-1.1)
es (Mg ha'')
0.0 0.0
(0.0-0.1)  (0.0-0.0)
24.6 3.5
(19.2-31.6) (2.8-4.3)
15.3 0.3
(113-20.7) (0.2-0.5)
1.4 4.5
(1.1-1.8)  (3.5-5.8)
0.26 0.04
(0.18-0.36) (0.03-0.06)
eight (m)
1.2 1.4
(0.7-2.0)  (0.7-2.8)

294 22.1 0.6
(23.3-37.1) (17.3-28.3) (0.4-0.9)
0.0 0.7 0.0
(0.0-0.0) (0.2-1.3)  (0.0-0.0)
13.2 12.4 5.3
(11.1-15.7) (10.3-15) (4.5-6.2)
11.1 8.1 0.3
(9.2-13.5)  (6.6-9.9) (0.2-0.4)
1.9 42 6.1
(15-23) (3.3-5.3) (5.0-7.5)
28.4 26.9 20.1
(24.2-33.3) (22.6-31.9) (17.5-23.2)
19.3 16.9 0.5
(15.8-23.6) (13.6-20.9) (0.3-0.6)
7.9 8.7 20.8
(6.3-10.0) (6.9-10.9) (17.0-25.5)
26.8 22.9 8.6
(20.2-35.6) (17.1-30.7) (6.7-11.0)
20.0 19.3 0.8
(15.2-26.3) (14.5-25.8) (0.5-1.3)
3.8 3.3 8.3
(2.7-54) (2.3-4.5) (6.2-11.1)
0.4 0.5 0.1
(0.2-0.5)  (0.3-0.8) (0.0-0.2)
36.9 33.4 52
(30.3-44.7) (26.9-41.5) (4.3-6.2)
349 26.2 0.8
(27.9-43.7) (20.6-33.2) (0.5-1.1)
1.9 5.0 6.1
(15-23) (3.9-63) (5.0-7.5)
0.19 0.15 0.03

(0.15-0.25) (0.11-0.20) (0.03-0.04)

8.4 11.7 10.2
(5.5-12.7) (7.7-17.8) (5.8-17.8)

43.1 325 0.9
(35.0-53.2) (26.6-39.7) (0.6-1.3)
0.0 0.6 0.1
(0.0-0.0)  (0.3-0.9)  (0.0-0.2)
133 12.6 5.4
(11.4-15.6) (10.7-14.7) (4.6-6.2)
133 9.7 0.3
(11.2-15.8) (8.2-11.4) (0.2-0.4)
1.4 3.0 44
(L1-1.7)  (2.5-3.7) (3.7-5.3)
30.0 28.4 213
(26-34.6) (24.5-32.8) (18.7-24.3)
23.4 20.5 0.6
(19.5-28.1) (17.2-24.3) (0.4-0.8)
7.7 8.5 20.3

(6.4-9.4) (6.8-10.4) (16.9-24.3)

58.0 49.6 18.6
(44.8-75.0) (38.4-64.0) (14.9-23.2)

43.8 423 1.7
(34.2-56.1) (33.4-53.6) (1.1-2.8)

9.0 7.7 19.6
(6.8-12.0) (5.6-10.6) (15.0-25.6)

0.6 0.9 0.1
(0.4-1.0) (0.6-1.3) (0.1-0.3)
43.6 39.6 6.1
(36.7-51.8) (33.0-47.4) (5.2-7.3)
49.8 373 1.1
(40.7-60.9) (30.8-45.2) (0.8-1.6)
1.4 3.6 45
(1.1-1.7)  (3.0-4.4) (3.8-5.3)
0.22 0.17 0.04

(0.17-0.28) (0.13-0.22) (0.03-0.05)

2.0
(1.4-2.9)

2.8
(2.0-4.1)

2.5
(1.3-4.6)

Notes: ' Model for dead foliage did not converge; values are observed mean (+ 2 standard error).
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Figure 1.8. Post-fire aboveground biomass carbon across pre-fire stand age x burn severity
strata. Stem wood (a—c) and bark (d—f) biomass include standing trees (height > 1.37 m) and

unburned
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coarse woody debris. Woody biomass (g) includes branches and stems of standing trees, stumps,
down woody debris, and woody shrubs. Non-woody biomass (h) includes tree foliage and total

mass of herbaceous vegetation. Stump biomass (i) includes stem wood and bark of trees with

broken top and height < 1.37 m. See Table 1.9 and Table 1.11 for model summaries and outputs.
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Figure 1.9. Post-fire surface fuel profiles across pre-fire stand age x burn severity strata. Down
woody debris (a) includes the sum of all coarse (b—c) and fine (d—f) fuels located on or within
two meters above the ground. Dead fuel size class diameters: 1-h, <0.6 cm; 10-h, 0.6-2.5 cm;
100-h, 2.5-7.6 cm; 1000-h, >8.0 cm. Live surface fuel (g—i) includes all live woody shrubs (g),
tree seedlings and small saplings (h; height < 1.37 m), and herbaceous understory vegetation (1).
Dead fuel (j) includes any dead plant material within or above the litter. Bold points and lines
are model-predicted means and 95% confidence intervals for each stand age class, colored by
burn severity. Translucent points show plot-level values. See Table 1.10 and Table 1.12 for
model summaries and outputs.
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Figure 1.10. Post-fire canopy fuel profiles across pre-fire stand age x burn severity
strata. Available canopy fuel includes the sum of live and dead foliage, dead 1-h
branches, and half of live 1-h branches. Branch fuel size class diameters: 1-h, <0.6 cm;
10-h, 0.6-2.5 cm; 100-h, 2.5-7.6 cm. Bold points and lines are model-predicted means
and 95% confidence intervals for each stand age class, colored by burn severity.
Translucent points show plot-level values. Predicted values are not presented for dead
foliage (c) due to model convergence failure. See Table 1.10 and Table 1.13 for model
summaries and outputs.
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B.2  Model outputs

Table 1.11. Outputs from generalized linear models testing for effects of pre-fire stand age and

burn severity on post-fire aboveground biomass carbon.

Response Predictor B SE z D
Total biomass young % unburned (intercept) 4.58 0.08 58.08 <0.001
pre-fire stand age: mid-seral 1.05 0.09 12.10 <0.001
pre-fire stand age: late-seral 1.27 0.08 15.23 <0.001
burn severity: low 0.08 0.08 0.97 0.334
burn severity: high -0.40 0.07 -5.98 <0.001
Live biomass young X unburned (intercept) 4.27 0.31 13.96 <0.001
pre-fire stand age: mid-seral 1.13 0.36 3.13 0.002
pre-fire stand age: late-seral 1.62 0.34 4.74 <0.001
burn severity: low -0.06 0.33 -0.19 0.853
burn severity: high -4.36 0.28 -15.55 <0.001
Dead biomass young % unburned (intercept) 2.68 0.10 28.16 <0.001
pre-fire stand age: mid-seral 1.09 0.10 10.41 <0.001
pre-fire stand age: late-seral 1.30 0.10 13.13 <0.001
burn severity: low 0.24 0.09 2.58 0.010
burn severity: high 1.47 0.08 18.46 <0.001
Woody biomass young X unburned (intercept) 4.52 0.08 57.20 <0.001
pre-fire stand age: mid-seral 1.06 0.09 12.12 <0.001
pre-fire stand age: late-seral 1.26 0.08 15.18 <0.001
burn severity: low 0.09 0.08 1.19 0.232
burn severity: high -0.34 0.07 -5.05 <0.001
Non-woody biomass young % unburned (intercept) 2.65 0.25 10.55 <0.001
pre-fire stand age: mid-seral -0.11 0.26 -0.43 0.670
pre-fire stand age: late-seral 0.33 0.24 1.37 0.169
burn severity: low -0.10 0.22 -0.45 0.653
burn severity: high -4.18 0.20 -21.07 <0.001
Tree biomass — total young x unburned (intercept) 446  0.09 51.86 <0.001
pre-fire stand age: mid-seral 1.10 0.10 11.31 <0.001
pre-fire stand age: late-seral 1.28 0.09 13.81 <0.001
burn severity: low 0.10 0.09 1.09 0.275
burn severity: high -0.41 0.08 -5.46 <0.001
Tree biomass — live young x unburned (intercept) 4.46 0.16 28.09 <0.001
pre-fire stand age: mid-seral 0.99 0.20 5.01 <0.001
pre-fire stand age: late-seral 1.28 0.19 6.64 <0.001
burn severity: low 0.03 0.13 0.21 0.837
burn severity: high -2.65 0.21 -12.80 <0.001
Tree biomass — snags young X unburned (intercept) 0.93 0.17 5.32 <0.001
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Tree biomass — stumps

Stem wood biomass —

total

Stem wood biomass — live

Stem wood biomass —

dead

Stem bark biomass — total

Stem bark biomass — live

Stem bark biomass — dead

Down woody debris
biomass

pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young % unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young X unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young % unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young X unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young X unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young % unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young X unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low
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1.53
1.52
1.07
2.88
0.58
-0.85
-1.94
-0.05
-0.61
4.07
1.10
1.27
0.14
-0.29
4.05
1.00
1.26
0.08
-2.54
1.10
1.24
1.26
0.87
2.62
2.52
1.05
1.10
0.19
-0.29
2.54
0.90
1.04
0.14
-2.29
-0.66
1.39
1.18
0.95
2.72
2.29
0.67
1.25
-0.19

0.18
0.17
0.16
0.14
0.39
0.54
0.44
0.53
0.39
0.09
0.10
0.09
0.09
0.08
0.18
0.23
0.22
0.15
0.24
0.13
0.15
0.14
0.14
0.12
0.12
0.13
0.13
0.12
0.10
0.20
0.25
0.24
0.17
0.26
0.19
0.21
0.20
0.19
0.16
0.12
0.13
0.12
0.11

8.35
8.80
6.72
20.69
1.51
-1.56
-4.45
-0.09
-1.58
47.12
11.26
13.57
1.57
-3.84
22.09
4.40
5.66
0.53
-10.59
8.25
8.27
8.89
6.42
22.78
21.89
8.00
8.74
1.57
-2.90
12.68
3.60
4.28
0.85
-8.73
-3.44
6.60
5.92
4.95
16.69
19.26
5.27
10.33
-1.66

<0.001
<0.001
<0.001
<0.001

0.132

0.118
<0.001

0.927

0.114
<0.001
<0.001
<0.001

0.116
<0.001
<0.001
<0.001
<0.001

0.599
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.115

0.004
<0.001
<0.001
<0.001

0.394
<0.001

0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.097



burn severity: high -0.32 0.10 -3.32 0.001

Live understory biomass young x unburned (intercept) 047 0.28 1.69 0.092
pre-fire stand age: mid-seral -0.25 0.33 -0.76 0.447
pre-fire stand age: late-seral -0.64 0.30 -2.14 0.032
burn severity: low -1.26 0.29 -4.26 <0.001
burn severity: high -0.73 0.25 -2.96 0.003
Charred wood biomass young x unburned (intercept) -3.50 0.33 -10.76 <0.001
pre-fire stand age: mid-seral 0.19 0.29 0.66 0.510
pre-fire stand age: late-seral 0.86 0.30 2.86 0.004
burn severity: low 1.90 0.37 5.10 <0.001
burn severity: high 2.12 0.34 6.28 <0.001

Notes: Both pre-fire stand age and burn severity were categorical predictors with three levels: young, mid-
seral, and late-seral age; unburned, low-, and high-severity. Young unburned stands were incorporated
into model intercepts. B, coefficient estimate. SE, standard error. z, test statistic. p, p-value. Woody
biomass includes branches and stems of standing trees, stumps, down woody debris, and woody shrubs.
Non-woody biomass includes tree foliage and total mass of herbaceous vegetation. Tree biomass includes
foliage, branches, and stems for all live and dead individuals (i.e., large trees, trees, saplings, seedlings,
stumps). Stump biomass includes stem wood and bark of trees with broken top and height < 1.37 m. Stem
wood and bark biomass include standing trees (height > 1.37 m) and coarse woody debris. Live
understory biomass includes woody shrubs, herbaceous vegetation, and tree seedlings and small saplings
(height < 1.37 m). Charred wood biomass includes black carbon in charred stem wood on coarse woody
debris and standing live and dead trees.
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Table 1.12. Outputs from generalized linear models testing for effects of pre-fire stand age and
burn severity on post-fire surface fuels.

Response Predictor B SE /4 P
Down woody young X unburned (intercept) 2.97 0.12 25.06 <0.001
debris pre-fire stand age: mid-seral 0.68 0.13 5.33 <0.001
pre-fire stand age: late-seral 1.26 0.12 10.31 <0.001
burn severity: low -0.19 0.11 -1.66 0.096
burn severity: high -0.33 0.10 -3.46 0.001
Coarse woody young X unburned (intercept) 2.05 0.17 11.93 <0.001
debris — total pre-fire stand age: mid-seral 1.08 0.18 5.91 <0.001
(1000-h) pre-fire stand age: late-seral 1.88 0.17 10.83 <0.001
burn severity: low -0.23 0.16 -1.46 0.144
burn severity: high -0.40 0.14 -2.91 0.004
Sound 1000-h young % unburned (intercept) 1.08 0.24 4.50 <0.001
pre-fire stand age: mid-seral 1.34 0.26 5.22 <0.001
pre-fire stand age: late-seral 2.37 0.24 9.77 <0.001
burn severity: low -0.06 0.21 -0.27 0.785
burn severity: high -0.44 0.19 -2.37 0.018
Rotten 1000-h young % unburned (intercept) 1.68 0.25 6.65 <0.001
pre-fire stand age: mid-seral 0.75 0.27 2.82 0.005
pre-fire stand age: late-seral 1.27 0.26 4.97 <0.001
burn severity: low -0.44 0.23 -1.96 0.050
burn severity: high -0.31 0.20 -1.56 0.119
Fine woody debris  young x unburned (intercept) 2.38 0.10 23.88 0.000
— total pre-fire stand age: mid-seral 0.31 0.11 2.77 0.006
(1-, 10-, 100-h) pre-fire stand age: late-seral 0.46 0.11 4.29 <0.001
burn severity: low -0.07 0.10 -0.70 0.487
burn severity: high -0.15 0.09 -1.79 0.073
1-h fuel young % unburned (intercept) 1.19 0.12 9.69 <0.001
pre-fire stand age: mid-seral 0.34 0.14 2.45 0.014
pre-fire stand age: late-seral 0.57 0.13 4.30 <0.001
burn severity: low 0.02 0.12 0.17 0.866
burn severity: high -0.66 0.11 -6.20 <0.001
10-h fuel young % unburned (intercept) 1.28 0.12 10.93 <0.001
pre-fire stand age: mid-seral 0.30 0.13 2.31 0.021
pre-fire stand age: late-seral 0.45 0.12 3.60 <0.001
burn severity: low -0.15 0.12 -1.29 0.198
burn severity: high -0.23 0.10 -2.27 0.023
100-h fuel young % unburned (intercept) 1.35 0.14 9.53 <0.001
pre-fire stand age: mid-seral 0.28 0.16 1.76 0.079
pre-fire stand age: late-seral 0.40 0.15 2.60 0.009
burn severity: low -0.09 0.15 -0.65 0.513
burn severity: high 0.21 0.12 1.68 0.092
Dead fuel depth young x unburned (intercept) 2.63 0.16 16.61 0.000
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Duff depth

Litter depth

Live fuel — total

Live fuel — woody
vegetation

Live fuel —
herbaceous
vegetation

Live fuel — woody
shrubs

Live tree seedlings
& small saplings —
total

Live tree seedlings
& small saplings —
conifer

Live tree seedlings

pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
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0.15
0.27
0.35
-0.23
1.36
0.39
0.76
-0.98
-2.14
0.99
0.31
0.54
-0.49
-1.12
1.21
-0.19
-0.69
-1.37
-0.70
0.99
0.04
-0.62
-2.08
-1.00
-0.64
-0.64
-0.86
0.19
0.25
0.74
0.16
-0.73
-1.97
-0.83
0.26
-2.63
-0.91
-2.71
-2.10
-2.06
0.08
1.65
-3.13
-6.32
-2.06

0.18
0.17
0.16
0.14
0.22
0.26
0.23
0.22
0.20
0.15
0.17
0.16
0.15
0.13
0.29
0.34
0.31
0.30
0.25
0.35
0.42
0.37
0.37
0.31
0.32
0.37
0.33
0.32
0.27
0.35
0.45
0.40
0.39
0.33
0.61
0.61
0.56
0.48
0.46
0.33
0.41
0.39
0.37
0.31
0.33

0.81
1.59
2.16
-1.70
6.15
1.50
3.24
-4.44
-10.64
6.60
1.83
341
-3.26
-8.70
4.19
-0.56
-2.23
-4.53
-2.79
2.87
0.08
-1.66
-5.62
-3.26
-2.02
-1.73
-2.58
0.59
0.93
2.09
0.37
-1.82
-4.98
-2.52
0.42
-4.33
-1.62
-5.65
-4.57
-6.17
0.20
4.27
-8.53
-20.09
-6.17

0.417
0.113
0.031
0.090
<0.001
0.135
0.001
<0.001
<0.001
<0.001
0.067
0.001
0.001
<0.001
<0.001
0.576
0.026
<0.001
0.005
0.004
0.933
0.096
<0.001
0.001
0.044
0.084
0.010
0.554
0.353
0.037
0.715
0.068
<0.001
0.012
0.675
<0.001
0.106
<0.001
<0.001
<0.001
0.839
<0.001
<0.001
<0.001
<0.001



& small saplings —  pre-fire stand age: mid-seral 0.08 0.41 0.20 0.839

broadleaf pre-fire stand age: late-seral 1.65 0.39 4.27 <0.001
burn severity: low -3.13 0.37 -8.53 <0.001
burn severity: high -6.32 0.31 -20.09 <0.001

Notes: Both pre-fire stand age and burn severity were categorical predictors with three levels: young, mid-
seral, and late-seral age; unburned, low-, and high-severity. Young unburned stands were incorporated
into model intercepts. B, coefficient estimate. SE, standard error. z, test statistic. p, p-value.
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Table 1.13. Outputs from generalized linear models testing for effects of pre-fire stand age and
burn severity on post-fire canopy fuels.

Response Predictor B SE z D
Available canopy fuel — young % unburned (intercept) 3.20 0.13 25.19 <0.001
total pre-fire stand age: mid-seral 0.40 0.13 3.01 0.003
pre-fire stand age: late-seral 0.57 0.13 4.43 <0.001
burn severity: low -0.10 0.12 -0.83 0.404
burn severity: high -1.96 0.10 -19.10 <0.001
Available canopy fuel — young X unburned (intercept) 2.73 0.15 17.66 <0.001
live pre-fire stand age: mid-seral 0.82 0.19 434  <0.001
pre-fire stand age: late-seral 1.18 0.18 6.45 <0.001
burn severity: low -0.29 0.13 -2.29 0.022
burn severity: high -3.82 0.20 -19.52 <0.001
Available canopy fuel — young x unburned (intercept) 0.34 0.13 2.57 0.010
dead pre-fire stand age: mid-seral 0.31 0.15 2.10 0.035
pre-fire stand age: late-seral -0.01 0.14 -0.06 0.954
burn severity: low 0.97 0.13 7.28 <0.001
burn severity: high 1.17 0.11 10.38 <0.001
Canopy bulk density young x unburned (intercept) -1.37 017 791 <0.001
pre-fire stand age: mid-seral -0.27 0.19 -1.47 0.141
pre-fire stand age: late-seral -0.14 0.18 -0.82 0.413
burn severity: low -0.26 0.16 -1.58 0.115
burn severity: high -1.75 0.14 -12.45 <0.001
Canopy base height young X unburned (intercept) 0.17 0.26 0.64 0.522
pre-fire stand age: mid-seral 1.96 0.32 6.22 <0.001
pre-fire stand age: late-seral 0.53 0.31 1.72 0.085
burn severity: low 0.33 0.23 1.46 0.144
burn severity: high 0.19 0.31 0.61 0.541
Foliage — total young % unburned (intercept) 2.48 0.16 15.86 <0.001
pre-fire stand age: mid-seral 0.89 0.19 4.62 <0.001
pre-fire stand age: late-seral 1.30 0.19 7.00 <0.001
burn severity: low -0.26 0.13 -2.07 0.039
burn severity: high -3.66 0.20 -18.35 <0.001
Foliage — live young X unburned (intercept) 2.49 0.16 15.56 <0.001
pre-fire stand age: mid-seral 0.89 0.20 4.52 <0.001
pre-fire stand age: late-seral 1.27 0.19 6.72 <0.001
burn severity: low -0.28 0.13 -2.17 0.030
burn severity: high -3.85 0.20 -18.94 <0.001
Branches — total young % unburned (intercept) 318 0.11 3024 <0.001
pre-fire stand age: mid-seral 1.03 0.12 8.77 <0.001
pre-fire stand age: late-seral 1.36 0.11 12.22 <0.001
burn severity: low -0.05 0.10 -0.47 0.640
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Branches — live

Branches — dead

1-h branches — total

1-h branches — live

1-h branches — dead

10-h branches — total

10-h branches — live

10-h branches — dead

100-h branches — total

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young % unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young % unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young % unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young % unburned (intercept)
pre-fire stand age: mid-seral
pre-fire stand age: late-seral
burn severity: low

burn severity: high

young x unburned (intercept)
pre-fire stand age: mid-seral
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-0.68
2.85
1.08
1.58

-0.13

-3.50
1.64
1.00
1.25
0.08
0.92
2.26
0.33
0.34

-0.06

-0.91
1.87
0.54
0.72

-0.32

-3.70
0.34
0.30

-0.01
0.79
1.16
243
0.91
0.97

-0.06

-0.34
2.10
0.86
1.06

-0.13

-3.73
1.16
0.91
0.88
0.09
0.96
0.97
2.32

0.09
0.15
0.19
0.18
0.13
0.20
0.13
0.15
0.14
0.13
0.11
0.11
0.12
0.11
0.10
0.09
0.13
0.16
0.16
0.11
0.17
0.13
0.15
0.14
0.13
0.11
0.10
0.11
0.10
0.10
0.08
0.14
0.17
0.17
0.11
0.18
0.13
0.15
0.14
0.13
0.11
0.16
0.19

-7.58
18.47
5.67
8.54
-1.02
-17.69
12.42
6.62
8.87
0.63
8.14
20.76
2.77
2.98
-0.58
-10.18
14.01
3.32
4.60
-2.94
-21.94
2.59
2.08
-0.09
5.93
10.33
25.51
8.49
9.44
-0.58
-4.19
15.15
5.04
6.36
-1.17
-21.05
8.80
6.00
6.23
0.66
8.41
5.95
11.94

<0.001
<0.001
<0.001
<0.001
0.306
<0.001
<0.001
<0.001
<0.001
0.530
<0.001
<0.001
0.006
0.003
0.563
<0.001
<0.001
0.001
<0.001
0.003
<0.001
0.010
0.038
0.927
<0.001
<0.001
<0.001
<0.001
<0.001
0.559
<0.001
<0.001
<0.001
<0.001
0.240
<0.001
<0.001
<0.001
<0.001
0.508
<0.001
<0.001
<0.001



pre-fire stand age: late-seral 3.09 0.18 16.73 <0.001

burn severity: low -0.16 0.17 -0.92 0.359
burn severity: high -1.14 0.15 -7.80 <0.001
100-h branches — live young x unburned (intercept) 1.15 0.20 5.75 <0.001
pre-fire stand age: mid-seral 1.84 0.24 7.55 <0.001
pre-fire stand age: late-seral 2.63 0.24 11.08 <0.001
burn severity: low -0.03 0.15 -0.22 0.823
burn severity: high -3.24 0.26 -12.35 <0.001
100-h branches — dead young % unburned (intercept) -1.11 0.20 -5.65 <0.001
pre-fire stand age: mid-seral 2.45 0.23 10.51 <0.001
pre-fire stand age: late-seral 3.31 0.21 15.42 <0.001
burn severity: low -0.16 0.20 -0.79 0.429
burn severity: high 0.77 0.17 4.49 <0.001
1000-h branches — live young x unburned (intercept) -3.46 0.55 -6.23 <0.001
pre-fire stand age: mid-seral 2.43 0.60 4.08 <0.001
pre-fire stand age: late-seral 2.97 0.60 4.97 <0.001
burn severity: low 0.40 0.25 1.63 0.103
burn severity: high -1.48 0.41 -3.63 <0.001
Crown mass — total young % unburned (intercept) 3.58 0.11 33.87 <0.001
(foliage + branches) pre-fire stand age: mid-seral 1.00 0.12 8.52 <0.001
pre-fire stand age: late-seral 1.34 0.11 11.89 <0.001
burn severity: low -0.11 0.11 -1.05 0.292
burn severity: high -1.05 0.09 -11.70 <0.001
Crown mass — live young x unburned (intercept) 3.37 0.15 22.02 <0.001
(foliage + branches) pre-fire stand age: mid-seral 1.01 0.19 532 <0.001
pre-fire stand age: late-seral 1.47 0.18 8.03 <0.001
burn severity: low -0.18 0.13 -1.44 0.149
burn severity: high -3.61 0.20 -18.40 <0.001
Crown mass — dead young % unburned (intercept) 1.64 0.13 12.36 <0.001
(foliage + branches) pre-fire stand age: mid-seral 1.00 0.15 6.61 <0.001
pre-fire stand age: late-seral 1.24 0.14 8.83 <0.001
burn severity: low 0.12 0.13 0.91 0.363
burn severity: high 0.92 0.11 8.11 <0.001

Notes: Both pre-fire stand age and burn severity were categorical predictors with three levels: young, mid-
seral, and late-seral age; unburned, low-, and high-severity. Young unburned stands were incorporated
into model intercepts. Outputs are not reported for dead foliage due to model convergence failure.
Outputs are only presented for live 1000-h branches since no dead 1000-h branches were observed. 3,
coefficient estimate. SE, standard error. z, test statistic. p, p-value.
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B.3  Marginal comparisons among predictors

Table 1.14. Comparison between mean effect size of pre-fire stand age and burn severity on
post-fire aboveground biomass carbon and fuels components. Mean effect size is the average
absolute difference in predicted means for pairwise comparisons across all levels of a predictor.
Mean effect sizes are on the response scale (i.e., Mg ha™!, unless otherwise indicated). Ratios
compare mean effect sizes between predictors, with the effect size of the dominant predictor (i.e.,
predictor with the greater mean effect size) as the antecedent.

Mean effect size (range) Dominant Ratio

Response Pre-fire stand age  Burn severity predictor
Aboveground biomass carbon (Mg C ha™)

ot (58.(};39198.98) (22.2766!19 f ey ~|DiEsEiegy 1D
Live (79.9lf§)?i262 79) (15.71(3326(; 31y~ bumseverity 1.6
Dl (25. 16:;6956.98) a 1.7956!16:4.98) T =
Woody (54.5114313 045) (26 165'11 §2.27) pre-fire stand age 2.1
Non-woody (0. 822§§ 93) a. 516(i§ 63 24) burn severity 4.1
All trees (45.517372?929.39) (26. 1761.19152.42) pre-fire stand age 1.8
Live trees 3 Oﬁ; ;1857.22) 43 331369 04) burn severity 1.7
Snags (0.9551!;;79.83) (18.719122655.38) bumn severity 2.1
Stumps (0'3(1'765'93) (O.O%ES.Z 4) pre-fire stand age 3.8
Stem wood — total (29.29727'3 32 8.48) @ 5;3‘27964; 91) pre-fire stand age 2.0
Stem wood — live (18, ; gj;; 66) 8.5 365;1%12 92) burn severity 1.8
Stem wood — dead (1.03941.52?.36) (12.77287'?157.08) burn severity 2.3
Stem bark — total a. 51‘572535 32) ( 6739791?1 95) pre-fire stand age 1.6
Stem bark — live Q@. g 6179.7) @. 91337; g 22) burn severity 2.1
Stem bark — dead @. 977f;111 1) @. 5135;2225.87) burn severity 2.0
Down woody debris (7.91‘37'263 54) Q@. 64;7676 00) pre-fire stand age 2.9
Live understory (0. 2(138 46) (0. 2%753 80) burn severity 1.7
Charred wood (0. 0(;}(? 17) (0. 0(;'72329) burn severity 17
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Surface fuels (Mg ha')

Down woody debris

Coarse woody debris — total (1000-h)
Sound 1000-h

Rotten 1000-h

Fine woody debris — total (1-, 10-, 100-h)
1-h fuel

10-h fuel

100-h fuel

Dead fuel depth (cm)

Duff depth (cm)

Litter depth (cm)

Live fuel — total

Live fuel — woody vegetation

Live fuel — herbaceous vegetation
Live fuel — woody shrubs

Live seedlings & small saplings — total

Live seedlings & small saplings — conifer

Live seedlings & small saplings —
broadleaf

Canopy fuels (Mg ha™)

Available canopy fuel — total
Available canopy fuel — live

Available canopy fuel — dead
Canopy bulk density (kg m™)

Canopy base height (m)

27.19
(15.95-40.78)

23.31
(12.27-34.97)

15.52
(6.79-23.28)

7.17
(4.70-10.75)

3.86
(2.14-5.79)

1.35
(0.94-2.02)

1.18
(0.65-1.77)

1.36
(0.67-2.04)

2.90
(2.13-4.35)

1.30
(0.83-1.95)

0.80
(0.59-1.19)

0.67
(0.35-1.00)

0.46
(0.05-0.69)

0.24
(0.06-0.36)

0.53
(0.20-0.79)

0.32
(0.17-0.47)

0.12
(0.00-0.18)

0.04
(0.02-0.06)

7.68
(4.03-11.52)

7.65
(4.9-11.47)

0.81
(0.03-1.22)

0.02
(0.02-0.04)

5.66
(0.98-8.49)
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9.57
(5.79-14.36)
7.68
(433-11.52)
4.70
(1.10-7.04)
3.37
(1.32-5.06)
1.45
(1.03-2.17)
1.68
(0.11-2.51)
0.68
(0.32-1.02)
1.12
(0.47-1.68)
6.92
(3.48-10.38)
371
(1.63-5.57)
1.79
(1.15-2.68)
1.16
(0.56-1.74)
1.23
(0.51-1.84)
0.06
(0.02-0.08)
0.95
(0.49-1.43)
0.32
(0.03-0.48)
0.27
(0.02-0.40)
0.03
(0.01-0.04)

21.7
(3.24-32.55)
16.24
(6.06-24.35)
2.31
(0.93-3.47)
0.12
(0.05-0.18)
1.10
(0.77-1.65)

pre-fire stand age
pre-fire stand age
pre-fire stand age
pre-fire stand age
pre-fire stand age
burn severity
pre-fire stand age
pre-fire stand age
burn severity
burn severity
burn severity
burn severity
burn severity
pre-fire stand age
burn severity
burn severity
burn severity

pre-fire stand age

burn severity
burn severity
burn severity
burn severity

pre-fire stand age

2.8

3.0

3.3

2.1

2.7

1.2

1.7

1.2

2.4

2.9

2.2

1.7

2.7

4.2

1.8

1.0

2.2

1.5

2.8

2.1

2.8

5.0
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Foliage — total . 037721‘(‘)8 6) . 012‘13 11 02) burn severity 1.9
Foliage — live “. 656791% 49) ( 5'310‘3) ? 00) burn severity 2.0
Branches — total @ 029672523 D) (2'72137'36 g 44) pre-fire stand age 1.5
Branches — live @1, 13 567553 84) 3. 5%;131 61 16) pre-fire stand age 1.5
Branches — dead ( 1.712;22.82) ( 4.8225;?;5;3 6) burn severity 1.6
1-h branches — total (. 515‘121 12 18) (1'21641'26 13 95) burn severity 1.0
1-h branches — live (0. 019'?26.79) (0. 71?75 58) burn severity 2.7
1-h branches — dead (0. 7;'7522.29) @. Oé(t)j; 16) burn severity 3.1
10-h branches — total (0. O(é)tjl7 15) (1. 527339 43) burn severity 3.0
10-h branches — live (1'317(1'17 62 08) 1. 4547171 66) pre-fire stand age 2.1
10-h branches — dead (1. 43876;‘ 46) a. 5;;;11‘; 21) burn severity 2.2
100-h branches — total (0. 35613 10) (0. 657761(1 40) burn severity 1.4
100-h branches — live a 6224137 72 08) . SBZ§§8 6) pre-fire stand age 1.4
100-h branches — dead ( 6.215(1.? 55 07) (0. 6121;; 72 72) burn severity 1.2
1000-h branches — live . 0573152 52) (0.855'?79. 64) pre-fire stand age 1.6
Crown mass — total (foliage + branches) @7, ;‘17 7(;?) 58) (1. ;fjésg 67) pre-fire stand age 1.0
Crown mass — live (foliage + branches) ( 6.5222;9311.37) (10, 133755993 9) burn severity 1.7
Crown mass — dead (foliage + branches) (. 54E221 30) a. 817126 f 97) burn severity 1.1

Notes: Mean effect sizes are not presented for dead foliage due to model convergence failure. Mean effect
sizes are only presented for live 1000-h branches since no dead 1000-h branches were observed.
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Table 1.15. Marginal comparisons of the effects of pre-fire stand age and burn severity on post-
fire aboveground biomass carbon and fuels components. Estimates represent the difference in
model predicted means for all pairwise contrasts between levels of a predictor. Estimates are on
the response scale (i.e., Mg ha™!, unless otherwise indicated).

Response Predictor Contrast Estimate SE z y

Aboveground biomass carbon (Mg C ha')

Total burn severity high — low -115.40  19.59  -5.89  <0.001
high — unburned -93.14 16.62 -5.60 <0.001
low — unburned 2226  23.14 0.96  0.336

pre-fire stand age late-seral — mid-seral 58.09 17.37 334 0.001
late-seral — young 218.98 13.81 15.86 <0.001
mid-seral — young 160.89 13.72 11.73  <0.001

Live burn severity high — low -245.60  59.29 -4.14  <0.001
high — unburned -261.31 60.75 -4.30  <0.001
low — unburned -15.70 84.85 -0.19 0.853

pre-fire stand age late-seral — mid-seral 79.98 4471 1.79  0.074
late-seral — young 163.79 41.41 3.96 <0.001
mid-seral — young 83.81 29.11 2.88  0.004

Dead burn severity high — low 13322 1098  12.14 <0.001
high — unburned 144.98 10.39 13.95 <0.001
low — unburned 11.75 4.65 2.53 0.012

pre-fire stand age late-seral — mid-seral 25.14 9.1 2.76  0.006
late-seral — young 96.98 7.72 12.57 <0.001
mid-seral — young 71.84 7.45 9.65 <0.001

Woody burn severity high — low -102.27 18.92 -5.40 <0.001
high — unburned -76.12 15.87 -4.80 <0.001
low — unburned 26.14  21.99 1.19  0.235

pre-fire stand age late-seral — mid-seral 5451 1678 325  0.001
late-seral — young 210.45 13.31 15.82 <0.001
mid-seral — young 155.94 13.28 11.75 <0.001

Non-woody burn severity high — low -14.68 252 -5.84 <0.001
high — unburned -16.24 2.42 -6.72  <0.001
low — unburned -1.56 3.45 -0.45 0.651

pre-fire stand age late-seral — mid-seral 3.93 1.66 2.37 0.018
late-seral — young 3.12 2.07 1.51 0.131
mid-seral — young -0.82 1.98 -0.41 0.679

All trees burn severity high — low -112.42 2042  -551  <0.001
high — unburned -86.26 16.91 -5.10 <0.001
low — unburned 26.16  24.09 1.09  0.277

pre-fire stand age late-seral — mid-seral 45.57 18.18 2.51 0.012
late-seral — young 199.39 14.14 14.10 <0.001
mid-seral — young 153.82 14.39 10.69 <0.001
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Live trees

Snags

Stumps

Stem wood — total

Stem wood — live

Stem wood — dead

Stem bark — total

Stem bark — live

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low
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-149.94
-145.65
4.30
30.41
87.22
56.81
146.59
165.38
18.79
-0.95
76.88
77.83
-0.22
-0.24
-0.03
-0.31
-0.93
-0.62
-68.91
-43.07
25.84
29.27
138.48
109.21
-102.92
-94.39
8.53
18.38
57.66
39.28
104.36
117.08
12.72
1.09
51.36
50.26
-14.95
-8.22
6.73
1.54
23.32
21.78
-20.22

15.01
14.23
20.92
13.29
11.66
10.76
17.45
17.01
3.52
13.08
10.35
12.21
0.27
0.16
0.27
0.17
0.42
0.47
14.51
11.69
16.59
12.88
9.96
10.25
11.95
10.78
16.26
10.37
8.98
8.46
10.23
9.92
2.34
7.93
6.21
7.17
3.82
2.96
4.34
3.35
2.52
2.84
2.62

-9.99
-10.24
0.21
2.29
7.48
5.28
8.40
9.72
5.33
-0.07
7.43
6.38
-0.82
-1.57
-0.09
-1.83
-2.24
-1.32
-4.75
-3.69
1.56
2.27
13.91
10.65
-8.62
-8.76
0.52
1.77
6.42
4.64
10.20
11.81
5.44
0.14
8.28
7.01
-3.92
-2.78
1.55
0.46
9.25
7.67
-7.70

<0.001
<0.001
0.837
0.022
<0.001
<0.001
<0.001
<0.001
<0.001
0.942
<0.001
<0.001
0.411
0.117
0.926
0.067
0.025
0.186
<0.001
<0.001
0.119
0.023
<0.001
<0.001
<0.001
<0.001
0.600
0.076
<0.001
<0.001
<0.001
<0.001
<0.001
0.890
<0.001
<0.001
<0.001
0.005
0.121
0.646
<0.001
<0.001
<0.001



Stem bark — dead

Down woody debris

Live understory

Charred wood

Surface fuels (Mg ha')

Down woody debris

Coarse woody debris
— total (1000-h)

Sound 1000-h

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young

high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low
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-17.29
2.93
2.06
9.70
7.64

20.34
22.87
2.53
-2.97
8.74
11.71
-2.67
-7.00
-4.33
12.60
20.54
7.94
0.22
-0.58
-0.80
-0.24
-0.46
-0.21
0.07
0.29
0.23
0.15
0.17
0.03

-5.79
-14.36
-8.57
24.83
40.78
15.95
-4.33
-11.52
-7.19
22.70
34.97
12.27
-5.94

2.21
3.46
2.23
1.95
1.98
2.83
2.76
0.62
231
1.57
2.25
2.15
2.20
2.61
2.06
1.92
1.46
0.11
0.23
0.22
0.16
0.26
0.29
0.06
0.04
0.05
0.05
0.05
0.04

4.23
4.34
5.15
4.02
3.76
2.89
3.95
4.20
4.94
3.89
3.56
2.12
3.37

-7.84
0.85
0.92
4.98
3.86
7.18
8.30
4.09

-1.29
5.58
5.21

-1.24

-3.17

-1.66
6.12

10.72
5.42
1.95

-2.56

-3.58

-1.48

-1.77

-0.73
1.08
6.83
5.00
3.09
3.18
0.69

-1.37
-3.30
-1.66
6.17
10.84
5.52
-1.09
-2.74
-1.46
5.83
9.83
5.79
-1.77

<0.001
0.398
0.356
<0.001
<0.001
<0.001
<0.001
<0.001
0.198
<0.001
<0.001
0.215
0.001
0.097
<0.001
<0.001
<0.001
0.051
0.010
<0.001
0.139
0.077
0.464
0.281
<0.001
<0.001
0.002
0.001
0.492

0.171
0.001
0.096
<0.001
<0.001
<0.001
0.274
0.006
0.145
<0.001
<0.001
<0.001
0.078



Rotten 1000-h

Fine woody debris —

total (1-, 10-, 100-h)

1-h fuel

10-h fuel

100-h fuel

Dead fuel depth (cm)

Duff depth (cm)

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned
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-7.04
-1.10
16.49
23.28
6.79
1.32
-3.74
-5.06
6.05
10.75
4.70
-1.14
-2.17
-1.03
2.14
5.79
3.65
-2.51
-2.41
0.11
0.94
2.02
1.08
-0.32
-1.02
-0.70
0.65
1.77
1.12
1.68
1.21
-0.47
0.67
2.04
1.37
-10.38
-3.48
6.90
2.13
4.35
2.21
-1.63
-5.57

3.17
4.04
3.08
2.86
1.36
2.10
2.49
2.64
2.20
2.05
1.60
1.30
1.23
1.47
1.19
1.24
1.27
0.50
0.44
0.63
0.42
0.43
0.42
0.46
0.46
0.54
0.44
0.45
0.47
0.74
0.71
0.72
0.69
0.73
0.75
3.06
2.11
3.33
2.27
2.58
2.66
0.41
0.94

-2.22
-0.27
5.35
8.13
5.01
0.63
-1.50
-1.92
2.75
5.24
2.94
-0.88
-1.76
-0.70
1.79
4.66
2.87
-4.98
-5.45
0.17
2.25
4.71
2.55
-0.69
-2.21
-1.29
1.50
3.90
2.38
2.27
1.69
-0.66
0.98
2.79
1.81
-3.39
-1.65
2.07
0.94
1.69
0.83
-4.00
-5.95

0.026
0.785
<0.001
<0.001
<0.001
0.530
0.133
0.055
0.006
<0.001
0.003
0.381
0.078
0.485
0.073
<0.001
0.004
<0.001
<0.001
0.867
0.025
<0.001
0.011
0.491
0.027
0.196
0.134
<0.001
0.017
0.023
0.090
0.511
0.326
0.005
0.070
0.001
0.099
0.038
0.347
0.092
0.406
<0.001
<0.001



Litter depth (cm)

Live fuel — total

Live fuel — woody
vegetation

Live fuel —
herbaceous
vegetation

Live fuel — woody
shrubs

Live tree seedlings &
small saplings — total

Live tree seedlings &
small saplings —
conifer

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
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-3.94
1.12
1.95
0.83

-1.15

-2.68

-1.53
0.60
1.19
0.59
0.56

-1.18

-1.74

-0.65

-1.00

-0.35
0.51

-1.33

-1.84

-0.69

-0.64
0.05
0.02
0.08
0.06

-0.06

-0.36

-0.29
0.49

-0.94

-1.43

-0.79

-0.59
0.20
0.03

-0.45

-0.48
0.17

-0.30

-0.47

-0.02

-0.40

-0.38

1.01
0.62
0.58
0.54
0.29
0.41
0.48
0.31
0.33
0.31
0.24
0.48
0.47
0.37
0.56
0.65
0.18
0.52
0.51
0.39
0.46
0.59
0.11
0.09
0.11
0.08
0.19
0.20
0.17
0.44
0.43
0.37
0.40
0.55
0.02
0.20
0.19
0.06
0.28
0.29
0.00
0.10
0.10

-3.90
1.82
3.33
1.52

-3.92

-6.60

-3.19
1.91
3.67
1.90
2.37

-2.44

-3.68

-1.77

-1.80

-0.54
2.92

-2.57

-3.61

-1.79

-1.38
0.08
0.20
0.93
0.57

-0.77

-1.92

-1.48
2.82

-2.11

-3.29

-2.13

-1.47
0.37
1.29

-2.27

-2.46
2.77

-1.09

-1.65

-3.59

-3.89

-3.72

<0.001
0.069
0.001
0.128
<0.001
<0.001
0.001
0.057
<0.001
0.058
0.018
0.015
<0.001
0.077
0.072
0.587
0.004
0.010
<0.001
0.074
0.167
0.933
0.843
0.352
0.566
0.442
0.055
0.139
0.005
0.035
0.001
0.033
0.140
0.713
0.197
0.023
0.014
0.006
0.274
0.100
<0.001
<0.001
<0.001



pre-fire stand age

Live tree seedlings & burn severity

small saplings —
broadleaf

Canopy fuels (Mg ha™)

Available canopy
fuel — total

Available canopy
fuel — live

Available canopy
fuel — dead

Canopy bulk density
(kg m™)

Canopy base height
(m)

Foliage — total

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young

high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
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0.18
0.18
0.00
0.04
0.01
-0.03
0.02
-0.04
-0.06

-29.28
-32.85
-3.56
4.17
11.68
7.51
-18.28
-24.57
-6.29
5.02
11.62
6.61
0.93
3.46
2.53
-1.21
-0.03
1.19
-0.13
-0.18
-0.05
0.02
-0.02
-0.04
-0.77
0.88
1.65
-7.50
0.98
8.49
-16.00
-21.02
-5.02

0.05
0.06
0.02
0.02
0.04
0.03
0.02
0.06
0.06

3.09
2.94
4.25
2.40
2.35
2.38
1.69
2.13
2.78
1.73
1.61
1.44
0.55
0.40
0.43
0.44
0.46
0.55
0.02
0.02
0.03
0.02
0.03
0.03
1.76
1.51
1.17
1.71
0.52
1.70
1.51
1.88
2.45

3.29
3.06
0.20
2.01
0.39
-0.94
0.96
-0.73
-1.09

-9.49
11.17
-0.84
1.74
4.96
3.16
10.81
11.52
-2.27
291
7.20
4.58
1.69
8.70
5.90
-2.74
-0.06
2.18
-6.15
-1.77
-1.59
0.98
-0.78
-1.38
-0.44
0.58
1.41
-4.38
1.89
5.00
10.62
11.19
-2.05

0.001
0.002
0.840
0.044
0.695
0.350
0.336
0.465
0.277

<0.001
<0.001
0.402
0.082
<0.001
0.002
<0.001
<0.001
0.023
0.004
<0.001
<0.001
0.092
<0.001
<0.001
0.006
0.954
0.030
<0.001
<0.001
0.112
0.329
0.434
0.169
0.663
0.561
0.159
<0.001
0.058
<0.001
<0.001
<0.001
0.040



Foliage — live

Branches — total

Branches — live

Branches — dead

1-h branches — total

1-h branches — live

1-h branches — dead

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned

late-seral — mid-seral
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5.03
10.86
5.83
-15.70
-21.00
-5.30
4.65
10.49
5.84
-32.66
-36.16
-3.50
21.15
54.84
33.69
-33.54
-38.36
-4.82
11.74
23.82
12.08
20.69
21.95
1.26
6.55
21.18
14.62
-6.84
-7.58
-0.74
0.09
2.79
2.70
-5.15
-7.16
-2.00
0.74
2.29
1.55
1.57
343
1.86
-1.15

1.52
1.41
1.20
1.50
1.90
247
1.53
1.42
1.23
5.87
5.44
7.47
5.30
4.41
3.96
3.12
3.47
4.71
2.94
2.65
2.07
3.23
3.02
2.01
2.84
2.38
2.29
0.99
0.90
1.28
0.84
0.87
0.93
0.42
0.52
0.69
0.43
0.44
0.44
0.50
0.40
0.37
0.42

3.30
7.68
4.85
10.45
11.06
-2.15
3.03
7.41
4.73
-5.56
-6.65
-0.47
3.99
12.44
8.50
10.77
11.04
-1.02
4.00
8.99
5.83
6.40
7.27
0.63
231
8.91
6.39
-6.92
-8.40
-0.58
0.11
3.21
2.89
12.38
13.71
-2.92
1.72
5.22
3.54
3.12
8.68
5.07
-2.75

0.001
<0.001
<0.001
<0.001
<0.001

0.032

0.002
<0.001
<0.001
<0.001
<0.001

0.639
<0.001
<0.001
<0.001
<0.001
<0.001

0.307
<0.001
<0.001
<0.001
<0.001
<0.001

0.532

0.021
<0.001
<0.001
<0.001
<0.001

0.562

0.912

0.001

0.004
<0.001
<0.001

0.003

0.085
<0.001
<0.001

0.002
<0.001
<0.001

0.006



10-h branches — total

10-h branches — live

10-h branches — dead

100-h branches —
total

100-h branches —
live

100-h branches —
dead

1000-h branches —
live

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral

late-seral — young
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-0.04
1.11
-6.22
-7.66
-1.44
1.37
16.08
14.71
-10.64
-12.21
-1.57
1.48
5.46
3.98
10.75
11.40
0.65
-0.36
7.74
8.10
-20.36
-25.86
-5.50
20.88
37.08
16.20
-17.10
-17.72
-0.62
8.82
15.07
6.25
7.64
6.78
-0.85
7.50
12.52
5.02
-0.28
-0.17
0.11
0.11
0.24

0.44
0.52
2.06
1.92
2.46
1.98
1.57
1.75
0.88
0.96
1.34
0.84
0.75
0.75
1.62
1.52
0.99
1.48
1.16
1.37
4.13
4.59
6.03
3.89
3.55
2.02
1.97
2.04
2.79
1.77
1.59
0.92
1.66
1.64
1.08
1.53
1.40
0.73
0.06
0.05
0.07
0.05
0.04

-0.09
2.15
-3.02
-3.99
-0.59
0.69
10.21
8.42
12.03
12.79
-1.17
1.77
7.24
5.32
6.62
7.50
0.66
-0.25
6.66
5.90
-4.93
-5.64
-0.91
5.37
10.45
8.01
-8.69
-8.67
-0.22
4.98
9.48
6.77
4.61
4.14
-0.79
4.90
8.93
6.90
-4.96
-3.65
1.63
2.25
6.14

0.927
0.032
0.003
<0.001
0.558
0.490
<0.001
<0.001
<0.001
<0.001
0.240
0.077
<0.001
<0.001
<0.001
<0.001
0.511
0.806
<0.001
<0.001
<0.001
<0.001
0.361
<0.001
<0.001
<0.001
<0.001
<0.001
0.823
<0.001
<0.001
<0.001
<0.001
<0.001
0.429
<0.001
<0.001
<0.001
<0.001
<0.001
0.103
0.025
<0.001



Crown mass — total
(foliage + branches)

Crown mass — live
(foliage + branches)

Crown mass — dead
(foliage + branches)

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young
high — low

high — unburned

low — unburned
late-seral — mid-seral
late-seral — young
mid-seral — young

0.14
-58.43
-69.67
-11.24

27.11
70.58
43.47
-49.25
-59.39
-10.14
16.52
34.37
17.86
20.10
21.97
1.87
6.54
21.30
14.76

0.03
7.77
7.69
10.64
6.96
5.85
5.27
4.54
5.28
7.05
4.39
3.99
3.23
3.28
3.03
2.07
2.87
2.40
2.32

4.84
-7.52
-9.06
-1.06

3.89
12.07

8.25

-10.86
-11.25
-1.44

3.77

8.61

5.52

6.14

7.24

0.90

2.28

8.88

6.38

<0.001
<0.001
<0.001

0.291
<0.001
<0.001
<0.001
<0.001
<0.001

0.150
<0.001
<0.001
<0.001
<0.001
<0.001

0.367

0.023
<0.001
<0.001

Notes: Marginal contrast outputs are not presented for dead foliage due to model convergence failure.
Marginal contrast outputs are only presented for live 1000-h branches since no dead 1000-h branches
were observed. SE, standard error. z, test statistic. p, p-value.

79



Table 1.16. Marginal predictions of the effects of pre-fire stand age and burn severity on post-

fire aboveground biomass carbon and fuels components. Estimates represent the mean of model
predicted means for each predictor level across all levels of the other predictor. Estimates are on
the response scale (i.e., Mg ha™!, unless otherwise indicated).

Response

Predictor Level Estimate SE z p

Aboveground biomass carbon (Mg C ha')

Total burn severity high 179.5 8.0 224  <0.001
low 347.9 19.7 177 <0.001
unburned 275.4 14.4 192  <0.001

pre-fire stand age late-seral 310.7 12.5 248  <0.001
mid-seral 251.9 12.7 19.8 <0.001
young 77.9 54 14.4 <0.001

Live burn severity high 32 0.6 54  <0.001
low 290.4 69.2 42  <0.001
unburned 250.6 56.8 44  <0.001

pre-fire stand age late-seral 213.8 42.9 50  <0.001
mid-seral 132.2 29.5 4.5 <0.001
young 29.9 9.1 33 0.001

Dead burn severity high 177.1 9.5 18.6  <0.001
low 62.8 42 148  <0.001
unburned 42.1 2.6 16.1  <0.001

pre-fire stand age late-seral 127.9 6.8 189  <0.001
mid-seral 102.3 6.4 16.0  <0.001
young 44.8 3.9 11.6 <0.001

Woody burn severity high 179.1 8.0 223 <0.001
low 332.4 18.8 17.6  <0.001
unburned 258.5 13.5 19.1  <0.001

pre-fire stand age late-seral 298.6 12.0 248  <0.001
mid-seral 2432 12.3 198 <0.001
young 75.5 5.2 14.4 <0.001

Non-woody burn severity high 0.2 0.0 7.7 <0.001
low 15.5 2.6 6.1  <0.001
unburned 16.2 2.4 6.8  <0.001

pre-fire stand age late-seral 11.5 1.5 7.6  <0.001
mid-seral 7.5 1.2 6.4 <0.001
young 6.0 1.5 4.0 <0.001

All trees burn severity high 161.0 8.2 19.7 <0.001
low 323.5 20.8 155  <0.001
unburned 2452 14.5 170 <0.001

pre-fire stand age late-seral 281.2 12.9 217 <0.001
mid-seral 234.9 13.5 17.4 <0.001
young 69.6 53 13.1 <0.001
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Live trees

Snags

Stumps

Stem wood — total

Stem wood — live

Stem wood — dead

Stem bark — total

Stem bark — live

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high
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10.5
184.3
149.7
126.9

96.1

25.0
164.6

332

94

93.9

92.6

27.2

0.3
0.3
0.6
0.2
0.5
1.0
120.9
225.0
163.4
196.3
166.3
49.6
7.7
127.0

98.0

84.8

66.1

16.7
119.3

25.0

8.8

68.5

66.0

25.6

22.8

44.2

31.0

35.8

342

10.6

1.9

1.9
16.9
13.1
10.2

9.7

4.0
15.8

3.9

1.0

9.5
11.1

4.0

0.1

0.1

0.2

0.0

0.2

0.4

6.2
14.6

9.7

9.1

9.6

3.8

1.6
13.4

9.9

7.8

7.7

3.1

9.3

2.5

0.8

5.6

6.5

32

L.5

3.8

2.5

2.2

2.6

1.1

0.4

54
10.9
11.4
12.4

9.9

6.3
10.4

8.6

9.5

9.9

8.4

6.8

2.9

2.5

3.7

3.2

32

2.8
19.6
15.4
16.8
21.7
17.3
13.0

4.7

9.4

9.9
10.8

8.6

54
12.8
10.1
11.1
12.2
10.2

7.9
14.8
11.5
12.6
16.1
12.9

9.7

43

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.003

0.012
<0.001

0.001

0.002

0.005
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001



Stem bark — dead

Down woody debris

Live understory

Charred wood

Surface fuels (Mg ha')
Down woody debris

Coarse woody debris
— total (1000-h)

Sound 1000-h

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral

young

high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high
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25.0
18.5
15.8
13.7
3.8
23.1
4.7
1.6
12.0
14.5
4.8
17.4
23.8
24.5
28.8
16.3
8.2
0.6
0.3
1.1
0.5
0.7
1.1
0.3
0.3
0.0
0.3
0.2
0.1

34.6
47.4
48.6
57.0
32.4
16.1
22.1
322
33.1
41.2
18.7

6.3
12.0

2.9
2.0
1.6
1.7
0.8
2.6
0.7
0.2
1.4
2.1
0.9
1.1
2.0
1.9
1.7
1.2
0.8
0.1
0.1
0.2
0.1
0.2
0.3
0.0
0.0
0.0
0.0
0.0
0.0

23
3.9
3.6
33
23
1.7
2.1
3.8
3.6
34
1.9
0.9
1.6

8.7
9.2
9.9
7.9
4.9
9.0
7.2
8.0
8.6
7.1
5.7
15.1
12.0
13.2
17.1
13.8
9.9
6.0
4.7
5.3
6.4
4.9
4.0
7.9
6.2
3.0
7.4
6.6
4.0

15.2
12.2
13.4
17.3
14.0
9.7
10.3
8.5
9.3
12.2
9.8
6.8
7.5

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.002
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001



Rotten 1000-h

Fine woody debris —

total (1-, 10-, 100-h)

1-h fuel

10-h fuel

100-h fuel

Dead fuel depth (cm)

Duff depth (cm)

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
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22.1
18.6
259
9.3
23
9.9
10.2
13.6
14.7
8.9
4.4
12.8
15.1
14.9
15.7
13.6
9.9
2.5
5.5
4.9
4.7
3.8
24
3.9
4.6
4.9
4.9
43
3.2
6.3
5.0
5.1
6.1
5.5
4.4
13.1
24.5
16.4
18.9
16.6
12.2
0.7
2.6

3.5
2.7
2.9
1.3
0.5
1.3
1.7
2.0
1.7
1.3
1.0
0.7
1.1
1.0
0.8
0.9
0.9
0.2
0.5
0.4
0.3
0.3
0.3
0.3
0.4
0.4
0.3
0.3
0.3
0.5
0.5
0.5
0.5
0.5
0.6
1.2
2.8
1.7
1.6
1.7
1.7
0.1
0.4

6.3
6.9
9.1
7.4
4.7
7.4
6.1
6.6
8.5
6.9
4.6
17.7
13.7
15.4
19.3
15.6
11.2
14.3
11.1
12.4
15.2
12.5
9.0
15.2
11.8
13.3
16.6
13.4
9.6
12.3
9.5
10.7
13.4
10.8
7.7
11.1
8.6
9.7
11.8
9.7
7.0
7.2
6.1

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001



Litter depth (cm)

Live fuel — total

Live fuel — woody
vegetation

Live fuel —
herbaceous
vegetation

Live fuel — woody
shrubs

Live tree seedlings &
small saplings — total

Live tree seedlings &
small saplings —
conifer

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low

unburned

84

6.1
3.5
2.6
1.8
1.3
2.6
3.9
2.8
23
1.7
1.2
0.5
24
1.0
1.6
24
0.8
0.2
2.2
0.7
1.4
1.7
0.4
0.3
0.3
0.3
0.3
0.6
0.7
0.2
1.7
0.5
1.3
1.4
0.1
0.0
0.6
0.2
0.0
0.7
0.0
0.0
0.4

0.9
0.5
0.4
0.4
0.1
0.3
0.4
0.2
0.2
0.2
0.2
0.1
0.5
0.2
0.3
0.6
0.2
0.1
0.5
0.1
0.4
0.6
0.1
0.1
0.1
0.0
0.1
0.2
0.2
0.1
0.4
0.1
0.4
0.5
0.0
0.0
0.2
0.1
0.0
0.4
0.0
0.0
0.1

6.9
7.3
6.2
4.8
11.9
9.2
10.3
12.1
10.4
7.3
5.8
4.7
52
6.4
4.7
3.8
4.8
3.9
4.2
5.0
3.7
3.1
53
4.2
4.8
6.0
4.8
3.5
4.4
3.7
4.0
4.7
3.5
3.0
34
2.6
24
3.3
2.7
1.7
4.5
3.7
4.0

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.002
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.003

0.001

0.010

0.017

0.001

0.007

0.081
<0.001
<0.001
<0.001



Live tree seedlings &
small saplings —
broadleaf

Canopy fuels (Mg ha™)
Available canopy
fuel — total

Available canopy
fuel — live

Available canopy
fuel — dead

Canopy bulk density
(kg m™)

Canopy base height
(m)

Foliage — total

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral

young

high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low

unburned

85

0.2
0.0
0.1
0.1
0.0
0.0
0.0
0.0
0.1

53
373
37.2
27.5
23.6
12.7

0.5
213
239
17.1
12.3

44

5.0

4.2

1.6

33

4.4

3.1
0.04
0.16
0.22
0.13
0.12
0.14

5.5

6.1

3.9

24
10.0

1.3

0.5
18.8
20.4

0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1

0.4
3.2
2.8
1.8
2.0
L.5
0.1
1.9
2.0
1.3
1.2
0.7
0.4
0.4
0.1
0.2
0.4
0.4
0.00
0.02
0.02
0.01
0.01
0.02
1.5
1.1
0.7
0.4
1.7
0.3
0.1
1.7
1.7

3.8
3.1
3.0
2.2
0.8
1.0
1.5
1.4
1.3

14.4
11.5
13.1
15.4
12.1
8.4
5.6
11.2
12.1
12.8
10.1
6.5
13.4
10.4
11.9
14.6
11.4
8.3
10.80
8.37
9.44
11.13
9.01
6.23
3.7
5.6
5.8
6.9
6.0
3.9
5.6
11.1
11.8

<0.001
0.002
0.003
0.027
0.427
0.338
0.140
0.147
0.195

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001



Foliage — live

Branches — total

Branches — live

Branches — dead

1-h branches — total

1-h branches — live

1-h branches — dead

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned

late-seral

86

15.2
10.4
3.5
0.4
18.4
20.3
14.8
10.4
3.5
35.8
80.2
69.7
74.6
53.5
17.5
1.1
40.1
37.2
30.9
19.2
5.0
34.9
17.9
13.8
29.1
22.5
9.6
5.0
12.5
12.4
9.9
9.9
6.3
0.2
5.8
7.1
4.5
3.9
1.9
4.9
3.5
1.6
3.1

1.2
1.0
0.5
0.1
1.7
1.8
1.2
1.1
0.6
2.2
6.1
4.8
4.1
3.7
1.6
0.2
3.6
3.2
24
1.9
0.8
2.7
1.7
1.2
2.1
2.0
1.2
0.3
1.0
0.8
0.5
0.7
0.6
0.0
0.4
0.5
0.3
0.3
0.2
0.4
0.3
0.1
0.2

12.6
10.0

6.4

54
10.8
11.6
12.3

9.7

6.3
16.2
13.2
14.5
18.4
14.6
10.6

5.6
11.2
11.7
12.8
10.2

6.5
13.0
10.3
11.4
13.9
11.5

8.3
16.7
13.1
14.9
18.1
14.4
10.3

6.5
13.1
14.4
14.8
11.8

7.5
13.4
10.4
11.9
14.5

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001



10-h branches — total

10-h branches — live

10-h branches — dead

100-h branches —
total

100-h branches —
live

100-h branches —
dead

1000-h branches —
live

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

burn severity

pre-fire stand age

mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral

mid-seral

87

4.2
3.1
18.0
27.8
253
26.0
24.8
9.5
0.3
12.3
12.0
8.6
7.2
24
17.8
8.5
6.8
12.9
13.1
6.1
11.5
39.2
35.0
39.3
18.4
1.6
0.7
213
17.0
16.9
7.8
0.9
11.8
6.0
53
12.7
53
0.5
0.0
0.4
0.2
0.3
0.2

0.4
0.4
1.0
1.9
1.6
1.3
L.5
0.8
0.0
1.0
0.9
0.6
0.6
0.3
1.4
0.8
0.6
0.9
1.2
0.8
1.2
4.8
4.2
3.5
2.1
0.2
0.2
23
1.9
1.6
0.9
0.2
1.4
0.9
0.7
1.4
0.7
0.1
0.0
0.1
0.0
0.0
0.0

11.4
8.3
18.1
14.3
15.8
20.2
16.1
11.7
6.3
12.5
13.4
14.3
11.2
7.2
13.1
10.3
11.3
13.8
11.4
8.1
9.9
8.2
8.3
11.1
8.9
6.5
4.2
9.1
9.2
10.5
8.4
5.0
8.2
6.7
7.3
9.4
7.7
5.3
2.8
6.2
53
6.7
5.5

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.005
<0.001
<0.001
<0.001
<0.001



Crown mass — total burn severity
(foliage + branches)

pre-fire stand age

Crown mass — live burn severity
(foliage + branches)

pre-fire stand age

Crown mass — dead burn severity
(foliage + branches)

pre-fire stand age

young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral
young
high

low
unburned
late-seral
mid-seral

young

0.0
35.8
109.4
101.5
97.1
70.4
22.8
1.6
58.5
57.6
45.8
29.5
8.5
34.9
18.6
13.8
29.4
22.7
9.6

0.0
2.2
8.4
7.1
54
4.9
2.2
0.3
52
4.9
3.6
2.9
1.3
2.7
1.8
1.2
2.1
2.0
1.2

1.8
16.1
13.1
14.4
17.9
14.2
10.4

5.7
11.3
11.8
12.9
10.2

6.5
12.9
10.3
11.4
13.9
11.5

8.2

0.075
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Notes: Marginal predictions are not presented for dead foliage due to model convergence failure.

Marginal predictions are only presented for live 1000-h branches since no dead 1000-h branches were

observed. SE, standard error. z, test statistic. p, p-value.

88



- B
stumps
dead stem wood -
- R

woody
total stem wood

. @
- TR

total stem bark

uogJed ssewolg

live herbaceous
sound 1000-h
down woody debris

- HEEE
- R

rotten 1000-h
10-h

T

100-h

- e

10-h branches

.
.

total branches Dominant predictor

|an} eoeuNg

|an} Adouen

100-h branches pre-fire stand age

dead crown - | Bl o severity

total crown

0 1 2 3 4
Mean effect size ratio between predictors

Figure 1.11. Mean effect size ratios for additional post-fire responses relative to the dominant
predictor (i.e., predictor with the greater mean effect size): pre-fire stand age (gray) and burn
severity (black). See Table 1.14 and Table 1.15 for detailed effect size and marginal comparisons
among predictors.
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Figure 1.12. Marginal comparisons in mean effect sizes of pre-fire stand age (gray) and burn
severity (black) on additional post-fire responses. Values are the mean (min—max) of pairwise

contrasts for all levels of a predictor. Estimates are on the response scale and appear in the

column of the dominant predictor (i.e., predictor with the greater mean effect size). See Table
1.14 and Table 1.15 for detailed effect size and marginal comparisons among predictors.
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Chapter 2. DRIVERS OF SHORT-INTERVAL REBURN POTENTIAL
IN NORTHWESTERN CASCADIA FORESTS

2.1 ABSTRACT

Climate-driven increases in fire activity promote the likelihood of reburns with potential
consequences for forest structure and function. Critical understanding of reburn dynamics is
missing in high productivity wet forests characterized by infrequent fires. We simulated potential
fire behavior and effects in wet temperate forests across northwestern Cascadia 2—5 years post-
fire to characterize the relative importance of bottom-up and top-drown drivers of short-interval
reburn potential in these systems. Using the Fire and Fuels Extension to the Forest Vegetation
Simulator (FFE-FVS) initialized with field data from 95 long-term monitoring plots established
in five recent fires across the region, we asked: how do (1) fuel variability, (2) fire weather, and
(3) microclimate influence potential fire behavior and effects in reburns? We used generalized
linear models to compare outputs of potential fire behavior (flame lengths, torching probability,
torching and crowning indices) and effects (tree mortality) under moderate and extreme fire
weather conditions with and without microclimate adjustments across pre-fire stand age and burn
severity classes. While post-fire fuel loads in all stands were generally sufficient to support
subsequent fire occurrence, we found that initial fuel variability influenced some aspects of
short-interval reburn potential. Stands burned at high severity in the first fire had reduced
potential crown fire behavior and increased potential tree mortality in reburns compared to
unburned and low-severity stands. Stands that were mid-seral prior to the first fire had the lowest
reburn potential, while both mid- and late-seral stands had less potential tree mortality in reburns
compared to young stands, regardless of burn severity in the first fire. Extreme fire weather is

likely to override these effects and result in stand-replacing fire effects in reburns regardless of
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differences in initial fuel variability among stands. Similarly, stands with cooler and wetter
microclimate settings may experience reduced reburn potential, though these effects were limited
under extreme fire weather conditions. Collectively, our findings suggest the dominance of top-
down drivers on short-interval reburn potential in wet temperate forests, with implications for the
design of effective strategies for adapting to increasing fire activity in northwestern Cascadia. By
exploring how short-interval post-fire reburn potential varies across dimensions of stand age,
burn severity, fire weather, and microclimate, this study builds fundamental understanding of
reburn dynamics in wet temperate forests.
2.2 INTRODUCTION
Anticipating the causes and consequences of disturbance interactions is critical for ecosystem
management (Burton et al. 2020). In forest ecosystems, climate-driven increases in fire activity
(Jolly et al. 2015, Westerling 2016, Abatzoglou and Williams 2016, Jones et al. 2022) promote
the likelihood of fire X fire interactions (i.e., reburns). Reburns are fundamental drivers of change
(Bowman et al. 2020) and can shape forest successional trajectories by altering vegetation
structure and composition (Gray and Franklin 1997). However, when occurring at short intervals,
reburns can also produce compound effects (Paine et al. 1998) on forest conditions that may
cause abrupt shifts in forest dynamics (Landesmann et al. 2021, Hoecker and Turner 2022) and
alter landscape heterogeneity (Harvey et al. 2023), with potential consequences for forest
recovery (Busby et al. 2020, Braziunas et al. 2023). Thus, characterizing how one fire changes
the probability and timing of reburning in subsequent fires remains a key priority for managing
forest landscapes (McLauchlan et al. 2020).

Multiple fires can interact as linked disturbances (Simard et al. 2011) where an initial fire

alters reburn likelihood or extent. By consuming available fuels and altering vegetation structure
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and composition, past fires can act as temporary barriers to future fire spread and mitigate
subsequent burn severity (Parks et al. 2014, 2015). These relationships have been well-studied in
forest systems characterized by fuel-limited fire regimes (e.g., dry forests; Prichard et al. 2017)
or relatively low productivity rates (e.g., subalpine forests; Harvey et al. 2016), and highlight the
roles of initial burn severity and productivity as key determinants of reburn intervals (Buma et al.
2020) and effects (Tortorelli et al. 2024). In contrast, critical understanding of reburn dynamics
is missing in high productivity wet forests characterized by climate-limited fire regimes that
include infrequent, stand-replacing fire events (Halofsky et al. 2018a). In these forest systems,
past fires may not reduce reburn likelihood or severity due to rapid accumulation of live biomass
after fire (Halofsky et al. 2018a, 2020, Reilly et al. 2021). Further, growth of more flammable
vegetation (e.g., sclerophyllous shrubs) and possible changes in microclimate conditions
following stand-replacing fire may increase reburn likelihood relative to unburned areas
(Landesmann et al. 2021, Wolf et al. 2021b). However, due to limited data on past fire events,
mechanisms and impacts of reburns in wet forests are not well understood.

Improved understanding of drivers of reburn potential in high productivity systems is
needed to support forest management decisions aimed at fostering resilience to increasing fire
activity (McLauchlan et al. 2020). Reburn dynamics depend largely on biological legacies (i.e.,
individuals and organic structures that persist following disturbance; Franklin et al. 2000)
produced by the previous fire event and subsequent fire weather conditions. Post-fire biological
legacies are key bottom-up drivers of reburn potential, shaping the abundance, arrangement, and
character of fuels available for reburning (Coppoletta et al. 2016). Two major controls on post-
fire fuel variability include stand age prior to fire and burn severity, both of which influence the

amount, size, density, and proportion of live and dead fuels (Agee and Huff 1987, Meigs et al.
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2011). Fire weather conditions, including temperature, windspeed, and fuel moisture content, are
key top-down drivers of reburn potential, influencing critical aspects of fire behavior such as fire
intensity, flame length, and rate of spread (Agee 1993). Additionally, the interaction between
post-fire biological legacies and fire weather can influence reburn potential through bottom-up
effects on microclimate. Residual live and dead canopy cover can buffer subcanopy
temperatures, windspeeds, and moisture conditions through effects on intercepted radiation,
evapotranspiration, and surface roughness (Chen et al. 1993, Davis et al. 2019, De Frenne et al.
2019), with likely consequences for fuel flammability and fire spread (Wilson et al. 2022).

Wet temperate forests in the Cascade Range of western Washington and northwestern
Oregon, USA (hereafter ‘northwestern Cascadia’), are an exceptional example of high
productivity systems characterized by climate-limited fire regimes. These conifer-dominated
forests support very high amounts of biomass (Waring and Franklin 1979) and typically
experience large fire events on an interval of one to several centuries (Reilly et al. 2021). In the
near future, warming conditions are unlikely to affect fire frequency or severity in northwestern
Cascadia (Halofsky et al. 2020). However, in the mid- to longer-term, these wet forest systems
are projected to experience the largest proportional increase in area burned within the region
(Littell et al. 2018) as drier conditions and human land use increase the potential for small to
moderate sized fires (Cattau et al. 2020, Abatzoglou et al. 2021). Further, historical evidence
indicates these forests can burn multiple times in the decades following an initial fire (Gray and
Franklin 1997, Reilly et al. 2022), suggesting fuel limitation may be minimal. Given the
importance of northwestern Cascadia forests to regional and global ecological, economic, and
cultural services (Spies et al. 2018, Case et al. 2021), there is considerable interest from tribal,

state, and federal agencies in managing post-fire landscapes to reduce fire risk to communities

105



and forest ecosystem services. In the last decade, more than 0.25 million ha have burned within
the region (Reilly et al. 2022), creating a rare opportunity to characterize the relative importance
of bottom-up and top-down drivers of short-interval reburn potential in wet temperate forests.
Using a common stand simulation model initialized with field data from long-term monitoring
plots established 2—5 years following five recent fires across northwestern Cascadia, we asked:
how do (1) initial post-fire fuel variability, (2) fire weather conditions, and (3) microclimate

influence potential fire behavior and effects in reburns?

23 METHODS

2.3.1 Study area

Northwestern Cascadia comprises 6.1 million ha of wet temperate forests west of the Cascade
Range crest in Washington and northern Oregon, USA. The regional climate is Mediterranean,
with mild seasonal temperatures, wet winters, and dry summer (Franklin and Dyrness 1973).
Across our sampled area, annual mean temperature range is 4.0—10.7 °C, and total precipitation
range is 1,435-3,273 mm, 76% of which occurs November to April (30-year normals, 1991—
2020; PRISM Climate Group 2024). Dominant forest types include the Tsuga heterophylla and
Abies amabilis zones (Franklin and Dyrness 1973). The Tsuga heterophylla Zone is found at
lower elevations (<1,000 m) and dominated by Douglas-fir (Pseudotsuga menziesii), western
hemlock (Tsuga heterophylla), and western redcedar (Thuja plicata), with minor components of
broadleaf species such as red alder (A/nus rubra) and bigleat maple (Acer macrophyllum). The
Abies amabilis Zone is prevalent at relatively cooler and wetter middle elevations (1,000—-1,600
m) and dominated by noble fir (4bies procera) and Pacific silver fir (4bies amabilis), with

common associates including mountain hemlock (7suga mertensiana). Forest understories are
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characterized by abundant cover of shrub, fern, and forb species (Spies 1991). These forests are
unique in their evergreen species dominance and high biomass accumulations (Waring and
Franklin 1979) which have contributed to their global ecological and economic importance
(Spies et al. 2018).

While intermittent non-stand-replacing fires were often more common, an archetypal fire regime
within these forests includes large (10%~10° ha), infrequent (200600 year fire return intervals),
stand-replacing fire events limited primarily by climate and weather controls on fuel
flammability (Agee 1993). Most fires occur in late summer or early fall following prolonged
periods of high heat and low moisture conditions necessary for sufficient drying of fine fuels to
ignite and carry fire (Littell et al. 2009, Reilly et al. 2021). Fires typically burn on the surface and
as passive or active crown fires, producing coarse-scale spatial mosaics of burn severity
dominated by large, high severity patches of near-total overstory tree mortality (Agee 1993,
Reilly et al. 2021). The largest fires are driven by synoptic east wind events that bring warm and
dry continental air towards the ocean, further decreasing fuel moisture and contributing to rapid
fire spread (Reilly et al. 2022). We selected recent (2017-2020) fires across northwestern
Cascadia for our study, all of which burned large areas of federal lands under both moderate and
east wind-driven conditions, reflecting a range a stand ages and management histories along a
latitudinal climate gradient (Spies et al. 2018, Reilly et al. 2022): Norse Peak (2017), Eagle

Creek (2017), Big Hollow (2020), Riverside (2020), and Lionshead (2020).

2.3.2 Field measurements

We measured initial (2—5 years) post-fire stand structure and fuel loads in 95 1-ha long-term
monitoring plots distributed within five recent fires across northwestern Cascadia. Field methods

are described in detail in Chapter 1 and summarized here. Plots were systematically stratified by
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stand age prior to the first fire (young, mid-seral, late-seral; Van Pelt 2007) and burn severity in
the first fire (i.e., percent basal area mortality; unburned, 0%; low, <30%; high, >90%). We were
unable to locate any large patches of accessible young stands that burned at low severity, thus
this condition is not represented here.

Within each plot, we measured general site characteristics and post-fire stand structure and
surface fuel profiles. General site characteristics (slope, aspect, elevation, topography) were
recorded at plot center using standard methods. Stand structure (basal area, stem density) was
characterized in variable-radius subplots for all trees (diameter at breast height [dbh] > 10 cm),
saplings (dbh < 10 cm and height > 30 cm), and live seedlings (height <30 cm). For trees,
measures included species, status (live or dead), decay class, dbh, total height, percent bark at
dbh, and percent total stem remaining. Burn severity measures (wood char, bark char, char
height, needle scorch) were also recorded for trees in burned stands. For saplings, measures
included species, status, dbh, total height, and presence of broken top. For seedlings, measures
included species, total height, and presence of top damage. Canopy cover was estimated from
hemispherical digital photographs taken at five positions throughout each plot (Tichy 2016).
Surface fuel profiles of down woody debris, litter, and duff were measured in planar intercept

transects using standard methods (Brown 1974, Lutes et al. 2006).

2.3.3 Potential fire behavior modeling

We modeled stand-level reburn potential using the Westside Cascades variant (FVS Staff 2008)
of the Fire and Fuels Extension to the Forest Vegetation Simulator (FFE-FVS; Rebain 2010).
FFE-FVS combines models of fire behavior (Rothermel 1972, Van Wagner 1977, Scott and
Reinhardt 2001), fire effects (Reinhardt et al. 1997), and fuel and snag dynamics (Rebain 2010)

with a deterministic individual tree growth and yield model (Dixon 2002) to support forest
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management decisions. We chose this modeling approach because FFE-FVS is a well-
documented tool with a broad geographic scope and long history of use by both scientific and
management communities (Rebain 2010), allowing for easier interpretation and comparison of
our outputs with other studies.

Vegetation inputs — We initialized FFE-FVS with stand and tree inputs derived from
each of our post-fire field plots (N = 95). Stand inputs included inventory year (2019-2023),
Forest Service region, state, National Forest location code, aspect, slope, elevation, topography
code, and dead surface fuel loads. Dead surface fuels included fine and coarse woody debris,
litter, and duff. Methods for deriving fuel loads are described in detail in Chapter 1. Briefly, we
used species-, size-, and region-specific allometric equations (Means et al. 1994) to convert our
field measures into stand-level fuel profiles. Surface fuel profiles were adjusted for volume and
density loss from decay (Harmon et al. 2008, 2011, Donato et al. 2013) and deep wood charring
(Donato et al. 2009). Fine woody debris was summarized by standard time-lag size class (1-, 10-,
100-h particles), and coarse woody debris (1000-h particles) was summarized by decay (sound
vs. rotten) and size classes based on diameter (Brown 1974). We converted stand-level mean
depths of litter and duff into biomass using standard methods (Brown et al. 1982, Woodall and
Monleon 2008) and bulk density values averaged across relevant sources for Douglas-fir forests
(Williams and Dyrness 1967, Lutes et al. 2006, Woodall and Monleon 2008, Prichard et al.
2013). Surface fuel inputs are summarized in Appendix C: Table 2.3. Tree inputs included the
species, per-hectare count, history code (live, dead, or pre-fire snag), diameter, total height, live
crown base height, crown ratio, and broken top damage code for all live and dead individuals.
Diameter inputs represented dbh for trees with height > 1.37 m and diameter at root collar for

height < 1.37 m. Small saplings (height 0.3—1.37 m) and seedlings (height < 0.3 m) were
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assigned a small non-zero diameter (0.25 cm) according to suggested practice (Dixon 2002,
Crookston et al. 2003). Tree inputs are summarized in Chapter 1.

Fuel model selection — Within each stand, we used FFE-FVS to generate projections of
potential fire behavior (surface and total flame lengths, torching probability, torching and
crowning indices) and effects (basal area mortality) under moderate and extreme fire weather
conditions. We used the new model selection logic to dynamically determine a weighted set of
two standard fire behavior fuel models for each stand, drawing from the compiled set of all 53
fuel models. Sensitivity analyses revealed similar qualitative trends in potential fire behavior
outputs among strata when using this approach to assign primary and secondary fuel models
versus selecting from just the original 13 (Albini 1976, Anderson 1982) or new 40 (Scott and
Burgan 2005) standard fire behavior fuel models (Appendix C: Figs. 2.6-2.10). We also adjusted
default settings to include both conifer and hardwood tree species in canopy fuel calculations.

Fire weather scenarios — We defined two scenarios of baseline temperature, wind
speed, and surface fuel moisture inputs to compare potential fire behavior in reburns under both
moderate and extreme fire weather conditions (Table 2.1). Temperature and wind speed values
were derived from statistical climate-fire relationships for the region based on meteorological
data extracted from 27 fires that burned >400 ha within northwestern Cascadia between 2003 and
2021 (Raymond et al., in prep). Moderate fire weather values represented average conditions
sufficient to support ecologically small to moderate-sized fires (<10,000 ha). Extreme fire
weather values represented conditions enabling very large east wind-driven fires (40,000 ha),
based on observations from the day of the most area burned in the 2020 Beachie Creek fire — the
largest contemporary fire within the study area (78,336 ha; Reilly et al. 2022). Moisture contents

of surface fuel components for moderate and extreme fire weather conditions were represented
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by variant-specific FFE-FVS defaults from the “moist” and “very dry” moisture groups,

respectively (Table 2.1; Rebain 2010).

Table 2.1. Baseline temperature, wind speed, and fuel moisture content inputs for modeling two
scenarios of potential fire weather in reburns. Inputs were based on meteorological data from
recent (2003—-2021) fires observed within northwestern Cascadia. Moderate scenario values
represent conditions typical for moderate-sized (<10,000 ha) wildfires. Extreme scenario values
represent conditions typical for very large (>40,000 ha) east wind-driven wildfires.

Potential fire weather scenario

Variable
moderate extreme
Air temperature (°C) 18.0 25.6
20-ft wind speed (m/s) 4.0 13.6
Surface fuel moisture content (%)
1-h fuels (0-0.6 cm) 12 4
10-h fuels (0.6-2.5 cm) 12 4
100-h fuels (2.5-7.6 cm) 14 5
1000-h fuels (>7.6 cm) 25 10
Duff 125 15
Live woody and herbaceous fuels 150 70

Microclimate adjustments — We incorporated differences in microclimate conditions
into our FFE-FVS simulations by adjusting fire weather inputs based on stand structure. We
synthesized data from relevant literature in wet temperate forests to derive linear relationships
between microclimate variables and canopy cover (Appendix C). Using these relationships, we
adjusted baseline values of temperature and fine (1-h, 10-h, 100-h) fuel moisture content for each
stand based on total canopy cover. We assumed baseline values represented open conditions (i.e.,
0% canopy cover) to account for the buffering effects of canopy cover. Adjusted temperature and
fine fuel moisture inputs for both moderate and extreme fire weather scenarios are summarized
across stand age X burn severity strata in Appendix C: Table 2.6. We kept inputs for all other fire

weather variables at their baseline values since canopy cover effects on wind speed are already
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built into the fire submodel of FFE-FVS (Rebain 2010), and we found limited evidence to
support robust relationships between canopy cover and moisture content of coarse (1000-h)

fuels, duff, and live surface fuels.

2.3.4 Analysis

We assessed the effects of post-fire fuel variability, fire weather, and microclimate on short-
interval reburn potential by constructing generalized linear models for each potential fire
behavior (surface flame length, total flame length, torching probability, torching index, crowning
index) and effects (tree mortality) output from FFE-FVS (Rebain 2010). To address Question 1,
we modeled these outputs as a function of stand age prior to and burn severity in the first fire.
Models of non-negative continuous responses (flame lengths, fire behavior indices) used a
gamma distribution with log link function and zero-inflation term. Models of proportional
responses (torching probability, tree mortality) used a beta distribution with ordered logit link
function (Kubinec 2023). To address Question 2, we created separate models for outputs
generated under both moderate and extreme fire weather scenarios, using the same model form
as Question 1 (i.e., response ~ stand age % burn severity). To address Question 3, we created
separate models for outputs generated using baseline versus microclimate-adjusted fire weather
inputs, using the same model form as Questions 1 and 2. For all questions, differences among
strata were considered significant when confidence intervals for a response did not overlap.
Analyses were conducted in R, version 4.4.0 (R Core Team 2024) using the following packages:
glmmTMB, version 1.1.9 (Brooks et al. 2017); openxlsx, version 4.2.7.1 (Schauberger and
Walker 2024); patchwork, version 1.2.0 (Pedersen 2024); and tidyverse, version 2.0.0 (Wickham

et al. 2019).
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24  RESULTS

2.4.1 Fuel variability

Fuel variability was a significant predictor of short-interval (2—5 years) post-fire reburn potential,
though direction and magnitude of differences varied by stand age prior to and burn severity in
the first fire. Stand age prior to the first fire generally had a negative relationship with most
potential fire behavior and effects responses (Appendix C: Table 2.7). Stand age effects were
driven primarily by differences of young stands from mid- and late-seral stands. Compared to
young stands, total flame lengths in reburns across all burn severity classes were 37% shorter
under moderate fire weather conditions in mid-seral stands, with stronger differences between
unburned stands (Fig. 1¢), though the actual height difference in flame lengths was only ~0.5 m
(Table 2.2). Compared to young stands, torching probabilities in reburns across both fire weather
scenarios were 27-47% lower in unburned late- and mid-seral stands, respectively, with stronger
differences under moderate fire weather conditions (Fig. 1e—f). Compared to young stands,
potential tree mortality in reburns across all burn severity classes was 52—-62% less under
moderate fire weather conditions in mid- and late-seral stands, respectively, with stronger
differences between unburned stands (Fig. 2a). Compared to young stands, crowning indices in
reburns were 57% greater in unburned late-seral stands (Fig. 3b). We found no significant
differences in potential fire behavior and effects in reburns between stands that were mid- and
late-seral prior to the first fire.

Burn severity in the first fire did not have a consistent relationship with potential fire
behavior and effects responses in reburns (Appendix C: Table 2.7). Effects of burn severity in
the first fire on response variables were frequently driven by differences of stands burned at high

severity from unburned and stands burned at low severity in the first fire, especially under
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extreme fire weather conditions. Compared to unburned stands, surface flame lengths in reburns
across all stand age classes were 34-52% taller under moderate fire weather conditions in stands
first burned at low and high severity, respectively (Fig. 1a), though the actual height difference in
flame lengths was only ~0.2—-0.4 m (Table 2.2). Under extreme fire weather conditions, all stands
burned at high severity in the first fire, regardless of age prior to the first fire, also had 137%
taller surface flame lengths in reburns than unburned stands (Fig. 1b) and 80-82% shorter total
flame lengths in reburns than stands burned at low severity and unburned stands (Fig. 1d).
Compared to unburned stands, torching probabilities in reburns were 56—-66% lower in low-
severity late- and mid-seral stands, respectively, with stronger differences under moderate fire
weather conditions (Fig. 1e—f). Torching probabilities were near zero in all stands first burned at
high severity regardless of stand age prior to the first fire or reburn fire weather conditions (Fig.
le—f). Compared to unburned and low-severity stands, potential tree mortality in reburns across
all stand age classes was generally 24—-133% greater under moderate fire weather conditions in
stands burned at high severity in the first fire, though this relationship was only significant for
late-seral stands (Fig. 2a). Torching indices in reburns were similar between burned and
unburned stands, but nearly 400% greater in stands burned at low versus high severity in the first
fire (Fig. 3a). Crowning indices in reburns were similar between unburned and low-severity
stands, but 256-282% greater in mid- and late-seral stands burned at high severity in the first

fire, respectively (Fig. 3b).
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Figure 2.1. Potential fire behavior in reburns 2—5 years post-fire under moderate
(left) and extreme (right) fire weather conditions. Fire weather conditions include
plot-level adjustments to temperature and fine fuel moisture content account for
structural effects on microclimate. Bold points and lines are generalized linear
model-predicted means and 95% confidence intervals for each stand age class,
colored by burn severity in the first fire: unburned, low severity (<30% mortality),
high severity (>90% mortality). Light points are plot-level values. See Appendix
C: Table 2.7 for model summaries.
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Figure 2.2. Potential fire effects in reburns 2—5 years post-fire under moderate
(left) and extreme (right) fire weather conditions. Fire weather conditions include
plot-level adjustments to temperature and fine fuel moisture content account for
structural effects on microclimate. Bold points and lines are generalized linear
model-predicted means and 95% confidence intervals for each stand age class,

colored by burn severity in the first fire: unburned, low severity (<30% mortality),

high severity (=90% mortality). Light points are plot-level values. See Appendix
C: Table 2.7 for model summaries.

2.4.2 Fire weather

Fire weather moderated the effects of fuel variability on short-interval (2—5 years) post-fire
reburn potential. In general, potential flame lengths and tree mortality in reburns were greater
under extreme versus moderate fire weather conditions (Appendix C: Table 2.7). Compared to
moderate conditions, surface flame lengths in reburns were 2—5 times taller (Fig. 1a—b), total
flame lengths in reburns were 4—45 times taller (Fig. 1¢c—d), and tree mortality in reburns was 14—
291% greater (Fig. 2) under extreme fire weather conditions across all stands. Significant effects
of fuel variability on flame lengths in reburns were only maintained under extreme fire weather
for the late-seral and high-severity stands (Fig. 1a—d), and effects of fuel variability on tree

mortality in reburns were diminished under extreme fire weather (Fig. 2). Torching probabilities
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in reburns were similar under both fire weather scenarios (Fig. 1e—f).
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Figure 2.3. Indices of torching (a) and crowning (b) potential fire behavior in reburns 2—5
years post-fire. Bold points and lines are generalized linear model-predicted means and
95% confidence intervals for each stand age class, colored by burn severity in the first
fire: unburned, low severity (<30% mortality), high severity (=90% mortality). Light
points are plot-level values. Predicted outputs for young % high-severity stands are not

shown since canopy base heights were undefined due to sparse canopy fuels. See
Appendix C: Table 2.7 for model summaries.

2.4.3  Microclimate

Incorporating structural effects on microclimate into fire weather inputs had a buffering effect on
short-interval (2—5 years) post-fire reburn potential, but did not change overall patterns with fuel
variability and fire weather drivers for most response variables (Appendix C: Tables 2.7-2.8).
Microclimate buffering was greatest in unburned stands and under the moderate fire weather

scenario (Appendix C: Table 2.6). In general, including microclimate adjustments lowered
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potential surface and total flame lengths in unburned stands by 36-43% and 62—-67%,
respectively, with greater reductions for older stands (Table 2.2). Including microclimate
adjustments also lowered potential basal area mortality in high severity mid- and late-seral stands
by 45-54%, respectively (Table 2.2). Compared to unadjusted simulations, microclimate
adjustments maintained consistent relationships of stand age prior to and burn severity in the first
fire with potential fire behavior and effects in reburns under extreme fire weather conditions
(Appendix C: Tables 2.7-2.8). These relationships were also consistent under moderate fire
weather conditions for all outputs except potential flame lengths and torching index.
Incorporating microclimate adjustments eliminated the significant positive effect of stand age
and negative effect of burn severity on potential surface and total flame lengths, respectively, and
indicated a significant positive effect of burn severity on potential surface flame lengths not
indicated in unadjusted simulations (Appendix C: Tables 2.7-2.8). Incorporating microclimate
adjustments also indicated a significant negative effect of high burn severity on torching index

not indicated in unadjusted simulations (Appendix C: Tables 2.7-2.8).
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Table 2.2. Model-predicted means and 95% confidence intervals for initial (2—5 years) post-fire
potential fire behavior and effects in reburns across pre-fire stand age x burn severity strata (N =
95). Separate generalized linear models were fit for outputs simulated under moderate and
extreme scenarios of reburn fire weather conditions, both with (adjusted) and without
(unadjusted) stand-level microclimate adjustments.

Variable young mid-seral late-seral
unburned high unburned low high unburned low high
moderate fire weather
surface flame length (m)
adiusted 0.7 1.1 0.7 0.9 1.0 0.8 1.1 1.2
! (0.6-0.9) (0.9-1.3) | (0.6-0.8) (0.8-1.1) (0.9-1.2) | (0.7-0.9) (1.0-1.3) (1.1-1.4)
unadiusted 1.1 1.1 1.1 1.1 1.1 1.4 1.5 1.4
! (0.9-1.3)  (0.9-1.4) | (0.9-1.3) (1.0-1.4) (1.0-1.3) | (1.2-1.6) (1.3-1.7)  (1.3-1.6)
total flame length (m)
adiusted 1.3 1.4 0.8 1.0 0.9 1.0 1.2 1.2
! (1.0-1.6)  (1.1-1.8) | (0.7-1.0) (0.8-1.2)  (0.8-1.1) | (0.9-1.3) (1.0-1.5) (1.0-1.4)
unadiusted 34 1.6 2.3 1.5 1.0 3.0 2.0 1.4
! (2.5-4.8) (1.1-2.3) | (1.7-3.1) (1.1-2.1) (0.8-1.4) | (2.2-3.9) (1.5-2.6) (1.1-1.7)
torching probability
adiusted 0.83 0.01 0.40 0.13 0.00 0.52 0.19 0.00
! (0.59-0.94) (0.00-0.05) |(0.25-0.56) (0.06-0.25) (0.00-0.01)|(0.38-0.65) (0.12-0.30) (0.00-0.01)
unadiusted 0.77 0.02 0.38 0.10 0.00 0.58 0.19 0.01
! (0.57-0.90) (0.00-0.07)|(0.26-0.52) (0.05-0.17) (0.00-0.01)|(0.45-0.69) (0.12-0.29) (0.00-0.03)
basal area mortality (%)
adiusted 71 88 27 22 52 20 16 42
! (58-82) (75-95) (18-37) (14-32) (30-73) (13-28) (10-23) (24-63)
unadiusted 73 98 44 35 94 37 29 92
! (56-85) (92-100) (30-59) (22-50) (79-99) (26-51) (19-41) (75-98)
extreme fire weather
surface flame length (m)
adiusted 2.0 4.7 1.9 1.9 4.5 2.4 2.4 5.7
! (1.7-2.4) (4.0-5.6) | (1.7-2.2) (1.7-22) (3.9-52) | (2.2-2.8) (2.1-2.8) (5.1-6.4)
unadiusted 2.4 4.8 2.3 2.3 4.7 2.9 2.8 59
! (2.0-2.8) (4.1-5.6) | (2.0-2.7) (2.0-2.6) (4.1-54) | (2.6-3.3) (2.5-3.2) (5.2-6.5)
total flame length (m)
adiusted 28.7 52 28.5 26.0 5.2 29.9 27.2 5.5
! (21.4-384) (3.9-7.0) |(22.4-36.3) (20.1-33.7) (4.1-6.6) |(23.6-37.8) (21.5-34.5) (4.5-6.6)
unadiusted 323 52 333 28.4 5.4 36.1 30.8 5.8
! (24.8-42.0) (4.0-6.7) |(26.8-41.5) (22.6-35.9) (4.3-6.7) |(29.2-44.5) (24.9-38.1) (4.9-6.9)
torching probability
adiusted 0.86 0.03 0.51 0.19 0.01 0.71 0.36 0.01
! (0.72-0.94) (0.01-0.12)|(0.38-0.65) (0.11-0.31) (0.00-0.02)|(0.59-0.80) (0.25-0.47) (0.00-0.05)
unadiusted 0.84 0.03 0.56 0.25 0.01 0.70 0.39 0.01
! (0.65-0.94) (0.01-0.13)|(0.43-0.68) (0.17-0.37) (0.00-0.03)|(0.59-0.80) (0.29-0.50) (0.00-0.05)
basal area mortality (%)
adiusted 100 100 85 86 82 53 55 47
! (100-100) (100-100) | (50-97) (51-97) (45-96) (31-74) (31-76) (26-69)
unadiusted 100 100 90 86 82 63 54 47
! (100-100) (100-100) | (60-98) (50-98) (47-96) (39-83) (29-78) (26-69)
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fire behavior indices

torching index (m/s)

adiusted 41 16 51 95 20 23 44 9
! (10-162) (3-85) (32-81) (60-151) (9-46) (13-41) (31-61) (4-22)
. 30 16 35 78 18 17 38 9
unadjusted

(8-113)  (3-75) | (23-55)  (50-122)  (8-40) | (10-30)  (27-53)  (4-20)

crowning index (m/s)

adiusted 7 24 9 9 32 11 11 42
! (5-9) (13-45) (7-11) (7-11) (19-54) (9-14) (9-14) (25-71)
. 6 23 8 8 31 10 10 41
unadjusted

(4-8) (11-45) | (6-10) (6-10)  (17-54) | (8-13) (8-13)  (23-72)

Notes: Torching and crowning indices are based on extreme fire weather conditions.

2.5  DISCUSSION

2.5.1 Fuel variability can influence short-interval reburn potential under moderate fire

weather

Our findings suggest that initial post-fire fuel variability can influence some measures of short-
interval reburn potential in northwestern Cascadia. Burn severity in the first fire has important
consequences for subsequent fire behavior and effects (Busby et al. 2020). Potential surface fire
behavior in reburns 2—5 years post-fire may be similar regardless of burn severity in the first fire,
despite small increases in potential surface flame lengths in burned stands due to greater
proportions of dead surface fuels. However, both low and high burn severity in the first fire may
reduce the likelihood of torching in reburns due to reductions in surface and ladder fuels via
combustion. In contrast, only high burn severity in the first fire may reduce potential crown fire
behavior in reburns due to near-complete overstory mortality and reduction in crown fuels
compared to unburned stands. Low burn severity in the first fire is unlikely to result in different
crown fire behavior in reburns than unburned stands due to similarities in live stand structure and
canopy fuel loads following the first fire (Agee 1993). However, reburn severity can still be high

in the absence of crown fire behavior (Raymond and Peterson 2005). High burn severity in the
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first fire may increase potential tree mortality in reburns relative to unburned and low-severity
stands until regenerating trees are able to develop more fire-resistant traits (e.g., thicker bark,
taller crown base heights). This aligns with findings in similar forest types (Thompson et al.
2007, Collins et al. 2021) and fire regimes (Harvey et al. 2016), but contrasts with dry frequent-
fire systems where past fires have been found to decrease severity of subsequent burns for a
decade or more (Prichard and Kennedy 2014, Cansler et al. 2021).

Stand age prior to the first fire may also influence potential fire behavior and effects in
reburns but is likely a weaker driver than burn severity and may be more easily overridden under
extreme fire weather conditions. Mid-seral stands may have lower reburn potential 2—5 years
post-fire due to taller canopy base heights decreasing the likelihood of torching. This aligns with
findings from chronosequence fuel studies in the region which highlight the strongest buffering
effects of stand age on surface fire behavior in mid-seral stands (Agee and Huff 1987). In
contrast, late-seral stands may have increased potential surface fire intensity in reburns due to
greater surface fuel loads of fine and coarse woody debris, litter, and duff (Appendix C: Table
2.3). Compared to young stands, mid- and late-seral stands may experience lower burn severity
in reburns under moderate weather. Greater abundance of larger trees in older stands may offer
greater resistance to subsequent fire-induced tree mortality, similar to findings from field-based
(Busby et al. 2023) and remotely-sensed (Evers et al. 2022) observations within the study area.
Young stands are likely to experience severe fire effects in reburns regardless of fire weather and
prior burn severity due to smaller tree stature and abundant fine surface fuels that result in low
fire resistance and high fuel availability (Thompson et al. 2007). This aligns with similar field
observations of higher mortality in recently-burned young stands across northwestern Cascadia

(Busby et al. 2023), and provides support for our inability to locate any large patches of
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accessible young stands burned at low severity across the study region.

While we demonstrated some effects of initial post-fire fuel variability on short-interval
reburn potential, our findings are limited by model handling of live and dead surface fuels. FFE-
FVS represents live woody shrubs and herbaceous surface fuels based on relationships with
overstory canopy cover, rather than as an explicit model input (Rebain 2010). This may result in
an inability to capture accurate dynamics of live surface fuel abundance and flammability traits
on reburn potential in northwestern Cascadia, as demonstrated in other wet temperate forests
(Tiribelli et al. 2018, Landesmann et al. 2021, Brown et al. 2024). Rapid growth of shrubs and
resprouting vegetation following high severity fire has also been shown to promote severe
reburns in other systems with stand-replacing fire regimes (Agne et al. 2023) and in dry fire-
prone forests (Coppoletta et al. 2016). Additionally, the use of stylized fire behavior fuel models
to represent fuelbed conditions, rather than explicit fuel load inputs, may obscure finer-scale

effects of initial fuel variability on reburn potential (Noonan-Wright et al. 2014).

2.5.2 Fire weather may override effects of fuel variability on short-interval reburn potential

Our findings suggest the dominance of top-down drivers on short-interval reburn potential in wet
temperate forests. Extreme fire weather conditions (i.e., higher temperature, faster windspeed,
and lower fuel moisture) may override effects of initial fuel variability on potential fire behavior
and effects in reburns by promoting fire occurrence, spread, and size. Effects of stand age prior
to the first fire may be more easily overridden than effects of burn severity in the first fire, due to
less influence of fuel amount compared to fuel character (i.e., live vs. dead) on potential fire
behavior in reburns. Although potential tree mortality in reburns may be lower in stands that
were older prior to the first fire, extreme fire weather in reburns is likely to result in stand-

replacing fire effects regardless of differences in initial fuel variability among stands due to
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limited adaptations of dominant tree species to resist high intensity fire. This aligns with findings
of reduced strength of fuel limitations on reburn potential under warmer, drier, and windier
conditions in northwestern Cascadia (Reilly et al. 2022, Evers et al. 2022, Busby et al. 2023),
other wet temperate forests (Leonard et al. 2014) and stand-replacing fire regimes (Turner and
Romme 1994), and more fire-prone dry forests (Parks et al. 2018; though see Prichard and
Kennedy 2014 and Tortorelli et al. 2024).

While we used statistical fire-climate relationships to define thresholds for moderate and
extreme fire weather conditions, the relatively small sample size of recent fires in the region
limits the quantitative strength of these relationships (Raymond et al., in prep). Continued
refinement of fire-climate relationships in northwestern Cascadia and use of site-specific weather
inputs (e.g., FireFamily Plus; Bradshaw and McCormick 2009) could strengthen our ability to
disentangle the effects of fuels and fire weather on reburn potential under changing climate

(Littell et al. 2018) and increase the accuracy of our simulations (Hummel et al. 2013).

2.5.3 Microclimate conditions buffer the effects of fire weather in reburns

Our findings suggest that microclimate conditions can moderate the effects of fire weather on
reburn potential in wet temperate forests. Incorporating buffering effects of post-fire canopy
cover on fire weather thresholds reduced potential fire behavior and effects in reburns through
reductions in temperature, windspeed, and fuel aridity. Accordingly, buffering effects were
greatest for older and unburned stands. These findings align with microclimate studies in
northwestern Cascadia (Chen et al. 1993, Frey et al. 2016, Wolf et al. 2021a) and other wet
temperate forest systems (Millikin et al. 2024) which have demonstrated greater temperature,
wind, and moisture buffering capacity of old and dense forests due to effects of canopy cover on

intercepted radiation, evapotranspiration, and surface roughness. However, microclimate
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conditions may only be effective at reducing reburn potential under moderate fire weather and do
not meaningfully reduce torching probability. Buffering effects were reduced under extreme fire
weather conditions, supporting findings of limited benefits of canopy cover on reducing
temperatures under extreme hot and dry conditions (Brackett et al. 2024).

Due to limited available studies on fire-microclimate relationships in northwestern
Cascadia, our representation of microclimate effects by modifying fire weather thresholds based
on canopy cover was relatively simple, and likely unable to capture more detailed and dynamic
drivers of microclimate in wet forests. For example, understory vegetation abundance and type
can moderate surface fuel moisture (Pickering et al. 2021), and the strength of canopy buffering
may change under future climate (Davis et al. 2019). Thus, explicit measures of microclimate in
recently burned stands over time will be important for accurately characterizing the relationships

between structure and reburn potential in these systems.

2.5.4 Management implications and future research

These findings build fundamental understanding of the drivers of short-interval reburn potential
in wet temperate forests. By exploring how potential fire behavior and effects in reburns 2—5
years post-fire vary across dimensions of stand age, burn severity, fire weather, and
microclimate, application of this research can help forest managers design strategies for adapting
to increasing fire activity in northwestern Cascadia. There is particular interest among regional
forest managers in effects of fuel treatments on fire risk in unburned stands (Powers 2021,
Powers and Kertis 2022). Our results suggest that fire has a limited role as an effective stand-
scale fuel reduction treatment in high productivity systems shaped by infrequent fire events
(Halofsky et al. 2018b). While traditional fuel treatments such as mechanical thinning and

prescribed fire can be useful for decreasing fire intensity and severity in dry forests (Agee and
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Skinner 2005), these actions are typically assumed to be less effective at moderating fire
behavior in wet forests (Halofsky et al. 2018b). However, few opportunities exist to robustly test
these assumptions in northwestern Cascadia. Our results demonstrate similar subsequent fire
behavior and effects between unburned and low-severity stands despite reductions in surface and
ladder fuels following low severity fire. Our findings also highlight that any potential fuel-
reduction effects from recent wildfire on reburn potential are likely to be overridden under
extreme fire weather. Additionally, while our results demonstrated that an initial high severity
fire may reduce crown fire behavior in short-interval reburns, this kind of fuel reduction by fire
may predispose stands to heightened reburn severity. Further, given the high productivity and
rapid recovery of live fuels following fire, maintaining these effects would require frequent re-
treatment, and reductions in fuels to this intensity may present undesirable tradeoffs with
fundamental structural and functional attributes of these ecosystems (Halofsky et al. 2018b,
Millikin et al. 2024).

Our study highlights several directions for future research to further address uncertainties
about drivers of reburn potential in northwestern Cascadia. While our study provided useful
insights into potential fire behavior and effects in reburns 2—5 years post-fire, this timeframe may
be too short to adequately capture realistic reburn dynamics. For instance, historical evidence
from the 1902 Yacolt Burn and 1933 Tillamook Burn observed reburn intervals of 630 years
(Neiland 1958, Gray and Franklin 1997), while typical fire return intervals range from one to
several centuries (Reilly et al. 2021). Thus, continued monitoring and repeated measurement of
these long-term plots over time, and additional sampling of reburned areas, will be critical for
characterization of patterns in structure and fuel profiles throughout stand development.

Combining field data with simulation modeling approaches could be a useful way to extend field
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insights and get at reburn dynamics over longer time scales (Loehman et al. 2020). Simulation
modeling could also enable exploration of reburn dynamics under future climate and
management scenarios (e.g., Hansen et al. 2020) and incorporate spatial dimensions relevant to
post-fire stand development trajectories (e.g., distance to seed source; Harvey et al. 2023,
Buonanduci et al. 2024).

Future work could also consider modeling approaches that better represent the influences
of live surface fuels and microclimate on potential fire behavior and effects. These factors are
highly relevant to reburn potential in northwestern Cascadia (Agee and Huff 1987, Gray et al.
2002) and other wet temperate forest systems (Cawson et al. 2017, Pickering et al. 2021,
Lindenmayer et al. 2022), but not captured well by FFE-FVS. Use of more complex fire behavior
models (e.g., Hoffman et al. 2018) combined with empirical observations of microclimate
conditions within our recently burned stands across the region (e.g., Wolf et al. 2021b) could

help improve our understanding of reburn potential in these forest types.
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2.6 APPENDIX C: SUPPLEMENTAL METHODS, RESULTS, AND STATISTICAL

MODEL OUTPUTS

C.1  Model inputs

Table 2.3. Summary of surface fuel input variables across stand age x burn severity strata.
Values are the mean (minimum-maximum) fuel loads (Mg/ha) across all replicates within each
strata combination (N = 95). Fuel loads for 1000-h particles are separated by decay status (sound,
rotten) and binned by diameter size classes.

young mid-seral late-seral
(n=16) (n=31) (n=48)
Variable
unburned high unburned low high unburned low high
(n="17) n=9) (n=10) n=9) (n=12) (n=14) (n=15) (n=19)
litter 10.2 3.1 16.9 7.9 34 13.0 10.4 6.3
(8.6-12.7) | (0.3-6.6) | (9.7-27.8) | (4.7-14.8) | (0.5-8.7) (7.5-28.6) | (6.5-20.7) | (1.5-11.7)
duff 54.1 5.1 81.7 31.7 2.7 85.5 342 14.0
(32.0-93.6) | (0.3-23.5) [(25.3-166.4)|(10.0-79.7)| (0.0-12.9) |(33.0-144.1)| (9.5-85.4) | (0.0-40.6)
Ih 3.7 1.5 4.9 4.7 23 5.2 5.9 3.2
(1.8-5.7) | (0.8-3.3) | (3.4-7.2) | (2.6-6.3) | (0.7-5.2) (3.1-8.6) (3.9-8.4) | (0.4-9.2)
10-h 3.8 2.7 53 4.5 34 5.1 4.6 4.9
(1.9-6.2) | (0.9-44) | (3.1-6.8) | (1.6-9.8) | (1.5-6.8) (3.0-9.8) (2.9-8.7) | (1.1-11.6)
100-h 4.5 4.2 5.0 4.5 6.7 54 5.4 7.3

(12-9.0) | (1.1-8.7) | (0.8-7.9) | (1.2-9.3) | (1.4-16.5) | (1.7-9.0) | (2.9-11.2) | (2.5-15.0)

1000-h, sound (cm)

7615 1.2 1.0 3.1 1.5 0.9 1.2 1.3 1.3
(0.0-3.8) | (0.0-3.9) | (0.1-5.8) | (0.8-1.9) | (0.3-1.8) | (0.4-2.8) | (0.0-2.2) | (0.0-4.0)
152305 1.1 0.7 5.5 42 1.9 5.4 6.1 4.6
(0.0-3.0) | (0.0-2.0) | (0.0-9.0) | (0.8-12.7) | (0.0-7.2) | (0.0-12.9) | (0.0-16.7) | (0.0-10.2)
30.5.50.8 0.0 0.0 2.3 3.7 2.2 10.2 11.3 72
(0.0-0.0) | (0.0-0.0) | (0.0-10.0) | (0.0-11.9) | (0.0-12.2) | (0.0-23.8) | (4.3-27.2) | (0.7-18.1)
50.8.88.9 0.0 0.0 1.1 2.2 1.3 12.2 9.3 75
(0.0-0.0) | (0.0-0.0) | (0.0-11.5) | (0.0-12.8) | (0.0-5.3) | (0.0-42.0) | (0.0-31.9) | (0.0-45.2)
289 1270 00 0.0 0.0 0.0 0.0 3.4 0.0 0.0
(0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-25.1) | (0.0-0.0) | (0.0-0.0)
1970 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

(0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-0.0) | (0.0-0.0)

1000-h, rotten (cm)

7615 0.7 0.7 1.2 0.5 1.0 0.6 0.5 0.6
(0.0-1.4) | (0.0-1.5) | (0.1-3.5) | (0.0-1.0) | (0.1-2.6) | (0.0-1.1) | (0.0-1.4) | (0.1-1.3)

152305 0.8 1.0 2.7 1.3 2.7 32 2.8 2.9
(0.0-1.9) | (0.0-2.3) | (1.2-4.8) | (0.5-3.0) | (0.8-6.6) | (0.5-8.6) | (0.7-6.0) | (0.4-7.1)

30.5.50.8 1.4 1.3 35 1.9 33 8.2 44 4.7
(0.0-3.7) | (0.0-6.2) | (0.0-6.3) | (0.0-6.7) | (0.0-11.1) | (1.9-15.7) | (0.0-12.2) | (0.0-20.0)
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50.8-88.9

88.9-127.0

>127.0

1.3
(0.0-7.9)
0.0
(0.0-0.0)
0.0
(0.0-0.0)

1.1
(0.0-6.3)
0.0
(0.0-0.0)
0.0
(0.0-0.0)

5.9
(0.0-16.0)
0.0
(0.0-0.0)
0.0
(0.0-0.0)

1.6
(0.0-14.4)
0.6
(0.0-5.3)
0.0
(0.0-0.0)

1.3
(0.0-5.1)
0.0
(0.0-0.0)
0.0
(0.0-0.0)

5.3
(0.0-35.3)
1.1
(0.0-7.8)
0.0
(0.0-0.0)

3.9
(0.0-14.6)
1.9
(0.0-21.0)
0.0
(0.0-0.0)

3.6
(0.0-20.5)
1.2
(0.0-9.3)
0.0
(0.0-0.0)
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C.2  Microclimate adjustments

We examined the effects of microclimate on initial reburn potential by modifying baseline FFE-
FVS fire weather inputs based on stand structure. We modeled relationships between structure
and microclimate variables based on a synthesis of field studies conducted in wet temperate
forests. This synthesis revealed strong relationships of canopy cover with both air temperature
(Chen et al. 1993, Barg and Edmonds 1999, Heithecker and Halpern 2007, Frey et al. 2016,
Lindenmayer et al. 2022, Brackett et al. 2024, Millikin et al. 2024) and fine (1-, 10-, 100-h) fuel
moisture content (Cawson et al. 2017, Brown et al. 2024, Millikin et al. 2024). We compiled the
data reported by these studies and derived the proportional changes in temperature and fine fuel
moisture content as a function of relative change in canopy cover (Table 2.4; Table 2.5; Fig. 2.4).
We fit linear models to proportional changes in temperature (ApT) and fine fuel moisture content
(ApFMC) as a function of total percent canopy cover (cover):

ApT = p; - cover

ApFMC = f; - cover

Models were fit to all compiled literature values, regardless of time scale (e.g., annual, growing
season) or type (e.g., mean, maximum, minimum). We set the model intercepts at 0 to reflect the
assumption of baseline fire weather inputs representing open conditions (i.e., 0% canopy cover).
Regression coefficients (1) were —0.00188 for ApT and 0.00809 for ApFMC (Fig. 2.5).

We used these relationships to determine the microclimate-adjusted values of temperature (Tyq;)
and fine fuel moisture content (FMCy;) for each stand:

Taaj = Tpase + (Tpase " APT)

FMCpqj = FMCpgse + (FMChgs, - ApFMC),

where Ty, and FMCy 44, are the baseline values of temperature and fine fuel moisture content,
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respectively, for each fire weather scenario (Table 2.6).

We kept the fire weather inputs for wind speed at their baseline values since structural effects on
wind are built into the default simulation processes of FFE-FVS, with the model adjusting wind
speeds based on stand canopy cover (Rebain 2010). We also kept the inputs for fuel moisture
content of other surface fuel components (1000-h coarse fuels, duff, live fuels) at their baseline
values due to limited available studies on relationships between canopy cover and these variables
in wet temperate forests.

Table 2.4. Literature synthesis of air temperature (T) as a function of canopy cover in wet
temperate forests. Differences (A) in absolute (°C) and proportional temperatures were derived

from observed values and reported per percent change in canopy cover, relative to open
conditions (i.e., 0% cover).

Relative cover Observed T e el sl AT AT . Source
change (%) °O) ©O) (proportion)
0 36.6 mean annual - - Barg & Edmonds 1999
23.5 342 mean annual -0.5 -0.07 Barg & Edmonds 1999'
89 28.6 mean annual -1.9 -0.22 Barg & Edmonds 1999'
0 42 max daily = = Brackett et al. 2024
60 34 max daily -8 -0.19 Brackett et al. 2024
0 16.33 mean daily - - Chen et al. 1993
75 15.72 mean daily -0.61 -0.04 Chen et al. 1993
0 13.2 max spring - - Frey et al. 2016
100 12.7 max spring -0.5 -0.04 Frey et al. 2016
23 mean summer - - Heithecker & Halpern 2007
13 mean summer -10 -0.43 Heithecker & Halpern 2007!
median daily - - Lindenmayer et al. 2022
100 5 median daily 2 -0.29 Lindenmayer et al. 2022
0 6.8 median daily - - Lindenmayer et al. 2022
30 5.4 median daily -1.5 -0.21 Lindenmayer et al. 2022
0 26.7 mean summer - - Millikin et al. 2024
29.5 25.2 mean summer -1.5 -0.06 Millikin et al. 2024!

! Cover value represents midpoint of reported range.
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Table 2.5. Dead fine surface fuel moisture content (FMC) as a function of canopy cover in wet
temperate forests. Differences (A) in absolute (%) and proportional fuel moisture contents were
derived from observed values and reported relative to percent change in canopy cover.

Relative cover Observed Type and/scale AFMC AFMC- Source

change (%) FMC (%) (%) (proportion)
0 20 mean annual - - Brown et al. 2024
75 45 mean annual 18.5 1.25 Brown et al. 2024!
0 11.4 min daily - - Cawson et al. 2017
75 20.9 min daily 15 0.83 Cawson et al. 2017!
0 23.7 mean summer - - Millikin et al. 2024

29.5 333 mean summer 9.6 0.41 Millikin et al. 20242

! Unburned and/or forested conditions were assigned 75% cover.
2 Cover value represents midpoint of reported range.
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Figure 2.4. Literature sources used to derive the relationship between relative change in canopy
cover and the proportional change in both temperature (fop) and fine fuel moisture content
(bottom). Sources were specific to wet temperate forests and presented trends in maximum,
mean, and median temperature, and mean and minimum fine fuel moisture content across a range
of stand ages and structural conditions.
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Figure 2.5. Linear regression models of proportional change in temperature (T; /eft) and fine fuel
moisture content (FMC; right) as a function of relative change in canopy cover. Models were fit
across all literature sources and reported value types (i.e., mean, maximum, median, minimum).
Model intercepts were set at 0 to represent microclimate changes relative to open conditions (i.e.,
0% canopy cover).
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Table 2.6. Potential fire weather inputs adjusted for structural effects on microclimate conditions.
Values are the mean and range in stand-level conditions across stand age x burn severity strata
for moderate and extreme fire weather scenarios. Baseline inputs (bracketed values) for each
scenario were adjusted to account for buffering effects of tree canopies on temperature and
moisture variables, based on differences in total post-fire canopy cover among strata.

young mid-seral late-seral
Variable
unburned high unburned low high unburned low high
air temperature (°C)
moderate 15.3 17.7 15.0 15.4 17.0 15.2 15.8 17.1
[18.0] [(14.9-15.7)|(17.5-17.9) [(14.7-15.4)|(15.0-16.2) [(16.4-17.5)|(14.9-15.4)|(15.2-16.7) [(16.6-17.5)
extreme 21.7 25.1 21.3 21.9 243 21.6 22.4 24.4
[25.6] [(21.2-22.3)]|(24.9-25.4)[(21.0-21.9)|(21.4-23.0)[(23.3-24.9)|(21.1-21.9) | (21.6-23.7) [ (23.6-24.9)
surface fuel moisture content (%), 1- & 10-h fuels
moderate 20 13 21 19 15 20 18 15
[12] (19-21) (12-13) (19-21) (17-21) (13-17) (19-21) (16-20) (14-16)
extreme 7 4 7 7 5 7 6 5
[4] (6-7) (4-4) (6-7) (6-7) (4-6) (6-7) (5-7) (5-5)
surface fuel moisture content (%), 100-h fuels
moderate 23 15 24 23 17 24 21 17
[14] (22-24) (14-16) (23-25) (20-24) (16-19) (23-25) (18-23) (16-19)
extreme 8 5 9 8 6 8 8 6
[5] (8-9) (5-6) (8-9) (7-9) (6-7) (8-9) (7-8) (6-7)
canopy cover (%)
— 80.5 10.1 89.2 77.0 28.0 83.6 66.1 26.1
(68.0-91.4)| (4.1-15.1) [(76.7-96.3)|(54.1-88.0) | (14.9-48.5) [ (75.9-92.8) [ (39.4-83.0) | (15.6-42.5)
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C.3  Fire behavior fuel model selection

We tested the sensitivity of FFE-FVS fuel model selection logic on potential fire behavior and
effects outputs by running the same simulations using the original 13 (Albini 1976, Anderson
1982), new 40 (Scott and Burgan 2005), and combined pool of all 53 fire behavior fuel models.
Fire weather conditions were represented by baseline values (i.e., no microclimate adjustments).
Primary and secondary fuel model assignments for each stand age x burn severity strata varied
across the different fuel model pools (Fig. 2.6; Fig. 2.7). Overall patterns in potential fire
behavior (Fig. 2.8; Fig. 2.9) and effects (Fig. 2.10) outputs among strata and fire weather
conditions were consistent across all three fuel model pools, though the magnitude of output

values varied.
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Figure 2.6. Comparison of primary fuel model selection for stand age x burn severity strata
between FFE-FVS simulations run using the original 13, new 40, or all 53 fire behavior fuel
model pools. Bars indicate the number of stands within each stratum assigned to each primary
fuel model, colored by fuel model pool.
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Figure 2.7. Comparison of secondary fuel model selection for stand age % burn severity strata
between FFE-FVS simulations run using the original 13, new 40, or all 53 fire behavior fuel
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Figure 2.9. Comparison of potential reburn torching and crowning indices between FFE-FVS
simulations run using the original 13, new 40, or all 53 fire behavior fuel model pools. Standard
boxplots summarize outputs across all individual stand replicates (points) within each stratum
(stand age x burn severity in the first fire), colored by fuel model pool.
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Figure 2.10. Comparison of potential reburn fire effects outputs between FFE-FVS simulations
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C.4  Statistical model outputs

Table 2.7. Output from generalized linear models testing for effects of stand age and burn severity on
initial (25 years) post-fire potential fire behavior and effects. Fire weather conditions included stand-
level microclimate adjustments (Table 2.6). All models had the same form: response ~ stand age prior to
first fire + burn severity in first fire. Separate models were fit for flame length, torching probability, and
mortality responses simulated under moderate and extreme scenarios of reburn fire weather conditions.

Response & predictors

moderate fire weather

extreme fire weather

B SE z p B SE % p
Surface flame length
young x unburned (intercept) -0.30 0.09 -3.24  0.001 0.72 0.09 8.32  0.000
mid-seral -0.09 0.10 -0.84  0.402 -0.05 0.10 -0.52  0.605
late-seral 0.10 0.10 0.97  0.331 0.18 0.09 1.99  0.047
low severity 0.31 0.09 3.27  0.001 -0.02 0.09 -0.19  0.850
high severity 0.40 0.08 5.05  0.000 0.84 0.07 11.52  0.000
Total flame length
young X unburned (intercept) 0.24 0.12 2.07  0.038 3.36 0.15 2257  0.000
mid-seral -0.42 0.14 -2.95  0.003 -0.01 0.17 -0.03  0.977
late-seral -0.20 0.14 -1.45  0.147 0.04 0.16 0.25 0.799
low severity 0.16 0.13 1.23  0.218 -0.09 0.15 -0.61  0.544
high severity 0.11 0.11 1.05  0.295 -1.70 0.13  -13.08 0.000
Torching probability
young X unburned (intercept) 1.56 0.62 2.54  0.011 1.85 0.45 4.08  0.000
mid-seral -1.99 0.66 -3.01  0.003 -1.81 0.50 -3.58  0.000
late-seral -1.50 0.63 -2.37  0.018 -0.98 0.47 -2.10  0.036
low severity -1.50 0.37 -4.07  0.000 -1.48 0.32 -4.59  0.000
high severity -6.38 0.94 -6.82  0.000 -5.28 0.71 -7.45  0.000
Percent basal area mortality
young x unburned (intercept) 0.92 0.31 2.94  0.003 21.93 22830.93 0.00  0.999
mid-seral -1.94 0.40 -4.86  0.000 -20.18  22830.93 0.00  0.999
late-seral -2.33 0.39 -5.95  0.000 -21.82  22830.93 0.00  0.999
low severity -0.26 0.28 -0.93  0.352 0.08 0.58 0.13  0.897
high severity 110 042  2.64 0.008 -0.22 0.56  -0.40  0.690
Response and predictors B SE z p
Torching index
young X unburned (intercept) 3.71 0.70 527  0.000
mid-seral 0.22 0.74 0.30  0.765
late-seral -0.56 0.76 -0.74  0.462
low severity 0.63 0.29 220  0.028
high severity -0.92 0.46 -1.99  0.047
Crowning index
young X unburned (intercept) 1.87 0.17 11.03  0.000
mid-seral 0.30 0.21 1.42  0.156
late-seral 0.56 0.20 2.82  0.005
low severity 0.00 0.13 -0.01 0.995
high severity 1.30 0.28 474 0.000

Notes: Both stand age prior to and burn severity in the first fire were categorical predictors with three
levels: young, mid-, and late-seral age; unburned, low, and high severity. Young X unburned stands were
incorporated into model intercepts. Torching and crowning indices are based on extreme fire weather
conditions. B, coefficient estimate. SE, standard error. z, test statistic. p, p-value.
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Table 2.8. Output from generalized linear models testing for effects of stand age and burn
severity on initial (2—5 years) post-fire potential fire behavior and effects. Fire weather
conditions were represented by baseline values (i.e., no microclimate adjustments; Table 2.6).
All models had the same form: response ~ stand age prior to first fire + burn severity in first fire.
Separate models were fit for flame length, torching probability, and mortality responses
simulated under moderate and extreme scenarios of reburn fire weather conditions.

Response and predictors moderate fire weather extreme fire weather
B SE b4 p B SE % p
Surface flame length
young x unburned (intercept) 0.09 0.10 0.87  0.382 0.87 0.08 10.33  0.000
mid-seral 0.00 0.11 0.01  0.988 -0.02 0.09 -0.18  0.858
late-seral 0.26 0.11 242 0.015 0.20 0.09 221 0.027
low severity 0.05 0.10 0.51 0.613 -0.04 0.08 -0.46  0.643
high severity 0.03 0.09 0.30  0.768 0.70 0.07 9.79  0.000
Total flame length
young X unburned (intercept) 1.24 0.17 7.39  0.000 3.47 0.13 2592  0.000
mid-seral -0.42 0.20 -2.04  0.041 0.03 0.15 0.20  0.838
late-seral -0.15 0.19 -0.77  0.443 0.11 0.14 0.77 0.444
low severity -0.40 0.18 -2.17  0.030 -0.16 0.14 -1.16  0.244
high severity -0.79 0.16 -5.04  0.000 -1.83 0.12 -15.66  0.000
Torching probability
young X unburned (intercept) 1.22 0.48 2.54  0.011 1.68 0.53 3.16  0.002
mid-seral -1.72 0.53 -3.24  0.001 -1.44 0.55 -2.60  0.009
late-seral -0.90 0.50 -1.82  0.068 -0.81 0.53 -1.52 0.128
low severity -1.75 0.33 -5.24  0.000 -1.32 0.29 -4.46  0.000
high severity -5.18 0.66 -7.80  0.000 -5.07 0.69 -7.31  0.000
Percent basal area mortality
young x unburned (intercept) 0.97 0.38 2.56  0.011 21.88 19991.55 0.00  0.999
mid-seral -1.21 0.46 -2.60  0.009 -19.66  19991.55 0.00  0.999
late-seral -1.49 0.45 -3.32  0.001 -21.33  19991.55 0.00  0.999
low severity -0.40 0.34 -1.17  0.240 -0.37 0.66 -0.56  0.575
high severity 3.00 0.68 441  0.000 -0.68 0.61 -1.12 0.265
Response and predictors B SE z P

Torching index
young x unburned (intercept) 341 0.67 5.09  0.000

mid-seral 0.16 0.71 022  0.823
late-seral -0.56 0.72 -0.78  0.436
low severity 0.79 0.28 2.82  0.005
high severity -0.66 0.44 -1.49  0.135

Crowning index
young X unburned (intercept) 1.73 0.19 9.36  0.000

mid-seral 0.30 0.23 1.34  0.179
late-seral 0.58 0.22 2.68  0.007
low severity 0.02 0.14 0.12  0.906
high severity 1.38 0.30 4.61  0.000

Notes: Both stand age prior to and burn severity in the first fire were categorical predictors with three
levels: young, mid-, and late-seral age; unburned, low, and high severity. Young X unburned stands were
incorporated into model intercepts. Torching and crowning indices are based on extreme fire weather
conditions. B, coefficient estimate. SE, standard error. z, test statistic. p, p-value.
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Chapter 3. TRADEOFFS FOR MANAGING POST-FIRE FOREST
TRAJECTORIES IN NORTHWESTERN CASCADIA
UNDER CHANGING CLIMATE

3.1 ABSTRACT

Forecasting ecosystem dynamics under warming climate and increasing fire activity is a critical
priority for forest management. Forest conditions following stand-replacing fire present a key
opportunity for implementing climate adaptation strategies and steering forest recovery towards
desirable trajectories. We combined empirical and simulation approaches to examine potential
tradeoffs for managing post-fire forest conditions in wet temperate forests across western
Washington and northwestern Oregon, USA. Using the individual-based landscape model,
iLand, we simulated 80 years of stand development following high severity fire in stands across
the region to examine the effects of pre-fire stand age on post-fire trajectories of (a) early-seral
conditions, (b) tree regeneration, and (c) fuel profiles under two future climate scenarios. We
found that early-seral conditions persisted for 40—60 years after stand-replacing fire, with longer
durations in severely burned mid- and late-seral stands. Similarly, older stands had greater live
tree regeneration and dead surface fuel loads following fire, suggesting post-fire recovery and
biological legacies may be more robust in stands that are older at the time of fire. Post-fire
trajectories were similar under both future climate scenarios, suggesting the positive effects of
warming and greater atmospheric CO» concentrations on productivity may outweigh potential
negative effects of drying through the end of the century. These findings highlight potential
tradeoffs among common post-fire management strategies of cultural burning, reforestation, and

fuel reduction treatments on stand structural complexity, carbon storage, and fire risk in
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northwestern Cascadia. Collectively, our findings help strengthen the simulation-modeling
infrastructure for the region and build critical understanding of post-fire responses in wet

temperate forests under changing climate.

3.2 INTRODUCTION

Predicting future forest dynamics is a critical but challenging task for facilitating adaptation to
changing climate. Across western North America, climate warming and drying has driven
increases in fire activity (Abatzoglou and Williams 2016), including fire season length (Jolly et
al. 2015), number of large fires (Dennison et al. 2014), and area burned at high severity (Parks
and Abatzoglou 2020). While high severity patches are a natural component of many fire
regimes, increasing stand-replacing fire activity raises concerns about post-fire forest structure
and function (Coop et al. 2020). Further, critical understanding of large and severe fire effects is
missing in forests where fire can be infrequent, such as wet temperate forests west of the
Cascade Range crest in Washington and northern Oregon, USA (hereafter ‘northwestern
Cascadia’). These forests are likely to experience increases in area burned under warmer and
drier climate conditions (Littell et al. 2018), highlighting interest from Tribal, state, and federal
agencies in anticipating future forest dynamics and possible management responses to support
the resilience of communities and forest resources to future change (Washington Department of
Natural Resources 2020, USFS 2022, Whitely-Binder and Schneider 2022, Tulalip Planning
Commission 2023).

Forest conditions following stand-replacing fire present a key opportunity for
implementing climate adaptation strategies and steering forest recovery towards desirable
trajectories (Halofsky et al. 2018b). Stand age at the time of fire is a key driver of post-fire forest

conditions (Johnstone et al. 2016) with implications for future forest structure and composition
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(Seidl and Turner 2022). In northwestern Cascadia, key priorities for post-fire management
include restoring important successional stages and cultural resources by enhancing early-seral
conditions, maintaining forest resilience to fire by ensuring adequate post-fire tree regeneration,
and reducing subsequent fire risk by managing fuels, especially in the wildland-urban interface
(Spies et al. 2018, Whitely-Binder and Schneider 2022). The early-seral “pre-forest” stage occurs
prior to canopy closure after stand-replacing fire (Franklin et al. 2002) and is currently the most
underrepresented successional stage across the region (Donato et al. 2020). Early-seral
conditions are characterized by dominance of non-tree vegetation (e.g., shrubs, forbs), complex
structure, and high biodiversity (Swanson et al. 2011, Donato et al. 2012), providing important
ecosystem services including the provisioning of wildlife habitat and culturally important foods
and medicines (Boyd 1999, Swanson et al. 2014). Post-fire tree regeneration is a key mechanism
of forest resilience (i.e., ability to retain similar structure and function following disturbance;
Walker et al. 2004) to stand-replacing fire (Johnstone et al. 2016). Regeneration timelines and
densities are typically quicker and more robust in high severity patches positioned closer to
unburned live seed sources, and during favorable post-fire climate conditions (Stevens-Rumann
and Morgan 2019, Laughlin et al. 2023). Subsequent fire risk is typically reduced for several
years after stand-replacing fire due to combustion of available fuel (Parks et al. 2015). However,
this fuel limitation may be short-lived in highly productive systems (Buma et al. 2020), and
could be enhanced by changes in microclimate conditions (Wilson et al. 2022). Until the last
decade, there have been few empirical opportunities to examine fire effects in northwestern
Cascadia. Recent fires have burned more than 200,000 ha in the region (Reilly et al. 2022),
providing an opportunity to characterize post-fire forest structure and function in these

ecosystems.
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While initiating field studies soon after stand-replacing fire is critical for understanding
short-term post-fire forest dynamics (Lindenmayer et al. 2010), successional development in wet
temperate forests plays out over decades to centuries (Winter et al. 2002, Franklin et al. 2002,
Freund et al. 2014), and future dynamics are unknown in an era of rapid global change (Halofsky
et al. 2020). Simulation models can be useful tools for overcoming the spatial and temporal
limitations of empirical studies and guiding management actions by extending field observations
into the future (Seidl 2017, Loehman et al. 2020). Individual-based models are considered
especially useful for representing realistic forest structural and functional dynamics through
pattern-oriented representation of demographic and environmental processes across multiple
scales (Grimm et al. 2017). We combined empirical and simulation modeling approaches to
examine potential tradeoffs for managing post-fire forest conditions in a changing climate. Using
field data from recently burned wet temperate forests across northwestern Cascadia paired with
the individual-based landscape model, iLand, we simulated stand development trajectories
following stand-replacing fire under two future climate scenarios. Specifically, we asked: (1)
How does pre-fire stand age influence post-fire trajectories of (a) early-seral conditions, (b) tree
regeneration, and (c) fuel profiles? (2) What are expected post-fire stand development
trajectories under future climate conditions? (3) How might the type and timing of management

interventions influence post-fire recovery outcomes?

33 METHODS

3.3.1 Study area

Northwestern Cascadia is defined by wet temperate forests adapted to infrequent, climate-limited

fire regimes (Reilly et al. 2021), in addition to intermittent non-stand-replacing fires. Regional
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forests are dominated by conifer tree species, high levels of biomass, and abundant cover of
shrub, fern, and forb species in the understory (Waring and Franklin 1979, Spies 1991). Tree
species composition varies by forest zone. The Tsuga heterophylla Zone is dominated by
Douglas-fir (Pseudotsuga menziesii), western hemlock (7Tsuga heterophylla), and western
redcedar (Thuja plicata), with common associates including western white pine (Pinus
monticola), grand fir (Abies grandis), and broadleaf tree species such as bigleaf maple (Acer
macrophyllum), golden chinquapin (Chrysolepis chrysophylla), and bitter cherry (Prunus
emarginata). The Abies amabilis Zone is generally cooler and higher in elevation than the Tsuga
heterophylla Zone, and dominated by noble fir (4bies procera) and Pacific silver fir (4bies
amabilis), with common associates including mountain hemlock (7suga mertensiana) along with
Douglas-fir and western hemlock (Franklin and Dyrness 1973). Current structural conditions
reflect a range of stand ages as a function of varied management histories (Spies et al. 2018).
Regional forest cover is currently dominated by mid-seral stands and young plantations due to
past and current management; complex early-seral and late-seral conditions are underrepresented
compared to expected abundance from the estimated natural range of variation (Donato et al.
2020).

The climate in northwestern Cascadia is Mediterranean, with wet winters, dry summers,
and mild seasonal temperatures. Recent climate normals (1991-2020) for annual mean
temperature and total precipitation across our sampled area range from 4.0—10.7 °C and 1,435—
3,273 mm, respectively, with 76% of precipitation falling from November through April (PRISM
Climate Group 2024). Common soils include loamy, well-drained groups of volcanic and glacial
origin that are typically rich in organic matter (Williams and Dyrness 1967, Franklin and

Dyrness 1973). Fires in northwestern Cascadia are limited primarily by climatic controls on fuel
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flammability, with strong climate-fire relationships with year-of-fire temperature and moisture
(Agee 1993, Littell et al. 2009, Reilly et al. 2021). Large, stand-replacing fires typically occur at
multi-century intervals (>200 years; Reilly et al. 2021). Smaller, more frequent fires are also
represented in the historical fire regime, commonly associated with Indigenous fire use for

management of cultural resources and travel corridors (Boyd 1999, Johnston et al. 2023).

3.3.2 Sampling design

We used field data collected 2—5 years following five recent fires across northwestern Cascadia.
Detailed sampling design and field methods are described in Chapter 1. Briefly, we measured
initial post-fire stand structure, tree regeneration, and fuel profiles 2—5 years in 40 1-ha stands
burned at high severity (i.e., >90% overstory basal area mortality). Stands were stratified by pre-
fire stand age based on structural development attributes (Van Pelt 2007) and classified as young
(n=29), mid-seral (n = 12), or late-seral (n = 19). Generally, young stands were ~50-year-old
plantations established following clearcut harvesting in the 1970s and 1980s, mid-seral stands
were ~120-year-old second-growth or fire-origin stands established after Euro-American
settlement, and late-seral stands were fire-origin old-growth stands established ~>200 years ago

prior to Euro-American settlement.

3.3.3 Model overview

We modeled post-fire stand development trajectories within each of our field-measured high-
severity stands using the spatially explicit individual-based forest landscape and disturbance
model, iLand (Seidl et al. 2012a, Rammer et al. 2024). iLand simulates growth, mortality, and
regeneration of individual trees on stand to landscape scales by explicitly modeling competition
for resources and environmental influences on forest processes. Tree characteristics and
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behaviors are controlled by 66 species-specific parameters that define functional traits for each
species (Thom et al. 2024). The model has been used to investigate the effects of climate change,
disturbances, and management on forest dynamics over time and space in ecosystems across
North America (e.g., Seidl et al. 2014, Hansen et al. 2021, Turner et al. 2022), Europe (e.g.,
Thom et al. 2018, Albrich et al. 2020), and Japan (e.g., Kobayashi et al. 2023). Detailed model

documentation is available from the online wiki (https://iland-model.org).

We used parameters for 13 major tree species found within our field-measured stands. These
included eight species from the original use of iLand in western Oregon (Seidl et al. 2012a,
2014), two species from the Northern Rocky Mountains (Braziunas et al. 2018), and three new
tree species parameterized for this study (Thom et al. 2024). We re-calibrated these 13 species
against regional forest inventory data for use in the western Cascades across Washington and
Oregon, USA. For several tree species measured in our stands that have yet to be fully re-
calibrated for iLand (n = 7), we used alternate species to serve as proxies, based on similar

functional traits (Appendix D: Table 3.1).

3.3.4 Model inputs

Model inputs for initial vegetation, environment, and climate conditions were derived from field
measures and geospatial datasets. We used our post-fire field data to initialize live trees and dead
carbon pools within each simulated 1-ha stand (Appendix D: Table 3.2). Live vegetation inputs
included individual trees (height >4 m), saplings (height 1.3—4 m), and seedlings (height < 1.3
m). Trees were initialized as unique individuals with species, dbh, and height information
tracked at 2 m resolution. Sapling and seedlings were initialized with species and height
information and treated as cohorts at 2-m resolution, eventually being recruited as individuals

when surpassing the 4-m tree height threshold. Within each 1-ha stand, spatial positions of
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individual trees and cohorts of saplings and seedlings are determined by a pseudo-random
function based on light availability and existing basal area present in each 10-m cell (Seidl et al.
2012a). Live surface fuels and non-tree vegetation types (i.e., woody shrubs, herbaceous
understory plants) are not currently represented in iLand.

Dead vegetation inputs included snags and surface fuels. Snags were initialized as stand-
level densities and aboveground biomass carbon for standing dead trees (height > 4 m). Surface
fuels were initialized as stand-level aboveground biomass carbon in the labile soil pool (litter,
duff, 1-h, 10-h fuels) and refractory soil pool (100-h, 1000-h fuels). Small snags (height <4 m)
and stumps were also included in surface biomass carbon pools according to diameter size class
(labile <2.54 cm; refractory > 2.54 cm). Detailed methods for conversion of field measures into
biomass carbon are described in Chapters 1 (aboveground biomass carbon for snags, down
woody debris) and 2 (litter and duff biomass). In brief, we used species-, compartment-, and
region-specific allometric equations and carbon fractions to derive biomass carbon stored in
aboveground vegetation components (Brown 1974, Brown et al. 1982, Means et al. 1994,
Woodall and Monleon 2008). We corrected biomass for loss of density and volume as a function
of decay class and deep wood charring (Harmon et al. 2008, 2011, Donato et al. 2009, 2013). For
litter and duff biomass, we assumed a dry-weight carbon proportion of 0.378 and 0.428,
respectively, based on the average of forest floor biomass values reported for the Pacific
Northwest (Smith and Heath 2002) and used in common fuel models (Prichard et al. 2013).

Stand-level environment inputs were extracted from 1-km gridded soil datasets using the
geographic coordinates for each plot center (Appendix D: Table 3.3). Soil depth and texture (i.e.,
percent sand, silt, clay) were obtained from CONUS-SOIL (Miller and White 1998), and plant

available nitrogen was derived from regional soil fertility maps (Coops et al. 2012). Stand-level
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climate inputs were based on 1-km gridded meteorological data from Daymet version 4.1
(Thornton et al. 2022). We used these grids to extract daily values of minimum and maximum
temperature, total precipitation, total radiation, and average vapor pressure deficit from 1981—

2020 for each of our plot locations (Appendix E: Table 3.7).

3.3.5 External seed availability

We simulated external seed input to approximate realistic regeneration dynamics following
stand-replacing fire. We used a buffer approach to establish a 200-m wide belt of available seeds
surrounding each stand. Seed belts were positioned outside a non-forested buffer with a width
equal to the distance of a stand from the nearest live seed source. Distance to live seed source
was hand measured from the center of each stand using Google Earth satellite imagery collected
in the same year as our field sampling. We defined live seed source as a patch of live trees at
least 1-ha in area with less than 25% overstory mortality. Across our sampled stands, distance to
live seed sources ranged from 38 to 1,610 m with a mean of 268 m (Appendix D: Fig. 3.6). We
assigned each simulated high severity stand an external seed input species mix that matched the
species composition of live mature trees (dbh > 10 cm) in sampled unburned stands of the same
stand age and forest zone class (Appendix D: Tables 3.5-3.6). We assumed an equal
representation of each available species within the seed belt and allowed seeds to disperse into
stands from all directions according to species-specific dispersal kernel functions (Seidl et al.

2012b).

3.3.6 Future climate scenarios

We examined the effects of climate change on post-fire stand development trajectories by
constructing two future climate scenarios: a ‘control’ scenario representing no change from
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present day conditions, and a ‘warm’ scenario representing projected increases in temperature
with substantial greenhouse gas emissions. Both scenarios were constructed using the stand-level
daily climate inputs from Daymet for 1981-2020. To simulate stand development trajectories
through the end of the century (c. 2100), we derived an 80-year timeseries by linearly detrending
and duplicating the 40-yr (1981-2020) daily climate inputs from Daymet and scaling these
detrended values according to the trends for each scenario. For the ‘control’ scenario, we used
the 40-yr averages in daily observations from 1981-2020 to scale the detrended values for each
stand and assumed a static atmospheric CO> concentration of 400 ppm throughout the
simulation. For the ‘warm’ scenario, we examined the effects of future warming and drying on
post-fire stand development trajectories. We employed a simple climate perturbation approach
(sensu Hsiao et al. 2024) to shift the observed meteorology data from Daymet based on global
changes in mean temperature and relative humidity in accordance with SSP3-7.0 (Riahi et al.
2017). This scenario reflects substantial greenhouse gas emissions and projected increase in
global mean temperature of +3.1 °C by 2100 under atmospheric CO; concentration of 850 ppm
(Meinshausen et al. 2020, Lee et al. 2021). We used maps of monthly anomalies in temperature
and relative humidity to scale these global trends to expected local patterns for each of our plots
(Appendix E: Table 3.8, Figs. 3.7-3.8). Monthly anomaly maps were derived from multi-model
mean projections from CMIP6 outputs (O’Neill et al. 2016) and reflect fairly consistent spatial
patterns of temperature and relative humidity changes across climate models (Vargas Zeppetello
et al. 2019). We applied these changes directly to our detrended meteorology data (Appendix E:
Table 3.9, Figs. 3.9-3.10). This approach limits known biases in variability from singular climate
models and preserves fine-scale temporal and spatial correlations between climate variables

(Taylor et al. 2023). We generated minimum and maximum temperature inputs based on
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differences in 40-year averages of monthly temperatures from the mean temperatures in each
stand (Appendix E: Fig. 3.11), assuming constant diurnal temperature range due to uncertainties
in projections from CMIP6 models (Wang and Clow 2020). We assumed no change in
precipitation due to high uncertainty in the spatiotemporal pattern and magnitude of precipitation
projections among climate models (Lee et al. 2021, Rogers and Mauger 2021). We also included
an annual timeseries of atmospheric CO; concentration change based on SSP3-7.0 projections of
~415 ppm in 2021 to ~850 ppm by 2100 (Meinshausen et al. 2020). Inputs for each future

climate scenario are summarized in Appendix D: Table 3.4.

3.3.7 Simulations and outputs

We simulated post-fire stand development trajectories in each high severity stand (N = 40) for 80
years (c. 2100) with no additional disturbance under the control and warm future climate
scenarios. Stands were treated independently, with all resources and processes constrained to
each stand within a continuous environment. We generated annual outputs of live and dead
structural attributes and aboveground biomass carbon pools for each stand. We ran 20 simulation
replicates of each stand for both climate scenarios and averaged results by stand to capture

variability from stochastic processes in iLand (Rammer et al. 2024).

3.3.8 Analyses

To address Question 1, we compared mean and variability in simulated trajectories of early-seral
conditions, regeneration, and fuel profile outputs among pre-fire stand age classes. We
interpreted periods of non-overlap in confidence intervals to indicate meaningful differences in
trends among strata (White et al. 2014).

Early-seral conditions — We examined the longevity of early-seral conditions using a
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structure-based ruleset approach (e.g., Hoecker and Turner 2022). Since iLand does not currently
simulate non-tree vegetation, we defined early-seral conditions based on stand-level forest
attributes of live tree canopy cover and quadratic mean diameter. Canopy cover was extracted
from annual raster outputs of the proportion of 2-m pixels within a stand covered by tree crown.
We included all live conifer trees and saplings (i.e., individuals with dbh; height > 1.3 m) in the
quadratic mean diameter calculations; hardwood species were omitted since they are commonly
considered a distinguishing feature of early-seral communities (Swanson et al. 2014). We
considered stands to be in an early-seral condition if, at the end of each simulation year, they had
live tree canopy cover < 60% and live quadratic mean diameter < 12.7 cm. For stands containing
any legacy trees (i.e., large trees which survived the fire; n = 5 stands), we applied an additional
early-seral criterion limiting legacy tree canopy cover to 10%. These values generally correspond
to the timing of canopy closure and recovery of tree dominance typically observed in wet
temperate forests within the region (Franklin et al. 2002, Van Pelt 2007), and align with
characterizations of early-seral conditions by regional studies (Burcsu et al. 2014, Reilly and
Spies 2015, Donato et al. 2020).

Tree regeneration — We examined post-fire regeneration trajectories by tracking
patterns in live basal area and density by size class over the 80-year simulation period. For each
output, we assessed both total trends in magnitude and proportional trends by species categorized
into three functional groups: broadleaf, shade-tolerant conifer, and shade-intolerant conifer
species (Appendix D: Table 3.1).

Fuel profiles — We examined post-fire fuel profile trajectories by tracking patterns in
biomass carbon stored in canopy and surface fuel components over the 80-year simulation

period. Canopy fuel components included total crown fuel of foliage and branch biomass from
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all live and dead standing trees (height > 4 m). Surface fuel components included down woody
debris biomass of litter, duff, and dead woody fuels on or near the forest floor (height <2 m).
To address Question 2, we compared post-fire aboveground biomass carbon trajectories
among the control and warm future climate scenarios. We interpreted differences in 80-year
trends among outputs from each scenario based on the same principles described for simulated
data in Question 1. To address Question 3, we interpreted our simulated findings within a
management context to discuss potential tradeoffs among common post-fire management
strategies for achieving desired outcomes following high severity fire. All analyses and
visualizations were done in R (v4.4.0; R Core Team 2024) using the following packages:
daymetr (v1.7.1; Hufkens et al. 2018), filesstrings (v3.4.0; Nolan and Padilla-Parra 2017), ncdf4
(v1.23; Pierce 2024), patchwork (v1.2.0; Pedersen 2024), plotrix (v3.8-4; Lemon 20006), raster
(v3.6-30; Hijmans 2024a), reshape?2 (v1.4.4; Wickham 2007), RSQLite (v2.3.7; Miiller et al.
2024), sp (v2.1-4; Pebesma and Bivand 2005), terra (v1.7-78; Hijmans 2024b), tidyterra (v0.6.1;

Hernangomez 2023), and tidyverse (v2.0.0; Wickham et al. 2019).

34  RESULTS

3.4.1 Early-seral conditions

Early-seral conditions persisted for several decades following high severity fire, though duration
varied by pre-fire stand age (Fig. 3.1). The proportion of stands in an early-seral condition
declined over time (Fig. 3.1a) as live tree cover and size increased (Fig. 3.1b—c). Most stands
(i.e., proportion > (.5) remained within an early-seral condition for 30—40 years after sampling,
though transition of all stands to tree dominated successional stages (i.e., proportion = 0) did not

occur for another 10-20 years since sampling (Fig. 3.1a). This transition out of early-seral
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condition occurred more rapidly for pre-fire young stands, occurring around year 40 after

sampling compared to years 50—60 for mid- and late-seral stands (Fig. 3.1a).
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Figure 3.1. Simulated trajectories of early-seral conditions following high severity fire.
Proportion of stands considered early seral was summarized annually for each pre-fire stand age
class (a). Early-seral conditions were defined as live canopy cover < 60% (b) and live quadratic
mean diameter < 12.7 cm (c¢). Quadratic mean diameter included all live conifer trees with dbh
(i.e., height > 1.3 m). Bold lines are the mean and shaded 95% confidence interval for each pre-
fire stand age class, based on stand-level values averaged across 20 simulation replicates
(transparent lines). Vertical dashed lines (a) represent the timing of total transition out of the
early-seral stage for each age class (i.e., proportion of early-seral stands = 0). Horizontal dashed
lines represent the threshold values of live cover (b) and size (c¢) used to define early-seral
conditions.

3.42 Tree regeneration

Post-fire tree regeneration was generally robust over time, though the shape, magnitude, and
species composition of live tree recovery trajectories varied by pre-fire stand age and tree size

class. Live basal area increased over time, with the greatest and most rapid increases occurring in
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pre-fire late-seral stands (Fig. 3.2). Broadleaf species were a dominant proportion of live basal
for the first five years before declining over time, though broadleaf dominance remained
relatively high in pre-fire young stands through the full simulation (Fig. 3.2). Basal area
proportion of shade-intolerant conifer species increased rapidly for 5-10 years after sampling
before stabilizing or slowly declining over time. In contrast, basal area proportion of shade-
tolerant conifer species steadily increased throughout the simulation. By year 80 after sampling,
basal area proportion of live conifer species was similar between pre-fire mid- and late-seral
stands, while proportions of shade-intolerant species were greater, and shade-tolerant species

less, in young stands (Fig. 3.2).
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Figure 3.2. Simulated trajectories of total live basal area following high severity fire. Basal area
includes live trees and saplings with height > 1.3 m, summarized for all individuals combined
(left) and proportional share by species functional group (right; Appendix D: Table 3.1). Bold
lines are the mean and shaded 95% confidence interval for each pre-fire stand age class, based on
stand-level values averaged across 20 simulation replicates (transparent lines). Proportions
among functional groups within a stand age class may exceed 1 due to aggregation of stand-level
proportions across all replicates.
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Live stem density displayed similar trends among pre-fire stand age classes for all size
classes (Fig. 3.3). Tree increased for 50-60 years after sampling before declining for the
remainder of the simulation (Fig. 3.3a). These trends were similar for saplings and seedlings,
though the timing of declines in density were earlier, sapling density peaking around year 20
after sampling (Fig. 3.3b) and seedling density peaking first around year 10 then again around
year 30 (Fig. 3.3c¢), reflecting the transition of individuals into taller size classes. Live stem
densities were generally higher in pre-fire mid- and late-seral stands compared to young stands,
though tree densities converged by year 80 after sampling. Density proportion of broadleaf
species was highly variable across pre-fire stand age and size classes (Fig. 3.3). Density
proportion of shade-intolerant conifer seedlings declined rapidly, remaining near 0 at 10 years
after sampling for pre-fire mid- and late-seral stands (Fig. 3.3c). Density proportion of shade-
tolerant conifer seedlings reflected a opposite trend, rapidly increasing for 10 years after
sampling and remaining near 1 through year 80 (Fig. 3.3c). Pre-fire young stands maintained a
higher density proportion of shade-intolerant conifer seedlings than mid- and late-seral stands

throughout the simulation (Fig. 3.3c¢).

3.4.3 Fuel profiles

Post-fire fuel profiles were dominated by dead fuel biomass and varied by pre-fire stand age
(Fig. 3.4). Biomass carbon in total crown fuels decreased sharply for 5 years after sampling
before increasing over the remainder of the simulation period (Fig. 3.4a). This trend was similar
among pre-fire stand age classes throughout the simulation. Biomass carbon in down woody
debris displayed an opposite trend, increasing sharply in the first 5 years after sampling before
declining until stabilizing around year 50 (Fig. 3.4b). Down woody debris was greater in pre-fire

mid- and late-seral stands than young stands for at least 60 years after sampling (Fig. 3.4b).
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Biomass carbon in down woody debris remained greater than crown fuel for 50 years after

sampling in pre-fire young stands and for the full simulation in mid- and late-seral stands (Fig.

3.4).
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Figure 3.3. Simulated trajectories of live stem density by size class following high severity fire.
Density of trees (a), saplings (b), and seedlings (¢) is summarized for all individuals combined
(top) and proportional share by species functional group (bottom; Appendix D: Table 3.1). Bold
lines are the mean and shaded 95% confidence interval for each pre-fire stand age class, based on
stand-level values averaged across 20 simulation replicates (transparent lines). Proportions
among functional groups within a stand age class may exceed 1 due to aggregation of stand-level
proportions across all replicates.
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Figure 3.4. Simulated trajectories of aboveground biomass carbon in canopy (a) and
surface (b) fuel components following high severity fire. Crown fuel includes foliage and
branch biomass from all live and dead standing trees (height >4 m). Down woody debris
includes biomass from litter, duff, and dead woody fuels on or near the forest floor
(height < 2 m). Bold lines are the mean and shaded 95% confidence interval for each pre-
fire stand age class, based on stand-level values averaged across 20 simulation replicates
(transparent lines).

3.4.4  Future climate scenarios

Post-fire stand trajectories were similar regardless of future climate scenario. Both the control
and warm scenario projected similar overall patterns in total, live, and dead aboveground
biomass carbon (Fig. 3.5). Live biomass carbon increased, and dead biomass carbon decreased
over time. Total biomass carbon decreased for 3040 years after sampling before increasing for
the remainder of the simulation, reflecting the transition from dominance by dead to live biomass
which occurred most rapidly in pre-fire young stands. By year 80 after sampling, total carbon
was highest in pre-fire late-seral stands (Fig. 3.5). Overlap in trajectories between future climate
scenarios decreased over time, with the warm scenario projecting greater live and less dead

biomass carbon at the end of the simulation on average than the control scenario (Fig. 3.5).
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Figure 3.5. Comparison of simulated trajectories in total (/eft), live (center), and dead (right)
aboveground biomass carbon following high severity fire across future climate scenarios. The
control scenario (black) represents no change from baseline (1981-2020) conditions. The warm
scenario (red) represents warming and drying conditions based on projected trends in
temperature and relative humidity under substantial greenhouse gas emissions (SSP3-7.0). Bold
lines are the mean and shaded 95% confidence interval for each pre-fire stand age class (young,
mid-seral, late-seral) based on stand-level values averaged across 20 simulation replicates
(transparent lines).

3.5  DISCUSSION

By simulating 80 years of stand development following high severity fire in wet temperate
forest, our study demonstrates the lasting effects of pre-fire stand age on post-fire structure and
composition. This work contributes to critical understanding of potential forest recovery

trajectories after stand-replacing fire under future climate and supports post-fire management
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strategies aimed at addressing climate adaptation in northwestern Cascadia.

3.5.1 Pre-fire stand age directs forest recovery following stand-replacing fire

Pre-fire stand age drove differences in trajectories of early-seral conditions, tree regeneration,
and fuel profiles following stand-replacing fire.

Early-seral conditions — Early-seral conditions persisted for four to six decades
following fire, generally aligning with reconstructions of establishment dynamics and stand
initiation timelines for mature and old forests within the region (Winter et al. 2002, Tepley et al.
2014, Freund et al. 2014). The duration of the early-seral stage was shortest in pre-fire young
stands with transition to tree dominance occurring 10-20 years sooner than in mid- and late-seral
stands. This is likely due to faster growth of regenerating trees in pre-fire young stands as a result
of less initial tree regeneration (Laughlin et al. 2023) and thus weaker resource competition
among individuals. However, this effect may also be confounded with distance to seed source.
Pre-fire young stands were on average 94—136 m closer to live mature trees than mid- and late-
seral stands (Appendix D: Fig. 3.6), suggesting greater external seed pressure and faster tree
establishment (Appendix F: Fig. 3.12; Laughlin et al. 2023).

These findings suggest greater ability of complex pre-fire stands to support complex post-
fire dynamics. When burned, older stands may have greater potential than young stands to
support early-seral ecosystem services and fulfill regional forest restoration priorities (Spies et al.
2018). Regardless of pre-fire stand age, stand-replacing fire may support the development of
complex early-seral habitats for half a century or more, facilitating high biodiversity of plant and
animal species that thrive in open environments (Swanson et al. 2014). These benefits are likely
to last the longest in areas with slower rates of canopy closure, such as the interiors of large high

severity patches far from live seed sources (Swanson et al. 2011) or areas at higher elevation
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with lower productivity rates (Tepley et al. 2014).

Tree regeneration — Simulated trajectories of live tree regeneration followed expected
patterns of stand development in northwestern Cascadia. Our findings highlighted that post-fire
tree regeneration can occur over multiple decades, supporting observations of protracted
establishment times from reconstructive studies throughout the region (Freund et al. 2014). For
instance, simulated peaks in live tree density around year 50 correspond with the estimated
timeframe for initial cohort establishment (Tepley et al. 2014) and transition into the competitive
exclusion stage of stand development (Franklin et al. 2002). Tree regeneration trajectories also
followed expected species successional dynamics, with early dominance by broadleaf and shade-
intolerant conifer species, and continuous regeneration of shade-tolerant conifer species over the
full simulation (Winter et al. 2002, Tepley et al. 2013). Similar to trends reported in existing
regional studies (Tepley et al. 2014), variability in regeneration trajectories was high within
stand age classes likely due to differences in distance to seed source, with stands closer to live
mature seed sources having greater regeneration success than stands far from seed source
(Stevens-Rumann and Morgan 2019, Laughlin et al. 2023).

Our findings suggest post-fire recovery may be more robust in stands that were older at
the time of fire. Greater abundance of initial seedling and sapling densities in pre-fire mid- and
late-seral stands (Laughlin et al. 2023) facilitates greater amounts and more rapid recovery of
live basal area and density following fire. This supports findings in other wet temperate forest
systems (Bowd et al. 2021). Regardless of pre-fire stand age, regeneration trajectories in all
stands appear sufficient to achieve recovery of pre-fire forest structure and composition,
implying that northwestern Cascadia stands are poised to be resilient to stand-replacing fire in

the near future.
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Post-fire stand development pathways may be distinct in pre-fire young stands compared
to mid- and late-seral stands. Simulated trajectories of stand structural attributes, including
coexistence of shade-tolerant and shade-intolerant conifer species and abundance of dead woody
biomass, suggest all stands may support complex ecosystem functions comparable to old-growth
stands regardless of pre-fire stand age (Donato et al. 2012). However, pre-fire young stands had
greater quadratic mean diameter and lower densities than mid- and late-seral stands, as well as
large proportions of broadleaf tree species and prolonged establishment of shade-intolerant
conifer seedlings. These structural attributes suggest pre-fire young stands may follow a more
open successional pathway, likely facilitated by lower abundance and diversity of initial seedling
regeneration (Laughlin et al. 2023). This has potential implications for the continuity of
complexity and subsequent ecosystem functions throughout stand development, though longer
simulation timeframes will be necessary to test this.

Fuel profiles — Simulated trajectories of post-fire canopy and surface fuel profiles
followed expected patterns of stand development in wet temperate forests. Biomass carbon in
canopy fuels decreased initially as dead foliage and branches on fire-killed trees fell to the
surface, then increased over time with establishment and growth of live trees. Biomass carbon in
dead surface fuels displayed an opposite trend, first increasing with input of foliage and branches
from decaying snags, then decreasing as decomposition became more dominant. This aligns with
general patterns of fuel succession across stand development stages in northwestern Cascadia
(Agee and Huff 1987). Canopy fuel loads were similar among pre-fire stand ages, reflecting
similar trajectories of live tree regeneration. In contrast, dead surface fuels were greater in pre-
fire mid- and late-seral stands, reflecting greater overall pre-fire biomass within older stands

(Gray et al. 2016) and the persistence of dead fuels for decades after fire (Spies et al. 1988).
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These findings suggest greater surface fire hazard after stand-replacing fire in late-seral stands,
though differences may lessen over time and overall fire hazard may remain similar across all
stands given the dominance of climate and fire weather conditions, rather than fuel loads, on
reburn dynamics in wet temperate forests (Tepley et al. 2018, Evers et al. 2022, Busby et al.

2023).

3.5.2 Climate warming may enhance live carbon trajectories

Our simulations revealed similar post-fire trajectories of aboveground biomass carbon under
both future climate scenarios. Thus, near-term effects of climate change may not fundamentally
change the structure and function of post-fire forest recovery in northwestern Cascadia.
However, divergence in trends over time implies potential increases in live biomass carbon under
the warm scenario with a longer simulation timeline. This suggests that the positive effects of
warming and greater atmospheric CO> concentrations on productivity (e.g., more growing degree
days, CO» fertilization, enhanced water use efficiency) may outweigh potential negative effects
of drying (e.g., carbon starvation, hydraulic failure), at least through the end of the century. This
generally aligns with expectations of increased growth and productivity with higher temperatures
and atmospheric CO> concentrations in wet forests where sufficient water is available during the
growing seasons (Halofsky et al. 2018a, Case et al. 2021), though responses are likely to be
spatially variable and species-specific (Case and Lawler 2016). For instance, several tree species
in northwestern Cascadia, including bigleaf maple (Betzen et al. 2021) and western redcedar
(Andrus et al. 2024), are displaying high rates of tree mortality and decline in portions of their
range, which may be further enhanced with continued climate warming (Allen et al. 2010).

Our future climate scenarios did not incorporate changes in precipitation or represent

extreme weather events. The timing, magnitude, and spatial patterns of precipitation projections
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for the region are variable and uncertain, but generally suggest slight increases in annual
precipitation and more extreme seasonality (i.e., wetter winters, drier summers) in the western
Cascades (Rogers and Mauger 2021, Chegwidden et al. 2022). These changes in precipitation
may reduce moisture available for growth and productivity during some times of the year.
Extreme weather events are projected to become more frequent and intense with climate change
(Seneviratne et al. 2021). These events, such as the 2021 Heat Dome which brought record-
breaking heat and aridity to northwestern Cascadia (Thompson et al. 2022), may have profound
impacts on productivity (Still et al. 2023), mortality (Jain et al. 2024), and regeneration (Brackett
et al. 2024) dynamics following fire. Further, our simulations were run without additional
disturbances. Disturbance activity is likely to continue to increase under further climate warming
(Seidl et al. 2017), with implications for live and dead forest carbon trajectories (Raymond and
McKenzie 2012). Future simulations could explore additional climate scenarios that incorporate
potential changes in precipitation, capture extreme events, and incorporate disturbance dynamics

not currently represented in our simulations.

3.5.3 Management implications

Our findings have important implications for potential tradeoffs among management strategies to
achieve desired post-fire recovery outcomes. Aligning management strategies with natural
disturbance dynamics is important for maintaining forest integrity (Franklin et al. 2018). In
forests shaped in part by infrequent stand-replacing fires, appropriate post-fire management for
protecting and restoring key ecosystem services can range from no direct action to interventions
such as cultural burning, reforestation, and fuel reduction treatments (Lindenmayer et al. 2022).
Tradeoffs will likely change through time and vary based on management strategy and future

climate conditions (Halofsky et al. 2017). Management options are further complicated by
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existing policy barriers, organizational capacity, and public acceptance (Schoennagel et al. 2017,
Halofsky et al. 2018b). Adopting an adaptive co-production approach through inclusive
engagement between researchers, practitioners, and decision-makers can help balance these
priorities, enhancing the capacity to facilitate forest resilience following fire and manage for a
range of post-fire conditions across the region (Lebel et al. 2006, Armitage et al. 2009).

Cultural burning — Cultural fire use by Indigenous communities can promote early-seral
conditions by encouraging the dominance of non-tree species. These conditions can enhance
plant species richness and diversity (Hoffman et al. 2017, Greenwood et al. 2024), and provide
critical habitat for supporting cultural resources (Boyd 1999, Lake et al. 2017, Long et al. 2021).
However, by lengthening regeneration timelines and delaying return to tree dominance, this
management strategy may also present tradeoffs with carbon storage (Harmon et al. 1990) and
economic objectives related to timber production (Spies et al. 2018), though the magnitude of
these effects will depend on the amount of cultural burning applied.

Our simulations suggest cultural burning may be most effective at promoting early-seral
conditions in pre-fire young stands, given the high proportion of broadleaf species regeneration
and potentially more open conditions. Accordingly, these stands present an opportunity for
embracing both western science and Indigenous Knowledge to enhance cultural resources and
work towards restoring the proportion of early-seral area in alignment with the natural range of
variation in the region (Donato et al. 2020, Eisenberg et al. 2024). However, meaningful
implementation of this post-fire management strategy will require enabling Indigenous
leadership and removing barriers for practicing cultural fire (Maclean et al. 2023), including
federal policies related to fire suppression, Tribal sovereignty, and use of fire as a management

tool (Clark et al. 2024).
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Reforestation — Planting tree seedlings following high severity fire can be useful for
accelerating forest recovery timelines and return to tree dominance by ensuring adequate tree
regeneration (Rodman et al. 2024). Rapid live tree recovery is particularly important for
promoting economic objectives related to timber production and live carbon storage (Law et al.
2004, Kline et al. 2016). Post-fire planting can also present an opportunity for enhancing forest
resilience to climate change through adaptation strategies such as assisted population migration
(Halofsky et al. 2018a, Agne et al. 2025). Given our findings of robust live tree regeneration
trajectories within our simulated stands, post-fire planting may be unnecessary to ensure forest
recovery and resilience to future fire and climate conditions in northwestern Cascadia, depending
on management objective. Additionally, planting presents tradeoffs for stand complexity, early-
seral conditions, and potential fire risk that are important to consider.

A key management objective for northwestern Cascadia forests is accelerating the
development of older forest structure and composition across the landscape (Spies et al. 2018).
Depending on the chosen species and site preparation activities used, post-fire planting may
hinder these efforts by simplifying the natural “precocious” complexity of early post-fire stand
structure and composition as suggested by our simulations (Donato et al. 2012). By accelerating
tree dominance, post-fire planting diminishes the temporal and spatial extent of early-seral
conditions with corresponding effects including reduced understory plant diversity, including
culturally important foods and medicines, and reduced habitat for animal species that utilize
open-forest conditions (Boyd 1999, Swanson et al. 2014). By adding live vegetation to the
system, post-fire planting alters fuel profiles. This is less likely to impact fire potential in
climate-limited fire regimes due to limited effects of manipulation of fuel and stand structure on

fire behavior (Halofsky et al. 2018b). However, the tendency of wet temperate forests to reburn
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multiple times in the decades following an initial fire (Gray and Franklin 1997) suggests that
post-fire planting may impact fire behavior or severity of reburns in moist forests by elevating
surface fuel loads and spatial connectivity. Yet, these effects may be marginal given the natural
propensity for high severity fire in these systems, particularly under extreme fire weather
conditions, and likely depend on site preparation activities (e.g., snag thinning, pile burning).
Finally, given the high monetary and human costs of implementation, planting is likely to be
most worth it in stands where natural post-fire forest recovery is unlikely (Davis et al. 2023,
Dobrowski et al. 2024).

Fuel reduction treatments — There 1s particular interest among forest managers across
the region in understanding the effects of fuel reduction treatments on fire risk in northwestern
Cascadia. In the absence of east winds, the potential for small to moderate sized fire in wet
temperate forests is expected to increase due to drier conditions (Halofsky et al. 2018a, 2020)
and increased probability of ignition due to human population growth, recreation pressure, and
greater development in the wildland urban interface (Syphard et al. 2017, Cattau et al. 2020).
Reburn risk may also increase due to increased frequency and magnitude of warmer and drier
conditions that promote fuel drying (Reilly et al. 2022). Further, increasing co-occurrence of
compounding extremes (e.g., fuel aridity and east winds) under climate change may increase the
risk of small to moderate fires becoming large extreme events (Abatzoglou et al. 2021). Fuel
reduction treatments including mechanical thinning and prescribed fire can be useful for
reducing fire risk in dry forests (Bernal et al. 2025), but may be less effective at moderating fire
behavior and effects in wet forests (Halofsky et al. 2018b). Rapid recovery of live fuels
following fire, as illustrated by our simulations, coupled with possible increases in flammability

through alteration of post-fire microclimate conditions (Millikin et al. 2024) likely limits the role
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of fire as an effective fuel reduction treatment in these systems (Halofsky et al. 2018b).

3.5.4 Evaluation of simulation model performance

In general, iLand captured realistic broad patterns of stand development following high severity
fire, though our findings highlight areas for model improvement. While trajectories of live stand
structure followed expected overall stand development trends for basal area, density, and species
composition, the shape of these trajectories was influenced by iLand’s size classifications. For
example, the timing of pulses in density trajectories reflects transitions in recruitment of
seedlings into saplings and saplings into tree height classes. Additionally, trajectories of
broadleaf species exhibit an abrupt increase in density proportion around year 40 of the
simulations for pre-fire young. This is likely attributed to the current parameterization of golden
chinquapin regeneration. The age of maturity (i.e., minimum age for seed production) for this
species is currently set at 45 years (Thom et al. 2024), contributing to a large pulse in broadleaf
individuals in pre-fire young stands which had large components of golden chinquapin in initial
post-fire field surveys. These dynamics suggest further refinement of species parameters,
environment inputs, and landscape setup is necessary to improve the plausibility of our
simulations.

Our findings point to several additional ways to improve the plausibility of our
simulations. First, we treated stands as isolated entities, though they exist within a broader
landscape context. The consequences of this simulation feature are particularly notable for
regeneration dynamics. While our external seed buffer approach incorporated differences in
distance to seed source and species composition among stands, seed was allowed to enter stands
from all directions and all available species were considered equally abundant, ignoring spatial

patterns of seed availability and relative species importance (Stevens-Rumann and Morgan
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2019). Thus, simulated external seed pressure was likely greater in our simulations than would
be expected for each stand, given actual spatial constraints on available seed sources.
Representation of more realistic conditions of external seed availability among stands could be
helpful for refining simulated post-fire regeneration dynamics and stand development
trajectories.

Next, our simulations were also limited by the spatial scale of climate inputs. iLand
models daily climate at the stand scale (100 m resolution) and reflects structural effects on light
availability (Seidl et al. 2012a), but does not capture finer scale, within-stand variability in other
microclimate conditions (e.g., temperature, moisture). These factors are important controls on
growth, regeneration, mortality, and nutrient cycling processes, with important implications for
post-fire forest structural and compositional trajectories (De Frenne et al. 2021). Current efforts
are underway to build a microclimate module for iLand to reflect more realistic stand dynamics
(Braziunas et al. 2025).

Finally, our simulations would be improved by representation of non-tree vegetation
dynamics. Because vegetation in iLand is limited to trees (Seidl et al. 2012a), our simulations are
missing important effects of non-tree vegetation on stand successional development. In wet
temperate forests, rapid growth of live woody shrubs and herbaceous vegetation following stand-
replacing fire has important effects on early-seral conditions, tree establishment and growth, and
live surface fuel profiles (Tiribelli et al. 2018, Stevens-Rumann and Morgan 2019, Buma et al.
2020). Implementation of understory vegetation into iLand is an active area of model
development (Rammer et al. 2024), and existing studies suggest ways of examining non-tree
vegetation abundance and richness in iLand using species distribution models relating overstory

structure with understory dynamics (Braziunas et al. 2024). Adopting this approach could be a
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near-term way to improve our characterization of post-fire trajectories in northwestern Cascadia.
Despite these limitations, iLand remains a powerful tool for exploring complex landscape
dynamics. Building capacity for simulation modeling is increasingly important to the field of
ecology (Seidl 2017). By parameterizing additional tree species (Thom et al. 2024) and re-
calibrating model performance across regional environmental and productivity gradients, we are
helping strengthen the simulation-modeling infrastructure for the Pacific Northwest with which
to complement empirical methods. Further calibration and evaluation efforts are ongoing to
incorporate remaining tree species, improve productivity dynamics, operationalize the fire
module, and enhance the ease and comparability of implementing common silvicultural and fuel
treatments in iLand. Continued monitoring of our field-measured stands over time will be
important for improving model performance by allowing for comparison of observed trends

against simulated trends.
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3.6

APPENDIX D: MODEL INPUTS

Table 3.1. Tree species measured within sampled stands. Species were categorized into three
functional groups based on taxonomic division (i.e., conifer vs. broadleaf) and shade tolerance

(Minore 1979).

Species Common name Code”  Alternate species’ Functional group
Abies amabilis' Pacific silver fir abam - shade tolerant conifer
Abies grandis' grand fir abgr - shade tolerant conifer
Abies lasiocarpa subalpine fir abla Picea engelmannii shade tolerant conifer
Abies procera' noble fir abpr - shade intolerant conifer
Acer macrophyllum! bigleaf maple acma - broadleaf

Alnus rubra red alder alru  Prunus emarginata broadleaf
Callitropsis nootkatensis  yellow cedar cano Thuja plicata shade tolerant conifer
Chrysolepis chrysophylla® golden chinquapin  chch - broadleaf
Cornus nuttallii Pacific dogwood conu  Prunus emarginata broadleaf

Larix occidentalis western larch laoc  Pseudotsuga menziesii shade intolerant conifer
Pinus contorta lodgepole pine pico Pinus monticola shade intolerant conifer
Picea engelmannii® Engelmann spruce  pien - shade tolerant conifer
Pinus monticola* western white pine  pimo - shade intolerant conifer
Populus trichocarpa black cottonwood  poba  Acer macrophyllum broadleaf
Prunus emarginata® bitter cherry prem - broadleaf
Pseudotsuga menziesii' ~ Douglas-fir psmem - shade intolerant conifer
Taxus brevifolia® Pacific yew tabr - shade tolerant conifer
Thuja plicata’ western redcedar thpl - shade tolerant conifer
Tsuga heterophylla' western hemlock tshe - shade tolerant conifer
Tsuga mertensiana' mountain hemlock tsme - shade tolerant conifer

" Tree species codes used in iLand.
T For several species that have yet to be fully re-calibrated for iLand simulations in northwestern
Cascadia, we assigned temporary alternate species based on similar functional traits (e.g., physical
characteristics, physiological tolerances, reproductive strategies).

! Originally parameterized for western Oregon (Seidl et al. 2012a).

2 Originally parameterized for the Northern Rockies (Braziunas et al. 2018).
3 Newly parameterized for the Pacific Northwest (Thom et al. 2024).
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Table 3.2. Summary of initial (2—5 years) post-fire live and dead vegetation inputs used to
initialize iLand simulations in stands burned at high severity. Values are mean (standard error)
minimum—maximum of live stand structure and dead carbon pools across all replicates (N = 40)

within each pre-fire stand age class.

Vegetation input

pre-fire stand age

young mid-seral late-seral
(n=9) (n=12) (n=19)
Live basal area (m*/ha)
0 5.5 5.1
trees (height > 4 m) -) -) 2.5)
0-0 5.5-5.5 0.9-11.3
0 0 0
saplings (height 1.37—4 m) =) =) =)
0-0 0-0 0-0
Density (stems/ha)
0 24 7
trees (height > 4 m) -) -) 4)
0-0 24-24 1-16
421 1,193 464
saplings (height 1.37—4 m) (103) =) (331
198-596 1,193-1,193 132-795
534 3,137 8,619
seedlings (height < 1.37 m) (148) (1,535) (3,569)
21-1,368 129-19,277 87-66,715
1,381 770 533
snags (height >4 m) (290) 91 (51)
548-3,223 374-1,500 164-920
Aboveground biomass (Mg C/ha)
535 191.1 198.1
snags (height > 4 m) (8.0) (14.2) (18.9)
21.9-97.8 107.4-323.4 43.2-447.2
54 5.1 11.8
labile soil pool ) 0.7) (1.4)
2.4-12.8 1.4-10.6 1.8-23.1
6.4 11.5 22.1
refractory soil pool 0.9) (1.4) 3.3)
2.6-10 5.1-19.6 8.2-71.1

Notes: The labile soil pool includes litter, duff, 1-h and 10-h down woody debris, and small snags (height
<4 m) and stumps with diameter < 2.54 cm. The refractory soil pool includes 100-h and 1000-h down
woody debris, and small snags (height <4 m) and stumps with diameter > 2.54 cm. Empty standard error

values (—) indicate mean values correspond to a single stand.
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Table 3.3. Summary of environment inputs used to initialize iLand simulations in stands burned
at high severity. Values are mean (standard error) minimum—maximum of pre-fire soil conditions
across all replicates (N = 40) within each pre-fire stand age class.

pre-fire stand age

Environment input

young mid-seral late-seral
n=9) (n=12) (n=19)
64 65 65
Plant available nitrogen (kg ha! yr!) (1) (D) (D)
60-69 58-71 58-74
71.9 88.5 88.8
Soil depth (cm) (4.1) (3.7) (3)
59.3-86.9 59.3-99.6 59.3-106.1
48 54 49
Sand (%) @) 3) @)
38-68 34-68 34-60
38 34 38
Silt (%) (3) @) ®)
23-45 23-49 29-49
14 12 13
Clay (%) (1) (1) (1)
9-17 9-17 11-17

Notes: Plant available nitrogen was derived from regional soil fertility rasters (Coops et al. 2012). Soil
depth and texture values were obtained from the CONUS-SOIL geodatabase (Miller and White 1998).
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Table 3.4. Climate inputs for each future climate scenario, summarized for 20-year periods
within the 80-year simulations. Values are the mean (minimum—maximum) of each variable

across all sampled high-severity plots.

Climate variable & simulation year

Future climate scenario

Control Warming
Minimum temperature (°C)
1-20 2.0 (0.0-4.6) 3.0 (1.1-5.6)
21-40 1.8 (0.0-4.5) 3.8 (2.0-6.3)
41-60 2.0 (0.0-4.6) 5.0 (3.2-7.5)
61-80 1.8 (0.0-4.5) 6.1 (4.4-8.5)

Maximum temperature (°C)

1-20 10.9 (7.8-14.4) 11.9 (8.8-15.4)
21-40 10.9 (7.6-14.4) 12.8 (9.7-16.2)
41-60 10.9 (7.8-14.4) 13.9 (10.9-17.3)
61-80 10.9 (7.6-14.4) 15.1 (12.1-18.4)

Annual precipitation (mm)

1-20 2,311 (1,742-3,275) 2,311 (1,742-3,275)
21-40 2,218 (1,594-3,258) 2,218 (1,594-3,258)
41-60 2,311 (1,742-3,275) 2,311 (1,742-3,275)
61-80 2,218 (1,594-3,258) 2,218 (1,594-3,258)
Solar radiation (MJ m” day™)
1-20 12.8 (11.8-14.1) 12.8 (11.8-14.1)
21-40 12.9 (11.8-14.1) 12.9 (11.8-14.1)
41-60 12.8 (11.8-14.1) 12.8 (11.8-14.1)
61-80 12.9 (11.8-14.1) 12.9 (11.8-14.1)

Minimum vapor pressure deficit (kPa)

1-20 0.03 (0.00-0.06) 0.02 (0.00-0.04)
21-40 0.02 (0.00-0.04) 0.03 (0.01-0.05)
41-60 0.03 (0.00-0.06) 0.03 (0.00-0.05)
61-80 0.02 (0.00-0.04) 0.03 (0.01-0.05)

Maximum vapor pressure deficit (kPa)

1-20 1.80 (1.40-2.32) 2.11 (1.67-2.75)
21-40 1.83 (1.37-2.38) 2.37 (1.76-3.11)
41-60 1.80 (1.40-2.32) 2.65 (2.18-3.33)
61-80 1.83 (1.37-2.38) 3.07 (2.37-3.89)

Notes: Temperature and radiation variables are an average of daily values for each 20-year period.

Precipitation is an average of annual totals for each 20-year period. Vapor pressure deficit variables are an
average of annual minimum or maximum values for each 20-year period.
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Table 3.5. Species composition of external seed input across pre-fire stand age and forest zone
strata. n indicates the number of sampled high severity stands across strata (N = 40). Species are

listed using iLand codes (Table 3.1).

Forest zone & pre-fire stand age n

External seed species

Tsuga heterophylla Zone

young 3
mid-seral 10
late-seral 11

Abies amabilis Zone

young 6
mid-seral 2
late-seral 8

pimo, psmem
abam, abgr, abpr, acma, psmem, thpl, tshe

abam, abgr, abpr, psmem, tabr, thpl, tshe

abam, abpr, pimo, psmem, tshe
abam

abam, abpr, psmem, tabr, thpl, tshe, tsme
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Table 3.6. Importance values of live mature (dbh > 10 cm) tree species in sampled unburned
stands (N = 31) across pre-fire stand age and forest zone strata. Values represent an index of
species dominance within a stand based on relative basal area, density, and frequency (Curtis and
Mclntosh 1951), and were used to inform the species composition of external seed input for
high-severity stands (Table 3.5).

Tsuga heterophylla Zone

Abies amabilis Zone

Species young mid-seral | late-seral young mid-seral | late-seral
(n=1) (n=9) (n=6) (n=06) (n=1) (n=28)

Abies amabilis — 0.06 0.10 0.82 3.00 1.42
Abies grandis - 0.04 0.07 0.86 = =
Abies procera - 0.04 0.13 - - 0.05
Acer macrophyllum - 0.11 - — — =
Pinus monticola 1.10 - - 0.06 - -
Pseudotsuga menziesii 1.90 1.49 0.81 1.01 - 0.44
Taxus brevifolia - - 0.11 - - 0.04
Thuja plicata - 0.28 0.35 — — 0.09
Tsuga heterophylla - 0.97 1.44 0.25 - 0.82
Tsuga mertensiana — - — - - 0.14

Notes: The importance value index ranges from O to 3, with higher values signifying greater importance
of an individual species. Blank values (-) indicate no live mature individuals of that species were
measured in sampled unburned stands of that stratum.
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Figure 3.6. Distance to live seed source of sampled high-severity stands (N = 40), colored by pre-
fire stand age and presented for all stands combined (/eff) and separated by forest zone (right).
Bold points and lines are means and 95% confidence intervals for each stand age class.
Translucent points show stand-level values.
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3.7  APPENDIX E: FUTURE CLIMATE SCENARIOS

Table 3.7. Average climate conditions in sampled high-severity stands (N = 40) from 1981-2020.

Average conditions, 1981-2020
Climate variable

mean minimum maximum
minimum temperature (°C) 1.9 0.0 4.6
maximum temperature (°C) 10.9 7.7 14.4
annual precipitation (mm) 2,249 1,639 3,261
solar radiation (MJ m? day™") 12.9 11.8 14.1
minimum vapor pressure deficit (kPa) 0.02 0.01 0.04
maximum vapor pressure deficit (kPa) 1.82 1.39 2.35

Notes: Temperature and radiation variables are an average of daily values for the 40-year period.
Precipitation is an average of annual totals for the 40-year period. Vapor pressure deficit variables are an
average of annual minimum or maximum values for the 40-year period. All climate variables were
obtained from Daymet gridded meteorological data (Thornton et al. 2022).

188



Table 3.8. Scaling patterns of local anomalies in monthly mean temperature and relative
humidity across sampled fires, arranged by latitude (north to south). Scalars represent local
relationships in mean temperature (Fig. 3.7) and relative humidity (Fig. 3.8) anomalies relative to
global mean temperature projections.

Fire Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Temperature anomaly scalar
Norse Peak 1.33 1.31 1.19 1.03 1.11 147 195 204 1.82 135 121 1.27

Big Hollow .11 1.06 099 093 105 135 172 183 171 132 113 1.10
Eagle Creek .11 1.06 099 093 105 135 172 183 171 132 1.13 1.10
Riverside .11 1.05 1.00 096 1.10 140 176 186 1.74 138 1.14 1.10
Lionshead .11 1.05 1.00 096 1.10 140 176 186 1.74 138 1.14 1.10
Relative humidity anomaly scalar

Norse Peak -0.28 -0.58 -0.58 -0.08 -0.21 -1.17 -2.21 -1.92 -1.24 -0.01 0.31 -0.01
Big Hollow 0.10 -0.03 0.06 0.17 -0.13 -0.86 -1.58 -1.42 -090 -0.09 0.34 0.23
Eagle Creek 0.10 -0.03 0.06 0.17 -0.13 -0.86 -1.58 -1.42 -090 -0.09 0.34 0.23
Riverside -0.07 -0.11 -0.03 0.02 -0.28 -0.90 -1.52 -1.25 -0.75 -0.32 0.15 0.04
Lionshead -0.07 -0.11 -0.03 0.02 -0.28 -0.90 -1.52 -1.25 -0.75 -0.32 0.15 0.04

Notes: Local anomaly scalars were extracted from global maps (0.25-degree resolution) of scaling
patterns for monthly temperature and relative humidity anomalies, derived from multi-model mean
climate projections from CMIP6 (Vargas Zeppetello et al. 2019).
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Figure 3.7. Monthly scalars for local mean temperature anomalies in sampled high-severity
stands (colored points; N = 40) across northwestern Cascadia, USA (gray shaded area). Scalars
represent local anomalies in mean temperature relative to global-scale temperature changes, and
were extracted from maps of temperature scaling patterns based on multi-model mean climate
projections from CMIP6 (Vargas Zeppetello et al. 2019).
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were extracted from maps of relative humidity scaling patterns based on multi-model mean
climate projections from CMIP6 (Vargas Zeppetello et al. 2019).
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Table 3.9. Summary of future trends in local anomalies of annual mean temperature (Fig. 3.9)
and relative humidity (Fig. 3.10) in sampled stands across northwestern Cascadia, scaled to
global climate projections under SSP3-7.0 (Lee et al. 2021).

Local anomaly

Future time period Global anomaly . -
minimum maximum
Mean surface air temperature (°C)
2021-2040 +0.7 +0.9 +1.0
2041-2060 +1.4 +1.8 +2.0
2061-2080 +2.2 +2.8 +3.2
2081-2100 +3.1 +4.0 +4.5
Relative humidity over land (%)
2021-2040 -1.5 -0.4 —-0.8
2041-2060 -1.8 -1.0 -1.7
2061-2080 —2.6 -1.4 —2.6
2081-2100 =33 -1.9 -3.7

Notes: Global anomalies are relative to 1995-2014.
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Figure 3.9. Projected future trends in monthly local anomalies of mean temperature (°C) for
high-severity stands sampled in five recent fires across northwestern Cascadia (green lines).
Trends are scaled to projections of annual global mean temperature under SSP3-7.0 (black lines;
Lee et al. 2021). Sampled stands within each fire were positioned across three unique 0.25-

degree pixels from global maps of mean temperature scaling patterns (Vargas Zeppetello et al.
2019).
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Figure 3.10. Projected future trends in monthly local anomalies of relative humidity (%) for
high-severity stands sampled in five recent fires across northwestern Cascadia (green lines).
Trends are scaled to projections of annual global mean relative humidity over land as a function
of mean temperature under SSP3-7.0 (black lines; Lee et al. 2021). Sampled stands within each
fire were positioned across three unique 0.25-degree pixels from global maps of mean
temperature scaling patterns (Vargas Zeppetello et al. 2019).
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Figure 3.11. Stand-level differences (°C) of monthly minimum and maximum temperatures from
the mean based on daily Daymet observations from 1981-2020 (Thornton et al. 2022).
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3.8  APPENDIX F: SUPPLEMENTAL RESULTS
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Figure 3.12. Relationship of distance to live seed source with simulated post-fire live canopy
cover (fop) and quadratic mean diameter (bottom) across pre-fire stand age class. Lines are
strata-level means for all stands burned at high severity, colored by distance to live seed source.
Live quadratic mean diameter includes all conifers with height > 1.3 m.
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CONCLUSION

Understanding the drivers and effects of natural disturbances is critical for anticipating
ecosystem dynamics in a time of rapid global change. Large infrequent disturbances play a
profound role in shaping immediate and future landscape patterns and processes, though the
inherent rarity of these events limits our understanding of their ecological effects. In this
dissertation, I leveraged empirical and simulation modeling approaches to address priorities for
anticipating the effects of large infrequent fires on future forest dynamics in northwestern
Cascadia. Key findings from each chapter provide insights on drivers of aboveground
disturbance legacies, short-interval disturbance interactions, and stand recovery trajectories
following fire in wet temperate forests. Overall, this work advances our understanding of
mechanisms behind disturbance-mediated change in ecosystems shaped by long intervals
between large severe disturbances.

A key takeaway from this dissertation is that alterations to pre-disturbance legacies will
have lasting effects on post-disturbance outcomes and recovery potential in these systems.
Legacies are major determinants of ecosystem structure and function following large infrequent
disturbances (Turner and Dale 1998, Franklin et al. 2000). The pre-disturbance ecosystem state
drives total legacy amounts, while disturbance magnitude moderates legacy conditions. For
example, in wet temperate forests, initial patterns in total aboveground biomass carbon and fuels
following fire are driven by stand age at the time of fire, while burn severity controls the amount
and arrangement of these legacies within live and dead pools (Chapter 1). These relationships
suggest older forest stands may have more potential to support post-disturbance ecosystem

functioning due to greater legacy abundance and complexity.
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The abundance of available fuel following fire in high productivity systems shaped by
large infrequent disturbances suggests that bottom-up constraints (i.e., fuel limitation) are
unlikely to strongly limit subsequent fire behavior and severity. For example, in wet temperate
forests, extreme fire weather conditions may override effects of initial post-fire fuel variability
on potential fire behavior and effects in reburns (Chapter 2). This supports the predominance of
positive linked interactions between multiple fire events in highly productive ecosystems where
fire is limited primarily by fuel flammability. Additionally, feedbacks between fire effects and
microclimate conditions will be important to characterize given increased likelihood of
disturbance interactions with climate warming and potential for compound effects on ecosystem
structure and function when disturbances interact at short intervals (Paine et al. 1998, Burton et
al. 2020).

Tradeoffs exist among post-disturbance management interventions for guiding post-
disturbance trajectories and are likely to change through time based on management strategies
and future climate conditions. In the absence of additional disturbance, post-disturbance recovery
may be more robust in older stands. For example, in wet temperate forests, pre-fire stand age has
lasting effects on forest recovery for more than 80 years following high-severity fire, with longer
persistence of early-seral conditions, more abundant tree regeneration, and greater fuel loads in
stands older at the time of fire (Chapter 3). Accordingly, ecosystem conditions following large
severe disturbances present a major opportunity for implementation of climate adaptation
strategies (Halofsky et al. 2018)

Ultimately, this dissertation advances our understanding of severe fire effects in forests shaped
by large infrequent disturbances and highlights key remaining knowledge gaps and directions for

future research. Given that post-disturbance recovery processes play out over decades to
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centuries (Franklin et al. 2002), continued monitoring and repeat measurements of these stands
(beyond the 2—5-year post-fire window examined here) are necessary to capture patterns in
structure and function throughout stand development and update models for improved future
projections of forest dynamics. Additionally, more robust characterization of microclimate
conditions is needed to improve understanding of reburn potential in systems with fire regimes
primarily limited by flammability (Halofsky et al. 2020). Further, I focused solely on
aboveground forest dynamics, but belowground responses to fire may differ with important
consequences for vegetation patterns and ecosystem processes. Characterizing the effects of
large infrequent fire events on soil properties and belowground biota will be important for
developing a more robust understanding of fire effects on ecosystem structure and function
(McLauchlan et al. 2020). Finally, all analyses and simulations were conducted at the scale of
individual stands (i.e., 1 ha). Yet, large infrequent disturbances are contagious processes with
extents that can exceed hundreds of thousands of hectares (Turner and Dale 1998). Conducting
analyses at broader spatial scales could yield important insights into heterogeneity of disturbance
effects and associated implications for ecosystem processes (Turner and Romme 1994, Agee
1998, Seidl and Turner 2022). Thus, continuing to strengthen landscape simulation modeling
infrastructure through regional calibration efforts will be a powerful approach for addressing new

objectives and challenges in ecology across a range of spatial and temporal scales (Seidl 2017).
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