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E C O L O G Y

Faster, bigger, more severe: Extreme wildfire spread 
sets the stage for forest ecosystem change in western 
and boreal North America
Jonathan D. Coop1*, Jared A. Balik1, Jessika R. McFarland1,2, Sean A. Parks3†, Kyle C. Rodman4, 
Camille S. Stevens-Rumann5, Meg A. Krawchuk6, Cameron E. Naficy6,7,  
Marc-André Parisien8, Ellen Whitman8

A relatively small number of rapidly spreading wildfire events burn disproportionately large areas. But beyond area 
burned, do fast fires produce distinct postfire ecological outcomes? Here, we measure daily linear fire growth rates 
and assess relationships between fire spread, burn severity, and metrics of postfire landscape resilience from 3499 
fires occurring between 2012 and 2023 in conifer-dominated forests of Canada and the western US. We find that as 
linear spread rate increases, so too does fire severity, proportion of area burned at high severity, and distance to 
surviving live tree seed sources. Thus, not only do the fastest fires burn outsized areas, but these areas have less 
remaining tree cover and reduced capacity for recovery, setting the stage for long-term vegetation shifts. Given 
anticipated increases in extreme fire spread as fire seasons lengthen and weather becomes more fire-conducive, our 
findings highlight growing needs to effectively reduce undesired impacts, manage postfire landscapes to sustain 
forest ecosystem functions, and foster social-ecological adaptation.

INTRODUCTION
Record-breaking fire seasons have called attention to changes in 
measures of wildfire behavior including rates of fire growth (1). Ex-
treme wildfire events, characterized by rapid expansion, exceptional 
behavior, and difficulty of suppression, are becoming more frequent 
(2, 3). Just a small subset of fires account for the majority of infra-
structure loss, economic costs, and lives lost (4). Rapidly growing fires 
also contribute disproportionately to patterns of annual area burned 
(5). For example, the top ∼3% (>2 SD larger than the mean) of daily 
fire spread events accounted for up 37% of total area burned in forested 
ecoregions of the US and Canada 2002–2021 (6). Recent studies have 
quantified fire growth rates by area burned over daily or subdaily 
periods (e.g., ha/day), but fire progression maps can also be used to 
directly measure linear fire rate of spread (ROS; e.g., m/day), with 
opportunities to shed new light on what factors control fire growth 
rate (7, 8), and potentially also how ROS might relate to fire effects.

Do “fast” fires burn more severely? Fire severity, as quantified by 
field- and satellite-derived measures [e.g., the composite burn index 
(CBI)], is a measure of fire’s ecological effects, and is closely linked 
to fuel consumption (9). Byram’s (10) equations show how total fire 
intensity increases with ROS, but fuel consumption and ROS are 
assumed to be independent (11). The fastest-growing fires in the US, 
as measured by daily area burned, occur in grasslands (4), where fire’s 
ecological impacts are typically low due to relatively low fuel loads, 
rapid resprouting, and quick recovery of aboveground biomass. 

However, in forested landscapes, the fastest-moving fires are typically 
running crown fires that spread horizontally through tree crowns 
under strong winds and low fuel moisture (12, 13). Because crown 
fires consume tree canopies, they are generally lethal to trees in most 
North American conifer forests (14) and have the potential to produce 
postfire landscapes with large, severely burned patches (15). Recent 
studies in some regions have found positive relationships between 
area burned and fire severity across scales (16–19). Further, as annual 
area burned increases, so too does the annual proportion of high-
severity fire (20).

High-severity fire necessarily entails major short- and long-term 
consequences for ecological components and processes, including 
lost habitat for some species, reduced carbon storage, and altered 
hydrology (21, 22). In forest types characterized historically by fre-
quent, low-severity fire (e.g., ponderosa pine, Pinus ponderosa), the 
area burned at high severity within recent wildfire footprints is histori-
cally anomalous (23), leading to regional losses of mature forests (24). 
Even in forest types characterized by severe but infrequent fire (e.g., 
high-elevation or high-latitude pine and spruce forests), recent in-
creases in high-severity fire may be approaching or exceeding 
historical norms (25, 26). For plant species whose regeneration is 
dependent on live seed sources, large high-severity patches increase 
the distances that seeds must disperse, slowing recolonization (27–29). 
Further, the growing divergence between postfire climates and the 
historical conditions that gave rise to present forests can reduce tree 
seedling establishment and survival (30, 31). Together, the loss of 
mature forest and decreased regeneration capacity can produce en-
during shifts to alternate states and nonforest vegetation types, with 
major implications for a range of species and ecosystem functions 
(32). Accordingly, improving our understanding of relationships 
between wildfire behavior and ecological outcomes can help forecast 
change and inform management actions.

The goal of this study is to assess relationships between fire speed 
and associated ecological impacts to western and boreal North 
American conifer forests (Fig. 1). Within any given wildfire, we sample 
activity within single-day increments (referred to here as daily fire 
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spread events) to ask: how disproportionate are the effects of “fast” 
events, as measured by the maximum linear distance a fire travels each 
day it burns, on postfire conifer forest persistence and recovery poten-
tial? We draw from a dataset of ∼3500 fires, representing ∼33,600 
daily fire spread events, that together burned 43 million ha between 
2012 and 2023 in the western US and Canada. Specifically, we assess 
how daily linear ROS relates to (i) area burned, (ii) mean burn se-
verity, (iii) proportion of area burned severely (CBI ≥ 2.25; ≥95% 
canopy mortality), and (iv) distance from high-severity patch interiors 
to live conifer seed sources.

RESULTS
Across the study area, the total area burned in sampled fires was 
43.2 million ha between 2012 and 2023 (Table 1). Of this, the total 
area of conifer forest burned was 32.1 million ha, with over a third 
(11.2 million ha) burning at high severity. Day-of-burning (DOB) 
patch area, the area burned within a 24-hour period by a given fire, 
ranged from 25 to 141,257 ha and daily linear spread distances ranged 
from 131 to 61,878 m. The 10 fastest growing daily fire spread events 
(or 0.03% of all 33,594 events), each of which traveled >32 km within 
a 24-hour period, collectively burned 547,000 ha of conifer forest, 
with 50% burning at high severity (CBI ≥ 2.25). Of these events, 
seven occurred in Canada in 2023 and two occurred in the western 
US in 2020. By contrast, an equal area of 547,000 ha of conifer forest 
was burned by the slowest 42% of events (14,281 events), with only 
25% of that area burned at high severity. Similarly, the fastest 1 and 
10% of events burned 5.3 Mha (17% of total) and 16.8 Mha (52%) 
of conifer forest, with 42 and 39% burned at high severity; the slowest 
50% of events burned 3.1 Mha (10%), with only 25% burned at 
high severity.

We found that ROS was closely related to DOB patch area (marginal 
R2 = 0.70 and P < 0.001; Fig. 2A) and the maximum linear ROS 
exhibited by any given wildfire also strongly predicted the final total 
fire size (marginal R2 = 0.66 and P < 0.001; Fig. 2B). Daily linear ROS 
was also positively related to measures of fire impacts to forest eco-
systems. Daily spread events categorized as fast (representing fires 
with a linear spread rate exceeding the ecoregional mean + 1 SD; 
Table 1) burned 13% more severely (mean CBI = 1.94) than slow 
events (mean CBI = 1.72; P < 0.001; Fig. 3A), and ROS was posi-
tively related to burn severity (P < 0.001; Fig. 3B). Fast events also 
exhibited a greater proportion of area burned at high severity (34% 
versus 26%; P < 0.001; Fig. 3C) and greater distances from severely 
burned pixels to likely live-tree seed sources, measured by mean dis-
tance from high-severity patch interiors pixels to conifer forest pix-
els that had not burned at high severity (150 m versus 121 m, or an 
increase of 23%; P < 0.001; Fig. 3E). Both high-severity proportion 
and log10-distance to seed source were positively related to linear ROS 
(P < 0.001; Fig. 3, D and F). Linear ROS produced better fitting 
models than daily area burned for models predicting burn severity 
(AIC = −666,778 versus −663,237, respectively) and seed source 
distance (AIC = 987,329 versus 993,112). However, models predicting 
the proportion of high severity fire using linear ROS were weaker 
than those using daily area burned (AIC = −50914 versus −51901).

We examined patterns of ecoregional variation as a random effect 
on the intercept and slope of models relating burn severity, high 
severity proportion, and seed source distance to ROS (Fig. 4 and 
tables S1 to S3). These terms were statistically significant in each 
model. Relationships were broadly consistent across ecoregions. In 
general, warmer and drier ecoregions (e.g., Mediterranean California 
and Upper Gila Mountains) had reduced fire effects relative to cooler 
and wetter ecoregions (e.g., Marine West Coast Forest). While most 

Fig. 1. Study area. (A) Eleven North American US EPA Level 2 Ecoregions, (B) conifer forest pixels at the beginning of the study period based on Landfire (USA) and 
Hermosilla et al. (78) (Canada), and (C) fires >400 ha from Monitoring Trends in Burn Severity (MTBS; USA) and the National Burned Area Composite (NBAC; Canada), 
occurring 2012–2023.



Coop et al., Sci. Adv. 12, eaeg5802 (2026)     12 August 2026

S c i e n c e  A d v a n c e s  |  R e s e arc   h  A r t i c l e

3 of 9

slopes were similar, those of the Western Cordillera increased more 
steeply than other ecoregions in each model, and those of the Boreal 
Plain were shallower.

DISCUSSION
Here, we relate linear fire ROS to fire effects on forest landscapes and 
shed light on the compounding ecological impacts of fast-moving 
fires: Not only do they burn more area but they also burn that area 
more severely. It is well understood that aggregate measures of fire 
effects such as economic losses and area burned reflect the outsized 

influences of a small subset of the most extreme wildfires (4, 5, 33, 34). 
The relationships we identify here, between ROS, area burned, and 
fire severity, scale from the individual DOBs to wildfires and likely 
underpin relationships between total area burned and burn severity 
over entire fire seasons (20). Despite geographic variation in fire 
progression and its controls (6, 35), the relationships we identified 
were consistent across western and boreal conifer-forest dominated 
ecoregions of North America. As climate change continues to in-
crease forest fuel flammability (36), fire season duration (37), and 
the likelihood of weather conducive to extreme wildfire (38, 39), we 
anticipate further expansion of fast daily fire spread events. Such 

Table 1. Summarized fire activity for each US EPA level 2 ecoregion, 2012–2023. Total area burned, conifer forest area burned, number of fires and daily fire 
spread events, the linear ROS threshold (m/day) used to identify fast daily fire spread events (>mean + 1 SD), and the proportion of area burned by fast events.

Ecoregion Area burned 
(ha)

Conifer forest 
area burned 

(ha)

Fires (n) Daily fire spread 
events (n)

Fast daily fire 
spread events 

(n)

Fast fire  
threshold (m/d)

Proportion 
of total area 

burned by fast 
events

 Alaska Boreal 
Interior

3,723,431 2,768,794 329 2930 461 3879 0.52

 Boreal Cordillera 1,171,017 902,327 163 1416 234 3225 0.55

 Boreal Plain 2,929,749 1,919,380 149 1266 215 4950 0.70

 Marine West Coast 
Forest

280,051 207,141 39 313 52 2914 0.66

 Mediterranean 
California

1,650,517 715,285 148 717 108 5059 0.58

 Softwood Shield 6,902,859 5,263,956 498 4428 748 4184 0.67

Taiga Cordillera 229,622 179,128 49 412 60 2661 0.50

Taiga Plain 6,458,042 4,269,067 301 3382 530 4269 0.68

Taiga Shield 7,072,374 5,695,744 424 4258 656 3742 0.66

 Upper Gila 
Mountains

1,263,860 987,565 179 1178 189 3302 0.55

 Western Cordillera 11,568,242 9,211,001 1220 13,294 1952 2835 0.61

 Study area total 43,249,764 32,119,387 3499 33,594 7648 NA 0.63

Fig. 2. Fire ROS is closely related to area burned. Relationships of main effects of linear mixed-effects models between (A) daily linear ROS and daily area burned (mar-
ginal R2 = 0.70) and (B) the maximum linear spread exhibited during the life of a fire and its final size (marginal R2 = 0.66). Both models’ intercepts and slopes were sig-
nificant at P < 0.001. Sample density is represented by the dark to light color in hexagonal bins [total n = 33,594 DOB patches in (A); 3499 fires in (B)]. The blue lines show 
the model fits.
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events will challenge the resilience of conifer forest ecosystems 
throughout North America and other temperate biomes.

Fire weather and fuel availability are two important controls on 
fire behavior that mechanistically tie ROS to severity and could 
produce the relationships identified here. Wind speed is positively 
related to fire growth (40), crown fire (41), and large, aggregated 
high-severity patches (42). Fuel moisture is also a strong predictor 
of fire behavior: Drier fuels promote greater fuel consumption and 
radiative energy release (43) and can lower barriers to fuel connec-
tivity (33), increasing both fire severity and ROS. Positive feedbacks 

can also amplify these attributes of fire behavior. For example, cano-
py fuel consumption in active crown fires exposes the flaming front 
to ambient winds, increasing ROS (44). Further, highly fire-conducive 
fuel and atmospheric conditions can foster self-organizing fire be-
havior including mass fire (45), pyrocumulonimbus formation (46), 
and pyrotornadogenesis (47), each of which can increase ROS or fuel 
consumption. In contrast, lower wind speeds, high fuel moisture, 
and/or discontinuous canopy fuels associated with topographic vari-
ation or ecologically heterogeneous landscapes can reduce ROS 
and produce mosaics of varying burn severity that incorporate areas 

Fig. 3. Fire ROS predicts effects to forest landscapes. Relationships between daily fire spread event types (slow or fast) and maximum daily linear ROS (m/day) and fire 
effects in study area conifer forests including (A and B) burn severity (Composite Burn Index, CBI), (C and D) proportion of event area burned at high severity (CBI ≥ 2.25), 
and (E and F) distance to conifer seed source, as measured by the linear distance from high severity patch interior to the closest non–high-severity conifer pixel (m). In all 
boxplots [(A), (C), and (E)], the median value is represented by the horizontal black line, the mean by the black diamonds; all differences between slow and fast events were 
highly significant, P < 0.001. Blue trendlines [(B), (D), and (F)] show estimates of main effects from linear (D) and generalized linear [ordinal beta, (B) and (F)] mixed effects 
models. All model intercepts and slopes were highly significant, P < 0.001. The dark-to-light hexagonal bin color ramp represents the density of samples [total n = 2.7 ×
106 pixels in (B), 2.5 × 106 pixels in (F), 3.3 × 104 DOB polygons in (D)].
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of low-severity surface fire and unburned patches as fire refugia 
(48, 49).

High-severity fire reshapes forest ecosystems and alters a range 
of habitat values, carbon stocks, and other ecosystem services. For 
example, irreplaceable giant sequoias (Sequoiadendron giganteum) 
were killed at uncharacteristically high rates by recent, severe wildfires 
in California (50). Because regeneration by many western North 
American tree species is dependent on seed dispersal by wind from 
mature, live tree seed sources, postfire recovery rates are constrained 
where the interiors of burned patch interiors are far from surviving 
trees (31, 51). The 30-m resolution of this study is likely to lead to 
overestimation of surviving conifer seed source distances due to a 
minimum measurable distance of 30 m and because severely burned 
pixels can still contain some surviving trees (52). Nevertheless, it is 
apparent that as fire spread rate increases, so too does the area of 
high-severity fire and the distance to surviving tree seed sources. 
Tree species of forest types that were historically characterized by 
infrequent but severe fire (e.g., lodgepole pine, Pinus contorta var. 
latifolia, and black spruce, Picea mariana) have adaptations such as 
cone serotiny that facilitate regeneration following lethal fire (53) 
and might increase in dominance in the face of more severe wildfire 
(54, 55). However, although serotinous species with aerial seed banks 
do not necessarily require live-tree seed sources to regenerate, in-
tense crown fire may still reduce seed viability, and even these species 
often show declining regeneration success with increasing distance 
into high-severity patches (56, 57). In some settings, aspen (Populus 

tremuloides) may be particularly well-poised for expansion given both 
rapid resprouting but also very long-distance seed dispersal (58). 
Similarly, resprouting shrubs such as Gambel oak in the southwestern 
US (59) may become more dominant where severe fire removes 
conifer seed sources from large landscapes.

Ecoregional variation in relationships between fire ROS and 
landscape effects appears to reflect differences in forest fuel avail-
ability. More arid southern ecoregions including the Upper Gila 
Mountains and Mediterranean California exhibited lower burn severity 
and proportion burned severely than the more mesic boreal ecoregions, 
likely due to lower total aboveground biomass associated with open, 
dry forest stand structure. Live fuel load is consistently identified as 
the most important single determinant in models predicting fire se-
verity (60, 61). While modeled slopes were broadly consistent across 
ecoregions, the steeper relationships between ROS and fire effects 
(including CBI, high-severity proportion, and seed-source distance) 
in the Western Cordillera are notable. This ecoregion contains the 
broadest range of forest types and is characterized by strong elevational 
gradients in forest aboveground biomass, with sparse fuels in open 
forests at lower elevations contrasting with fuel-rich, continuous 
montane and subalpine forests at higher elevations. It may be that 
slower ROS here is more strongly associated with open forest (similar 
to effects in arid southern ecoregions) but faster ROS is associated 
with closed forests (similar to effects in fuel-rich boreal ecoregions). 
The Western Cordillera is also likely to have experienced the greatest 
effects of ongoing modern fire suppression, which alters the distribu-
tions of area burned across a gradient of fireline intensity and resulting 
patterns of fire severity [i.e., the “fire suppression bias;” (62)]. Less 
intense prescribed fire and managed wildfire may be allowed to burn 
under conditions where spread is slow and burn severity is low, but 
most area burns under extreme conditions when suppression is inef-
fective, ROS is fast, and severity is high.

Given relationships between fire ROS and ecological effects, as 
climate becomes increasingly conducive to fast, big, and severe 
wildfires, we can anticipate growing impacts to the conifer forests of 
the western mountains and the boreal biome of North America. 
Beyond the immediate effects of such fires on forest ecosystems, they 
may produce enduring landscape changes that are compounded by 
a changing climate. Warming and drying conditions, acting alone or 
in combination with postfire limitations on seed availability, can also 
reduce the likelihood of postfire recovery of prefire conifer forest 
types (63, 64). Where these mechanisms tip conifer forest systems 
toward alternate states, there are a wide range of implications for 
ecosystem functions including carbon storage, albedo, and hydrology. 
In some settings, such changes may produce feedbacks that could 
inhibit future fire activity, for example by reducing fuel availability 
in recent burns (65, 66) or where conifer forests shift towards less 
flammable broadleaf forest types (8). Vegetation changes can also 
promote fire activity, such as is observed where fire produces faster 
growing grass or shrub species that add to available fuel in early 
postfire periods (67). However, changes in fire activity imparted by 
such shifts may be negated by warming and drying. For example, 
while fire progression is limited by recent prior burns, relatively 
small increases in fire-conducive weather can overcome these limi-
tations (68).

Because fast-moving fires generally occur under conditions that 
reduce the effectiveness of wildfire incident management (for example, 
when strong winds preclude aviation or limited resources and assets 
may already be deployed to multiple large incidents), prefire planning 

Fig. 4. Ecoregional influences on relationships between daily ROS. (A) Burn 
severity, (B) proportion of area burned at high severity, and (C) distance from high-
severity patch interior to conifer forest burned at CBI < 2.25. Trendlines represent
the random effect terms of each ecoregion added to the intercept and slope of the 
main effect.
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and proactive fire management is essential to mitigating undesired 
outcomes to people and forests alike. Such actions necessarily entail 
community preparedness including adequate warning and evacua-
tion procedures (69). Human communities face increasing risks in-
cluding economic and health burdens such as wildfire-initiated urban 
conflagrations, increased insurance costs, and exposure to particulate 
pollution from smoke (70). Fire incident management may also need 
to use adaptation responses to fire behavior and impacts under future 
climate (71). Reducing undesired impacts to forested landscapes 
requires a wide range of measures that reduce fire spread and/or 
severity. These include the restoration of low-severity fire regimes 
via thinning treatments followed by prescribed or managed fire (72) 
where ecologically appropriate (e.g., frequent-fire forest types) and 
socially acceptable. Promoting heterogeneous landscape mosaics that 
include large patches of low-fuel or fire-resistant vegetation may be 
more useful in mitigating fast-burning fire. For instance, manage-
ment actions could expand less-flammable broadleaf forest types 
such as trembling aspen (P. tremuloides) through silviculture, pre-
scribed fire, or wildfire managed under moderate burning conditions 
(8, 73) in some infrequent-fire subalpine and boreal forest types. 
Understanding locations where live tree refugia are most likely to 
persist (49) through extreme events may also support management 
actions that can enhance forest resistance and postfire recovery. Last, 
expanded capacity to reforest severely burned landscapes, including 
assisted migration of tree species and assisted gene flow of popula-
tions suited to future climate, will likely be needed to restore and 
maintain vulnerable forest landscapes across portions of our study 
region (74).

Our study highlights the use of satellite-measured daily linear fire 
ROS, but we also acknowledge limitations to our approaches. By 
calculating linear ROS from satellite detections, we provide a measure 
of fire speed that can link foundational models of fire spread (75) to 
fire activity at the scale of large landscapes. Examining daily linear 
spread also offers benefits over daily area burned for studying wildfire 
with operational applications in mind. Linear ROS can better dis-
tinguish between fast versus slow spread (important for suppression 
and safety) independent of fire size: large fires can have an extensive, 
active perimeter than produces large daily area burned but with 
relatively slow ROS. However, the tight relationship between one-
dimensional linear ROS and two-dimensional area burned suggests 
that for some purposes, the additional effort required to measure linear 
growth may not be needed. We also note, as an important limitation, 
that calculating ROS with DOB polygons is spatially and temporally 
coarse, undoubtedly masking considerable fine-scale variation that 
could be informative—within a given polygon, not every pixel burned 
at our calculated ROS. Higher-resolution methods that measure ROS 
at the pixel rather than the polygon scale, or sample at subdaily 
intervals, could facilitate an improved understanding of the drivers 
and outcomes of fast fire spread at management-relevant scales (e.g., 
determinants of early, explosive fire growth, or effectiveness of firelines 
and fuel treatments in slowing fire growth).

Despite of escalating expenditures for fire and forest management, 
fire activity continues to increase in western and boreal forests of 
North America under an increasingly fire-conducive climate. Without 
globally effective climate mitigation that includes rapid reductions 
in greenhouse gas emissions, future warming can be expected to 
drive growth in fire impacts to valued conifer forests and other critical 
ecosystems far into the future. We can anticipate a range of conse-
quences, both good and bad in relation to human values, to ecosystem 

services such as timber products, water yield, wildlife, and recreation. 
These compel not just management attention but will also demand 
social adaptation to altered landscapes and ecological processes.

MATERIALS AND METHODS
Study area, forest masking, and wildfire perimeters
Our study area encompasses recent wildfires in conifer forests of 
Canada and the western United States (Fig. 1). We selected the 
following 11 North American Level 2 Ecoregions (76) for analysis: 
Alaska Boreal Interior, Boreal Cordillera, Boreal Plain, Marine 
West Coast Forest, Mediterranean California, Softwood Shield, 
Taiga Cordillera, Taiga Plain, Taiga Shield, Upper Gila Mountains, 
and Western Cordillera (Fig. 1A). Within this study area, we focus 
on conifer-dominated forests (Fig. 1B) burned in recent wildfires 
(2012–2023; Fig. 1C). To restrict our analyses to coniferous forests, 
we masked nonconifer pixels (30-m resolution) using LANDFIRE 
Existing Vegetation Type [EVT; (77)] data for the United States and 
the disturbance-informed annual land cover classification for Canada 
(78). Specifically, we reclassified LANDFIRE EVT pixels labeled as 
coniferous or mixed-conifer forest into a binary mask distinguishing 
conifer-dominated from nonconifer areas. For each year of fire occur-
rence, we used the most recent LANDFIRE product as a binary mask. 
For Canada, we retained prior-year pixels classified as coniferous forest 
and reclassified all other vegetation types to nonconifer. Wildfire 
perimeters were obtained from monitoring trends in burn severity 
(MTBS) for the US (79) and from the National Burned Area Composite 
(NBAC) for Canada (80). Prescribed fires and fires that did not overlap 
with conifer pixels were excluded from analysis. The centroid of each 
perimeter was used to assign burns to specific ecoregions.

Calculating daily fire spread and postfire landscape metrics
We developed maps of spatially continuous DOB patches by interpo-
lating fire detections for 3499 fires ≥400 ha that burned between 2012 
and 2023 (Fig. 5), following previously developed methods (6, 81). 
We first obtained Moderate Resolution Imaging Spectroradiometer 
(MODIS) and Visible Infrared Imaging Radiometer Suite (VIIRS) fire 
detections (https://firms.modaps.eosdis.nasa.gov/map/) for Canada 
and the US. We limited our analysis to fires with ≥10 satellite thermal 
anomaly detections. We assigned detections to individual days using 
a 24-hour period beginning at 0600 hours and ending at 0559 hours 
local time the following day, assuming that most nighttime detections 
represent lingering heat from the prior day. DOB interpolations were 
produced at a 30-m spatial resolution, matching the resolution of the 
conifer forest mask and fire severity data, and constrained to the final 
mapped fire perimeter from MTBS or NBAC.

We were interested in exploring linear ROS, rather than daily 
area burned, as a metric of wildfire behavior that might predict fire 
impacts. In particular, we sought to characterize DOB patches by 
the maximum distance the fire traveled on that DOB, following the 
methods of Harris et al. (8). To calculate ROS, we first identified 
shared boundaries between chronologically sequential DOB patch-
es. We then rasterized the distance from the beginning of each day’s 
spread (its boundary with the previous day) to the end of that day’s 
spread (the remaining perimeter). In cases where there was no shared 
boundary (such as for the first DOB patch of each fire, spread origi-
nating from a spotfire, or spread following gaps of 1 or more days in 
fire progression) distance was rasterized from the earliest hotspot 
detection within the DOB patch to the patch perimeter. From these 

https://firms.modaps.eosdis.nasa.gov/map/
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rasterized distances, we determined the maximum linear distance 
traveled within any DOB patch. We assigned that value to the entirety 
of the area burned for that day. Last, we classified DOB patches as 
fast when their fire spread rate was greater than or equal to a threshold 
representing the mean + 1 SD of all daily fire spread rates measured in 
each ecoregion (Table 1 and Fig. 5) and slow when it fell below that 
threshold. We refer to these classified DOB patches as representing fast 
and slow spread events. The use of an ecoregional threshold recognizes 
variation in typical fire sizes and fire behavior among ecoregions; what 
constitutes an extreme event in one ecoregion might be considered 
common in another (6). In total, we measured daily area burned and 
ROS for 33,594 daily fire spread events. Models described below pre-
dict fire effects using both the continuous daily linear ROS but also 
a binary classification of DOB patches as either fast or slow (Fig. 5).

We quantified burn severity as the predicted CBI derived from 
Google Earth Engine (82) and the Random Forest model developed 
by Parks et al. (83). This model estimates field-measured CBI from 
pre- and postfire Landsat imagery, climate, and latitude at a 30-m 
resolution. CBI represents effects of fire on soils, surface fuels, and 
vegetation and ranges from 0 (unburned) to 3 (most severe) (84). 
We applied the conifer forest mask described above to the CBI ras-
ters, retaining only conifer-dominated pixels for further analysis of 
burn severity in conifer forests, and sampling 0.1% of these pixels at 
random to reduce pseudoreplication and increase computation speed. 
We defined high-severity fire as CBI ≥ 2.25, which corresponds to 
≥95% canopy mortality (85). The proportion of high severity was 
calculated as daily area burned at high severity over the DOB patch 
area. We calculated distance from high-severity patch interiors to 
the closest conifer live tree seed source as the distance between a 
random sample of 0.1% of points within each high-severity patch 
and the closest pixel containing conifer forest outside of the fire pe-
rimeter or with CBI < 2.25 (unburned to moderate severity) within 
the fire perimeter. The 30-m resolution scale of our sampling may 
overestimate the actual distance because the minimum measurable 
distance is constrained to 30 m (from the center of one pixel to another) 
and previous research has shown that surviving trees may still occur 
within 30-m pixels classified as having burned severely (52).

Statistical analysis
We conducted a suite of analyses relating ROS with measures of 
wildfire impacts using linear and generalized linear mixed effects as 

implemented in the package glmmTMB (86). Because the distributions 
of ROS, daily area burned, and fire size are log-normal, we log10-
transformed these variables in all models. We first explored relation-
ships between linear ROS and daily area burned. We also related 
final fire size to the maximum (log10-transformed) daily linear ROS 
measured for that fire. Unique fire IDs nested within ecoregion were 
included as a random-effect term on the intercept in the model of 
daily area burned; only ecoregion was included as a random-effect 
term on the intercept in the model of final fire size. We calculated R2 
for these models using the method of Nakagawa et al. (87) as imple-
mented by the MuMIn package (88).

We compared the distributions of each of the three postfire metrics 
(burn severity, proportion of patch area burned at high severity, and 
distance from high-severity patch interior to live conifer tree seed 
sources) produced by fast versus slow events, and tested for significant 
differences between fast and slow events using linear and generalized 
linear mixed-effects models. We also tested for relationships be-
tween continuous, log10-transformed ROS and each of the postfire 
metrics using linear and generalized linear mixed-effects models. 
Proportion of high-severity fire is constrained between 0 and 1, we 
modeled this response variable using ordered beta regression. Because 
CBI is constrained between 0 and 3, we rescaled it to between 0 
and 1 and used an ordinal β error structure in this model as well. 
A Gaussian error structure was used in the seed-source distance model. 
Each of these models included fire ID nested within ecoregion as a 
random-effect term on both the model intercept and slope. We also 
contrasted models predicting wildfire effects using continuous ROS 
(m) from those using an areal measure (DOB area; ha). All analyses
were conducted in R (89).

Supplementary Materials
This PDF file includes:
Tables S1 to S3
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