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Abstract
Climate change is expected to increase fire activity in many regions of the globe, but the relative
role of human vs. lightning-caused ignitions on future fire regimes is unclear. We developed
statistical models that account for the spatiotemporal ignition patterns by cause in the eastern
slopes of the Cascades in Oregon, USA. Projected changes in energy release component from a
suite of climate models were used with our model to quantify changes in frequency and extent of
human and lightning-caused fires and record-breaking events based on sizes of individual fires
between contemporary (2006−2015) and mid-century conditions (2031–2060). No significant
change was projected for the number of human-caused fire ignitions, but we projected a 14%
reduction in lightning-caused ignitions under future conditions. Mean fire sizes were 31% and
22% larger under future conditions (2031–2060) for human and lightning-caused ignitions,
respectively. All but one climate model projected increased frequency of record-breaking events
relative to the contemporary period, with the largest future fires being about twice the size of those
of the contemporary period. This work contributes to understanding the role of lightning- and
human-caused fires on future fire regimes and can help inform successful adaptation strategies in
this landscape.

1. Introduction

In the U.S., two-thirds of the area burned by wildfires
is due to lightning-caused fires, but human-caused
fires contribute to extended fire seasons and expan-
ded fire niches to areas where fire would not naturally
occur (Balch et al 2017). In addition, human-caused
fires are the main source of large fires in the east-
ern and western U.S. (Nagy et al 2018). Understand-
ing how fire regimes - including lightning-caused
and human-caused fires - will unfold under cli-
mate change is critical to informing future adapta-
tion strategies (Locatelli et al 2011). Extreme wild-
fire events (EWE) both in terms of size and socio-
economic impacts across the globe have been shown
to predominantly coincide with very high levels of
fire danger, heightened by human pressures (Bendix

and Hartnett 2018, Kirchmeier-Young et al 2019).
While climate is the primary driver of macroscale
area burned, the human footprint is a close second;
however, the direction and magnitude of this effect
is nonlinear (Syphard et al 2007) and varies by
socio-ecological context (Mansuy et al 2019). Pre-
vious work has quantified the anthropogenic influ-
ence on fire regimes at continental (Balch et al
2017, Abatzoglou et al 2018, Nagy et al 2018) and
regional scales (Syphard et al 2007, Fusco et al
2016) and highlighted strong spatial variability in
the relationship between land-use and anthropo-
genic fire ignitions. Less known is how human- and
lightning-caused wildfires will change individually
as a function of future climate at local scales where
adaptation and fire management programs typically
operate.
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There is a growing body of literature, exploring
how climate change will affect wildfire frequency,
severity, and extent. Recent extreme fire seasons in
California, Portugal, and Australia have led to thou-
sands of structure losses and hundreds of deaths,
highlighting the need to understand how climate
change may exacerbate these extremes. As of 2020,
eight of the ten largest wildfires in California’s man-
agement record have all occurred in the last seven
years, and the occurrence of EWEs has raised con-
cerns that a warmer future will bring more frequent
and extensive record-breaking fires (Bowman et al
2017). In a study of the western US, Stavros et al
(2014a) projected that bymid-century relative to con-
temporary climate, the likelihood of a week with very
large fires (>20 234 ha) would increase by 270% in
flammability-limited forest areas of the PacificNorth-
west and by 130% in the fuel-limited systems of the
western Great Basin. In 2020, several very large fires
burned through moist forests on the western side of
the Cascade Range in Oregon, without any analogue
in contemporary history. These events sparked a
public, oversimplified, dichotomous debate between
management vs. warming climate as the main driver
for these events, emphasizing the need to disentangle
climate effects on extreme fire events (Abatzoglou
2021.

A future where extreme wildfires of today are
the norm, rather than outlier events, will likely have
significant impacts in coupled human-natural sys-
tems. Understanding what adaptation andmitigation
strategies are available will vary with local context,
including vegetation types, fire regimes, and values
at risk. Human and natural fire regimes can have
significant spatiotemporal variability, and the asso-
ciated suite of policy and management tools is inex-
tricably linked to cause. For example, managing wild-
fire for resource objectives (Huffman et al 2020) is
limited to natural ignitions occurring in locations
and under weather conditions that managers deem
safe (NWCG 2009). Where human-caused ignitions
are associated with the majority of problem fires
(Mietkiewicz et al 2020), educational programs to
raise awareness and/or enforcement of closures and
restrictions on public lands can help reduce unwanted
ignitions. Understanding whether future climate will
affect human- and lightning caused fire patterns
differently can help craft effective communication,
adaptation, and mitigation programs (Bendix and
Hartnett 2018).

In this study, we model projected fire activity
through mid-century with explicit attention to cause,
to determine how future climate will impact burn-
ing windows and fire size. We hypothesized that
due to different spatiotemporal patterns of human-
and lightning-caused ignitions, changes in energy
release component (ERC), a fire danger index used
by fire managers to assess large fire potential, will
impact human and natural fire regimes differently.

Wedeveloped spatiotemporal statisticalmodels of fire
occurrence and fire size for lightning and human igni-
tions based on empirical data and apply our models
forced by 18 global climate models (GCMs) to estim-
ate the frequency of EWEs, number of fires, and fire
size. We evaluated these scenarios across a 3.3 million
ha landscape in central Oregon, USA.

2. Methods

2.1. Study area
The study area covered 3.3 million ha along the east-
ern slope of the Cascade Mountains in central Ore-
gon, USA (figure 1), and was the focus of several
studies integrated in the ‘Forests–People–Fire’ project
(Spies et al 2018) centred around the social-ecological
systemof a fire-prone forest landscape. The study area
extends along a west-to-east moisture gradient that
supports diverse vegetation types ranging from alpine
forest to semi-arid juniper woodlands desert in an
intermix of public, private and tribal land. The west
side of the study area is dominated by moist forest
managed as designated wilderness areas where mech-
anical treatments are limited andwildfires are rare but
typically high-severity. Moving east, vegetation types
transition from dry mixed forest to semi-arid juniper
woodlands along the eastern boundary of the study
area (Spies et al 2017). Overall, forested lands ran-
ging from subalpine white fir to dry ponderosa pine
cover 70% of the study area, and semi-arid juniper
woodlands account for 20% of the study area. Fed-
eral forest lands managed by the U.S. Forest Service
dominate the study area (48%) and include the Des-
chutes and the Fremont-Winema National Forests.
The northern end of the study area includes the Con-
federated Tribes of the Warm Springs. Private indus-
trial (12%), state forest (1%) and small forest owner-
ships (8%) occur on the drier portions of the study
area and the wildland urban interface (12%) is con-
centrated around cities andmajor transportation cor-
ridors (Kline et al 2017). The study area has exper-
ienced an increase in population in response to the
amenities associated with the region, e.g. environ-
mental quality, recreation opportunities and access to
public lands (Olsen et al 2017).

2.2. Data Collection
2.2.1. Fire occurrence data
We obtained historical ignition data for 1992–2015
(figure 2) for the entire study area from the spatial
wildfire database of the U.S. (Short 2017). There were
15 006 recorded ignitions (figure 2(A)) in the study
area, but only 400 generated fires larger than 10 ha
(figure 2(B)). Fires >10 ha represented 2.6% of all
ignitions and 99% of the total burned area. Each fire
record was associated with the x, y coordinate for
ignition location, cause, ignition date and final fire
size.
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Figure 1. Study area located in central Oregon (inset), land cover type, major roads, and communities. Figure modified from
Ager et al (2018). Reprinted from Ager et al, Copyright 2018, with permission from Elsevier.

Themaximumarea burned in a yearwas 63 000 ha
(1996), and there were eight years with >20 000 ha
burned. The largest single fire was 47 846 ha
(Simnasho fire, 1996) followed by 37 626 (Barry Point
fire, 2012) and 32 267 (B&B Complex fire, 2003).
Lightning-caused ignitions correspond to 43% of the
fires >10 ha, and 55% of the area burned, whereas
human-caused ignitions leading to fires >10 ha were
frequent (57%) but associated with a smaller share of
total area burned (45%).

Temporal and spatial ignition patterns were dis-
tinct for human- and lightning-caused ignitions.
Human ignitions were concentrated near popu-
lated areas and roads, whereas lightning-caused igni-
tions were distributed evenly across the study area
(figure 2(A)). In terms of seasonality, lightning igni-
tions peak in mid-summer, whereas human igni-
tions tend to occur more broadly and extend towards
spring and fall (figure 2(C)).

2.2.2. Land cover data
Land cover type data were based on potential veget-
ation type groups representing species assemblages,
site productivity, and disturbance regimes (Burscu
et al 2014, Halofsky et al 2014) (figure 1). The
land cover type was assigned to each historical igni-
tion in the database (supplementary material table
S1 (available online at stacks.iop.org/ERL/16/064081/
mmedia); figures 1 and 2).

2.2.3. Historical ERC data
We used spatially explicit daily gridded ERC data
from the gridMET dataset (Abatzoglou 2013)
to develop wildfire-weather relationships for
1992–2015. This approach differs fromprevious work
(Ager et al 2018) that used a single ERC stream aver-
aged from 25 remote automated weather stations.
ERC is a hybrid weather-climate buildup fire danger
index that uses daily temperature, relative humidity,

3

https://stacks.iop.org/ERL/16/064081/mmedia
https://stacks.iop.org/ERL/16/064081/mmedia


Environ. Res. Lett. 16 (2021) 064081 A M G Barros et al

Figure 2. Location of historical ignitions (1992–2015): (A) originating a fire of any size and (B) originating a fire >10 ha. The
inset panel (C) shows the total number of ignitions (originating a fire of any size) per month and cause.

precipitation, and other meteorological variables to
provide a measure of potential fireline intensity. Sev-
eral studies have shown the empirical value of ERC
on daily-to-interannual timescales in tracking fire
activity characteristics (Abatzoglou and Kolden 2013,
Riley et al 2013). We chose ERC as a proxy for fuel
dryness to leverage available long-term ERC datasets
for the western U.S., where this metric is frequently
used to support fire suppression and to communic-
ate fire risk. Daily ERC data from gridMET (gridded
at 1/24th degree spatial resolution) were calculated
using the U.S. National Fire Danger Rating System
for a standard fuel model (dense conifer) that is the
operational standard for much of the western U.S.
(Bradshaw et al 1983). We used historical ERC data
to assign an ERC value to each individual fire record
using location and ignition date.

2.3. Model development
We developed a suite of spatially explicit statist-
ical models that estimate wildfire ignition location
(hereafter referred to as occurrence) and expected
fire size as a function of ERC, location, and day-
of-year for human and lightning-caused fires fol-
lowing the methods of Ager et al (2018). The igni-
tion prediction model included separate models for
human- and lightning-caused ignitions due to their
distinct seasonalities (figure 2(C)) and spatial occur-
rence (figure 2(B)). The modelling workflow starts
by estimating daily wildfire occurrence for the study
area. Specifically we used the following formula to
estimate the probability of any ignition per km2 per
day:

Pig = Plightx(1− Phuman)+ Phumanx
(
1− Plight

)
(1)

where Pig, Plight, Phuman are the probabilities of
any ignition, lightning-caused ignition and human-
caused ignition, respectively.

We used logistic regression to estimate the prob-
abilities of lightning- and human-caused ignitions.
Specifically,

Pr[Y= 1|X] = [1+ exp(−θ)]
−1 (2)

and

θ = β0+ s(ERC)+ s(day.of.year)

+ s(longitude, latitude) + land (3)

where, Y = a binary response variable (lightning-
caused ignition, human-caused ignition or occur-
rence of a fire >10 ha given ignition), X = (X1, …,
Xn) = a matrix of explanatory variables (ERC, loc-
ation coordinates, day-of-year, land cover type) and
s(X) = a smooth function of the three explanatory
variables estimated from the data via spline functions.
We used a periodic spline to estimate the effect of
day.of.year and a two-dimensional spline to estimate
a surface of locational effect. The location term was
used as a surrogate to account for spatially-explicit
variables (e.g. population density, roads, etc) that
might have an effect on the probability of ignition or
large fire occurrence and that were not included expli-
citly in the models.

For the estimation of fire size given a fire >10 ha,
we used a log-normal regression with the final model
used given by:

log(firesize) = β0+ s(ERC)+ s(day.of.year)

+ s(longitude, latitude)+ land

+ error (4)
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where, error was a Gaussian random error. All mod-
els were created utilizing the open-source R statistical
program (R Core Team 2016).

2.3.1. Model application to future ERC
We then used projected ERC streams from 18 dif-
ferent GCMs in the spatiotemporal ignition predic-
tion model to quantify changes in the number of fires
per season, fire size, and frequency of EWEs by cause.
We defined EWE as the maximum fire size by climate
model for the first ten years of the simulation record
(2006–2015) and tested how often the established
maximum size record is expected to be exceeded over
time.

To incorporate climate change into the spatiotem-
poral model of fire ignition and size, complementary
grids of daily ERC were produced from statistically
downscaled GCM data using the Multivariate Adapt-
ative Constructed Analogs approach (Abatzoglou and
Brown 2012; supplementary material). We down-
scaled daily meteorological fields from 18 different
GCMs from CMIP5 (Rupp et al 2013) for both his-
torical climate forcing (1950–2005) and future for-
cing (2006–2060) experiments, with the latter using
RCP 4.5. The RCP 4.5 is a posited future pathway
with continued climate mitigation whereby the globe
warms approximately 2 ◦C above pre-industrial levels
by 2060. These data were downscaled using the grid-
MET data to foster compatibility with the observed
record. However, due to slight biases in covariabil-
ity among GCM variables, we applied a trend pre-
serving quantile delta mapping of resultant ERC such
that the distribution of daily data for eachmodel dur-
ing 1979–2012 adhered to the distribution of observa-
tional data for the same period.

The output of the downscaling process was a
series of daily ERC grids for each of the 18 GCMs.
Each grid series was used to create additional daily
synthetic ERC grid series by randomly shuffling years
in a moving five-year window, creating four addi-
tional replicate grids (figure 3). All daily ERC grids
share the same overall trends of the original ERC
stream but allow for variability in daily ERC. This
variability in ERC streams allows us to sample a
larger range of possible daily ERC values for a given
grid cell location and day-of-year. The spatiotemporal
ignition prediction model randomly sampled from
empirically-derived relationships between ERC, sea-
sonality, location, and fire ignition and size to gener-
ate a list of fire ignitions expected to occur in a given
fire year (henceforth, firelist). Each ignition listed in a
firelist is associatedwith the following attributes: year,
day-of-year, ERC, location, cause, land cover type and
expected fire size. Figure 4 describes the time periods
for all model data and analyses.

2.4. Analysis of model outputs
For the model ensemble, we calculated the change
between modelled contemporary (2006–2015) and

Figure 3. Reshuffling process to create five replicates
from a single stack of annual ERC maps. This process
was repeated for each of the 18 GCMs, resulting in five
replicates per GCM.

projected future conditions (2031–2060) for the
following variables: number of fires >10 ha, fire
size, and occurrence of EWEs for human- and
lightning-caused ignitions. We present results in
terms of changes between contemporary and future
conditions for the model ensemble average. We
used the Kruskal–Wallis non-parametric test to
compare the medians of the contemporary and
future fire size, number of ignitions, and total area
burned.

We defined the benchmark EWE as themaximum
fire size by climate model for the first ten years of
the simulation record (2006–2015) and tested (a)
how often the established maximum size record is
expected to be exceeded over the following simulated
45 years, and (b) how often the EWE benchmark
was reset during that period, i.e. we tracked every
year the maximum simulated fire size record was
broken throughout the simulation period. We tested
whether the probability of the maximum size record
being broken differed from a theoretical model under
stationary conditions. This was done by comparing
modelled probabilities with a theoretical probability
curve following decay of 1/n where n is the num-
ber of years from the start of the simulation record
(Meehl et al 2009). This analysis accounts for the fact
that as time passes (and records accumulate), it is
increasingly unlikely for a stationary process to break
a record.

3. Results

All four terms in equations (2)–(4) had signific-
ant effects on the respective ignition probabilit-
ies (P < 0.01). The variables day.of.year and land
cover did not have a significant effect on fire size
when included in a model with ERC and location
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Figure 4. Periods (in years) associated with different datasets and analyses. EWE= extreme wildfire event; GCM= global climate
model; ERC= energy release component.

Figure 5. Log-odds of ignition of any size as a function of energy release component (ERC) for lighting- (A) and human-caused
fires (B) based on historical data (1992–2015). Dashed lines denote standard errors. Panel (C) is a graph of estimated fold increase
in fire size as a function of ERC. The fold increase is relative to the mean fire size when ERC is 50.

(P > 0.1). The reliability diagram for ignition prob-
ability demonstrates the skill of themodel predictions
in that, on average, the historical observed fraction of
ignitions matches our predictions by probability class
(supplementarymaterial figure S1). The between year
variability was higher at the higher probability levels.
This is to be expected since it is more difficult to pre-
dict an ignition than lack of one. The comparison
of simulated fire size with ERC, superimposed over
historical patterns, demonstrates the model’s skill in
predicting fire size (supplementary material figure
S2).

The log-odds of human and lightning ignitions
from historical data (1992–2015) showed distinct
responses to ERC. The log-odds of a lightning igni-
tion peaked at around ERC = 30, followed by a
drop (figure 5(A)), whereas the log-odds of human-
caused ignitions increased consistently for ERC
>30 (figure 5(B)). Expected fire size (figure 5(C))
increased with ERC as shown by the ‘fold’ increase in
fire size relative to days when ERC= 50.

Mean change in summer ERC between the con-
temporary and the last decade of the future period
varied spatially across the study area (figure 6). We
defined summer based on the climatological summer
definition, June to August. Maximum mean summer

ERC increased a model-average of 2.6 points between
the contemporary (2006–2015) and future (2031–
2060) periods for the region. Relative to contem-
porary, mean summer ERC increased on average 1.7
points across the entire study area (figure 6). The
increase in mean ERC was more pronounced in sub-
alpine areas located at higher elevation—on average
2.1 relative to contemporary conditions and lesser on
dry mixed conifer (lower elevation) areas where ERC
mean summer increase increased 1.7 points between
the two periods.

Mean annual area burned varied among indi-
vidual GCMs, with mean ensemble annual area
burned (blue line, figure 7(A)) showing no tem-
poral trend over the historical or future periods,
and significant interannual variability within and
among individual GCMs (figure 7(A)). Despite
the lack of a strong temporal trend, relative to
contemporary conditions, years with area burned
>20 000 ha will be comparably more frequent
under future conditions (figure 7(B)). Results from
the Kruskal–Wallis non-parametric test showed a
significant difference in mean area burned between
contemporary (2006–2015) and future (2031–2060)
periods (P < 0.0014), with an increase in the latter of
19%.
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Figure 6.Mean change in summer energy release
component (ERC) between contemporary and the last
decade of the future time period across the study area and
all 18 GCMmodels. Climatological summer was defined
between 1 June and 31 August. Note elevational differences
across the study area in figure 1.

The number of lightning-caused fires was slightly
reduced (−14%, interquartile range= 5.18%) under
future conditions (P < 0.001) and there was no sig-
nificant change in mean number of human-caused
ignitions (P = 0.145) between the contemporary
and future periods (figures 8(A) and (B)). The pro-
jected mean number of fires greater >10 ha was
20 fires per year under current conditions and 19
fires per year by mid-century. Relative to contem-
porary values, mean fire size increased under future
conditions, regardless of fire cause. Fire size of
lightning-caused fires increased (P = 0.019) by 22%
(interquartile range = 34%) under future conditions
and human-caused fires were 31% larger (interquart-
ile range= 40%,P<0.001) than under contemporary
conditions (figures 8(C) and (D)).

Modelled EWE frequency for both human and
lightning ignitions exceeded what would be expec-
ted based on stationary climate (supplemental mater-
ial figure S3). Ten of the climate scenarios (GCMs)
experienced 3.8 EWE events that exceeded the con-
temporary benchmark (figure 9). Across the whole
GCM ensemble, the lowest number of EWEs exper-
ienced was zero (CRNM-CRM5), and the highest
was six (CanESM2 and HadGEM2-ES). The average

increase in EWE sizewas 43 272 hawith an interquart-
ile range of 39 981 ha. In terms of worse case scen-
arios, the average increase in EWE size between
the benchmark and the maximum EWE experi-
enced (across the 17 GCMs with EWEs) was 346%
(89%–895%) (supplemental material table S2). For
example, IPSL-CM5A-MR had the highest bench-
mark EWE value (57 684 ha), and this value was not
exceeded by any of the predicted fires until 2030 and
2033. IPSL-CM5A-LR had the highest average EWE
increase over the contemporary benchmark (345%),
with amaximumEWE of 239 466 ha by the end of the
simulation (supplemental material table S2).

4. Discussion

We modelled future fire regimes at spatial and tem-
poral scales suited to reflect local fire-climate nuances
such as seasonality and cause. Results from this ana-
lysis can help develop flexible systems that account
for the way future climate can impact fire regimes
differently and help inform local staffing, prepared-
ness, prevention, and restriction plans. This analysis
focused on projected impacts on fire frequency and
fire size solely by increasing fire danger days, assum-
ing that contemporary relationships of ERC-fire fre-
quency and ERC-fire size will hold in the future for
both human- and lightning-caused fires.

Our model projected increases in area burned
by mid-century relative to the contemporary period.
This increase in area burnedwas driven by an increase
in fire size. These results agree with previous fire
predictions by empirical models operating at coarser
scales (western US) that report increases in area
burned by mid to late century (McKenzie et al 2004,
Kitzberger et al 2017, Littell andMcKenzie 2018). The
increase in EWEs follows the positive trend identified
in previous work projecting future incidence of very
large fires, although the definition of very large fire
is not consistent across analyses (Barbero et al 2015,
McEvoy et al 2020).

4.1. Lightning-caused fires
Our analysis projected that number of fires >10 ha
per season remained approximately the same between
the contemporary and future time periods. This uni-
form fire occurrence is likely a response to the shape
of the fire ignition-ERC distribution for the region
(figure 2(B)), emphasizing the importance of regional
studies that capture local patterns of fire occurrence.
In the contemporary record, lightning ignitions were
more likely on days with moderate ERC, and this
likelihood diminished with higher ERC. One possible
reason for the reduction in lightning ignitions under
higher ERC is that in the region, lightning-caused
fires occur after the passage of light precipitation,
including that from cold fronts that can lead to a drop
in ERC. Numerous fires from widespread cloud-to-
ground lightning can flare for days to weeks after the

7
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Figure 7. (A) Annual area burned projected by each GCM (each line showing the five-replicate average for any given GCM for a
total of 18 lines) and the 18-model ensemble average (blue line). Panel (B) shows the relative frequency of mean annual area
burned across GCMs for the contemporary and future periods. Relative frequencies account for differences in the number of years
between contemporary (10 year record) and future (30 year record). See figure 4 for a description of the time periods for all
model data and analyses.

Figure 8. Number of monthly ignitions for lightning (A) and human-caused (B) ignitions generating fires >10 ha (see figure 2 for
the spatial distribution of historical ignitions) and mean fire size associated with lightning- (C) and human-caused (D) fires.

lightning event due to extreme fire weather, reduced
fuel moisture, and temperature increases (Schroeder
and Buck 1970). It is also important to note that
the ignition date that was used to assign a daily ERC
value corresponds to the day of detection which may

not coincide with day of ignition. Regardless of what
explains the observed relationship between number
of lightning ignitions and ERC this relationship may
not necessarily carry on into the future. For example,
Romps et al (2014) projected that by 2088 the rate of
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Figure 9. Expected extreme wildfire event (EWE) activity over time for each global climate model (GCM). Benchmark EWE is
defined as the maximum fire size by GCM across all five replicates for the first ten years of the simulation record (2006–2015).
Grey boxes for years 2016–2060 indicate years when the maximum fire size was greater than or equal to the benchmark EWE for
any individual replicate. The first red triangle chronologically in the simulation record indicates a year when a new maximum fire
size was met for at least one replicate that exceeded the EWE. Each subsequent red rectangle indicates another new maximum fire
size (one that exceeded the size threshold set by the previous red triangle). For example, the benchmark EWE for bcc-csm1-1 was
41 223 ha. In 2018 a new maximum fire size threshold was set of 61 133 ha, and in 2041 an even higher maximum fire size
threshold was set of 61 480 ha. This threshold was not exceeded again until 2058 (92 137 ha). Note that maximum EWE size by
GCM over the course of the simulation is indicated at the bottom of the heatmap.

lightning flashes over the contiguous United States is
likely to increase by half relative to the 1996–2005 ref-
erence period. However, the frequency of lightning
strikes alone does not necessarily correlate well with
fire starts, particularly in the Pacific Northwest (Rorig
and Ferguson 1999) where lightning events can be
associated with precipitation (wet lightning) or occur
outside of the area of precipitation or with precipita-
tion that evaporates before reaching the ground (dry
lightning).

Changes in the number and seasonality of
lightning-caused ignitions have implications for
restoration efforts that plan on lightning ignitions
under low-risk conditions to increase the pace
and scale of forest restoration. While the number

of lightning-caused ignitions was slightly reduced
(−14%), this reduction occurred during summer
months when fire managers might be less willing to
manage lightning ignitions to accomplish ecological
objectives due to greater risk of escape, concurrent
fires, and potentially fewer resources available. On
the other hand, we projected no changes in spring
and autumn lightning ignitions when the weather
might facilitate management of lightning- ignited
fires for ecological objectives (Barros et al 2018).

4.2. Human-caused fires
The likelihood of human-caused fires was similar for
ERC values between 40 and 70 and then increased
slightly. This suggests the frequency of human-caused
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fires is more likely to increase in response to increases
in daily fuel dryness (ERC) than lightning-caused
fires, a problem that is compounded by evidence
of the growing frequency and impact of human-
caused fires (Abatzoglou et al 2018, Nagy et al 2018,
Mietkiewicz et al 2020).

Projected fire size increased for human-caused
ignitions—with fires on average 30% larger as a
response to an increase in dryness (ERC) only. We
did not account for concurrent high wind events or
changes in fuels management, landcover, or suppres-
sion capacity that may affect future fire size-ERC
relationships. We held all these factors constant and
looked at the effect of future ERC on the occurrence
of EWEs. Our results suggest that future fire regimes
in this study landscape may be characterized by an
increase in record-breaking fire sizes.

The increase (albeit small) in the number of
human-caused fires combined with an increase in
fire size can have implications for operating plans
that focus on staffing, preparedness, and preven-
tion (Cattau et al 2020). Decision points (e.g. daily
ERC, number of concurrent ignitions) based on past
conditions may be inadequate as most projections
show historical records of area burned and fire size
will continue to be broken over time. Adaptation
strategies may include setting new ERC thresholds at
which restrictions and emergency closures to pub-
lic lands are enforced during periods when human
ignitions are expected to be high (e.g. Fourth of
July) and re-dimensioning of daily resource availab-
ility and initial attack response during pre-identified
times.

Parsing out the relative contribution of human-
and lightning-ignited fires in future fire regimes is
also critical to inform stakeholder engagement in
diverse settings (Bendix and Hartnett 2018). Despite
overwhelming evidence in support of increased wild-
fire frequency and extent in response to a changing
climate, at local and regional scales, perceptions of
wildfire risk and risk drivers are less unequivocal.
A survey of residents in rural communities of the
Blue Mountains of Oregon showed that most parti-
cipants perceive the rising frequency of large wild-
fires, but the causes and drivers of that increase were
perceived differently and predicted by their sociopol-
itical identity (Hartter et al 2020). In some com-
munities, climate change and its impact on fires
today and in the future remain a polarizing theme.
This will likely impact how decision-makers and land
managers engage with stakeholders and how they
craft effective risk mitigation and communication
programs—particularly in cases where the risk asso-
ciated with human-caused ignitions is expected to be
compounded by future climate.

We did not account for changes in population
density or human behaviour that may affect con-
temporary patterns of human ignitions and fuels.
Similar to other rural areas in the Pacific Northwest

(Christensen et al 2000), the study area has seen
a shift from timber to a recreation economy with
amenity-based property buyers acquiring small tracts
of land as seasonal or secondary homes. This has been
accompanied by a shift in the way land is perceived
and managed (Hartter et al 2020). The many amen-
ities rural spaces provide—environmental quality,
access to public recreational and cultural resources—
will continue to drive the migration from urban to
rural spaces. Presumably, shifts in work practices
and the increased ability to telework will compound
these effects, however anticipating the role of human
impacts on future fire regimes is challenging.

4.3. EWEs
Our projections suggest that in the future individual
fire events will be larger (and more frequent) than
observed in the available historical record (1992–
2015) (figure 9). These projections are in agree-
ment with other regional studies that used alternative
future climates to project expected changes in size and
frequency of extreme fires albeit with different mod-
elling approaches and definitions of extreme events
(Stavros et al 2014b, McEvoy et al 2020). Whether
the projected effects on fire occurrence and size will
materialize depends on fire and fuel feedbacks not
accounted for in our models. For example, in real
landscapes, the occurrence of a future EWE is linked
to whether and when EWEs occurred in the same
area. The effect of past fires on future fire occurrence
is typically associated with negative feedbacks (Halof-
sky et al 2020). In our model, ignitions simulated
for any given year assume the same fuel availability
every year and have ‘no memory’ of past fires. Pre-
vious fires reduce the fuel available to burn (Donato
et al 2013), and as such, can reduce the likelihood of
ignition (Parks et al 2016), the likelihood of an igni-
tion becoming a large fire, and expected fire size—
the components of our statistical model. However,
while past fires can limit the occurrence and spread
of subsequent fires, particularly in less productive sys-
tems, this effect dampens as time passes and vegeta-
tion recovers (Parks et al 2015) and is less pronounced
under extreme fire weather characterized by strong
winds and warm, dry conditions (Parks et al 2015).

We defined EWE based on size, but it is import-
ant to note that not all EWEs are necessarily socio-
ecological disasters, i.e. events that caused fatalities,
consumed primary homes, and/or were defined as
so by a national government (Bowman et al 2017,
Joseph et al 2019), and large fires can have an import-
ant role in restoring ecological conditions in fire
excluded landscapes. However, large fires also have
the potential to disproportionally impact vulnerable
communities and magnify pre-existing vulnerabilit-
ies in ways that play out over years and decades.
Long-term recovery and adaptation towards socio-
ecological resilience, e.g. ability to afford insurance,
rebuild structures, create and maintain defensible
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spaces, and live with smoke, may be disproportion-
ally hindered in vulnerable communities (Davies et al
2018, Palaiologou et al 2019). In the conterminous
U.S., 29 million people coexist with potential for
extreme wildfires, but 12 million are socially vulner-
able people, meaning that a wildfire event could be
disastrous (Davies et al 2018). Furthermore, census
tracts that are majority Black, Hispanic or Native
American are associated with greater vulnerability to
wildfire than other census tracts (Davies et al 2018).
Under the status quo, projected climate change is
expected to exacerbate social inequalities unless eco-
systems and communities adapt to a changing cli-
mate and more wildfire (Schoennagel et al 2017) in
an equitable way. Adaptation plansmust integrate cli-
matic, ecological, and socio-economic data at a scale
relevant to identify where social risks are the greatest.

Large fire events can also impact public atti-
tudes and trigger new policy in response to par-
ticularly extreme wildfire years (Fischer and Jasny
2017, Mockrin et al 2018, 2020) and can incentivize
the development of fire-adapted communities (Schu-
mann et al 2020). For example, the 210 ha Pine Forest
community in Winthrop, WA, was exposed to fire
during the 2015 Twisp River fire that burned within
a quarter-mile of the community. Following the fire,
the community organized to update their forest stew-
ardship plan and has completed fuel reduction treat-
ments in 75% of individual lots and 70% of common
spaces (WADNR 2020).

Large fire events can also have long-lasting ecolo-
gical impacts on ecosystems (Foster et al 1998), and
those impacts can be compounded by subsequent
reburns (Halofsky et al 2020), which ourmodel indic-
atesmay bemore frequent and extensive in the future.
Fire size alone is not always indicative of the eco-
logical outcomes (negative or positive) and should
be accompanied by measures of severity per vegeta-
tion or land cover type. Future wildfire projections
need to broaden the scope of fire regime descriptors
to include cause and EWEs in addition to other
fire regime metrics that relate to fire effects such as
severity.

On the other hand, in many fire-adapted systems
where fire reintroduction is a key management goal,
more area burned can help accomplish important res-
toration work. Under certain conditions, fire man-
agers can take advantage of opportunities created by
large fires to achieve important forest health work
by managing fires for multiple ecological benefits.
Increasing and maintaining the capacity to manage
very large events across multiple state, local and fed-
eral agencies with fire responsibilities will be key to
adapt to a future where EWEs will be more frequent
and larger.

4.4. Model assumptions and limitations
Our models projected increases in area burned and
the potential of increasingly large fires in this central

Oregon study area by mid-century. These results
quantify the potential effect of future ERC distri-
bution on selected fire regime attributes. We high-
light three major assumptions in this study: (a) our
model assumes that contemporary ERC-ignition and
ERC-fire size relationships will hold under future
conditions; (b) the model did not explicitly account
for changes in fire weather events, such as the east
downslope winds that impacted the western Oregon
Cascades in 2020; and (c) ourmodel does not account
for interactions between fire and other disturbances
that may become more prevalent in a warming cli-
mate (Halofsky et al 2020). For example, on hotter
and drier sites, the co-occurrence of drought, insect
outbreaks, failed regeneration and non-native inva-
sions (Kerns et al 2020) in response to disturbance
have the potential to change ERC-occurrence and
ERC-size relationships modelled in this study.

5. Conclusions

While climate change is a global challengewith poten-
tial impacts on many facets of social and ecological
systems, adaptation to future fire regimes will require
multi-scale risk governance strategies that include
local solutions (Steelman 2016). We reported pos-
sible future fire scenarios at a scale compatible with
adaptive strategies to changing fire regimes. Projected
change in fire frequency and fire size was assessed by
increasing periods of high fire danger using empirical
relationships of ERC-fire frequency and ERC-fire size,
and assumed these will hold in the future for both
human- and lightning-caused fires. The projected
increase in area burned by mid-century (2031–2060)
relative to the contemporary period (2006–2015) was
consistent across all future climate scenarios, and
driven by an increase in the size of EWEs. However,
wildfires can have both positive and negative long-
term effects, and severity predictions are needed to
refine assessments of impacts of future fire regimes.
Positive outcomes from managing natural ignitions
are well documented (i.e. resource objective wild-
fire, (Huffman et al 2020)) in terms of restoring fire
excluded forests to resilient conditions. By contrast,
human ignitions require an immediate suppression
response under current policy, and their projected
increase in concert with expanding housing in wild-
land areas (Radeloff et al 2018) will increasingly chal-
lenge fire management agencies, and projected EWEs
may lead to community disasters observed in the
western US (Ager et al 2021) and elsewhere (Molina-
Terrén et al 2019). The next step in our work is to
use projected future wildfire events as inputs into
an agent based landscape model as performed for
contemporary fire regimes in our prior work (Ager
et al 2018). In this way scenario analyses can be
used to test adaptation strategies and understand the
potential impacts of uncertain wildfire futures in a
coupled human-natural systems context. Similarly,
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results from simulations could be used to improve
current planning for the socio-ecological impacts of
highly uncertain future fire regimes projected in this
and other studies (Halofsky et al 2020).
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