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Abstract 

Background Six synchronous, wind-driven, high severity megafires burned over 300,000 hectares of mesic temper-
ate forest in the western Cascades of NW Oregon and SW Washington states in early September 2020. While remote 
sensing data has been utilized to estimate fire severity across the fires, assessments of fire impacts informed by field 
observations are missing. We compiled field measurement data, pre- and post-fire, from a statistically representative 
sample of existing forest inventory analysis (FIA) plots, to estimate stand-level fire effects indices that describe (1) tree 
survival and its implications for carbon emissions, (2) effects on tree crowns, and (3) effects on soils. Field observations 
were analyzed in relation to fire weather when plots burned and to evaluate accuracy of remotely sensed burn sever-
ity classifications.

Results Wind speed strongly interacted with tree size and stand age to influence tree survival. Under high fuel arid-
ity but light winds, young stands composed of small trees, found primarily on private lands, exhibited a much lower 
survival rate than older stands composed of medium to large trees, found primarily on federal lands. Under moderate 
to high winds, poor tree survival was characteristic of all forest structures and ownerships. Fire impacts on tree crowns 
were strongly related to wind speed, while fire impacts on soils were not. These fires transferred nearly 70 MMT  CO2e 
from wood in live and growing trees to a combination of immediate smoke and carbon emissions, plus delayed emis-
sions from dead wood, that will release most of the embodied carbon over the next few decades. These emissions 
will exceed all 2020 anthropogenic emissions in Oregon (64 MMT  CO2e). Substantial discrepancies were observed 
between two remotely sensed burn severity products, BAER-SBS and MTBS-TC, and field observed soil organic matter 
cover and tree mortality, respectively.

Conclusions Post-fire FIA plot remeasurements are valuable for understanding fire’s impact on forest ecosystems 
and as an empirical basis for model validation and hypothesis testing. This continuous forest inventory system will 
compound the value of these post-fire remeasurements, enabling analysis of post-fire forest ecosystem trajectories 
in relation to both immediate fire impacts and pre-fire conditions.
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Resumen 

Antecedentes Seis megaincendios sincrónicos de alta severidad y conducidos por el viento, quemaron más de 300 
mil ha de bosques templados mésicos en las montañas West Cascades en el noreste de los estados de Oregón y el 
sudeste de Washington (EEUU) a principios de septiembre de 2020. Aunque los datos de sensores remotos han sido 
utilizados para estimar la severidad del fuego a través de diferentes incendios, éstos omiten la determinación de los 
impactos del fuego que provee la observación visual a campo. Compilamos datos de mediciones a campo previos 
y posteriores al incendio de una muestra estadísticamente representativa de inventarios existentes de análisis de 
parcelas (FIA), para estimar los índices de los efectos del fuego a nivel de rodal y que describen (1) la supervivencia de 
árboles y sus implicancias en las emisiones de carbono, (2) los efectos del fuego sobre las coronas de los árboles, y (3) 
los efectos del fuego sobre el suelo. Las observaciones de campo fueron analizadas sobre las parcelas y en relación 
con la meteorología al momento del incendio, y para evaluar la exactitud de la clasificación de la severidad mediante 
los sensores remotos.

Resultados La velocidad del viento interactuó de manera muy fuerte con el tamaño de los árboles y la edad del 
rodal en la supervivencia de los árboles. Bajo condiciones de alta aridez de los combustibles, pero vientos leves, los 
rodales de árboles jóvenes, encontrados primariamente en campos privados, exhibieron una mucho menor tasa de 
supervivencia que rodales más antiguos compuestos de árboles medianos a grandes, encontrados principalmente 
en tierras federales. Bajo vientos moderados a altos, una supervivencia muy pobre fue una característica encontrada 
en todas las estructuras y formas de tenencia de esos bosques. El impacto del fuego en las coronas de los árboles fue 
fuertemente relacionado con la velocidad del viento, mientras que ésta no tuvo relación con los impactos sobre el 
suelo. Estos incendios transfirieron cerca de 70 MMT de Carbono equivalente desde la biomasa viva y en combinación 
con el humo y emisiones inmediatas de carbono, más las emisiones retrasadas retenidas por la biomasa muerta y 
que se irán liberando en las próximas décadas. Estas emisiones excederán las emisiones antropogénicas ocasionadas 
en 2020 en Oregon (64 MMT CO2e). Discrepancias substanciales fueron observadas entre dos productos obtenidos 
de información de sensores remotos, BAER-SB y MTBS-TC, y las observaciones de campo sobre cobertura de materia 
orgánica y mortalidad de árboles, respectivamente.

Conclusiones La remedición de parcelas FIA post fuego son valiosas para entender el impacto del fuego en eco-
sistemas forestales como una base empírica para la validación de modelos y testeo de hipótesis. Este modelo de 
monitoreo continuo recompondrá el valor de estas remediciones post fuego, permitiendo el análisis de la trayectoria 
post-fuego del ecosistema en relación tanto con los impactos inmediatos post fuego como de las condiciones pre-
vias pre-fuego.

Background
Historical and contemporary wildfire activity and pat-
terns within the mesic, highly productive forests of 
the western Cascades in Oregon and Washington are 
strongly driven by mean and interannual climate vari-
ability, where fuel moisture is the major factor limiting 
fire spread (Agee 1993; Reilly et  al. 2021). In early Sep-
tember of 2020, extreme forest fuel aridity coincided 
with human- and lightning- caused ignitions and strong 
easterly winds, burning over 300,000 hectares of forested 
lands distributed across a range of land ownerships and 
contemporary forest management legacies. These six 
synchronous megafire events (i.e., > 10,000  ha burned; 
Linley et  al. 2022), referred to hereafter collectively as 
the Labor Day 2020 Fires, exploded over a 2-day period 
driven by intense easterly winds and extremely dry con-
ditions (Abatzoglou et al. 2021). Rapid crown fire spread 
and extreme fire intensities burned thousands of hec-
tares, creating large patches of high severity outcomes 
(Reilly et al. 2022). Due to their extent and severity, these 

megafires will have significant, long-lasting impacts on 
ecosystems, landowners, and land-users in the western 
Cascades (Fig. 1).

While studies have summarized burn severity pat-
terns and/or modeled drivers of fire effects at broad-
scale across the Labor Day 2020 Fires via remote sensing 
(Evers et al. 2022; Reilly et al. 2022), detailed field obser-
vations of post-fire tree survival and the status of tree 
crowns and soils are needed to better understand the 
impact of these fires on forest ecosystems. Such infor-
mation is essential for estimating these fires’ effects on 
forest carbon trajectories, how and the extent to which 
pre-fire forest structure drives fire effects, standing and 
downed wood legacies in the post-fire forest, changes in 
soil organic matter, needs and opportunities for post-fire 
management (e.g., salvage logging and rehabilitation), 
and to validate and refine empirical models, remote sens-
ing products, and indices that predict fire effects.

While others have collected field-based post-fire for-
est data to support a variety of research objectives, few 
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Fig. 1 The six fire events that comprise “the 2020 Labor Day fires” in Oregon and southwest Washington, attributed by remotely sensed Monitoring 
Trends in Burn Severity (MTBS) burn severity class. Light green shading indicates forested area with at least 10% canopy cover as reported 
by the National Land Cover Dataset (NLCD)
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have leveraged pre- and post-fire data owing to a dearth 
of extant plots sampled under a consistent protocol 
(researchers lack foreknowledge of future fire footprints) 
or the high costs and exceptional logistical challenges 
associated with the timely remeasurement of plots. When 
pre-fire data are absent, pre-fire forest characteristics are 
sometimes “reconstructed” by inference from post-fire 
observations and fire age, injecting unknown degrees 
of imprecision and uncertainty into a field “observed” 
dataset before analysis even begins. The USDA Forest 
Service’s Forest Inventory and Analysis (FIA) program 
collects a spatially balanced and statistically representa-
tive sample of forests in the USA via an extensive network 
of permanent, field-measured inventory plots. Recurring 
field measures from FIA plots provide a detailed and 
spatially and temporally consistent source of data valu-
able for characterizing forest structure and understory 
attributes. In the western US over the past two decades, 
a measurement cycle consists of ten annual panels, each 
comprising 10% of the plots—hence its name: annual 
inventory. A Fire Effects and Recovery Survey (FERS) 
protocol has been developed, implemented, and refined 
to augment the standard FIA inventory protocol with a 
rapid (typically within 1-year post-fire) off-cycle remeas-
urement visit. Post-fire remeasurements collect all the 
standard FIA measurements plus data needed to evalu-
ate the effects of fire on tree crowns and ground surface 
substrates, enabling estimation of fire impacts across 
forest classifications of interest such as forest type, age 
and structure class, and landowner group. Intermittently 
implemented in years with large area burned that coin-
cided with availability of funds to collect data, the pro-
tocol was until now implemented almost exclusively on 
federal lands and never in the “westside” forest region 
of Oregon and Washington where large fires have been 
rare since before the annual inventory began circa 2001. 
A coproduction effort to exploit the unique learning 
opportunity these fires afforded and pooled resources 
among the Oregon Department of Forestry, Bureau of 
Land Management, and the USDA Forest Service’s PNW 
Region and PNW Research Station enabled collection of 
FERS data from 236 forested FIA plots, across all owner-
ships, in the western Cascades within the perimeters of 
six Labor Day 2020 fire events by the end of 2021.

Under projected increases in fire activity this cen-
tury within the western Cascades (Halofsky et al. 2018a, 
2020), uncertainty persists as to whether high sever-
ity (i.e., > 75% overstory tree mortality) megafire events 
will become more frequent (e.g., 2022 Cedar Creek 
Fire; > 50,000 ha) and, further, if and how mesic westside 
forests can be managed to enhance fire resistance under 
moderate to severe fire weather (Halofsky et  al. 2018b). 
Owing to a low incidence of large wildfires in westside 

forests over the last half-century, empirical data have 
been too limited to test hypotheses linking forest struc-
ture to fire severity, and especially under the kind of 
extreme fuel aridity and east winds that drove infrequent 
high-severity megafires in the historical record (e.g., 
1902 Yacolt Fire), and which comprise a critical share of 
the historical western Cascades fire regime (Agee 1993; 
Reilly et al. 2021). Thus, pre- and post-fire FIA data col-
lected from the Labor Day 2020 Fires present a unique 
and invaluable dataset for exploring a variety of questions 
and testing hypotheses related to fire effects in western 
Cascades forests.

This paper demonstrates the potential of FERS data 
to address fundamental questions in forest fire ecology 
and to assess consistency of the remote sensing repre-
sentations of fire severity that are so often relied upon 
in ecological assessments of fire effects. We developed 
and implemented repeatable procedures for process-
ing FIA pre- and FERS post-fire data into stand-level 
fire effect responses in the form of post-fire indices 
that characterize the short-term transformation of 
these forests by fire from multiple, policy- and man-
agement-relevant perspectives. These indices classify 
the post-fire forest landscape in a way that may explain 
differences in post-fire early seral legacies and implied 
management needs, suggest implications for forest 
carbon dynamics, and provide a basis for contrasting 
outcomes generated by alternative pre-fire forest stand 
structures. We summarize (1) tree survival (and related 
carbon implications), (2) effects on forest canopy via 
tree crown consumption and scorch, and (3) effects 
on soil organic matter and integrity. To account for 
and understand the effect of wind speed on observed 
fire effects across plots (i.e., the primary driver of fire 
spread, intensity, and severity of effects), we linked spa-
tially explicit, modeled hourly mean wind speed data 
with custom interpolations of fire progression maps to 
estimate wind speed when the fire front first contacted 
each FIA plot. The integration of these data enables this 
paper to address four policy-relevant research ques-
tions for the 2020 westside fires:

1. How do fire effects (tree survival, crowns, and soils) 
vary by fire perimeter, ownership, forest age & struc-
ture class, and by estimated windspeed?

2. How much tree biomass has been converted from 
live to dead due to fire, by ownership and stand age 
class?

3. On how much forest area did post-fire salvage log-
ging occur during the first-year post-fire and how 
much tree biomass was harvested?

4. How closely do remotely sensed burn severity prod-
uct classifications track field observed fire effects?



Page 5 of 23Busby et al. Fire Ecology           (2023) 19:58  

Methods
Study area
We analyzed pre- and post-fire forest survey data from 
236 forested FIA plots distributed across six distinct 2020 
Labor Day Fires that burned in the western Cascades 
mountains from central Oregon north to SW Washing-
ton (Fig. 1). A mesic Mediterranean climate with warm, 
dry summers and cool, wet winters prevails here, with 
increases in annual precipitation and decreases in annual 
temperature following both a west-to-east elevational 
gradient and a south-to-north latitudinal gradient. Soils 
in these landscapes are primarily well-drained, ashy sandy 
loam andisols (USDA 2022). A mesic climate and limited 
fire frequency and extent has produced high stand den-
sity and nearly continuous canopy cover, with few large 
(> 5  ha) open patches distributed across the landscape 
that do not result from regeneration harvesting. Most 
low elevation forests on the western edge are privately 
owned, managed predominantly for timber produc-
tion, and have a tree canopy composed overwhelmingly 
of Douglas-fir (Pseudotsuga menziesii). The mid-to-high 
elevation forests farther east are largely administered by 
the USDA Forest Service as national forests or by the 
Bureau of Land Management as BLM district forests. 
Habitat, ecosystem services, and recreation are promi-
nent management objectives for both agencies; however, 
there is greater timber production emphasis on BLM 
lands. Many high-elevation forests near the Cascade 
Crest are within designated wilderness. At mid-eleva-
tions, tree species composition is commonly dominated 
by western hemlock (Tsuga heterophylla) and/or Doug-
las-fir and at high-elevations by Pacific silver fir (Abies 
amabilis) and/or mountain hemlock (Tsuga mertensiana) 
(Franklin and Dyrness 1973). Except for moderately fire-
resistant Douglas-fir, most species are shade-tolerant and 
fire-sensitive (i.e., with thin bark and canopies approach-
ing the ground; Agee 1993). Pre-fire species composition 
(proportion of live tree volume) observed in FIA plots 
across fires was largely dominated by Douglas-fir (~ 71%) 
followed by western hemlock (~ 12%); western hemlock 
abundance increased with latitude (~ 7% in Archie Creek 
fire to ~ 25% in Big Hollow fire; Table S1). See Table 1 for 
summary statistics on the areal distribution of forest size 
and age classes by ownership.

Data acquisition and processing
Description of pre‑ and post‑fire field data
FIA is a nationally consistent forest inventory and moni-
toring program based on permanent plots designed to 
be maintained and remeasured in perpetuity, with core 
and core-optional protocols adopted by some regions; 
for example, down wood and understory vegetation 

core-optional protocols have been followed in CA, OR, 
and WA in the PNW region since implementation of the 
annual inventory system. These protocols are defined and 
documented in both database documentation (FIADB 
Users Guide; Burrill et al. 2021) and regional field guides 
(USDA Forest Service PNW Research Station FIA 2022), 
from database use and field implementation perspectives, 
respectively.

The plot “footprint” is a mapped design consisting of a 
sampled area formed by a quartet of 7.3 m (24 ft) radius 
subplots for sampling trees larger than 12.7  cm (5 in) 
diameter at breast height (DBH), each containing a 2.1 m 
(6.8 ft) radius microplot to sample small trees and coin-
cident with a concentric, 18 m (58.9 ft) radius macroplot 
on which the largest trees (those over 76.2 cm [30 in] in 
diameter) are sampled. The quartet is arranged as three 
satellite subplots arrayed symmetrically around a central 
subplot at 36.6 m (120ft) distance and 120-degree inter-
vals. This sampled area is partitioned into separate “con-
ditions” when delineation-qualifying differences (e.g., in 
owner group, forested status, reserve status, forest type, 
stand size class, tree density class) exist and minimum 
condition size and shape criteria are satisfied. Site attrib-
utes such as slope, site quality, stand age, forest type, 
and landowner group are defined and collected at the 
condition level, and each condition can be thought of as 
a “stand,” providing a comparatively homogeneous sam-
pling unit on which analysis can rely. Conditions occu-
pying less than 20% of a plot’s area were excluded from 
all summaries except the carbon analysis in this paper, 
with the area they represent reallocated proportionally 

Table 1 Area (in thousand hectares) and percent (in 
parentheses) of forest area by owner group in each pre-fire 
stand size and age class within the six 2020 Labor Day fires. 
Percentages are for each owner and structure combination 
totaled by column within class type

a Stand size classes: < 25 cm (< 10 in), 25–53 cm (10–20 in), and > 53 cm (> 20 in) 
diameter

Forest structure NFS BLM State Private All

Size class (cm)a

  < 25 20 (18%) 4 (11%) 4 (36%) 44 (45%)  72 (28%)

 25–53 51 (46%) 15 (41%) 2 (17%) 53 (53%)  121 (47%)

  > 53 40 (36%) 18 (48%) 5 (47%) 2 (2%)  65 (25%)

Age class (years)

 0–20 6 (5%) 0 (0%) 3 (27%) 37 (29%) 46 (15%)

 21–60 37 (32%) 17 (40%) 3 (27%) 83 (64%) 140 (47%)

 61–120 34 (30%) 12 (28%) 3 (27%) 3 (2%) 52 (18%)

 121–150 7 (6%) 8 (19%) 2 (18%) 0 (0%) 17 (6%)

  > 150 30 (26%) 6 (14%) 0 (0%) 0 (0%) 36 (12%)

All age classes 114 43 11 129 297
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to the rest of the conditions. Small conditions, sometimes 
termed slivers, commonly increase the risk of introduc-
ing artifacts and noise when calculating tree survival 
(e.g., at the extreme, a condition containing one tree can 
only produce a tree survival proportion of 0 or 1) and 
have such low tree tally that the information represented 
by those trees does not adequately represent a forest 
stand, or in the worst case, the forested condition (identi-
fied as such based on the presence of trees on portions of 
the condition that extend outside the plot footprint) may 
contain no trees at all, making it impossible to calculate 
stand characteristics that we might want to test in rela-
tion to survival, for example, canopy bulk density.

All trees on each forested condition are assessed for 
status (live or dead), measured for diameter, assessed for 
height, crown ratio, defect and disease, and monumented 
with metal tags and diameter nails at each visit, with 
all trees sampled on 2nd and subsequent (i.e., remeas-
urement) visits having their data reconciled in the field 
against measurements from the previous on-panel visit 
to detect, prevent, and resolve measurement errors and 
to enable precise characterization of growth, removals 
and mortality.

Calculation of post‑fire tree survival
Fire effects on tree vegetation at stand, as opposed to 
individual, scale can be expressed in terms of observed 
mortality or survival rates of tree count on a plot, or 
alternatively, trees, basal area, wood volume, or wood 
biomass per unit area (each of which can be obtained via 
expansion of the per plot values and in the case of vol-
ume and biomass, application of allometric equations to 
tree species, diameter and height). In this paper, we chose 
to report on stand level survival rates for wood biomass 
per ha, i.e., wood in live trees that remain live 1-year 
post-fire as a proportion of wood in live trees pre-fire for 
several reasons. What the fire leaves behind in surviving 
trees was slightly more resonant as a fire outcome metric 
than mortality with forest managers, analysts, and policy 
actors we consulted. Biomass gives larger trees (which 
play a more significant role from some perspectives) 
more weight in the metric, though basal area and volume 
would also accomplish this. Relative biomass survival has 
implications that are important to both ecosystem func-
tion and policy relevant considerations such as retention 
of sequestered carbon in forested landscapes.

Tree survival was calculated from an FIA data-
set of 9387 trees that were (1) on plots within the final 
fire perimeter, (2) alive before the fire, and (3) were 
observed to be alive, dead, or harvested post-fire. Trees 
that died from non-fire related causes or were harvested 
before the fire were excluded from this analysis. Trees 
were stratified into three size classes based on pre-fire 

diameter: ≤ 25.4  cm (≤ 10 in), 25.5–50.8  cm (10–20 in), 
and > 50.8 (> 20 in). For each FIA “condition” (a full or 
partial FIA plot), tree survival proportion (TSP) for each 
tree size class, and for all size classes combined, was cal-
culated as the ratio of total above-ground live tree bio-
mass (kg/ha), measured before the fire, in that tree size 
class in trees that remained alive post-fire to the total 
live biomass in that tree size class pre-fire. Biomass per 
tree was calculated using standard FIA methods, which 
rely on species specific allometric equations for bole, 
bark, and branches (Woodall et al 2011), and per hectare 
expansions, calculated with a coefficient that accounts 
for sampling scale (e.g., trees between 12.7 and 75.2 cm 
diameter were sampled on 0.067  ha plots and assigned 
an expander of 14.88, the inverse of plot size). The per 
ha biomass represented by each sample tree was then 
summed to the condition scale, and this sum divided by 
the proportion of the plot in the condition to achieve a 
sample-weight-adjusted per ha value. Salvage biomass 
was calculated for all trees that were harvested within 
a year or less following the fire. This included trees that 
may have initially survived the fire or died owing to non-
fire causes; however, the salvage biomass consisted pre-
dominantly of fire-killed trees.

A post‑fire index for crowns
While tree survival 1-year post-fire is an essential 
descriptor of what fire leaves behind on forested land 
relative to the forest that pre-dated fire’s arrival, sur-
vival (or its complement, mortality) captures only some 
aspects important for understanding prospects for post-
fire trajectories which, on the plots in this study, will 
be monitored for decades under the FIA inventory and 
monitoring system. While the fate of biomass is impor-
tant for understanding site occupancy, future growth, 
reburn potential, protection from soil erosion, organic 
matter inputs to soil, and carbon emissions, so too are 
latent mortality, effects on crowns of trees that don’t die 
and future inputs of litter to the forest floor, especially 
where few trees survive or where little soil organic matter 
remains.

We assigned a crown post-fire index (Crown PFI) to 
each FIA condition (stand), following a post-fire index 
for trees developed by Jain and Graham (2007), from 
observations of tree crowns at the FERS post-fire visit, 
to address some of these ecologically important facets 
of the post-fire environment. To calculate Crown PFI, 
we considered only trees that were alive before the fire 
and that either remained alive or were killed as a direct 
consequence of the fire (n = 6771). All conditions con-
taining trees coded as salvage were excluded from the 
analysis of crown PFI (n = 28), regardless of whether the 
trees were fire-killed before salvage, because crown status 
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could not be observed on trees removed before inven-
tory crews arrived. At the post-fire visit, crews recorded 
the percentages of the pre-fire compacted crown length, 
computed as the product of pre-fire compacted crown 
ratio and pre-fire tree length (length = height for a tree 
that has no lean), in up to three categories that sum to 
100%. A field guide (USDA Forest Service PNW Research 
Station FIA 2021) describes these three categories as 
foliage that is unburned (green), scorched (branches 
with attached foliage that has transitioned from green to 
brown, red, orange, yellow or black), or consumed (black-
ened branches to which foliage had been attached that, 
by the time of observation, were all but devoid of foliage, 
with perhaps a few blackened remnants or with branches 
and foliage completely combusted, i.e., no longer there to 
be observed). We used the key in Table  2 to assign the 
best-fitting Crown PFI class (green, mixed green, mixed 
brown, brown, transition, or black) to each FIA condition 
(stand).

Crown PFI is reported to be flexible and applicable 
to any subset of trees in a stand. To learn how it might 
vary by tree size, we derived three variations of Crown 
PFI, one for each of three overlapping tree subsets with 
alternative minimum tree diameters:> 2.25  cm (>1 in), 
>; 12.7 cm (> 5 in), and > 22.5 cm (> 10 in).

A post‑fire index for soils
We assigned a post-fire soil index (Soil PFI) based on 
classifications of ocular estimates of organic matter cover 
(OMC; ≥ 85%, > 40 to < 85%, > 0 to < 40%, or 0%) and min-
eral soil char class plurality (unburned, light, moder-
ate, or deep) collected on up to 4 microplots (13.44  m2 
each) in forested conditions at the post-fire field visit, 
following Jain et  al. (2012). See Table S2 for the clas-
sification key. Analogous to crown PFI, soil PFI offers a 
framework for characterizing differences in the post-fire 

environment that may foreshadow different stand trajec-
tories (e.g., erosion potential, soil fertility and moisture-
holding capacity) and the vegetation likely to colonize 
the site. Conditions where salvage harvest occurred were 
excluded from the analysis because the movement of har-
vesting equipment would have likely caused changes in 
organic matter cover and exposed mineral soil, leaving 
186 analyzable conditions.

Estimation of wind speed at fire arrival
The expectation that wind would be a very impor-
tant driver of fire effects motivated concerted effort to 
account for wind speed as precisely as practicable for this 
analysis. Initial attempts at analysis using daily weather 
averages per fire yielded unsatisfying results. Though 
most of the fire extent in each of the 2020 Labor Day 
Fires burned within 2–3 days under strong winds, there 
was considerable variability in wind speed, and direction, 
over space and time during those few days of active fire 
spread, making it important to link each inventory plot 
to the weather data representing conditions at the time 
fire encountered that plot. This requirement implied two 
difficult challenges: (1) estimating the hour at which each 
plot first received fire and (2) estimating the wind speed 
and other relevant fire weather variables (such as temper-
ature and relative humidity) that could represent condi-
tions at the plot location. The first challenge should not 
be underestimated. We attempted to use several publicly 
available satellite-based sources to identify that hour and 
obtained wildly divergent results owing to high spatial 
resolution but low refresh frequency of one source and 
high refresh frequency but very coarse spatial resolution 
of another. Briefly summarized below is the approach 
that proved most successful (Klock et al. 2023).

For large fire events in the USA, the Forest Service’s 
National Infrared Operations (NIROPS) unit provides 

Table 2 Key for assigning stand-level crown post-fire index (PFI) based on distributions of trees per acre (tally trees weighted by 
inverse of plot size) by crown status

Post-fire characteristics of the condition Crown PFI class

1: Residual green (unburned) crowns present—“Alive” superclass

1a All trees that were live immediately pre-fire have ≥ 70% residual green (unburned) crown Green

2b At least half of trees have at least 30% of their crown length green (unburned), and none of their crowns 
contain black (consumed), though some are brown (scorched)

Mixed green

3c Some (potentially less than half ) of the trees contain some green (unburned) in their crowns, some con-
tain brown (scorched), and some may contain black (consumed)

Mixed brown

2: Residual green (unburned) crowns absent—“Dead” superclass

2a All trees have at least 90% of their crown length brown (scorched) Brown

2b There is a mixture of trees with brown (scorched) crown, both brown and black (consumed) crown 
and only black crowns

Transition

2c All trees have at least 90% of their crown length black (burned) or consumed Black
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spatial data on fire extent derived from visible/near infra-
red (IR) sensors mounted on aircraft conducting fire 
survey missions that accurately represent, at a scale of 
meters, location of the fire front at the time of the over-
flight. We retrieved these IR fire perimeters from the 
National Interagency Fire Center (NIFC) Operational 
Data Archive 2020 (https:// data- nifc. opend ata. arcgis. 
com/). Unfortunately, processing of IR data to produce 
fire perimeters is sometimes delayed by several days, and 
these flights occur at unpredictable, sometimes multi-
day intervals that are likely dependent on fire conditions, 
weather, and available resources. Anomalies, such as 
perimeters that contract in one or more segments from 
one day to the next, widely varying perimeter intervals 
and an abundance of duplicate records present challenges 
to using this information for our intended purpose. 
Duplicates were filtered and cross-checked against sup-
plemental data logs to obtain accurate acquisition times.

The NIFC fire perimeters were selected for processing 
if they fell within the final fire perimeter and the time 
of interest for each incident (generally September 7–11, 
2020). Because the date and time stamps reported for 
each perimeter proved less than fully reliable, we refined 
them by integrating information from fire data logs, fire 
size growth (acres), alignment with IR points or spot fire 
location data, and Google Earth KMZ files downloaded 
from the NIFC Incident Specific Data website (https:// 
ftp. wildfi re. gov/ public/ incid ent_ speci fic_ data).

To obtain a temporal resolution on plot-fire encoun-
ters finer than the sometimes 24 + hour interval between 
NIFC generated time stamp perimeters, we developed 
a process for estimating the position of additional, 
approximate perimeters interpolated between concentric 
mapped NIFC perimeters guided by ancillary informa-
tion in a geographic information system (GIS). To inform 
the location of these additional “perimeters,” we relied on 
output from the Weather Research Forecasting (WRF) 
simulation model formulated for the Pacific Northwest 
region for September 2020; parameterization is described 
in detail by Mass et al. (2021). This model characterizes 
mean wind speed and direction at 10 m above the land 
surface and temperature and relative humidity at 2  m 
and generates output as a three-dimensional NetCDF 
raster file format, where each 1.3 × 2.0  km grid cell has 
a location, time (hourly resolution), and variable value 
dimension.

We partitioned the time interval spanning each con-
centric adjacent NIFC perimeter pair into 4 equal-length 
analysis time periods (APs). We calculated mean wind 
speed and direction for each AP for the WRF data cov-
ering the time defined by that AP, then visualized that 
wind information via iterative, hourly color ramps in 
the heads-up digitizing map background to guide spatial 

placement of three, approximate, interpolated perim-
eters that partitioned the fire growth represented by the 
AP into four spatially defined quartiles. This process was 
repeated for each concentric adjacent genuine NIFC 
perimeter pair as needed to partition the entire fire pro-
gression period into toroidal AP-quartile polygons attrib-
uted with a time stamp midway between the time stamps 
of the quartile boundaries that formed them. Overlay-
ing exact FIA plot coordinates on time stamp attributed 
polygons derived for all six fires enabled assignment of an 
approximate time stamp representing arrival time of the 
fire to each plot. Finally, weather attributes (wind speed 
and direction, temperature, and relative humidity) were 
assigned to each plot via overlay with the WRF grid clos-
est in time to the plot’s fire arrival time.

Statistical analysis of wind speed effect
Given the widely held hypothesis that these fire events 
were primarily wind-driven, we tested for a threshold 
effect by computing all pairwise dissimilarities (distances) 
between observations based on a Euclidian metric with 
determination of the medoid by a robust partitioning 
method (PAM). The optimal number of clusters was 
selected by evaluating the average silhouette width and 
the variance explained by the first two principal compo-
nents with the R package “cluster” (Maechler et al. 2021). 
The cluster analysis identified two relatively homogenous 
clusters, one on either side of 2.25 m/s (5 mph); thus, data 
summaries were classified into two mean wind speed 
groups, referred to as light (< 2.25 m/s) and moderate to 
strong (> 2.25 m/s) in the remainder of this paper. Mean 
wind speed averages gusts and lulls over time, such that 
gusts much higher than the mean wind speed may have 
occurred. For example, 4–9 m/s gusts might be observed 
under a mean wind speed of 2.25 m/s and > 16 m/s gusts 
observed under a mean wind speed of 9 m/s.

A series of parametric and non-parametric approaches 
were utilized to understand the association between the 
post-fire responses (e.g., tree survival, crown PFI, and soil 
PFI) and weather, land ownership, fire identity, and for-
est structure attributes. All continuous responses were 
evaluated for meeting the assumptions of normality (if 
applicable), and to reduce experiment wise error rates 
(type I error, falsely rejecting the NULL), we adopted a 
more stringent level of significance for all pairwise com-
parisons with Bonferroni correction (Bland and Altman 
1995). We used an alpha level of 0.05 for all statistical 
tests and the analysis was conducted in the programming 
language R (R Core Team 2022).

Live tree carbon effects
We generated a preliminary statistical estimate of fire 
outcomes for the carbon stored in live trees via FIA’s 

https://data-nifc.opendata.arcgis.com/
https://data-nifc.opendata.arcgis.com/
https://ftp.wildfire.gov/public/incident_specific_data
https://ftp.wildfire.gov/public/incident_specific_data
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stratified estimation tools (Bechtold and Patterson 2005), 
using a stratification customized to the fire footprints 
with non-sampled plots assumed to be missing at ran-
dom, to expand live tree carbon outcomes on FIA sam-
ple plots to the area within the 2020 Labor Day fires (e.g., 
enabling comparisons of carbon outcomes by owner 
group and pre-fire forest conditions). These estima-
tion tools also support ratio of means estimators such as 
amount of live tree carbon that moves from live trees to 
dead wood and atmospheric pools per hectare, facilitat-
ing policy-relevant analysis and comparisons of outcomes 
across forest structures and ownerships with different 
areal extents. These estimates consider stand-level pre-
fire live tree carbon to be the calculated woody carbon 
content based on the most recent pre-fire tree measure-
ments in trees attributed by field crews at the post-fire 
visit as having been live immediately preceding the fire, 
summed, with tree expansion weights assigned based on 
the plot size on which each tree is sampled, over all such 
trees on the forested FIA condition. Trees with a post-fire 
status of dead or harvested and utilized and for which fire 
is assigned as the cause of death are considered, in the 
short term, to have left the live tree pool for one or more 
of the following pools: unutilized dead wood, harvested 
wood products, or atmospheric emissions. This account-
ing understates losses from the live tree pool because 
ingrowth trees (which are not accounted for in the pre-
fire inventory data and which, owing to their smaller 
size, are more likely to die by fire) and live tree growth 
since the previous measurement would increase live tree 
losses if we were able to account for them. It also does 
not address the immediate carbon emissions that result 
from combustion of standing and down dead wood and 
forest floor components such as duff and litter, which can 
be considerable.

Remotely sensed burn severity products
To compare the agreement between two remotely 
sensed burn severity product classifications commonly 
utilized by managers and observed fire effects on FIA 
plots, we conducted a spatial overlay to extract classified 
product values at each FIA plot location. Specifically, 
we extracted values from the Burned Area Emergency 
Response – Soil Burn Severity (BAER-SBS) and Moni-
toring Trends in Burn Severity – Thematic Class (MTBS-
TC) products. Given the spatial resolution of BAER-SBS 
and MTBS-TC products (30 m) is finer than the FIA plot 
footprint (i.e., many pixels are nested within the plot 
footprint), we used a majority filter with an 8-pixel ker-
nel (0.81 ha footprint) to represent classified burn sever-
ity values at the FIA plot level.

The BAER-SBS product is commonly used to inform 
post-fire assessments of soils and understory vegetation 

conditions over space while the MTBS-TC product is 
commonly used to inform assessments of fire-caused 
vegetation and tree mortality patterns over space. Both 
products are derived from the differenced normal-
ized burn ratio (dNBR) spectral index using systematic 
and subjective methods. Given each product’s common 
usage by managers, we compared BAER-SBS classifica-
tions to plot-derived Soil PFI classifications and MTBS-
TC classifications to plot-derived tree biomass mortality 
proportions.

The BAER-SBS and MTBS-TC products are classified 
as discrete thresholds of dNBR into unburned (1), low 
(2), moderate (3), and high (4) burn severity categories. 
Following descriptions written by the agency that hosts 
these products (USGS 2022), fire effects associated with 
each burn severity category can be generalized as:

(1) Unburned or when fire effects are recognizable on 
less than 5% of the site. The class may also include 
areas that recover very quickly following a light, 
surface fire occurring under dense forest canopies 
that were unaffected by fire.

(2) Low burn severity includes substrates and litter 
that may be partially to completely consumed; 
duff, down wood and exposed mineral soils typi-
cally show some change. Vegetation < 1  m and 
shrubs or trees 1–5  m may show significant 
scorch, char or consumption, and vegetation mor-
tality may be high. Intermediate and large over-
story trees may exhibit up to 25% mortality with 
crown consumption or scorch and char height 
typically less than 3 m.

(3) Moderate burn severity represents conditions that 
are transitional in magnitude and/or uniformity 
between the characteristics of low and high burn 
severity. A large proportion of ground cover may be 
consumed, but generally not all of it.

(4) High burn severity represents areas where sub-
strates and litter are totally consumed, duff is almost 
entirely consumed, medium and heavy down wood 
is at least partially consumed and deeply charred; 
overstory trees exhibit > 75% mortality, crown con-
sumption usually 100% and significant branch loss 
at the highest crown heights.

Results
Post-fire tree survival
Tree survival proportion (defined here as the propor-
tion of pre-fire live tree biomass found in trees that 
remain alive 1-year post-fire; TSP) varied greatly among 
stands, with mean wind speed at the estimated time of 
a stand’s encounter by the fire front acting as a strong 
driver across the range of tree size classes (Fig.  2). 
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Pairwise comparisons (Wilcoxon rank sum test) among 
wind speed groupings revealed a statistically signifi-
cant 2.25  m/s (5 mph) threshold effect on TSP. Light 
winds (< 2.25  m/s) were associated with substantially 
greater mean and median TSP for all tree sizes (0.65–
0.80 vs 0–0.40). Under light winds, trees in medium 
(> 25.4  cm; > 10 in DBH) and large (> 53.3  cm; > 21 in 
DBH) size classes were more likely to survive; large trees 
exhibited a particularly high survival rate (mean > 0.80), 
and there were very few cases of low survival. There were 
no significant differences in TSP across tree size classes 

among wind speed groupings greater than 2.25  m/s, 
though median TSP was slightly greater for large trees 
and for all tree size classes combined under extreme 
winds (> 9.0 m/s).

There are indications of a potential latitudinal effect 
on TSP for all tree size classes, with mean and median 
TSP increasing with latitude of fire perimeter centroids. 
In the northernmost fires (Riverside and Big Hollow), 
TSP was significantly greater than in the southernmost 
fires for some tree size classes (Fig.  3). Winds were 
lighter in the Archie Creek and Big Hollow fires, on 

Fig. 2 Distribution of the proportion of surviving tree biomass (post-fire live biomass/pre-fire live biomass) by tree diameter class and modeled 
plot-local wind speed class at fire arrival. Metrics represented are means (black circles), medians (black horizonal bars), 95% confidence intervals 
(black vertical line), and “n” which references the number of forested conditions on which trees were present in the associated tree diameter class 
and wind speed class. Statistical differences are indicated by letter assignments among wind speed groupings for a tree diameter class (Wilcoxon 
rank sum test; α = 0.05)



Page 11 of 23Busby et al. Fire Ecology           (2023) 19:58  

average, and relative humidity was greatest in the Big 
Hollow fire (Table S3).

Tree survival proportion differed among ownership 
classes when winds were light and when wind was not 
considered, but differences under moderate-strong winds 
were not significant (Fig.  4). Under light winds and all 
wind classes combined, survival was significantly greater 
in national forests than in private forests. By reducing 
survival, often dramatically, and by increasing variation 
in outcomes, wind speeds > 2.25 m/s rendered differences 
insignificant among ownerships.

When all wind speeds were considered, TSP was sig-
nificantly greater in stands 60–120  years old than in 
stands > 120 years old (Fig. 5); differences in TSP among 
the five FIA-derived structure classes that combine broad 
diameter class and even vs uneven agedness were mostly 
not significant (Figure S1). Considering only light winds 
(< 2.25  m/s), TSP was significantly greater in stands 

60–120  years old than in stands 0–60  years old and in 
even-aged stands dominated by 23–51 cm (9–20 in) DBH 
trees than in even-aged stands dominated by < 23 cm (9 
in) DBH trees. Under moderate to strong winds, TSP 
was significantly greater in stands 60–120 years old than 
in stands older than 120  years, and structure class was 
not a significant driver of survival. Generally, mean and 
median TSP were greatest in 60- to 120-year-old stands, 
and even-aged stands dominated by 23–51 cm (9–20 in) 
DBH trees across all wind speed classes.

Post-fire crown and soil effects
The distributions of Crown PFI were robust to assump-
tions about minimum tree size choice for computing the 
index; no significant differences were detected among the 
three thresholds we posited for implementing this index. 
Given that the FIA plot size on which trees < 12.7 cm (5 
in) diameter are sampled is less than a tenth the size on 

Fig. 3 Distribution of the proportion of surviving tree biomass (post-fire live biomass/pre-fire live biomass) by fire event (with increasing latitude 
left to right) and tree diameter class. Metrics represented are means (black circles), medians (black horizonal bars), 95% confidence intervals (black 
vertical line), and “n” which references the number of forested conditions on which trees were present in the associated fire event and tree diameter 
class. Statistical differences are indicated by letter assignments among groups in each tree diameter class (Wilcoxon rank sum test; α = 0.05)
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which trees ≥ 12.7  cm are sampled (such that outcomes 
could differ by tree size in a spatially heterogeneous fire 
environment that happens to spare or deeply impact the 
sapling plot), we present stand level Crown PFI outcomes 
calculated using only trees larger than > 12.7 cm (5 in).

Under light winds, 97% of the forest area that was not 
salvage logged was classified as having a Crown PFI of 
green, mixed green or mixed brown, with the remain-
ing percent classified as transition—an outcome that 
occurred only on the Holiday Farm fire (Fig. 6). However, 
the nearly 9% of the forest area burned under light winds 
that experienced salvage harvest within ~ 12  months of 
the fire would likely have been assigned one of the higher 
Crown PFI classes had salvage before the post-fire visit 
not prevented assessment of crown outcomes. Forests 
encountered by fire when winds were moderate to strong 
experienced a very different outcome—Crown PFI for 
46% of that area across all fires was classed as brown, 
transition, or black (i.e., virtually no unburned crown 
remained). Assuming that salvage was prioritized where 
mortality was greatest (and brown, transition or black 
Crown PFIs were most likely), up to 50% of area burned 
under moderate-strong winds was essentially devoid of 
live canopy post-fire.

Post-fire, most forest area was observed to have 
between > 0% to < 40% organic matter cover (OMC) and 
light (60% of area) or moderate (13.8% of area) charring 
of mineral soil (Fig.  7). Unlike Crown PFI, the distribu-
tion of Soil PFI was similar under light and moderate 
to strong winds, although 0% OMC was only observed 
under moderate to strong winds (these classes collec-
tively represent only 5.3% of the forest area, however). 
Given that roughly 98% of the forest area had OMC ≥ 85% 
pre-fire on national forests (the only ownership on which 
ground cover was consistently evaluated pre-fire), the 
distribution of Soil PFI post-fire indicates major losses of 
OMC.

Initial outcomes for live tree carbon
National forests within these fires contained the largest 
live tree carbon pools both before (53.8 MMT  CO2e) and 
after (23.5 MMT  CO2e) the fires (Table 3; Table S4); this 
ownership actually increased its share of live tree carbon 
(from 48 to 55%) of stores on the forested lands within 
the fire perimeters. However, because national forests 
contained so much live tree carbon, there was more to 
be lost from the live pool. Live tree carbon survival was 

Fig. 4 Distribution of the proportion of surviving tree biomass (post-fire live biomass/pre-fire live biomass) by forest owner group and modeled 
plot-local wind speed class at fire arrival. Metrics represented are means (black circles), medians (black horizonal bars), 95% confidence intervals 
(black vertical line), and “n” which references the number of forested conditions on which trees were present in the forest owner group and wind 
speed class. Statistical differences are indicated by letter assignments among groups in each wind speed class (Wilcoxon rank sum test; α = 0.05)
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only 37% in the oldest (> 120 years) stands that account 
for 43% of live tree carbon on national forests. The com-
paratively greater rates of tree survival in young (0–60) 
and mature (60–120) year-old stands elevated the live 
tree carbon survival rate across all age classes to 44% on 
national forests.

Private forests stored less live tree carbon pre-fire—not 
surprising given the preponderance of younger stands 
on that ownership and absence of stands older than 
120  years; however, a large share of that carbon (73%) 
moved to other pools. Notably, most (56%) of the carbon 
in fire-killed trees on private lands had already been har-
vested in post-fire salvage operations by the time plots 
were visited 8–12  months following these fires. These 

operations undoubtedly transferred a significant share 
of woody carbon into harvested wood products, some of 
which will continue to sequester carbon for longer than 
the fire killed wood that remains in the forest. Salvage 
rates on national forests were comparatively miniscule 
(3% of fire killed tree carbon). Given a 0.09 median pro-
portion of live tree carbon harvested on the 5733  ha of 
national forest where salvage occurred (vs. 0.97 on the 
35,630  ha of private forests where salvaged occurred), 
salvaged wood on national forests was likely generated 
primarily by roadside safety operations, which may or 
may not have been utilized to the same extent. Salvage 
was rare on other ownerships.

Live tree carbon stores and outcomes expressed on a 
unit area basis show dramatic differences by ownership 
within these fires, with forests managed by the Bureau 
of Land Management holding the most carbon in live 
trees pre-fire and those that are privately owned hold-
ing less than a third as much, for all age classes combined 
(Table  3; Table S4). Conversions from live to dead are 
high for all ownerships in young stands. The mean live to 
dead conversion rates are high for all landowners except 
national forests for mature (60–120 years old) forests and 
for all public owners except national forests for forests 
older than 120  years. Forests managed by both Bureau 
of Land Management and Oregon Department of For-
estry tend to be at lower elevations than those managed 
on National Forest land and thus might be subject to a 
shorter duration of exposure to east winds. Carbon rep-
resenting 72 metric tons  CO2e per ha in fire-killed trees 
was removed via salvage on private lands in young for-
ests; it was much lower elsewhere, and for some combi-
nations of stand age and ownership, there was no salvage 
recorded on FIA plots in the first-year post-fire.

Comparisons to remotely sensed burn severity products
Although BAER-SBS burn severity showed a degree of 
correspondence with organic matter cover (OMC), the 
metric assessed to support Soil PFI, there was consider-
able disagreement, especially for the higher burn severity 
classes, with BAER-SBS overestimating the burn severity 
of ~ 40% of FIA plots in the unburned-low Soil PFI cate-
gory (> 85% OMC). Approximately 45% of the plots in the 
low Soil PFI class (< 85% to ≥ 40% OMC) were classified as 
moderate or high burn severity. In the moderate Soil PFI 
class (< 40% to ≥ 0% OMC), there was > 40% misclassifica-
tion representing both overestimates and underestimates 
of burn severity. Finally, BAER-SBS underestimated the 
burn severity of ~ 15% of plots that were assessed in the 
field as having 0% OMC post-fire (Fig. 8).

The distribution of tree biomass mortality propor-
tion to MTBS-assigned burn severity class also indi-
cated some degree of correspondence; however, large 

Fig. 5 Distribution of the proportion of surviving tree biomass 
(post-fire live biomass/pre-fire live biomass) by stand age class 
and modeled plot-local wind speed class at fire arrival. Metrics 
represented are means (black circles), medians (black horizonal 
bars), 95% confidence intervals (black vertical line), and “n” which 
references the number of forested conditions on which trees were 
present in the associated fire event and tree diameter class. Statistical 
differences are indicated by letter assignments among groups in each 
tree diameter class (Wilcoxon rank sum test; α = 0.05)
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discrepancies (> 30%) were observed in the unburned, 
low, and moderate classes. For plots falling on area classi-
fied by MTBS as low burn severity (1–25% expected tree 
mortality), nearly a third had mortality rates exceeding 
25% and 10% experienced tree biomass mortality rates 
greater than 75%. In forest area classified as moderate 
burn severity (> 25% to < 75% expected tree mortality), 
about a quarter of plots were observed to have burned at 
low burn severity (< 25% mortality) and more than a third 
at high severity (> 75% mortality). Less than a quarter of 
plots within area classified as high severity had rates of 
mortality below 75% (Fig. 9).

Discussion
The FIA pre-fire and FERS post-fire inventory remeas-
urement data from the 2020 Labor Day Fires, processed 
and compiled for this study, were exceptionally well-
suited to generating statistical estimates of the impact of 

these fires across a large, forested landscape. They also 
provide a unique testbed for hypotheses concerning the 
drivers of fire effects in mesic forests of the western Cas-
cades and serve as a rare basis of empirical, objective, 
and unbiased “ground truth” against which predictions of 
modeled fire effects and severity can be evaluated. Given 
that high winds figured prominently in the spread and 
behavior of these fires, and that wind speed also varied 
over these fires’ spatial and temporal extents, our char-
acterization of plot-local modeled mean wind speeds 
circa the arrival of a fire front at each plot provided an 
opportunity to control for wind speed, revealing empiri-
cal evidence of relationships between site factors like age 
and stand structure and fire effects that were not appar-
ent without such control. As a warming climate elevates 
fire activity in the western Cascades, we anticipate that 
this dataset can and will be used to inform a broad range 
of policy-relevant questions concerning how managers 

Fig. 6 Distribution of forested area by post-fire crown index (Crown PFI), calculated from crown outcomes for trees > 12.4 cm (> 5 in) diameter 
for the six 2020 megafires in Oregon and southwest Washington for area represented by Forest Inventory and Analysis (FIA) conditions for which 
(a) wind speed did not exceed 2.25 m/s (5 mph) when fire arrived and (b) wind speed was at least 2.25 m/s. The bars labeled salvage represent 
the forest area that experienced post-fire salvage, such that Crown PFI is indeterminate. Forest area and FIA condition count for each wind speed 
class and Crown PFI are posted at the top of these charts
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might effectively enhance resistance to stand-replac-
ing fire when choosing and implementing silvicultural 
prescriptions in these forests under moderate (i.e., dry 
fuels, low winds) to severe (i.e., dry fuels, high winds) 
fire weather. As these plots continue to be remeasured 
in the coming decades, the data collected will have much 
to teach us about how management might promote fire 
resilience when resistance is futile.

Influence of wind and forest structure on fire effects
At broad scale (both stand- and landscape-level), fire 
spread, intensity, and severity are commonly under-
stood as outcomes of fuels, topography, and weather 
(popularly known as the “fire triangle”; Agee 1996). 
When forest fuels are plentiful, as is typical for produc-
tive forests of the western Cascades, weather conditions, 
specifically a combination of dry fuels and high winds, 
are widely understood to be a force that dominates and 
overwhelms the influence of forest structure (Agee 1993; 
Bessie and Johnson 1995; Agee 1997). In an echo of past 
high severity megafires in the western Cascades (e.g., 
the 1902 Yacolt Fire), severe fire weather, in the form of 
both high fuel aridity and strong, easterly winds, largely 
accounts for the size and severity of the 2020 Labor Day 
Fires (Reilly et al. 2022). When modeling drivers of high-
severity fire (> 75% overstory tree mortality) via remote 
sensing across the 2020 Labor Day Fires, Evers et  al. 
(2022) detected that at least one aspect of forest struc-
ture (overstory canopy height) was influential in reduc-
ing fire severity under periods of high winds. Weather in 

their analysis was accounted at the daily, not hourly scale, 
however.

In this study that utilized field-measured data, modeled 
hourly mean wind speeds > 2.25 m/s (which we reference 
as moderate to strong) were associated with relatively 
low tree biomass survival, regardless of tree size (< 25 cm, 
25–53  cm, > 53  cm DBH; Fig.  2). One aspect of forest 
structure appeared to elevate tree survival under moder-
ate to strong winds, however: stand age. Stands for which 
the predominant tree size class was determined to consist 
of trees that were 60 to 120 years in age exhibited statisti-
cally greater survival compared to those where stand age 
exceeded 120  years and exhibited median survival rates 
well above both < 60 and > 120-year-old stands (Fig.  5). 
In the same vein, under moderate to strong winds, even-
aged stands dominated by mid-sized trees (23–51  cm 
DBH) exhibited greater mean and median tree survival 
than other structure classes, although high variability 
prevented detection of statistically significant differences 
among structure classes (Figure S1).

Under light winds (< 2.25  m/s) but high fuel aridity, 
forest structure strongly influenced tree survival, where 
increasing tree size was associated with greater mean 
and median tree survival; survival was also statistically 
greater in 60–120-year-old stands than in < 60-year-old 
stands. These results suggest that management practices 
that manipulate stand structure in western Cascades 
forests may have the capacity to enhance stand-level 
fire resistance under increasingly common moder-
ate (dry fuels but low winds) and to a measurable, but 
lesser degree under more infrequent, severe fire weather 

Fig. 7 Post Fire Soil Index (Soil PFI) as percent of forest area that was not subject to salvage and that burned under light winds (< 2.5 m/s; 32,361 ha) 
and moderate-strong winds (≥ 2.5 m/s; 177,315 ha) at the estimated time of fire arrival, for all six 2020 megafires in Oregon and southwest 
Washington
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conditions (dry fuels and high winds). While an expand-
ing body of literature supports our finding that young 
forests (e.g., < 60 years old) exhibit minimal fire resistance 
(e.g., Zald and Dunn 2018), the result that 60–120-year-
old stands exhibited greater fire resistance than older 
(> 120-year-old) stands is surprising, given the conven-
tional wisdom that older forests tend to have the most 
fire-resistant individuals (e.g., thick barked Douglas-fir 
trees). Investigation of how key fire-relevant forest struc-
ture metrics differed among the three stand age classes 
revealed that in comparison to > 120  year-old stands, 
60–120-year-old stands exhibited (1) a greater canopy 
base height (i.e., fewer ladder fuels), (2) lower propor-
tion of canopy area in trees with live branches below a 
critical height above the ground (6.1 m; 20 ft), (3) lower 
down wood fuel loads, and (4) a similar quadratic mean 
diameter (i.e., trees [especially Douglas-fir] large enough 

to exhibit fire resistant characteristics). Further investiga-
tion could find other aspects of 60–120-year-old stands 
that make them more fire resistant under both moderate 
and severe fire weather conditions to address the policy 
relevant question of whether and how silvicultural treat-
ments can initiate, accelerate, and/or maintain the resist-
ant structural elements of such stands over time.

Starkly different structures, and potentially, the fire 
effects they imply, can be seen among ownerships, owing 
primarily to differences in objectives (e.g., to generate 
timber revenue vs. ecosystem services, like habitat and 
recreation, that may sometimes depend on maintaining 
higher inventories). Tree survival was greater on national 
forests and BLM forests than on private forests when 
winds were light (median tree biomass survival rate of 
0.85 vs. 0.26; Fig. 4), a finding consistent with Evers et al. 
(2022) remote sensing-based analysis. Differences in 

Table 3 Estimated means and standard errors (SE) of the carbon density (stocks per unit area) in 1) live trees, pre-fire, 2) live trees, 
post-fire, 3) fire-killed trees, immediately post-fire, and 4) the subset of fire-killed trees that were harvested via salvage logging within 
1-year post-fire, by ownership and stand age class

Ownership group Stand age class (years)

1–60 61–120  > 120 All age classes

Total SE Total SE Total SE Total SE

Megagrams CO2e per ha from pre‑fire tree measurements, post‑fire tree status

National forest

 Pre-fire live 197 31 567 60 574 76 430 38

 Post-fire live 102 25 266 59 215 69 188 31

 Fire-killed 95 22 299 52 354 61 240 30

 Salvaged 0 0 5 5 15 15 6 5

BLM

 Pre-fire live 267 30 739 90 971 88 614 67

 Post-fire live 119 34 186 39 435 132 236 54

 Fire-killed 148 41 553 95 536 143 378 67

 Salvaged 0 0 0 0 35 35 11 11

State

 Pre-fire live 136 22 281 281 687 57 278 56

 Post-fire live 99 30 0 0 100 100 70 41

 Fire-killed 38 26 281 281 587 587 208 84

 Salvaged 0 0 0 0 0 0 0 0

Private

 Pre-fire live 180 19 622 163 – – 184 20

 Post-fire live 50 10 96 80 – – 49 10

 Fire-killed 129 19 526 120 – – 134 19

 Salvaged 72 16 303 303 – – 75 16

All Owners

 Pre-fire live 191 15 592 49 683 63 344 20

 Post-fire live 70 9 222 42 268 61 130 15

 Fire-killed 120 14 369 44 412 58 213 17

 Salvaged 46 10 23 18 19 13 36 7
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survival among ownerships were not significant where 
winds were moderate to strong. In the western Cas-
cades, most private forest land is managed to produce 
timber suitable as feedstock for the manufacture of har-
vested wood products, with forests typically managed 
as young (< 60-year-old) even-aged Douglas-fir plan-
tations (Table  1). Under the high fuel aridity and light 
wind combination increasingly common in late summer, 
plantations lack the fire resistance found in older, more 
structurally heterogenous stands common on Federal 
lands (Zald and Dunn 2018). The positive association of 
survival with latitude (Fig.  3) may be explained by both 
differences in ownership and associated forest structure 
(less private land in the Riverside and Big Hollow fires) 
and climate (negative association of temperature and 
aridity with latitude).

Tree survival is often relied on as an integrative proxy 
for fire effects on forest ecosystems, including impacts 
on soils and forest cover, despite the sometimes-weak 
association among those effects. For example, the degree 
of consumption of organic matter atop and below the 
soil surface does not necessarily track tree mortality 
or change in canopy cover. The independently derived 

crown and soil post-fire indices (PFI) enabled explora-
tion of the crown and soil effects separately in terms of 
their relationship with wind speed. Under light winds, 
most of the burned area (89%) retained at least some live 
trees with green foliage (the green, mixed green, mixed 
brown classes). Under moderate to strong winds, a size-
able proportion (42.5%) of burned area contained no live 
trees (brown, transition, black classes). As trees shed fire-
killed foliage, loadings of fine and coarse wood may be 
substantially greater in stands with Crown PFI classified 
as brown, transition, or black as compared to stands clas-
sified as green, mixed green, or mixed brown. Stands in 
these dead Crown PFI classes are likely at greater risk of 
moderate to high severity fire effects (due to greater fuel 
loading) should they reburn in the near future. Unlike 
Crown PFI, it was less obvious that light vs. moderate to 
strong winds drove major differences in the distribution 
of soil organic matter cover (Soil PFI) post-fire. Given a 
large proportion of burned areas (79%) exhibited mini-
mal organic soil cover (< 40%) post-fire, however, these 
fires have the potential to produce serious, long-lasting 
impacts via soil erosion and water quality at watershed- 
to landscape-scales.

Fig. 8 Comparison of the four classes of percent soil organic matter cover (OMC) observed on the ground to Burned Area Emergency Response 
Soil Burn Severity (BAER-SBS) classes estimated via remote sensing. The width of each column indicates the proportion of the four soil OMC classes 
(indicated as brackets at the top), and color represents how burn severity was classified by the BAER-SBS assessment for the same area of the fire. 
Inset graph indicates how perfect agreement between percent OMC and BAER-SBS classes would present visually. Observations are for plots 
with a single forested condition where condition proportion exceeds 85% (n = 130)
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We expect these results to promote understanding 
of broad-scale drivers of fire effects in western Cas-
cades forests under conditions like those that prevailed 
in these east-wind driven fires; however, interpretations 
might require adjustment when considering drivers of 
fire effects under the west-winds that are more typical of 
fire events in this region. Wildfires burning under west-
winds may also experience periods of moderate to strong 
winds (e.g., mean speed > 2.25  m/s), but the speed fluc-
tuations over the hourly time scale for which wind speeds 
are computed (that produced strong but brief gusts) are 
much reduced compared to east-wind events, so the inci-
dence and intensity of wind gusts is also reduced. More-
over, moisture content of air in westerlies that originate 
over the Pacific Ocean is much greater than in the east 
winds drawn from the continental interior, with very dif-
ferent results for fuel aridity. This is one reason why the 
Labor Day 2020 Fires burned at such high severity; west-
wind fire events in the western Cascades burn more typi-
cally at mixed-severity, given the combination of lower 
fuel aridity and lighter winds (Reilly et al. 2021).

Impact of fire and salvage on carbon
Given that initial stand structures were very different 
among ownerships, with federal forests containing much 
older and larger trees (Table 1), variation in live carbon 

retention—from 25% in state forests to 44% in national 
forests (Table S4)—was expected. We were surprised 
that, considering all ownerships combined, carbon reten-
tion was almost the same, 37–39%, across all age classes, 
owing to very different rates of retention within an age 
class across ownerships. Although the sample size for 
state forests is small (note a sampling error for this sta-
tistic of 1126 gigagrams  CO2e that is 44% of the esti-
mated 2582 gigagram total fire killed  CO2e in Table S4), 
the 25% overall retention rate on state forests stands out, 
as does the 72% retention rate on the same ownership in 
young stands. The latter is in striking contrast with the 
28% retention rate on young, privately owned forests—an 
age class accounting for virtually all forests in that owner-
ship. One possibility is that a larger share of state forest 
falls within the younger (stand initiation stage) end of the 
0–60-year age range while most private forest is between 
20 and 60  years old, firmly planted in the stem exclu-
sion stage characterized by continuous canopy closure 
(Table 1). It is also possible that these ownerships manage 
their forests at different stand densities or are more or 
less likely to engage in precommercial thinning and com-
mercial thinning operations.

Live tree carbon retention on national forests was 
markedly reduced in stands older than 120 years relative 
to the other age classes and to BLM forests in the same 

Fig. 9 Distribution of field-observed fire-induced tree mortality, as a percent of pre-fire tree biomass per ha, by Monitoring Trends in Burn Severity 
(MTBS) assigned burn severity class for 128 Forest Inventory and Analysis (FIA) plots with a single condition greater than 0.85 sampled 1-year 
post-fire. Dashed lines in each panel denote 25% and 75% observed mortality and the arrows indicate the range in which observed mortality 
is consistent with the severity class assignments



Page 19 of 23Busby et al. Fire Ecology           (2023) 19:58  

age class. Additional analysis of the complete dataset may 
illuminate the extent to which such patterns were driven 
by where the fire front happened to be during the most 
severe weather conditions versus differences in forest 
structure. However, a greater share of the oldest age class 
is in very old (> 150 years) stands on national forests as 
compared to BLM and a greater share of BLM forests are 
in the largest stand size class (Table 1)—a finding consist-
ent with BLM forests having greater site productivity, on 
average, in western Oregon.

Pre-fire live tree carbon density is much greater on 
BLM forests. However, the average density of fire-killed 
carbon on BLM forests is nearly as great as the average 
density of pre-fire live tree carbon on national forests. 
This is apparently due to surprisingly low rates of tree 
survival in all age classes, though particularly in the age 
class of 60–120  years where survival was 25%. Pre-fire 
carbon densities in young stands do vary by owner—
they are greatest on BLM and least on state forests, with 
national forests and private forests not significantly dif-
ferent from one another. However, on private and BLM 
forests, most of the live tree carbon moves to dead pools 
in these young stands; on national forests, most remains 
alive. Further analysis is needed to understand how dif-
ferences in stand structure may account for the differ-
ences in outcomes by ownership, to the extent that such 
drivers can be isolated when fire weather is so influential 
on survival outcomes.

Considering all ownerships and age classes, the 2020 
Labor Day fires produced an enormous carbon transfer 
out of the live tree pool (Table S4), one that exceeded all 
anthropogenic atmospheric emissions (from electricity 
usage, transportation, residential and commercial, indus-
trial and agriculture, combined) in the State of Oregon 
in the year they occurred (nearly 70 MMT vs 64 MMT 
 CO2e). It is likely that immediate transfers from the live 
tree pool to the atmosphere are small (mainly combus-
tion of foliage and fine branches); however, the enormous 
70 MMT addition to the dead wood pool has consequen-
tially initiated decades of greatly elevated atmospheric 
emissions as agents of decay effect a relentless release 
of the sequestered carbon. Large pools of carbon were 
immediately released from dead wood, litter, duff, and 
soils carbon pools; these will be estimated when the full 
dataset is in hand (including data from plots that were 
inaccessible in the first year post-fire), and all data are 
compiled and reconciled to account for growth, remov-
als, and mortality.

Salvage is an important part of this story on private 
lands. Most of the fire-killed tree biomass was harvested 
and some share of that converted into long-lived wood 
products which will prevent release of the stored carbon 
for a long time. Other salvage components will have been 

used to generate bioenergy and some share will likely 
have been left on site to decay or been disposed of via 
pile burning. Note that the salvage estimates available 
in this analysis can only account for stands harvested in 
the first year post-fire. It is likely that additional salvage 
has occurred since the data was collected from these 
plots during the first field season following these fires. 
We hope to account for that activity as data rolls in from 
future decadal FIA remeasurement visits.

Burn severity product classifications and observed fire 
effects
Standardized and corporately produced classified burn 
severity map products derived from the processing of 
remotely sensed information are regarded as critical deci-
sion support for managing post-fire landscapes, espe-
cially by managers lacking analytic support to develop 
their own custom classifications. While easy to access 
and use, the accuracy of these standardized maps varies, 
especially over biophysically heterogeneous landscapes 
(Kolden et al. 2015). Typically derived as a classification 
of spectral indices (e.g., differenced normalized burn 
ratio [dNBR]) using a standardized approach that never-
theless contains subjective elements in the parameteri-
zation, these burn severity maps recognize four classes: 
unburned, low, moderate, and high.

To assess accuracy of the predictions implied by burn 
severity map products, we compared predictions and 
observations for the spatially balanced sample com-
prised of burned plots in our FERS data. We evaluated 
BAER-soil burn severity (SBS) classifications against field-
observed ocular estimates of organic matter cover that 
were collected to determine the top level of the hierarchi-
cal Soil PFI classification. We evaluated MTBS-thematic 
class (TC)  classifications against  field-observed percent 
tree biomass mortality. Documentation for the BAER and 
MTBS products offers qualitative but not strictly quanti-
tative guidance on interpreting what the mapped severity 
classes mean (Parson et al. 2010; Eidenshink et al. 2007); 
however, most researchers and managers have long ago 
adopted what are regarded as conventionally understood 
quantitative interpretations of these classes. For example, 
severity is typically mapped to overstory tree mortality as 
follows: unburned ➔ little to no mortality, low ➔ more 
than zero but < 25% tree mortality, moderate ➔ 25–75% 
mortality, and high ➔ > 75% mortality (Miller et al. 2009).

When comparing BAER-SBS and the top-level Soil PFI 
classes (that correspond to organic matter cover classes), 
we found a broad spectrum of BAER-SBS class predic-
tions for each field-observed organic soil cover class, 
especially for what organic matter cover suggests should 
be low, moderate, and high burn severity (Fig. 8). Given 
that  BAER-SBS uses the dNBR spectral index, an index 
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constructed to detect change in vegetation (Miller and 
Thode 2007), not soils, it is perhaps unsurprising that we 
observed poor agreement between BAER-SBS and Soil 
PFI’s organic matter cover classes. In a comparison of 
the performance between Landsat-derived spectral burn 
severity indices and field observations across a broad bio-
physical gradient, Harvey et  al. (2019) found that indi-
ces (including dNBR) were better at classifying change 
to forest canopies than forest floor attributes, such as 
soils. Furthermore, a field validation study conducted in 
western Montana and southern California (Hudak et  al. 
2004) found the BAER-BARC product to be a better 
predictor of change in vegetation than of soil impacts. 
While the BAER-SBS product is refined from the raw 
BARC product with the help of field observations that 
are essentially used to adjust dNBR thresholds (Parson 
et al. 2010), dNBR remains the underlying spectral index 
and key driver of the classification. Given that the BAER-
SBS product is commonly used in a wide variety of post-
fire landscape risk-assessments (e.g., for transportation, 
human health and safety, property damage, water qual-
ity, invasive species, habitat, soil erosion and landslide 
potential), the considerable disconnect between SBS clas-
sifications and field observations of soil impact observed 
in this study should throw a cautionary flag for managers 
concerning whether BAER-SBS is capable of providing 
credible answers, which will depend very much on their 
questions. In the western Cascades, at least, the impre-
cision implied by Fig. 8 may produce disappointing out-
comes for decisions reliant on severity characteristics to 
represent soil vulnerability outcomes post-fire.

The MTBS-TC product is a go-to resource for managers 
planning post-fire responses (e.g., salvage logging, roadside 
hazard reduction, replanting, and ecosystem rehabilita-
tion) and by researchers to understand patterns of vegeta-
tion and tree mortality due to fire effects at broad scale. 
However, many researchers choose not to rely on the TC 
product, implementing, instead, their own analysis and 
field validation to classify MTBS continuous dNBR values 
into burn severity classes, onto which they map quantita-
tive interpretations (e.g., Miller and Thode 2007; Miller 
et  al. 2009; Cansler & McKenzie 2012). Referencing the 
conventionally understood percent tree mortality thresh-
olds quoted earlier, we found that while MTBS-TC classi-
fications across burned FIA plots somewhat tracked these 
field-observed tree mortality thresholds, observed tree 
mortality fell outside those thresholds across 25–60% of 
plots, depending on burn severity class (Fig. 9). Burn sever-
ity classifications were most accurate in the high, followed 
by the low class and worst in the moderate class, where 
observed tree mortality ranged from 5 to 100% and more 
than half of plots had observed mortality outside the range 
associated with moderate severity. Other studies report 

low accuracy for tree mortality classification under moder-
ate burn severity; classification uncertainty and error tend 
to be greatest in the intermediate range of spectral index 
values (Furniss et  al. 2020). A large proportion of plots 
classified as unburned exhibited percent tree mortality far 
above 0%, raising considerable doubt about the accuracy 
of fire effects detection by remotely sensed burn severity 
products, especially when fire induces minimal mortality 
in overstory trees. This result has important implications 
for the mapping of fire refugia via remote sensing, given 
the popular description of fire refugia as unburned islands 
(e.g., Martinez et al. 2019). Fire refugia with closed cano-
pies may experience significant fire-induced mortality of 
trees in the mid- and under-story tree canopy layers, not to 
mention consumption of down wood and understory veg-
etation—effects that are not detected by remote sensing, 
particularly when the temporal period of analysis is short 
(i.e., delayed tree mortality within fire refugia from under-
story fire effects may eventually emerge > 1-year post-fire; 
Busby and Holz 2022). As with the BAER-SBS product, it 
is important that managers (and researchers) be aware that 
MTBS-TC burn severity classes may poorly represent tree 
mortality responses to fire in the western Cascades (Whit-
tier and Gray 2016) and that they not uncritically accept 
its predictions in situations where it is important to have 
accurate mortality information.

Future work and opportunities
This paper reported a timely and compelling, statisti-
cally based summary of short-term outcomes of the 
2020 Labor Day Fires and selected examples of the kinds 
of questions to which data from fire effects enhanced 
FIA remeasurement protocols data can be applied. This 
dataset will be augmented with immediate post-fire 
remeasurement data  from ten more plots, whose visita-
tion  was  deferred a year by post-fire closures,  and with 
formal remeasurement compilation and  reconciliation of 
pre- and post-fire  data to  provide  a basis for precise 
accounting  of growth, mortality, and removals between  
visits, enhancing its analytical power. As remeasurement 
data is collected from these FIA plots over the next dec-
ade and beyond, post-fire ecosystem trajectories can be 
tracked with respect to dead wood dynamics (that influ-
ence both reburn potential and habitat quality), reestab-
lishment and growth of trees and understory vegetation, 
carbon fluxes among pools, and effects of post-fire man-
agement (e.g., salvage logging and rehabilitation efforts). 
In the short-term, key opportunities that could be 
explored, even before post-post-fire remeasurement data 
become available include (1) modeling the relationship 
between pre-fire forest structure and observed fire effects 
to support the development of silvicultural treatments 
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that enhance fire resistance, (2) validation and refine-
ment of models that predict fire effects and remotely 
sensed burn severity classifications, and (3) utilization 
of crown and soil post-fire indices to describe or test fire 
impacts on phenomena not analyzed here (e.g., riparian 
or avian habitat quality and their relationships to species 
abundance).

Even before the 2020 Labor Day Fires, FERS 1- or 2-year 
post-fire measurements have been collected across a large 
network of 998 burned (including a subset of reburned) 
FIA and National Forest System Regional Intensification 
plots, across California, Washington, and Oregon since 
2002. These data have been used, for example, to evalu-
ate modeled, fire induced tree mortality (Barker et  al. 
2019) and post-fire surface fuel dynamics (Eskelson and 
Monleon 2018). All these plots have had a post-fire FERS 
visit, and most have also had at least one post-post-fire 
standard FIA remeasurement visit, making them a great 
resource for exploring the post-fire ecosystem trajectory 
topics described above. This larger FERS dataset repre-
sents a significant and forward-looking investment in data 
collection that, with additional investment in data com-
pilation, reconciliation, quality assurance, and analysis, 
should be well-positioned to address a great many ques-
tions about fire in west coast US forests and the interac-
tions between fire and pre- and post-fire management.
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Additional file 1: Figure S1. Distribution of the proportion of surviv-
ing tree biomass (post-fire live biomass/pre-fire live biomass) by stand 
structure class and modeled plot-local wind speed class at fire arrival. 
Metrics represented are means (black circles), medians (black horizonal 
bars), 95% confidence intervals (black vertical line), and “n” which refer-
ences the number of forested conditions on which trees were present in 
the associated fire event and tree diameter class. Statistical differences are 
indicated by letter assignments among groups in each tree diameter class 
(Wilcoxon rank sum test; α = 0.05). To control for the structural variability 
different forest types can exhibit, only Douglas-fir dominated stands are 
presented here (164 out of 215 total conditions). Figure S2. Distributions 
of five forest structure metrics that relate to fire effects and behavior, by 
stand age class, within the 2020 Labor Day fires. Means are represented 
by black circles, medians by black bars, and 95% confidence intervals 
by a black vertical line. Statistical differences for a structure metric are 
indicated by different tree diameter class letter assignments (Wilcoxon 
rank sum test; α = 0.05). Table S1. Pre-fire tree species composition 
(volume  m3 and proportion of total volume) by fire and all fires combined. 
Table S2. Key for assigning stand-level soil post-fire index (PFI) based 
on ocular estimates of organic matter cover and mineral soil char class 
plurality.Table S3. Summary statistics (mean and standard deviation [SD]) 
of important weather variables at time when fire hit the plot. Table S4. 
Estimated totals and standard errors (SE) of carbon stocks in live trees, 
pre- and post-fire, and in fire-killed trees, immediately post-fire, and in 
trees harvested via salvage logging within 1-year post-fire by ownership 
and stand age class. Proportion entries (Prop) on post-fire live lines are 
survival proportions relative to pre-fire live tree carbon. Proportion entries 
on salvaged lines are the proportion of carbon in fire-killed trees that 
were removed from the forest via salvage with 1-year post-fire. Table S5. 

Comparison of areal proportions in hectares and percent between the 
post fire soil index, classified by field observations of organic matter cover 
and bare soil char characteristics for each fire and two remotely sensed 
burn severity metrics: Monitoring Trends in Burn Severity Thematic Class 
(MTBS-TC) and Burned Area Emergency Response Soil Burn Severity 
(BAER-SBS). Spatial extents were calculated in a GIS using remotely sensed 
raster data within the finalized fire perimeters.
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