Received: 25 January 2025

Revised: 22 August 2025

W) Check for updates

Accepted: 1 October 2025

DOI: 10.1002/ecs2.70479

ARTICLE
Vegetation Ecology

Pre-fire structure drives variability in post-fire aboveground
carbon and fuel profiles in wet temperate forests

Jenna E. Morris' © |
Daniel C. Donato !

Brian J. Harvey'

School of Environmental and Forest
Sciences, University of Washington,
Seattle, Washington, USA

*Washington State Department of Natural
Resources, Olympia, Washington, USA

*Civil and Environmental Engineering,
University of Washington, Seattle,
Washington, USA

Correspondence
Jenna E. Morris
Email: jemorris@uw.edu

Funding information

U.S. Geological Survey Northwest Climate
Adaptation Science Center, Grant/Award
Numbers: G17AC00218, G20AC00115;
National Institute of Food and
Agriculture, Grant/Award Number:
1027380; Pacific Northwest Research
Station, Grant/Award Number:
20-JV-11261927-060; Joint Fire Science
Program, Grant/Award Number:
23-1-01-15

Handling Editor: Jennifer M. Fraterrigo

Madison M. Laughlin' @ |
| Joshua S. Halofsky'?® |

Liliana K. Rangel-Parra’ |

David E. Butman'* |

Abstract

Biological legacies (i.e., materials that persist following disturbance; “legacies’)
shape ecosystem functioning and feedbacks to future disturbances, yet how
legacies are driven by pre-disturbance ecosystem state and disturbance severity
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 drive variability in initial post-fire legacies, specifically (1) above-
ground biomass carbon and (2) fuel profiles? Dominant drivers of post-fire leg-
acies varied by response variable, with pre-disturbance ecosystem state driving
total legacy amounts and disturbance severity 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 indistin-
guishable, suggesting greater continuity of structure and function following
low-severity fire. Conversely, in high-severity stands, >95% of post-fire total
carbon was dead and sparse 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 carbon recovers over
time. Further, all burned stands had considerable production of black carbon
in charred wood biomass which can support ecosystem functioning and pro-
mote long-term carbon storage. Initial post-fire fuel profiles are likely suffi-
cient to support fire in all stands, but reburn potential may be greater in
high-severity stands due to rapid regeneration of flammable live surface vege-
tation and more exposed microclimatic conditions. Effects of fuel reduction
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INTRODUCTION

As climate warms and disturbance activity increases
(Seidl et al., 2017), understanding drivers of
post-disturbance structure and function is essential for
forecasting ecosystem futures. Biological legacies
(i.e., individuals, materials, and adaptations that per-
sist following disturbance; Franklin et al., 2000) are
major structural components of post-disturbance eco-
systems that can shape recovery trajectories for
decades to centuries (Seidl & Turner, 2022). Two key
drivers of legacies include the pre-disturbance ecosys-
tem state and disturbance severity (i.e., degree of effect
on ecosystem properties; Pickett & White, 1985)
(Johnstone et al., 2016; Peters et al.,, 2011). The
pre-disturbance ecosystem state sets the template for
material available to persist as legacies. Intervals
between disturbances typically dictate the range in
biotic structure and composition of the pre-disturbance
ecosystem state. For example, older temperate forest
stands typically have greater amounts and more het-
erogeneous arrangements of large live trees, snags, and
logs than younger stands (Burrascano et al., 2013;
Franklin et al., 2002). Disturbance severity then inter-
acts with the ecosystem state to influence the amount,
composition, and arrangement of available material that is
either killed, removed, or minimally altered. For example,
greater burn severity (i.e., amount of vegetation killed by
fire; Keeley, 2009) results in greater total loss and conver-
sion from live to dead biomass (Meigs et al., 2011). While
individual drivers of legacies have received attention, the
relative and combined importance of multiple drivers are
less well understood.

Legacies can strongly shape post-disturbance ecosys-
tem functioning and feedbacks to future disturbances and
are of particular importance in ecosystems influenced
by infrequent and severe disturbances. For example,
stand-replacing fires can shift ecosystems from carbon
sinks to sources via mortality and subsequent

from fire on mediating the occurrence and potential behavior of subsequent
fires 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 impor-
tant implications for managing post-fire recovery trajectories in some of
Earth’s most productive and high-biomass forests.

biomass, carbon storage, Cascade Mountains, disturbance, Douglas-fir, fire effects, forest
structure, low-severity fire, old-growth forest, Pacific Northwest, stand-replacing fire,

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). Legacies can also alter the likeli-
hood, extent, or severity of a future disturbance via feed-
backs (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 con-
sumption and changes in vegetation composition, though
the strength of these effects diminishes over time as fuels
recover (Buma et al., 2020). In highly productive ecosys-
tems, rapid accumulation of fuels after fire may promote
the likelihood of short-interval reburns (Gray &
Franklin, 1997; Reilly et al., 2022) with implications for
structure (e.g., Hoecker & Turner, 2022) and rates of
recovery (e.g., Braziunas et al., 2023). Given the critical
post-disturbance reorganization window (Seidl &
Turner, 2022), characterizing legacies soon after distur-
bances is important for ecological forecasting and
understanding management options (Lindenmayer
et al.,, 2010). Yet, there are inherently few opportunities to
study post-disturbance structure and function in ecosystems
with relatively long disturbance-free intervals.

We tested the relative influence of pre-disturbance
ecosystem state and disturbance severity on key 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 (hereaf-
ter “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
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forests to reburn in the initial decades following a stand-
replacing fire (i.e., fire begets fire; Gray & Franklin, 1997;
Reilly et al., 2022), though mechanisms are not well under-
stood. Northwestern Cascadia 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 histories (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 post-fire legacies—specifically
initial post-fire (1) aboveground biomass carbon and (2) fuel
profiles?

METHODS
Study area

Northwestern Cascadia comprises 6.1 Mha of wet tem-
perate forests. Current structural conditions, which bear
the marks of more than a century of timber harvest activ-
ity, are dominated by dense young plantations and
mid-seral forests among unharvested old-growth stands
(Donato et al., 2020; Spies et al., 2018). Forests are domi-
nated by obligate-seeding gymnosperm species, with
composition varying by elevation. At lower elevations
(<1000 m), Douglas-fir (Pseudotsuga menziesii), western
hemlock (Tsuga heterophylla), and western redcedar
(Thuja plicata) are dominant, with noble fir (Abies procera)
and Pacific silver fir (Abies amabilis) prevalent at relatively
cooler and wetter middle elevations (1000-1600 m).
Angiosperm tree species are less common, but can resprout
and exist at high densities in mesic and recently disturbed
areas (Franklin & 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 sum-
mers (Franklin & Dyrness, 1973). Across our sampled
area, 30-year normals (1991-2020) of annual mean
temperature and total precipitation range from 4.0 to
10.7°C and 1435 to 3273 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 & 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 small fires may
occur in the interim periods, commonly associated with
the use of fire as a management tool by Indigenous peo-
ples (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 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).

Sampling design

We established long-term monitoring plots (n = 95) in
forest stands within five recent (2017-2020) fires across
northwestern Cascadia (Figure 1, Table 1). Plots were
established 2-5 years post-fire and systematically strati-
fied by field-determined pre-fire stand age and burn
severity (Figure 2). We positioned plot centers at least
100 m from roads and trails and 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, though not all strata
were represented in each fire (Appendix S1: Table S1).
We defined pre-fire stand age (i.e., age prior to the
recent focal fires in our study) by development stage as a
function of community structure attributes including
morphology, canopy position(s), and spatial arrange-
ment of the major tree species (Van Pelt, 2007). These
stages are distinguished mainly by tree population
demography and development rather than biomass
specifically (Franklin et al., 2002). We then assigned
each development stage a categorical age, classified as
young, mid-seral, or late-seral (Appendix S1: Table S2).
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

35UR017 SUOWIWIOYD 9A[1E81D) 3|qeal|dde ay Ag pausenob ale saonte YO ‘esn Jo Sa|ni o AkelqiauljuQ A3]1A UO (SUOIIPUCO-PUe-SWRIWO0D S| 1M AReiq1 U |UO//:SdNY) SUONIPUOD pUe SWB | Y1335 *[G202/2T/80] U ArlgiaulluQ A31IM ‘602 2S39/200T OT/I0p/Wwod A8 | 1M Afeiq1uUljuoS leuIno fesa//sdny wouy papeo|umoq ‘2T 'S202 ‘SZ680ST2



4 of 16 MORRIS ET AL.
49°N
A 100 km ——
N D
48°N
4N Norse Peak (2017)
46° N Big Hollow (2020)
Eagle Creek (2017) Northwestern Cascadia
45°N - Riverside (2020) I Areaburned (1984-2021)
Lionshead (2020) I Sampled fires
R — Cascade Range crest
44°N

124°'W 122° W 120°W

118° W

FIGURE 1 Study area in northwestern Cascadia, USA, including sampled fire perimeters, and recent area burned (1984-2021).

TABLE 1 Description of plots (n = 95) established across sampled fires within the study area.

Sampling time
Fire Fire year Fire size (ha) Location since fire (year) Plots (n)
Big Hollow 2020 9811 Gifford Pinchot National Forest 2 26
Eagle Creek 2017 17,666 Columbia River Gorge National Scenic 4-5 3
Area and Mount Hood National Forest
Lionshead 2020 42,220 Willamette National Forest 3 4
Norse Peak 2017 8922 Mount Baker-Snoqualmie National Forest 2-4 55
Riverside 2020 55,920 Mount Hood National Forest 2-3 7

Note: 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/). See
Appendix S1: Table S1 for stratification of plots by pre-fire stand age X burn severity classes.

(~160-500+ years) originated from fire generally prior
to Euro-American settlement and were characterized by
spatial heterogeneity in live and dead vegetation struc-
tures 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
tree basal area as unburned (0%, no evidence of recent
fire), low (<30% mortality), or high (i.e., stand replacing,
>90% mortality). We were unable to find patches of inter-
mediate severity (30%-90% mortality) that were large
enough to sample; these conditions existed mostly as nar-
row edges of transition from unburned or low severity
patches to stand-replacing patches. Unburned stands
with otherwise similar character were established both
within and adjacent to sampled fire perimeters. 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. We could not locate
young stands of sufficient sampling size that burned at
low severity, so this condition is not represented in this
analysis.

Field data collection

We characterized post-fire aboveground biomass in each
plot using standard methods. 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 ear-
lier successional stages. Lengths of sapling subplot radii,
subcardinal plot transects and subplot radii, and fuel
depth locations were consistent across all stands. Total
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FIGURE 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 strata. Note differences in the abundance, size, and arrangement of live and dead biomass between strata.
Insets denote the number of sampled plots (n) within each stratum. Young stands burned at low severity were not represented due to rare
occurrence across the study area. Photo credit: UW Harvey Lab.
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plot area was 1 ha in mid- and late-seral stands and
0.25 ha in young stands. See Appendix S1: Figure S1 for
plot layout, Appendix S1: Table S3 for field measures,
and Appendix S1: Table S4 for post-fire stand structure.

Trees

Live and dead trees were measured in four
variable-radius subplots according to size class based on
dbh (1.37 m). 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. Subplot radii for trees
(dbh > 10 cm) ranged from 8 to 16 m, with a default of
12 m (804-3217-m” total area). In young stands, sub-
plots were located 15 m from plot center along each
cardinal plot transect. Subplot radii for trees
(dbh > 10 cm) ranged from 3 to 9 m, with a default of
6 m (113-1018-m* total area). Regardless of pre-fire
stand age, subplot radii for saplings (height > 0.3 m,
dbh < 10 cm) ranged from 2 to 5m (50-314-m? total
area), and large trees (dbh > 100 cm) were measured
across the entire plot.

For each tree, we recorded species, status (live or dead),
total height, and presence of broken top. For trees taller
than 1.37 m, we also recorded dbh, height to the base of live
and dead crown, decay class (1-5; Lutes et al., 2006), per-
cent 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. For trees in
burned stands, we also recorded percentages of crown vol-
ume with needle scorch and stem wood surface area
with char.

Live understory vegetation

Live tree seedlings (height < 0.3 m), woody shrubs,
and herbaceous vegetation were measured 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 seed-
lings (height > 0.1 m; 462-m® total area), 0.5m for
small seedlings (height < 0.1 m; 9-m? total area), and
2m for woody shrubs and herbaceous vegetation
(150-m? total area). For tree seedlings, we tallied indi-
viduals by species and recorded height for those taller
than 0.1 m. For woody shrubs, we recorded species,
height, and basal diameter of all live stems. For herba-
ceous vegetation, we measured percent cover by

species (non-vascular and graminoid species were
grouped by functional type).

Dead surface fuel

Fine and coarse down woody debris (height < 2 m) and
forest floor fuel (litter, duff) were measured along planar
intercept 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 cardi-
nal 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. 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.

Coarse woody debris (1000-h fuels; diameter
> 7.6 cm) was sampled along four fuel transects originat-
ing at plot center and extending in cardinal directions.
We measured the overall plot slope and the slope of each
coarse woody debris fuel transect from plot center using
a laser rangefinder. Fuel transect lengths were 56.5 m in
mid- and late-seral stands (226-m total sampled length)
and were reduced to 28 m in young stands (112-m total
sampled length). For each 1000-h piece, we recorded spe-
cies, diameter, decay class (1-5; Lutes et al., 2006), and
the presence of char.

Biomass and fuels calculations

We derived aboveground biomass carbon and surface and
canopy fuel profiles for each plot using component-, species-,
and region-specific allometric equations. Equations were
sourced primarily from the BIOPAK and TRY databases
(Kattge et al., 2020; Means et al., 1994). When multiple suit-
able equations were available for a species (i.e., 2+
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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 lat-
itudinal 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. All measures
were scaled to per-ha values.

Aboveground biomass carbon

Aboveground biomass carbon (i.e., carbon stored in plant
matter) included wood, bark, branch, and foliage biomass
for all measured vegetation. We estimated the above-
ground biomass of all measured vegetation using allome-
tric equations specific to each component (Appendix S1:
Table S6). We then 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%; Appendix S1: Table S7).

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 based on height and/or diameter.
We corrected crown and stem biomass for mass loss due to
foliage scorch, broken top, bark loss, decay class, and wood
charring (Appendix S1). We derived total aboveground bio-
mass 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)—
based on height, percent cover, and/or basal diameter.

We derived biomass of down woody debris using standard
methods (Brown, 1974). We corrected for the slope of each
transect using our field-measured slopes and the slope correc-
tion factor equation from Brown (1974). For calculating bio-
mass 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 factors. For calculating biomass of coarse woody
debris (1000-h particles), we used species- and decay
class-specific wood densities (Harmon et al., 2008), adjusting
for mass loss from wood charring (Appendix S1).

Charred wood

We characterized charred wood (i.e., solid organic mate-
rial that remains after incomplete combustion of woody

biomass) in order to correct for loss of mass due to com-
bustion and to 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). Carbon in charred stem wood on standing
trees and coarse woody debris was quantified using
methods from Donato, Campbell, et al. (2009), assuming
a carbon content of 75% (Branca & Di Blasi, 2003). In
general, we subtracted the mass of the uncharred inner
portion of each stem or 1000-h particle from the total
mass. The mass of the uncharred inner portion was cal-
culated 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
(8.2 mm; Donato, Campbell, et al., 2009) and associated
mass loss (70%; Dietenberger, 2002). See Appendix S1 for
more details.

Fuel profiles

Fuel profiles were determined by separating biomass into
surface and canopy fuel components. Surface fuels
included down woody debris (height < 2 m), live tree
seedlings and small saplings (height < 1.37 m), and live
understory vegetation (woody shrubs, herbaceous vegeta-
tion). We separated down woody debris biomass by stan-
dard fuel size class and level of decay (sound, class 1-3
vs. rotten, class 3-4), and live surface fuel biomass into
woody (tree seedlings and small saplings, shrubs) and
herbaceous (forbs, graminoids) components.

Canopy fuels included foliage and branch biomass,
available canopy fuel load, canopy bulk density, and can-
opy base height for live and dead standing trees and large
saplings (height > 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 & 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, Lutes, &
Scott, 2006) and the Fire and Fuels Extension to the Forest
Vegetation Simulator (FFE-FVS; Rebain, 2010). For
shade-intolerant species (Appendix S1: Table S5), 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
60th percentile for the stand, a tree was considered domi-
nant (i.e., among the tallest 40% of trees); otherwise it was
considered intermediate (Rebain, 2010).

Available canopy fuel load is the portion of canopy
biomass that would be consumed in a crown fire and
includes the sum of foliage, dead 1-h branches, and half
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of live 1-h branches (Reinhardt, Scott, et al., 2006).
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, Harvey, et al., 2013; Simard et al., 2011).
Canopy bulk density is 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, Scott, et al., 2006). Canopy base height repre-
sents the height at which there is enough available fuel
for fire to travel vertically through the canopy (Scott &
Reinhardt, 2001) and was defined as the lowest height at
which canopy bulk density exceeded 0.04 kg m™ (Cruz
et al., 2004; Donato, Harvey, et al, 2013; Sando &
Wick, 1972).

Statistical analysis

We compared mean aboveground biomass carbon and
fuel profiles across strata using generalized linear models
with plot as the sample unit. Model structure was consis-
tent for all response variables, predicting each nonnega-
tive 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. We considered adding a ran-
dom effect of fire to control for variability among sites but
did not include this term in the final models due to limited
df, similarity of coefficient estimates with and without the
random effect term, and convergence failure warnings for
several response variables when the random effect term
was included. To compare the relative strength of pre-fire
stand age and burn severity as drivers of post-fire legacies,
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 visu-
alizations were performed in R Statistical Software version
4.4.0 (see Appendix S1 for packages; R Core Team, 2024).
Results are reported for outputs with p < 0.05.

RESULTS
Post-fire aboveground biomass carbon

The majority of 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 S2: Table S1). Pre-fire stand age was
the dominant driver of total carbon, with 2-3 times the
effect of burn severity on the major carbon components,
including all standing trees and down woody debris
(Figure 3). In general, post-fire carbon increased with
pre-fire stand age (Figure 4). Compared to young stands,
mid- and late-seral stands had 223% and 299% more
post-fire total carbon, respectively (Appendix S2: Tables S3
and S8). 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 3). Compared to unburned
stands, 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 4; Appendix S2: Tables S3 and S8).

Post-fire fuel profiles
Surface fuels

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 3). In general, post-fire
dead surface fuels increased—and live surface fuels
decreased—with pre-fire stand age (Figure 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 S2: Tables S4 and
S8). 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 vegeta-
tion (Figure 3), though these components comprise a
minor portion of the post-fire total surface fuel profile
(Figure 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 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 S2: Tables S4 and S8).

Canopy fuels

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 3). This burn severity effect was driven primarily
by high-severity stands; post-fire canopy fuel profiles
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dominant predictor. See Appendix S2 for marginal comparison summaries and additional response variables.

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 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 S2: Tables S5 and S8). However, pre-fire stand
age had 5x the effect of burn severity on post-fire canopy
base height (Figure 3), driven primarily by mid-seral stands.
In general, post-fire canopy fuels increased with pre-fire

stand age (Figure 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 S2: Tables S5 and S8).

DISCUSSION

By testing how multiple drivers affect post-fire legacies of
aboveground biomass carbon and fuel profiles, our study
demonstrates the importance of the pre-disturbance ecosys-
tem state in dictating many aspects of initial post-disturbance
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structure and function. This work builds understanding of ~ Pre-fire stand age drives variability in total
the mechanisms behind disturbance-mediated change and ~ post-fire legacies

feedbacks in systems shaped by long intervals between severe

disturbances, with notable implications for managing  Pre-fire stand age was the dominant driver of initial
post-fire recovery trajectories in some of Earth’s most produc- patterns in total legacies after fire. Within each burn
tive and high-biomass forests. severity class, stands that were older at the time of
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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 &
Huff, 1987; Gray et al., 2016; Spies et al., 1988) and globally
(Burrascano et al., 2013; Pregitzer & Euskirchen, 2004).
Most biomass present pre-fire persisted post-fire, supporting
regional trends (Campbell et al., 2007; Donato, Fontaine,

et al., 2013; Fahnestock & 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 greater potential than younger stands to
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support several ecosystem functions, due to greater
abundance of post-fire legacies. Retention of legacies,
especially woody biomass, is important for supporting
critical post-disturbance functions (e.g., nutrient
cycling, wildlife habitat, microsite diversity), particu-
larly 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 pre-disturbance ecosys-
tem state will have lasting effects on post-fire function
and recovery potential (Seidl et al., 2014), underscoring
the importance of considering stand ages present on a
landscape when managing for desired post-disturbance
conditions.

Burn severity moderates the condition of
post-fire legacies

Burn severity moderated the condition of legacies, driv-
ing 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 above-
ground biomass carbon was in dead material, and very little
(<15% of unburned) canopy fuel remained. Given these
stands experienced predominantly crown fire, which con-
sumes 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 findings
are in line with expectations from similar systems
(Kauffman et al, 2019). Lack of fire-resistant traits—
coupled with smaller tree stature, higher tree density, and
abundant fine surface fuels—may also predispose young
stands to severe fire effects due to low fire resistance and
high fuel availability and connectivity. This pattern has
been observed throughout the region (Busby et al., 2023;
Evers et al., 2022) and may underlie our difficulty in finding
young stands burned at low severity within the study area.
By contrast, in unburned and low-severity stands, >70% of
total post-fire aboveground biomass carbon was stored in
live material and canopy fuel profiles were similar. This is
likely due to low-severity stands experiencing predomi-
nantly 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).

These findings have different implications following
low- and high-severity fire, both of which can play impor-
tant roles in forest dynamics of wet temperate systems
with relatively 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 provid-
ing a live seed source for dispersal into nearby high-severity
patches (Donato, Fontaine, et al, 2009; Laughlin
et al., 2023). Yet, this role may be limited by delayed tree
mortality which can shift landscape patterns of burn sever-
ity (Reilly et al., 2023) and reduce live seed sources (Dyer
et al., 2025). In contrast, retention of mostly dead lega-
cies 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 facil-
itate the development of structurally complex
early-seral ecosystems, promoting increased biodiver-
sity and unique ecosystem functions (Swanson
et al., 2011), and the restoration of the most contempo-
rarily underrepresented and ephemeral landscape con-
dition in the region (Donato et al., 2020).

Implications for future forest dynamics
and management

Initial patterns of post-fire 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 carbon trajectories over
longer timescales. Long-term post-fire carbon trajectories
are a function of the balance between carbon lost through
biomass consumption and decomposition of fire-killed vege-
tation, 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. This suggests post-fire car-
bon trajectories in low-severity stands are likely to be simi-
lar to unburned stands and follow expected trends with
later successional stages (Janisch & Harmon, 2002). In con-
trast, high-severity stands are likely to remain carbon
sources for several decades post-fire until net primary pro-
duction 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). Given that regional pro-
jections of future fire activity generally forecast an increased
number of fires, greater area burned by large fires, shorter
fire return intervals, and longer fire seasons (Dye
et al., 2024), increased fire frequency may substantially
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reduce total carbon through the conversion of older stands
to younger stands (Harmon et al., 1990; Seidl et al., 2014)
and less persistent large woody legacies due to more fre-
quent combustion (Donato et al., 2016; Raymond &
McKenzie, 2012).

Our findings suggest that fire, regardless of severity,
can promote long-term carbon storage in wet temperate
forests via char formation. Black carbon within charred
wood biomass is a particularly persistent form of dead
carbon that is resistant to decay (Bird et al., 2015). 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). However, many unknowns have yet to be
addressed about the role of black carbon (Santin
et al., 2016), and additional aspects of the carbon cycle—
including belowground carbon storage and plant, micro-
bial, and soil carbon fluxes—were not addressed by this
study, but are important processes influencing carbon
dynamics following fire (e.g., Hudiburg et al., 2023).

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 legacies,
meaning major fires may effectively occur in episodes
of burn-reburn sequences (Agee, 1993; Gray &
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 live overstory
canopy and likely microclimatic shifts toward 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 profiles 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 from fire is a short-lived or insignificant limitation
on the occurrence and potential behavior of subsequent
fires, though additional research is needed to disentangle
the relative importance of structural versus weather drivers
of reburn potential in this system.

ACKNOWLEDGMENTS

We conducted this work on lands stewarded since time
immemorial by Indigenous peoples including the
Cowlitz, Duwamish, Confederated Tribes of Grand

Ronde, Muckleshoot, Puyallup, Confederated Tribes of
Siletz Indians, Suquamish, Tulalip, Confederated Tribes
of Warm Springs, and Confederated Tribes and Bands of
the Yakama Nation. This project was supported by
(1) the USDA Forest Service—PNW Research Station
under award 20-JV-11261927-060 as part of the Westside
Fire and Climate Adaptation Research Initiative; (2) the
intramural research program of the U.S. Department of
Agriculture, National Institute of Food and Agriculture,
Mclntire Stennis accession no. 1027380; (3) a Graduate
Research Innovation award (No. 23-1-01-15) from the
Joint Fire Science Program; (4) Grant/Cooperative
Agreement G20ACO00115 from the U.S. Geological Survey
Northwest Climate Adaptation Science Center; and (5) a
U.S. Geological Survey Northwest Climate Adaptation
Science Center award G17AC00218. Its contents are
solely the responsibility of the authors and do not neces-
sarily represent the views of the Northwest Climate
Adaptation Science Center or the USGS. This manu-
script is submitted for publication with the understand-
ing that the United States Government is authorized to
reproduce and distribute reprints for Governmental
purposes. B. Harvey acknowledges support from the
Jack Corkery and George Corkery Jr. Endowed
Professorship in Forest Sciences. We are grateful for
project support and helpful wisdom from J. Franklin,
C. Raymond, A. Swann, M. Buonanduci, and S. Patton.
We appreciate our USFS partners for critical logistic
support, and our incredible field assistants from 2019
to 2022 for data collection efforts. We thank two anon-
ymous reviewers for constructive feedback on an ear-
lier version of this manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data (Morris, 2025) are available from Zenodo: https://
doi.org/10.5281/zenodo.17538352.

ORCID
Jenna E. Morris ‘© https://orcid.org/0000-0003-3848-5915
Madison M. Laughlin © https://orcid.org/0000-0002-

2706-1271

Liliana K. Rangel-Parra ‘® https://orcid.org/0009-0005-
2973-3069

Daniel C. Donato ® https://orcid.org/0000-0002-2072-
9240

Joshua S. Halofsky ‘© https://orcid.org/0000-0003-4120-
7457
David E. Butman
7426
Brian J. Harvey ‘© https://orcid.org/0000-0002-5902-4862

https://orcid.org/0000-0003-3520-

35UR017 SUOWIWIOYD 9A[1E81D) 3|qeal|dde ay Ag pausenob ale saonte YO ‘esn Jo Sa|ni o AkelqiauljuQ A3]1A UO (SUOIIPUCO-PUe-SWRIWO0D S| 1M AReiq1 U |UO//:SdNY) SUONIPUOD pUe SWB | Y1335 *[G202/2T/80] U ArlgiaulluQ A31IM ‘602 2S39/200T OT/I0p/Wwod A8 | 1M Afeiq1uUljuoS leuIno fesa//sdny wouy papeo|umoq ‘2T 'S202 ‘SZ680ST2


https://doi.org/10.5281/zenodo.17538352
https://doi.org/10.5281/zenodo.17538352
https://orcid.org/0000-0003-3848-5915
https://orcid.org/0000-0003-3848-5915
https://orcid.org/0000-0002-2706-1271
https://orcid.org/0000-0002-2706-1271
https://orcid.org/0000-0002-2706-1271
https://orcid.org/0009-0005-2973-3069
https://orcid.org/0009-0005-2973-3069
https://orcid.org/0009-0005-2973-3069
https://orcid.org/0000-0002-2072-9240
https://orcid.org/0000-0002-2072-9240
https://orcid.org/0000-0002-2072-9240
https://orcid.org/0000-0003-4120-7457
https://orcid.org/0000-0003-4120-7457
https://orcid.org/0000-0003-4120-7457
https://orcid.org/0000-0003-3520-7426
https://orcid.org/0000-0003-3520-7426
https://orcid.org/0000-0003-3520-7426
https://orcid.org/0000-0002-5902-4862
https://orcid.org/0000-0002-5902-4862

14 of 16

MORRIS ET AL.

REFERENCES

Agee, J. 1993. Fire Ecology of Pacific Northwest Forests. Washington
DC: Island Press.

Agee, J. 1998. “The Landscape Ecology of Western Forest Fire
Regimes.” Northwest Science 72: 24-34.

Agee, J. K., and M. H. Huff. 1987. “Fuel Succession in a Western
Hemlock/Douglas-Fir Forest.” Canadian Journal of Forest
Research 17: 697-704.

Bassett, M., S. W. J. Leonard, E. K. Chia, M. F. Clarke, and A. F.
Bennett. 2017. “Interacting Effects of Fire Severity, Time since
Fire and Topography on Vegetation Structure after Wildfire.”
Forest Ecology and Management 396: 26-34.

Bird, M. I, J. G. Wynn, G. Saiz, C. M. Wurster, and A. McBeath.
2015. “The Pyrogenic Carbon Cycle.” Annual Review of Earth
and Planetary Sciences 43: 273-298.

Boyd, R., ed. 1999. Indians, Fire and the Land in the Pacific
Northwest. Corvallis, OR: Oregon State University Press.

Branca, C., and C. Di Blasi. 2003. “Global Kinetics of Wood Char
Devolatilization and Combustion.” Energy & Fuels 17:
1609-15.

Braziunas, K. H., N. G. Kiel, and M. G. Turner. 2023. “Less Fuel for
the Next Fire? Short-Interval Fire Delays Forest Recovery and
Interacting Drivers Amplify Effects.” Ecology 104: e4042.

Brown, J. K. 1974. Handbook for Inventorying Downed Woody
Material. Gen. Tech. Rep. INT-16. Ogden, UT: U.S.
Department of Agriculture, Forest Service, Intermountain
Forest and Range Experiment Station.

Brown, J. K. 1978. Weight and Density of Crowns of Rocky Mountain
Conifers. Research Paper INT-197. Ogden, UT: U.S.
Department of Agriculture, Forest Service, Intermountain
Forest and Range Experiment Station.

Brown, J. K., and C. M. Johnston. 1976. Debris Prediction System.
Fuel Science RWU 2104. Missoula, MT: U.S. Department of
Agriculture, Forest Service, Intermountain Forest and Range
Experiment Station.

Buma, B., S. Weiss, K. Hayes, and M. Lucash. 2020. “Wildland Fire
Reburning Trends across the US West Suggest Only
Short-Term Negative Feedback and Differing Climatic
Effects.” Environmental Research Letters 15: 034026.

Burrascano, S., W. S. Keeton, F. M. Sabatini, and C. Blasi. 2013.
“Commonality and Variability in the Structural Attributes of
Moist Temperate Old-Growth Forests: A Global Review.”
Forest Ecology and Management 291: 458-479.

Busby, S. U., A. M. Klock, and J. S. Fried. 2023. “Inventory Analysis
of Fire Effects Wrought by Wind-Driven Megafires in Relation
to Weather and Pre-Fire Forest Structure in the Western
Cascades.” Fire Ecology 19: 58.

Campbell, J., D. Donato, D. Azuma, and B. Law. 2007. “Pyrogenic
Carbon Emission from a Large Wildfire in Oregon,
United States.” Journal of Geophysical Research: Biogeosciences
112: G04014.

Case, M. J,, B. G. Johnson, K. J. Bartowitz, and T. W. Hudiburg.
2021. “Forests of the Future: Climate Change Impacts and
Implications for Carbon Storage in the Pacific Northwest,
USA.” Forest Ecology and Management 482: 118886.

Cawson, J. G., T. J. Duff, K. G. Tolhurst, C. C. Baillie, and T. D.
Penman. 2017. “Fuel Moisture in Mountain Ash Forests with
Contrasting Fire Histories.” Forest Ecology and Management
400: 568-577.

Chen, J., J. F. Franklin, and T. A. Spies. 1993. “Contrasting
Microclimates among Clearcut, Edge, and Interior of
Old-Growth Douglas-Fir Forest.” Agricultural and Forest
Meteorology 63: 219-237.

Cruz, M. G., M. E. Alexander, and R. H. Wakimoto. 2004.
“Modeling the Likelihood of Crown Fire Occurrence in
Conifer Forest Stands.” Forest Science 50: 640-658.

Dietenberger, M. 2002. “Update for Combustion Properties of Wood
Components.” Fire and Materials 26: 255-267.

Donato, D. C., J. L. Campbell, J. B. Fontaine, and B. E. Law. 2009.
“Quantifying Char in Postfire Woody Detritus Inventories.”
Fire Ecology 5: 104-115.

Donato, D. C., J. B. Fontaine, and J. L. Campbell. 2016. “Burning
the Legacy? Influence of Wildfire Reburn on Dead Wood
Dynamics in a Temperate Conifer Forest.” Ecosphere 7: €01341.

Donato, D. C,, J. B. Fontaine, J. L. Campbell, W. D. Robinson, J. B.
Kauffman, and B. E. Law. 2009. “Conifer Regeneration in
Stand-Replacement Portions of a Large Mixed-Severity
Wildfire in the Klamath-Siskiyou Mountains.” Canadian
Journal of Forest Research 39: 823-838.

Donato, D. C,, J. B. Fontaine, J. B. Kauffman, W. D. Robinson, and
B. E. Law. 2013. “Fuel Mass and Forest Structure Following
Stand-Replacement Fire and Post-Fire Logging in a
Mixed-Evergreen Forest.” International Journal of Wildland
Fire 22: 652-666.

Donato, D. C., J. S. Halofsky, and M. J. Reilly. 2020. “Corralling a
Black Swan: Natural Range of Variation in a Forest Landscape
Driven by Rare, Extreme Events.” Ecological Applications 30: e02013.

Donato, D. C., B. J. Harvey, W. H. Romme, M. Simard, and M. G.
Turner. 2013. “Bark Beetle Effects on Fuel Profiles across a
Range of Stand Structures in Douglas-Fir Forests of Greater
Yellowstone.” Ecological Applications 23: 3-20.

Dye, A. W., M. J. Reilly, A. McEvoy, R. Lemons, K. L. Riley, J. B.
Kim, and B. K. Kerns. 2024. “Simulated Future Shifts
in Wildfire Regimes in Moist Forests of Pacific Northwest,
USA.” Journal of Geophysical Research: Biogeosciences 129:
€2023JG007722.

Dyer, A. S., S. Busby, C. Evers, M. Reilly, A. Zuspan, and A. Holz.
2025. “Post-Fire Delayed Tree Mortality in Mesic Coniferous
Forests Reduces Fire Refugia and Seed Sources.” Landscape
Ecology 40: 101.

Evers, C., A. Holz, S. Busby, and M. Nielsen-Pincus. 2022. “Extreme
Winds Alter Influence of Fuels and Topography on Megafire
Burn Severity in Seasonal Temperate Rainforests under
Record Fuel Aridity.” Fire 5: 41.

Fahnestock, G. R., and J. K. Agee. 1983. “Biomass Consumption
and Smoke Production by Prehistoric and Modern Forest Fires
in Western Washington.” Journal of Forestry 81: 653-57.

Franklin, J. F., and C. T. Dyrness. 1973. Natural Vegetation of
Oregon and Washington. Gen. Tech. Rep. PNW-GTR-008.
Portland, OR: U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station.

Franklin, J. F., D. Lindenmayer, J. A. MacMahon, A. McKee, J.
Magnuson, D. A. Perry, R. Waide, and D. Foster. 2000.
“Threads of Continuity.” Conservation in Practice 1: 8-17.

Franklin, J. F., T. A. Spies, R. V. Pelt, A. B. Carey, D. A.
Thornburgh, D. R. Berg, D. B. Lindenmayer, et al. 2002.
“Disturbances and Structural Development of Natural Forest
Ecosystems with Silvicultural Implications, Using Douglas-Fir

851807 SUOWIWIOD 3AEaID 3|qedldde 8y Aq paulenof a1e 9 YO ‘SN JO S3|NJ Joj AXeIq 1T 3UIIUO A8]IA U (SUO N IPUOD-PUe-SWLBYL0D A8 | IMAe.d1)BUI|UO//SARY) SUORIPUOD PUe Swie | 81 89S *[5202/2T/80] Uo Atelq)TaulluO AB|IM ‘6.70L 'ZS98/200T OT/I0p/L0D" 8| 1M Aleid 1 Bul|UO'S UINO fesay/sdny wiou4 papeo|umoq ‘2T ‘G202 ‘526805TE



ECOSPHERE

| 150f 16

Forests as an Example.” Forest Ecology and Management 155:
399-423.

Gray, A. N., and J. F. Franklin. 1997. “Effects of Multiple Fires on
the Structure of Southwestern Washington Forests.” Northwest
Science 71: 174-185.

Gray, A. N., T. R. Whittier, and M. E. Harmon. 2016. “Carbon
Stocks and Accumulation Rates in Pacific Northwest Forests:
Role of Stand Age, Plant Community, and Productivity.”
Ecosphere 7: €01224.

Harmon, M. E., W. K. Ferrell, and J. F. Franklin. 1990. “Effects on
Carbon Storage of Conversion of Old-Growth Forests to Young
Forests.” Science 247: 699-702.

Harmon, M. E., J. F. Franklin, F. J. Swanson, P. Sollins, S. V.
Gregory, J. D. Lattin, N. H. Anderson, et al. 1986. “Ecology of
Coarse Woody Debris in Temperate Ecosystems.” Advances in
Ecological Research 15: 133-302.

Harmon, M. E., C. W. Woodall, B. Fasth, and J. Sexton. 2008.
Woody Detritus Density and Density Reduction Factors for Tree
Species in the United States: A Synthesis. Gen. Tech. Rep.
NRS-29. Newtown Square, PA: U.S. Department of
Agriculture, Forest Service, Northern Research Station.

Hoecker, T. J., and M. G. Turner. 2022. “A Short-Interval Reburn
Catalyzes Departures from Historical Structure and
Composition in a Mesic Mixed-Conifer Forest.” Forest Ecology
and Management 504: 119814.

Hudiburg, T., J. Mathias, K. Bartowitz, D. M. Berardi, K. Bryant, E.
Graham, C. A. Kolden, R. A. Betts, and L. Lynch. 2023.
“Terrestrial Carbon Dynamics in an Era of Increasing
Wildfire.” Nature Climate Change 13: 1306-16.

Janisch, J. E., and M. E. Harmon. 2002. “Successional Changes in
Live and Dead Wood Carbon Stores: Implications for Net
Ecosystem Productivity.” Tree Physiology 22: 77-89.

Johnston, J. D., M. R. Schmidt, A. G. Merschel, W. M. Downing,
M. R. Coughlan, and D. G. Lewis. 2023. “Exceptional
Variability in Historical Fire Regimes across a Western
Cascades Landscape, Oregon, USA.” Ecosphere 14: e4735.

Johnstone, J. F., C. D. Allen, J. F. Franklin, L. E. Frelich, B. J.
Harvey, P. E. Higuera, M. C. Mack, et al. 2016. “Changing
Disturbance Regimes, Ecological Memory, and Forest Resilience.”
Frontiers in Ecology and the Environment 14: 369-378.

Kashian, D. M., W. H. Romme, D. B. Tinker, M. G. Turner, and
M. G. Ryan. 2006. “Carbon Storage on Landscapes with
Stand-Replacing Fires.” BioScience 56: 598-606.

Kattge, J., G. Bonisch, S. Diaz, S. Lavorel, I. C. Prentice, P. Leadley,
S. Tautenhahn, et al. 2020. “TRY Plant Trait
Database — Enhanced Coverage and Open Access.” Global
Change Biology 26: 119-188.

Kauffman, J. B., L. M. Ellsworth, D. M. Bell, S. Acker, and J. Kertis.
2019. “Forest Structure and Biomass Reflects the Variable
Effects of Fire and Land Use 15 and 29 Years Following Fire
in the Western Cascades, Oregon.” Forest Ecology and
Management 453: 117570.

Keeley, J. E. 2009. “Fire Intensity, Fire Severity and Burn Severity:
A Brief Review and Suggested Usage.” International Journal of
Wildland Fire 18: 116-126.

Landesmann, J. B., F. Tiribelli, J. Paritsis, T. T. Veblen, and T.
Kitzberger. 2021. “Increased Fire Severity Triggers Positive
Feedbacks of Greater Vegetation Flammability and Favors

Plant Community-Type Conversions.” Journal of Vegetation
Science 32: €12936.

Laughlin, M. M., L. K. Rangel-Parra, J. E. Morris, D. C. Donato,
J. S. Halofsky, and B. J. Harvey. 2023. “Patterns and Drivers of
Early Conifer Regeneration Following Stand-Replacing
Wildfire in Pacific Northwest (USA) Temperate Maritime
Forests.” Forest Ecology and Management 549: 121491.

Law, B. E., D. Turner, J. Campbell, O. J. Sun, S. Van Tuyl, W. D.
Ritts, and W. B. Cohen. 2004. “Disturbance and Climate
Effects on Carbon Stocks and Fluxes across Western Oregon
USA.” Global Change Biology 10: 1429-44.

Lindenmayer, D. B., G. E. Likens, and J. F. Franklin. 2010. “Rapid
Responses to Facilitate Ecological Discoveries from Major
Disturbances.” Frontiers in Ecology and the Environment 8:
527-532.

Lutes, D. C., R. E. Keane, J. F. Caratti, C. H. Key, N. C. Benson, S.
Sutherland, and L. J. Gangi. 2006. FIREMON: Fire Effects
Monitoring and Inventory System. Gen. Tech. Rep.
RMRS-GTR-164. Fort Collins, CO: U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research Station.

Means, J. E., H. A. Hansen, G. J. Koerper, P. B. Alaback, and M. W.
Klopsch. 1994. Software for Computing Plant Biomass — BIOPAK
Users Guide. Gen. Tech. Rep. PNW-GTR-340. Portland, OR: U.S.
Department of Agriculture, Forest Service, Pacific Northwest
Research Station.

Meigs, G. W., D. P. Turner, W. D. Ritts, Z. Yang, and B. E. Law.
2011. “Landscape-Scale Simulation of Heterogeneous Fire
Effects on Pyrogenic Carbon Emissions, Tree Mortality, and
Net Ecosystem Production.” Ecosystems 14: 758-775.

Minore, D. 1979. Comparative Autecological Characteristics of
Northwestern Tree Species — A Literature Review. Gen. Tech. Rep.
PNW-GTR-087. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station.

Morris, J. E. 2025. “Harvey-Lab-UW/Morris_etal_2025_Ecosphere:
Release of Data for Morris et al. 2025 Ecosphere (v1.0.0).”
Dataset. Zenodo. https://doi.org/10.5281/zenodo.17538353.

Peters, D. P. C., A. E. Lugo, F. S. Chapin, III, S. T. A. Pickett, M.
Duniway, A. V. Rocha, F. J. Swanson, C. Laney, and J. Jones.
2011. “Cross-System Comparisons Elucidate Disturbance
Complexities and Generalities.” Ecosphere 2: art81.

Pickett, S. T. A., and P. S. White, eds. 1985. The Ecology of Natural
Disturbance and Patch Dynamics. San Diego, CA: Academic
Press, Inc.

Pregitzer, K. S., and E. S. Euskirchen. 2004. “Carbon Cycling and
Storage in World Forests: Biome Patterns Related to Forest
Age.” Global Change Biology 10: 2052-77.

PRISM Climate Group. 2024. “Norm91m: 30-Year Normals, 1991-2020.”
Oregon State University. https://prism.oregonstate.edu.

Pugh, T. A. M., A. Arneth, M. Kautz, B. Poulter, and B. Smith.
2019. “Important Role of Forest Disturbances in the Global
Biomass Turnover and Carbon Sinks.” Nature Geoscience 12:
730-35.

R Core Team. 2024. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.

Raymond, C. L., and D. McKenzie. 2012. “Carbon Dynamics of
Forests in Washington, USA: 21st Century Projections Based
on Climate-Driven Changes in Fire Regimes.” Ecological
Applications 22: 1589-1611.

851807 SUOWIWIOD 3AEaID 3|qedldde 8y Aq paulenof a1e 9 YO ‘SN JO S3|NJ Joj AXeIq 1T 3UIIUO A8]IA U (SUO N IPUOD-PUe-SWLBYL0D A8 | IMAe.d1)BUI|UO//SARY) SUORIPUOD PUe Swie | 81 89S *[5202/2T/80] Uo Atelq)TaulluO AB|IM ‘6.70L 'ZS98/200T OT/I0p/L0D" 8| 1M Aleid 1 Bul|UO'S UINO fesay/sdny wiou4 papeo|umoq ‘2T ‘G202 ‘526805TE


https://doi.org/10.5281/zenodo.17538353
https://prism.oregonstate.edu

16 of 16

MORRIS ET AL.

Rebain, S. A. 2010. The Fire and Fuels Extension to the Forest
Vegetation Simulator: Updated Model Documentation. Internal
Report. Fort Collins, CO: U.S. Department of Agriculture,
Forest Service, Forest Management Service Center.

Reilly, M. J., J. E. Halofsky, M. A. Krawchuk, D. C. Donato, P. F.
Hessburg, J. D. Johnston, A. G. Merschel, M. E. Swanson, J. S.
Halofsky, and T. A. Spies. 2021. “Fire Ecology and
Management in Pacific Northwest Forests.” In Fire Ecology
and Management: Past, Present, and Future of US Forested
Ecosystems, edited by C. H. Greenberg and B. Collins, 393-435.
Cham: Springer International Publishing.

Reilly, M. J., A. Zuspan, J. S. Halofsky, C. Raymond, A. McEvoy,
A. W. Dye, D. C. Donato, et al. 2022. “Cascadia Burning: The
Historic, but Not Historically Unprecedented, 2020 Wildfires
in the Pacific Northwest, USA.” Ecosphere 13: e4070.

Reilly, M. J., A. Zuspan, and Z. Yang. 2023. “Characterizing
Post-Fire Delayed Tree Mortality with Remote Sensing: Sizing
up the Elephant in the Room.” Fire Ecology 19: 64.

Reinhardt, E., D. Lutes, and J. Scott. 2006. “FuelCalc: A Method for
Estimating Fuel Characteristics.” In Conference Proceedings
RMRS-P-41, 273-282. Portland, OR: U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research Station.

Reinhardt, E., J. Scott, K. Gray, and R. Keane. 2006. “Estimating
Canopy Fuel Characteristics in Five Conifer Stands in the
Western United States Using Tree and Stand Measurements.”
Canadian Journal of Forest Research 36: 2803-14.

Sando, R. W., and C. H. Wick. 1972. A Method of Evaluating Crown
Fuels in Forest Stands. Research Paper NC-84. St. Paul, MN: U.
S. Department of Agriculture, Forest Service, North Central
Forest Experiment Station.

Santin, C., S. H. Doerr, E. S. Kane, C. A. Masiello, M. Ohlson, J. M.
de la Rosa, C. M. Preston, and T. Dittmar. 2016. “Towards a
Global Assessment of Pyrogenic Carbon from Vegetation
Fires.” Global Change Biology 22: 76-91.

Scott, J. H., and E. D. Reinhardt. 2001. Assessing Crown Fire
Potential by Linking Models of Surface and Crown
Fire Behavior. Research Paper RMRS-RP-29. Fort Collins, CO:
U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station.

Seidl, R, W. Rammer, and T. A. Spies. 2014. “Disturbance Legacies
Increase the Resilience of Forest Ecosystem Structure, Composition,
and Functioning.” Ecological Applications 24: 2063-77.

Seidl, R., D. Thom, M. Kautz, D. Martin-Benito, M. Peltoniemi, G.
Vacchiano, J. Wild, et al. 2017. “Forest Disturbances under
Climate Change.” Nature Climate Change 7: 395-402.

Seidl, R., and M. G. Turner. 2022. “Post-Disturbance
Reorganization of Forest Ecosystems in a Changing World.”
Proceedings of the National Academy of Sciences of the
United States of America 119: €2202190119.

Simard, M., W. H. Romme, J. M. Griffin, and M. G. Turner. 2011.
“Do Mountain Pine Beetle Outbreaks Change the Probability
of Active Crown Fire in Lodgepole Pine Forests?” Ecological
Monographs 81: 3-24.

Snell, J. A. K, and S. N. Little. 1983. Predicting Crown Weight and Bole
Volume of Five Western Hardwoods. Gen. Tech. Rep. PNW-GTR-151.
Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific
Northwest Forest and Range Experiment Station.

Spies, T. A. 1991. “Plant Species Diversity and Occurrence in
Young, Mature, and Old-Growth Douglas-Fir Stands
in Western Oregon and Washington.” In Wildlife and
Vegetation of Unmanaged Douglas-Fir Forests, edited by L. F.
Ruggiero, K. B. Aubry, A. B. Carey, and M. H. Huff, 111-121.
Portland, OR: U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station.

Spies, T. A., J. F. Franklin, and T. B. Thomas. 1988. “Coarse Woody
Debris in Douglas-Fir Forests of Western Oregon and
Washington.” Ecology 69: 1689-1702.

Spies, T. A., P. A. Stine, R. Gravenmier, J. W. Long, and M. J.
Reilly. 2018. Synthesis of Science to Inform Land Management
within the Northwest Forest Plan Area. Gen. Tech. Rep.
PNW-GTR-966. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station.

Stevens, J. T., M. M. Kling, D. W. Schwilk, J. M. Varner, and J. M.
Kane. 2020. “Biogeography of Fire Regimes in Western
U.S. Conifer Forests: A Trait-Based Approach.” Global Ecology
and Biogeography 29: 944-955.

Swanson, M. E,, J. F. Franklin, R. L. Beschta, C. M. Crisafulli, D. A.
DellaSala, R. L. Hutto, D. B. Lindenmayer, and F. J. Swanson.
2011. “The Forgotten Stage of Forest Succession:
Early-Successional Ecosystems on Forest Sites.” Frontiers in
Ecology and the Environment 9: 117-125.

Tepley, A. J., F. J. Swanson, and T. A. Spies. 2013. “Fire-Mediated
Pathways of Stand Development in Douglas-Fir/Western
Hemlock Forests of the Pacific Northwest, USA.” Ecology 94:
1729-43.

Thompson, J. R., T. A. Spies, and L. M. Ganio. 2007. “Reburn
Severity in Managed and Unmanaged Vegetation in a Large
Wildfire.” Proceedings of the National Academy of Sciences of
the United States of America 104: 10743-48.

Van Pelt, R. 2007. Identifying Mature and Old Forests in Western
Washington, 104. Olympia, WA: Washington State Department
of Natural Resources.

Volkova, L., K. I. Paul, S. H. Roxburgh, and C. J. Weston. 2022.
“Tree Mortality and Carbon Emission as a Function of
Wildfire Severity in South-Eastern Australian Temperate
Forests.” Science of the Total Environment 853: 158705.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Morris, Jenna E.,
Madison M. Laughlin, Liliana K. Rangel-Parra,
Daniel C. Donato, Joshua S. Halofsky, David

E. Butman, and Brian J. Harvey. 2025. “Pre-Fire
Structure Drives Variability in Post-Fire
Aboveground Carbon and Fuel Profiles in Wet
Temperate Forests.” Ecosphere 16(12): e70479.
https://doi.org/10.1002/ecs2.70479

851807 SUOWIWIOD 3AEaID 3|qedldde 8y Aq paulenof a1e 9 YO ‘SN JO S3|NJ Joj AXeIq 1T 3UIIUO A8]IA U (SUO N IPUOD-PUe-SWLBYL0D A8 | IMAe.d1)BUI|UO//SARY) SUORIPUOD PUe Swie | 81 89S *[5202/2T/80] Uo Atelq)TaulluO AB|IM ‘6.70L 'ZS98/200T OT/I0p/L0D" 8| 1M Aleid 1 Bul|UO'S UINO fesay/sdny wiou4 papeo|umoq ‘2T ‘G202 ‘526805TE


https://doi.org/10.1002/ecs2.70479

	Pre‐fire structure drives variability in post‐fire aboveground carbon and fuel profiles in wet temperate forests
	Abstract
	INTRODUCTION
	METHODS
	Study area
	Sampling design
	Field data collection
	Trees
	Live understory vegetation
	Dead surface fuel

	Biomass and fuels calculations
	Aboveground biomass carbon
	Charred wood
	Fuel profiles

	Statistical analysis

	RESULTS
	Post‐fire aboveground biomass carbon
	Post‐fire fuel profiles
	Surface fuels
	Canopy fuels


	DISCUSSION
	Pre‐fire stand age drives variability in total post‐fire legacies
	Burn severity moderates the condition of post‐fire legacies
	Implications for future forest dynamics and management

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


