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Abstract we developed ecologically based climate-fire projections for the western United States. Using a
finer ecological classification and fire-relevant climate predictors, we created statistical models linking
climate and wildfire area burned for ecosections, which are geographic delineations based on biophysical
variables. The results indicate a gradient from purely fuel-limited (antecedent positive water balance
anomalies or negative energy balance anomalies) to purely flammability-limited (negative water balance
anomalies or positive energy balance anomalies) fire regimes across ecosections. Although there are other
influences (such as human ignitions and management) on fire occurrence and area burned, seasonal climate
significantly explains interannual fire area burned. Differences in the role of climate across ecosections are
not random, and the relative dominance of climate predictors allows objective classification of ecosection
climate-fire relationships. Expected future trends in area burned range from massive increases, primarily in
flammability limited systems near the middle of the water balance deficit distribution, to substantial
decreases, in fuel-limited nonforested systems. We predict increasing area burned in most
flammability-limited systems but predict decreasing area burned in primarily fuel-limited systems with a
flammability-limited (“hybrid”) component. Compared to 2030-2059 (2040s), projected area burned for
2070-2099 (2080s) increases much more in the flammability and flammability-dominated hybrid systems
than those with equal control and continues to decrease in fuel-limited hybrid systems. Exceedance
probabilities for historical 95th percentile fire years are larger in exclusively flammability-limited ecosections
than in those with fuel controls. Filtering the projected results using a fire-rotation constraint minimizes
overprojection due to static vegetation assumptions, making projections more conservative.

Plain Language Summary Most people, including many familiar with fire ecology and future
climate, assume that the area burned by wildfire will increase in a warmer climate. This depends a lot on
what kind of ecosystem we mean. In all ecosystems, fuels must be available to fire for fires to get very big, but
the climate controls on those fuels vary widely with vegetation. In wetter forests, it takes an abnormally
warm, dry year to make normally wet fuels available. But in many drier ecosystems, fuels are dry enough to
burn most years—whether fires get big depends also on whether there is sufficient fuel available to carry
fires over large areas. In this kind of vegetation, abnormally wet years in the year prior to fire can create
larger or more connected fuels that then lead to larger fires. In this study, we use this concept to investigate
how future area burned might be affected by climate change. We found that some ecosystems will burn
much more, just as expected. But some will actually burn less. We characterized these futures for 70 different
ecosystems around the West. The similarities and differences illustrate the range of futures that might

be expected under climate change.

1. Introduction
1.1. Climate-Fire Relationships

Climate-fire relationships have received increasing attention as long-term climate and fire data sets become
more available. Recent work compares the utility of fire-related explanatory climate variables (Westerling
et al, 2003; McKenzie et al., 2004; Littell et al., 2009; Littell & Gwozdz, 2011; Abatzoglou & Kolden, 2013;
Kitzberger et al., 2017), identifies recent trends in area burned (Dennison et al., 2014), attributes the propor-
tion of observed change in area burned due to climate change (Williams & Abatzoglou, 2016), and projects
future components of fire regimes statistically given climate change (Kitzberger et al., 2017; Littell et al.,
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2010; Westerling et al., 2011). Much of this work has focused on forest fires, perhaps in part because the
relationships between climate and fire in forests are often statistically stronger and the influence of
contrasting climate and vegetation drivers simpler (McKenzie & Littell, 2017). Nonforested vegetation
types, spanning more broadly the gradient of aridity to vegetation productivity across the western United
States, have received less attention, especially from an ecological, rather than physical, perspective.

The role of climate drivers in fire regimes is ecosystem dependent (Pausas & Bradstock, 2007; Ryan, 1991), and
a range of regional climate-fire relationships have been empirically documented across drought, aridity, and
productivity gradients (Krawchuk et al., 2009; Krawchuk & Moritz, 2011; Littell et al., 2009; Littell & Gwozdz,
2011; Pausas & Ribeiro, 2013; Westerling et al.,, 2003). Krawchuk et al. (2009), Littell et al. (2009), and
McKenzie and Littell (2017) focused specifically on ecological differentiation of these gradients, proposing
resource-based (Krawchuk et al., 2009) and climate-productivity gradient (Littell et al., 2009; McKenzie &
Littell, 2017) frameworks for fire variability. Collectively, these studies show that ecosystem response to cli-
matic change can affect fire regimes through changes in fuel availability (productivity), fuel flammability,
or both. Although the roles of drought and warming in future fire under climate change receive considerable
attention (see reviews in Littell et al., 2016, and Williams & Abatzoglou, 2016), others have noted that regional
fuel and climate responses can lead to both increases and decreases in fire activity under future climate. For
example, Moritz et al. (2012) described increases more widely than decreases (primarily in the tropics), and
Young et al. (2017) showed that boreal and tundra vegetation can respond at different rates. McKenzie
and Littell (2017) challenged the dominance of a “drought and warming beget fire” approach to climate
and fire in the western United States, arguing that simultaneous nonstationarity in climate, fire, and postfire
fuel trajectories limits the predictability of fire area burned. In this paper, we use a concept of stationarity simi-
lar to that in Milly et al. (2008), where the assumption that natural systems fluctuate within an “unchanging
envelope of variability” is invalidated for water resources problems because human effects on hydrologic sys-
tems are directional. Because the probability distribution of fire events (size, severity, or frequency) is chan-
ging with climate change, land use and fire suppression effects, landscape and vegetation changes,
parameter reference points from historical analyses are unlikely to serve reliably for future predictions. Fire
in the 21st century is, and will continue to be, nonstationary.

1.2. Climate-Based Projections of Future Fire

Bowman et al. (2014) argued that projections of future fire activity under climate change should include all
the important drivers of fire regimes, implying that considering fire-productivity relationships is only part
of the picture. Fischer et al. (2016) described the coupled human-natural system dimensions of fire govern-
ance, highlighting that improved projections are merely one dimension of a complex decision context, while
Schoennagel et al. (2017) pointed out that increases in fire activity in the western United States will necessa-
rily require adaptation. Wildfire in the western United States is clearly a problem with complex dimensions,
including human influences that are not easily quantified and modeled (e.g., Balch et al.,, 2017; Syphard
et al,, 2017). For example, fire suppression, land use, and human ignition sources all contribute to the mani-
festation of fire on real landscapes and are often assumed to play a smaller role than climatic drivers.
Nevertheless, given fire sensitivity to climate and the projected rate of climate warming, anticipating and
adapting to landscape change in the western United States will depend, at least in part, on understanding
future changes in fire regimes in their specific ecological contexts.

The rate of change in wildfire activity in the next several decades will be a product, in part, both of current fuel
conditions and their responses to the direct and indirect effects of climate variability and change. Models of
this change need to represent processes that are manifest at different spatial and temporal scales (McKenzie
et al., 2014). For example, the grid spacing of global climate models is generally orders of magnitude coarser
than fire-behavior models, with patch sizes of ecological landscape change somewhere in between (e.g., for-
est succession and hydrology, and patterns of fire spread constrained by topography). Modeling and project-
ing wildfire activity therefore involves tradeoffs between the finer resolutions appropriate for fire behavior
and fire effects and the coarser resolutions needed to avoid false precision in statistical estimates of
climate-fire relationships (McKenzie et al., 2014).

These tradeoffs are illustrated in recent work modeling future fire responses, where the spatial scale chosen
for modeling has implications for the flexibility and robustness of projections. Liu and Wimberly (2016) and
Kitzberger et al. (2017) evaluated drivers of fire in the western United States with models at relatively fine

LITTELL ET AL.

1098



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Earth's Future 10.1029/2018EF000878

scales (for the purpose). Kitzberger et al. (2017) produce independent statistical models for each 1 x 1 degree
grid cell, whereas Liu and Wimberly (2016) use even finer resolution climate and indirect driving data and
individual fire perimeters to calibrate their simulations. Kitzberger et al. (2017) limited their projections uni-
versally to mid-21st century, acknowledging that future changes in fire response to climate eventually require
simulation of vegetation responses to both climate and disturbance. Liu and Wimberly (2016) instead statis-
tically simulated the role of vegetation change after disturbance and subsequent fire responses. In attempt-
ing to account for the complex nature of climate-fire relationships and their spatial variance with fuels or
other factors, both these studies use gridded historical climate and fire data and make future projections
at the same resolution. These studies therefore assume both that climate-fire relationships are sufficiently
resolved at such scales and that they are equally stationary in time as long as vegetation does not change
(Kitzberger et al., 2017) or for given combinations of climate, vegetation, and indirect drivers (Liu &
Wimberly, 2016). Especially for the approach in Kitzberger et al. (2017), it is difficult to distinguish grid cell
climate-fire models that are not significant because the area burned does not respond to variations in climate
from those where low historical fire occurrence or short calibration period (a small fraction of many western
fire-free periods) limit the ability to detect relationships that actually occur.

Abatzoglou and Williams (2016) go to the other end of the spectrum, building one model for all the forested
regions of the western United States combined. For their purpose, attributing the effects of climate change
on wildfire proportionally rather than actual regional projections, this coarse-scale approach was more com-
putationally feasible, and probably avoided false precision in their complex attribution process. In our pre-
vious work (Littell et al., 2009), we built models at the scale of the Bailey ecoprovinces, one level more
aggregated spatially than in this paper. We chose to balance the uncertainties associated with the ecological
heterogeneity of the ecoprovinces against the larger sample sizes (number of fires adding up to annual area
burned) and more robust representation of climatology (avoiding the possible false precision of characteriz-
ing climate at fine spatial scales).

Here we complement this earlier work with a new set of ecologically based projections at the scale of Bailey's
ecosections (Bailey, 1995). The rationale for the finer scale of our approach is twofold. First, we have much
better characterization of the driving variables in our models at finer scales than for the earlier work (see sec-
tion 2). Second, we seek results that are more directly “actionable,” that is, they represent processes (wildfire)
at scales closer to those relevant for watershed and landscape management. We retain the ecosections for
their ecological relevance, despite their widely different sizes, rather than using a grid-based approach that
ignores the spatial patterns of landscapes.

1.3. Toward Ecologically Based Climate-Fire Relationships

We explore the limits of statistical attribution and projection of climate-driven changes in area burned across
biophysical gradients in the western United States. We present what we deem the statistically most defensi-
ble climate-fire diagnostic models, and develop an ecologically driven classification of climate-fire relation-
ships. To limit extrapolation far beyond current fuel limitations, we constrain area-burned projections by
assuming that as simulated area burned nears ecosection area, vegetation change limits the suitability of sta-
tistical models developed on historical vegetation. We interpret the resulting projections of future area
burned within the context of expected future climate, and consider practical limitations to the data and mod-
els, as well as more subtle uncertainties associated with the nonstationarity of climate-fire relationships
(McKenzie & Littell, 2017).

2. Data and Methods

2.1. Fire and Climate Historical Data

For comparison to prior work, and because no update of the required West-wide climatic variables was pub-
licly available beyond 2006 (see below) at the time of analysis, we used the same methods to estimate histor-
ical area burned data as Littell et al. (2010), Littell and Gwozdz (2011), and McKenzie and Littell (2017) but
expanded the data set to the entire western United States. Briefly, we tabulated annual area burned on fed-
eral lands (USBIA, USBLM, USFS, USFWS, and USNPS) from 1980 to 2006, aggregated from individual fires to
Bailey’s ecosections for the western United States (11 western states, after Littell et al., 2009), but for 70 eco-
sections rather than the coarser ecoprovinces from Littell et al. (2009) or the smaller number of ecosections
explored in Littell and Gwozdz (2011) and McKenzie and Littell (2017). We used time series of interpolated
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historical climate data and modeled ecohydrologic variables (after Elsner et al., 2010; Littell et al., 2011; Littell
et al., 2014): potential evapotranspiration (PET), actual evapotranspiration (AET), water balance deficit (DEF,
calculated as PET-AET), snow water equivalent (SWE), as well as temperature (TEMP) and precipitation
(PREC). Climatic variables were aggregated to ecosection-level time series and seasonally averaged
(December to February, DJF; March to May, MAM; June to August, JJA; September to November, SON; as well
as October to March, ONDJFM; and April to September, AMJJAS) except for SWE, which we considered only
for March, April, or 1 May. Following Littell et al. (2009) and McKenzie and Littell (2017), we considered both
lag 1 (L1) and year-of-fire (YO) climate. Longer lagged variables are sometimes significant (e.g., Littell et al.,
2009, which considered lag 2), but we eschewed longer lags to limit the number of plausible explanatory vari-
ables to those most proximate in their influence on fire.

2.2. Climate-Fire Statistical Models and F Index Classification of Ecosections

Following Littell et al. (2009) and Littell and Gwozdz (2011), we used linear regression models to attribute var-
iation in area burned (log;oAB) to climate variables, but with some methodological modifications. First, to
improve identification of the best predictors from a larger pool of YO and L1 variables, we used the R
(R Core Team, 2017) package bestglm (Mcleod & Xu, 2014) to select the best candidate regression models
using an all-subsets search algorithm. Best models were determined based on lowest BIC scores and subject
to the constraints of p (T) < 0.1 and VIF < 3 (VIF calculations, package “car,” v. 2.0-19, Fox et al,, 2014). We
calculated the Durbin-Watson statistic (package “Imtest,” v. 0.9-30, Hothorn et al., 2014) to test for autocorre-
lation in residuals and used the PRESS statistic to estimate the mean prediction error for each model given
the observations. We used package relaimpo (v. 2.2-2, Grdmping, 2006) to evaluate the relative importance
(i.e., ranging from 0 to 1) of the best regression predictors using methods similar to normalized coefficients
but arguably better (Feldman, 2005). Following McKenzie and Littell (2017), we classified ecosection climate-
fire relationships based on fuzzy-set theory that defines an ecologically relevant gradient of fire climatologies
from fuel limitation to flammability limitation. Ecosections with model terms exclusively indicating positive
PREC, SWE, or AET and negative energy or PET were considered purely fuel-limited—these relationships indi-
cate fuel production in the seasons prior to fire. Ecosections with model terms exclusively indicating positive
energy (PET and TEMP) and negative PREC, SWE, or AET were considered purely flammability limited. We
used the relative importance of the best regression terms (regardless of final model skill) to define the priority
of terms in the model and develop a composite fuzzy-set score (F index) indicating the position of each
ecosection in the historical period along the continuum from fuel to flammability limitation:

F = 2(relative importance flammability limited variables)/
(relative importance flammability limited variables + relative importance fuel limited variables)-1

This produces a continuous variable that describes the climatic controls of fire area burned from completely
fuel limited (—1) to completely flammability limited (1).

2.3. Future Fire Projections Based on Future Climate

To estimate the range of future area burned, we developed future climate scenarios using future climate
model projections from the World Climate Research Programme’s (WCRP's) Coupled Model
Intercomparison Project phase 3 (CMIP3) multimodel data set statistically downscaled to 1/16th degree for
the western United States (see Littell et al., 2014, for further documentation). The scenarios include two cli-
matologies (2030-2059, hereafter “2040s,” and 2070-2099, hereafter “2080s") and five forcings (A1B CMIP3
multimodel mean of 10 GCMs and four bracketing GCMs—ECHAMS5, MIROC3.2, PCM1, and HadGEM1,
Littell et al., 2011, 2014; Mote & Salathé Jr., 2010). The 10 GCM composites consisted of climate models
demonstrated in Littell et al. (2011) to perform well over multiple regions of the western United States. The
bracketing models include scenarios that represent less warming (annually) and drier (in winter; PCM1), less
warming and wetter (ECHAM5), warmer and wetter (MIROC 3.2), and warmer and drier (HadGEM1), compared
to the composite. Each of the 10 scenarios consists of temperature and precipitation deltas associated with
the future 30-year climatologies applied to the historical 91-year (1916-2006) time series for 1/16th degree
cells, resulting in a synthetic projection with historical variability and sequence but with future mean climate.
The statistically downscaled TEMP and PREC were in turn used to drive the VIC hydrologic model (see Elsner
et al, 2010; Hamlet et al,, 2013; Littell et al., 2011, 2014, for details) and derive PET, AET, DEF, and SWE.
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Although some progress in both skill and resolution of GCMs has occurred since CMIP3, Knutti and Sedlacek
(2013) showed that CMIP3 and CMIP5 can be considered as essentially from the same probability distribution,
and at the time of analysis, no internally consistent CMIP5 projections with required ecohydrologic variables,
especially PET for natural vegetation, were available to us.

The future ecoclimatic variables were then used as predictors in the ecosection statistical climate-fire models
to project expected area burned contingent on future climate. From each ecosection’s projected area
burned, we calculated three metrics of change in fire regime. First, we calculated ecosection fire rotation
for the 2040s and 2080s by evaluating the time required to burn a total area equivalent to ecosection area,
permuting the calculation 100 times for random sequences of the annual future climate projections to esti-
mate a mean rotation under future climate, including a wide range of plausible sequences of annual climate
variables. Simulated fire rotations were averaged over the 100 permutations of the sequence of future cli-
mate predictors for each ecosection under each GCM and the composite. If the projected mean composite
fire rotation was less than 30 years (the duration of the 2040s and 2080s climatologies, and similar to the time
frame of the training data), we assumed use for a later time period would potentially violate the model
assumption that vegetation was broadly similar to the historical. That is, if an area equivalent to the ecosec-
tion’s total area burned during the climatology in question, that ecosection’s subsequent projections were
considered suspect and especially sensitive to nonstationarity in climate-fire relationships due to expected
changes in vegetation composition. Second, we calculated the change in model median (dMed) annual area
burned given future climate scenarios and compared it to the historical calibration period. Third, to address
changes in extreme fire years, we calculated the change in probability of exceeding the historical 95th per-
centile area burned year in each of the future time periods.

3. Results
3.1. Climate-Fire Statistical Models

The diagnostic climate-fire models indicate a wide range of climate-fire relationships among the 70 ecosec-
tions (Figure 1). All but two (342E [Bear Lake, UT] and 262A [Central Valley, CA]) of the 70 ecosections have
climate-fire models that are significant assuming a = 0.05, with mean number of predictors 4.0, +1.4 SD.
Model skill varied widely, with the significant models’ adjusted R? ranging from 0.217 (263A, Northern
California Coast) to 0.946 (M331A, Yellowstone Highlands), with a mean of 0.56 (+0.18 SD). The variance
explained was somewhat greater (mean R® = 0.61, SD 0.16) for Bailey’s mountain (“M,” often mountainous)
ecosections than for non-“M” ecosections (often lower elevation or nonmontane, mean R® = 0.51, SD 0.19).

PET was the most frequent leading predictor (24%), followed by seasonal DEF (20%), TEMP (19%), PREC (17%),
AET (14%), and SWE (4%). Frequency among all predictors was roughly equal across all predictor variables,
ranging between 16% (PET) and 21% (P) for variables other than SWE (9%). Among “M” systems, PET was
the most common leading term (33% of models), but among non-“M" systems, it was TEMP (26%). DJF
and JJA predictors were the most common (91 and 81 terms respectively), with other seasons demonstrating
roughly even representation (ONDJFM = 40 terms, AMJJAS = 34 terms, MAM = 39 terms, and SON = 37 terms).
The leading predictor in the best statistical model was from the year prior (L1) in 27% of models overall, but
46% among non-“M" systems. Taken over the ecosections as a whole during the calibration period, a gradient
of fire responses to deficit emerges, with mean area burned first increasing with mean warm season deficit,
but then decreasing as deficit increases past about 375 mm (Figure 2). Of the significant models, eight mod-
els had R? < 0.4, a self-imposed arbitrary limit of utility, and an additional four models failed DW tests for resi-
dual independence, leaving 56 models satisfying the assumptions and requirements for further analysis.

Among the 70 candidate models, there was a clear gradient from almost exclusive fuel limitation to almost
exclusive flammability limitation, with most ecosections having some elements of both (Figure 1 and
Table 1). Fuzzy set membership identified 14 purely flammability-limited ecosections (F = 1.00), 36 ecosec-
tions primarily flammability limited but with some fuel-limited predictors (flammability-fuel,
0.272 < F < 0.931), nine ecosections with equal dominance (—0.011 < F < 0.176), eight ecosections primarily
fuel-limited but with some flammability limited predictors (“hybrid,” fuel-flammability, —0.243 < F < —0.778),
and 3 purely fuel limited ecosections (F = —1.00). Bailey’s “M” and non-"M" classification alone did not sepa-
rate variance explained or F classification; skill, fuel limitation, and flammability limitation are nearly random
relative to ecosystem classification (Figure 3).
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Figure 1. Western U.S. Bailey ecosections classified by climatic controls of area burned according to F index, a continuous
indicator of fuel-to-flammability limitation determined by the relative importance of climate variables explaining
variability in annual area burned (see Table 1 and diagnostics in the supporting information Table S1). Asterisks indicate
ecosections for which statistical relationships allowed classification but statistical models were either weak or violated one
or more diagnostic tests. Note that ecosection boundaries M313B (Sacramento/Manzano Mountains, NM), 321A
(Chihuahuan Basin and Range), 315B (Southwest Texas High Plains), 331F (Northwestern Great Plains), and 331H (Central
High Plains) are mapped only for the portion of the ecosection within one or more of the eleven western states from
which fire data was extracted.

3.2. Projection Under Future Climate

Given the statistical climate-fire models and projected climate, ecosection area burned responses vary con-
siderably among ecosections (Figure 4). By the 2040s, median area burned is projected to increase among
purely flammability limited (ecosection median increase in projected area burned of 132%), flammability-fuel
limited (+240%), and equal controls (+43%) ecosections but is projected to decrease (—119%) in fuel-
flammability ecosections (Table 2). For the 2080s, area burned increases under all scenarios for the flammabil-
ity (+770%), flammability-fuel (+442%), and equal control (+139%) ecosections, but decreases (—178%) for
fuel-flammability systems.

Projected future fire rotations vary with model sensitivity and therefore also vary considerably across ecosec-
tions. Most (68%) ecosections had fire rotations exceeding 91 year (bracketing GCM range 55-80%,
Figures 5a and 5b).
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Figure 2. Relationship between fire season deficit and annual area burned
across all 70 ecosections. Large colored symbols represent ecosection means
for 1980-2006, gray symbols indicate individual years.

Table 1

F Index and Regression Model Skill by Ecosection

Ecosection Findex Adj. R* P Ecosection Findex Adj. R P
263A* —1.00 0.217 0.01 341C 0.47 0.500 0.00
315B* —1.00 0310 0.01 M331B 0.47 0.593 0.00
342E* —1.00 0.089 0.07 M332D 0.49 0.686 0.00
313B —0.61 0.894 0.00 M242C 0.50 0.596 0.00
341E* —0.60 0479 0.00 M333A 0.52 0.617 0.00
M242A —0.59  0.555 0.00 341D 0.56 0.455 0.00
342H —0.54 0.652 0.00 M261E 0.58 0.774 0.00
M262B* —0.39 0255 0.02 M332E 0.60 0.735 0.00
3228 —-037 0565 0.00 M261B* 0.61 0.268 0.02
M341A* —0.35 0385 0.00 M333C 0.63 0.827 0.00
321A —0.32 0.620 0.00 M331D 0.65 0.709 0.00
3421* —0.26  0.590 0.00 313A 0.67 0.726  0.00
M262A —0.26 0.630 0.00 M313B 0.71 0.834 0.00
341G* —0.25 0.526 0.00 331G 0.74 0.646 0.00
342C —0.24 0.708 0.00 331F 0.77 0.653 0.00
313C* —0.24 0328 0.01 261B 0.77 0437 0.00
322C 0.02 0524 0.00 M332B 0.78 0.755 0.00
322A 0.02 0441 0.00 M341B 0.79 0.483 0.00
M331F 0.03 0.630 0.00 M341C 0.81 0.713  0.00
3428 005 0561 0.00 M333D 0.89 0.639 0.00
M261D 0.05 0.703 0.00 262A* 1.00 0.090 0.07
M261G 0.13 0469 0.00 341B 1.00 0435 0.00
341A% 014 0692 0.00 341F* 1.00 0234 0.02
M261F 018 0426 0.00 342D 1.00 0.425 0.00
342F 0.27 0.665 0.00 M332C 1.00 0413 0.00
331J) 029 0620 0.00 M331E 1.00 0426 0.00
313D 030 0550 0.00 M332G 1.00 0.486 0.00
242A% 0.31 0.202 0.03 M261A 1.00 0.532 0.00
331H 0.37 0.512 0.00 M331G 1.00 0.542 0.00
342G 039 0706 0.00 M313A 1.00 0.564 0.00
M332F 0.39 0.811 0.00 M333B 1.00 0.639 0.00
313E 0.39 0.581 0.00 M3311 1.00 0.732 0.00
342A 040 0581 0.00 M332A 1.00 0.732  0.00
M331J 0.41 0.637 0.00 M331H 1.00 0.740 0.00
M2428B 045 0447 0.00 M331A 1.00 0946 0.00

Note. Ecosections with asterisks indicate models that did not pass one or more
tests of skill or reliability.

Under the 2040s projected ensemble climate, roughly a third of ecosec-
tions had fire rotations shorter than the 91-year simulation period
(Figure 6). Sixteen percent of ecosections under the composite scenario
(GCM range 13-23%) had mean rotations between 30 and 91 years,
and 16% (range 5-21%) exceeded one fire rotation within our 30-year
limit, indicating very short rotations that suggest nonstationarity in
the late 21st century. No clear relationships between the time required
to reach one fire rotation and ecosection flammability/fuel limitation
index, Bailey ecosystem classification (non-“M" versus “M”), or warm
season water balance index were evident. However, the mean F index
was lower for ecosections with fire rotation >91 (0.430, SD 0.45,
n = 38,) than for ecosections with fire rotation <91 but >30 (0.570,
SD 0.47, n = 9) or fire rotation <30 years (0.587, SD 0.45, n = 9), indicat-
ing that ecosections with elements of flammability limitation were
somewhat more likely to exceed historical fire rotations in the future
than those dominated by fuel limitation but also that considerable var-
iation exists among ecosections with similar F. Eighteen ecosections
(Figure 6) exceeded one fire rotation in 91 years or less under the com-
posite 10 GCM scenarios, and nine of those exceeded fire rotation in
30 years or less. Of the former, 13 had F index >0.5, and only two
had F index <0, indicating that flammability limited ecosections dom-
inate this response. Even when the projected median area burned is fil-
tered for ecosection area already burned in the models (e.g., excluding
models that exceed the fire-rotation restriction), statistical climate-fire
models project large increases in area burned except in fuel-
flammability ecosystems, where decreases are clear. It is worth noting
that individual ecosections often have composite trends that differ in
sign from the fuel class that their climate-fire regression models sug-
gest. For example, seven (331H, 342A, M331J, M331B, M332D, M261E,
and M341B—Ilargely drier, lower elevation central Rocky Mountain eco-
sections) of the 29 ecosections in the flammability-fuel class have mod-
estly decreasing (—133.5% for 2040s composite) median area burned
under all scenarios, while one (313B—Navajo Canyonlands Section of
the Colorado Plateau) of the seven fuel-flammability ecosections has
rapidly increasing median area burned under all scenarios.

Unfiltered increases in exceedance probability of the historical 95th
percentile for the 2040s and the 2080s are largest in exclusively
flammability-limited ecosections (2040s composite 0.33, scenario
range 0.24-0.44, 2080s composite 0.71, range 0.34-0.77) compared
with other fuel controls (composites 0.19, 0.26, and 0.27; Table 3 and
Figure 7). Between the 2040s and 2080s, exceedance probabilities
increase and diverge among flammability and fuel limitation classes,
and there is a clear gradient from smaller exceedance probabilities in
fuel limited ecosections to larger exceedance probabilities in
flammability-limited ecosections (Figure 8). Filtered (restricted to those
ecosections with <1 fire rotation) increases are generally smaller but
follow a similar pattern.

The warmer, drier summer climate model (MIROC 3.2) produces the lar-
gest increases in exceedance probability in flammability limited and
flammability-fuel systems except in the filtered 2080s, where many of
the projections are excluded by the fire rotation filter. Among the fuel
flammability limited systems, by the 2080s, the projected exceedance
probabilities for all but the PCM1 climate model are similar to or
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Figure 3. Relationship between F index (fuel/flammability control) and model
variance explained for ecosections. Colors indicate Bailey
“M" (green) classification. To facilitate plotting and minimize overlap, especially
among ecosections with F ~ 1, slight jitter was applied.
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the probability of exceeding the 95th percentile event at least doubles
for the 2080s for all fuel classes except fuel flammability; filtered com-
posites still increase for all fuel classes except fuel flammability, which
decreases, but the absolute increases are not as large—1-in-3 for
flammability-limited, 1-in-5 for flammability fuel, 1-in-7 for even con-
trols, and 1-in-20 for fuel flammability. Regardless of which metric is
used to classify future changes in area burned, the ecosection-level sta-
tistical models project a wide range of future area burned. Even when the model projections are filtered to
eliminate over-prediction, the projected increases in area burned in flammability and flammability fuel sys-
tems is very large, and the exceedance probability clearly increases with increasingly positive F index mem-
bership (Figure 8).
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4. Discussion
4.1. Statistical Models and Future Projections

The diversity of drivers and skill evident in our statistical climate-fire models for landscapes of the western
United States is remarkable, and the implied role of climate in fire regimes clearly varies with ecological con-
text in consistent and expected ways. If the statistical models of climate-fire relationships are robust to
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Figure 4. (a) Boxplots of historical, 2040s projected, and 2080s projected area burned by ecosection. Future scenarios, left to right, are 10 GCM composites, ECHAM5,
HadGEM1, MIROC3.2, and PCM1. (b) Same as in Figure 4a.
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Table 2

Percent Changes in Median Area Burned by Fuel/Flammability Class (Median of
Available Ecosections)

climate change, expected future trends in area burned range from
massive increases, primarily in flammability limited systems near the

middle of the water balance deficit distribution, to substantial

Filtered decreases, in drier nonforested systems in which fuel limitation con-
Scenario Fuel Flam Even Flam.Fuel Flam only trols area burned. Most of the western United States is between these
two futures, however. The frequency with which ecosection area
2040s COMP —-119 43 240 132 . . . .
20405 ECHAMS ~100 12 174 147 burned is projected to exceed the observed 1-in-20 event varies
2040s HadGEM1 130 75 167 24 jointly with ecosection-level controls on the climate-fire relationship
2040s MIROC 3.2 —170 26 368 520 and the climate scenario considered (Table 2). Filtering the most sen-
2040s PCM1 —125 56 54 59 sitive regression models for those exceeding a fire rotation in 30 years
AADEILE (O — Ut 128 An o1 decreases the projected changes in exceedance probabilities but
20805 ECHAMS 18 319 1o L does not change the general pattern in most fuel limitation types
2080s HadGEM1 —183 179 320 1,143
2080s MIROC 3.2 —183 38 180 2,089 (Figure 7). Overall, our models portend continually increasing regional
2040s PCM1 —107 86 221 319 area burned, but the outcomes on real landscapes depend on the
simultaneous responses of fuel accumulation in the years prior to fire
season and the fuel availability (dominated by precipitation and water
availability via AET) and flammability in the year of or year prior to fire (dominated by temperature and
energy via PET). The F index classification presented above clearly captures the differences in projected future
fire response to climate and, in general, provides an indicator of an ecosection’s proximity to thresholds of
change in fuel response given change in climate.
4.2. Fuel and Flammability Limitations on Area Burned
While intuitive and useful, the F index calculation bears more scrutiny because it is dependent on our inter-
pretation of climate variables’ effect on fuels. For most variables, there exists a body of literature showing the
sign and magnitude correlation across different regions (e.g., Abatzoglou & Kolden, 2013; Keeley & Syphard,
2017; Littell et al., 2009; Littell & Gwozdz, 2011; McKenzie & Littell, 2017; Westerling et al., 2003), but some are
more challenging to interpret. For example, an increase in AET implies either an increase in PET with sufficient
water in the environment to meet the demand, or an increase in available water to meet demands of a given
PET. Calculating DEF accounts for this, but independently, the consequences of these two scenarios may be
different in different ecosystems and for different fuels. In the former, for a montane forest, available surface
A B

313D M261E M261F M261G M262A

£

920

Figure 5. (a) One hundred permuted simulations of the first fire rotation for 28 ecosections using 2030-2059 10 GCM composites climate. Red lines indicate max-
imum (fastest approach to fire rotation) and minimum (slowest approach to rotation), blue lines indicate estimated fifth and 95th percentile runs, and black indicates
median of all runs. (b) Same as Figure 5a, but for an additional 28 ecosections.
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Figure 6. Boxplots of projected future fire rotations under the 2040s climate for 18 ecosections with composite (in orange) mean fire rotation less than the 91 years
permuted in the simulations. Gray boxplots indicate bracketing GCMs (from top to bottom: ECHAMS5, HadGEM1, MIROC 3.2, and PCM1). Vertical bars in place of
boxplots indicate bracketing models in which all fire rotations exceeded 91 years. F index describes a range from fuel (—1) to flammability (1) control (see text).

fuels and foliar moisture may respond differently during the fire season. In contrast, the latter scenario in
more water-limited vegetation is consistent with fine fuel production in the year prior to fire (e.g.
Swetnam and Betancourt, 1998). Some models yield surprising relationships. For example, M242A (western
Cascades) is classified as fuel limited with some flammability limitation, largely because “fuel limited” vari-
ables (lag year negative spring TEMP anomalies and lag year positive spring PREC anomalies) explain 41%
of the variability in subsequent fire. While M242A rarely fails to have some fire in it during the calibration per-
iod, small total areas burned are often recorded (< 1,000 to ~2,500 ha). Ecosections 242A (Puget/Willamette
lowlands), 315B (NM portion of Texas High Plains), 331J (Upper Rio Grande), 341C (Uinta Basin), and 342E
(Bear Lake, UT) similarly have low area burned, and this lack of variance sometimes results in poor models

Table 3
Mean Exceedance Probabilities for 95th Percentile Historical (1980-2006) Area Burned by Climate-fire Limitation Class; 0.05
Represents no Change From Historical

Filtered Unfiltered
Scenario Fuel.Flam Even Flam.Fuel Flam only  Fuel.Flam Even Flam.Fuel Flam only
2040s COMP 0.14 0.05 0.15 0.13 0.26 0.19 0.27 0.33
2040s ECHAM5 0.10 0.05 0.15 0.17 0.23 0.19 0.21 0.30
2040s HadGEM1 0.14 0.08 0.15 0.10 0.27 0.21 0.33 0.38
2040s MIROC 3.2 0.02 0.04 0.22 0.27 0.30 0.18 0.38 0.44
2040s PCM1 0.08 0.06 0.14 0.10 0.08 0.06 0.17 0.24
2080s COMP 0.04 0.14 0.20 0.36 0.31 0.39 0.53 0.71
2080s ECHAM5 0.03 0.16 0.23 0.45 0.30 0.40 0.50 0.70
2080s HadGEM1 0.03 0.16 0.23 0.29 0.31 0.40 0.58 0.62
2080s MIROC 3.2 0.03 0.13 0.26 0.26 0.30 0.38 0.59 0.77
2080s PCM1 0.12 0.06 0.17 0.15 0.12 0.20 0.37 0.34

Note. Models with insufficient skill were excluded from both filtered and unfiltered means. Filtered means contain only
models with mean fire rotations >30 years; unfiltered means contain all models regardless of fire rotation results. Fuel.
Flam = Fuel limited with some flammability limitation; Even = even control; Flam.Fuel = Flammability limited with some
fuel limitation; Flam only = flammability control.
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Figure 7. Exceedance probability of historical 95th percentile area burned under projected climates by fuel—flammability
class; 0.05 is equivalent to historical. (Top) Unfiltered (projections include all future area burned regardless of fire
rotation). (Bottom) Filtered to exclude those models exceeding 1 fire rotation in <30 years. Starred values indicate 95th
percentile of the box and whiskers distribution for the 10 GCM composites. Models with poor diagnostics or exceeding fire
rotation limits not included. Completely fuel limited ecosections not pictured because no models passed regression
diagnostic requirements.

ooobp

(see Figure 1 and Table 1). The short time period of analysis also contributes to this caveat; some ecosections
are sufficiently data sparse (possibly due to low fire activity or frequency, small ecosection area, or other fac-
tors) that statistical inference is limited. In any case, for maximum utility, the F index classification should be
seen as additional aggregate metric of the variability of the models, along with the models’ relative
goodness-of-fit and their expected robustness to future projections as measured by the fire-rotation
constraint.

4.3. Potential Ecosection Responses

For ecosections projected to exceed historical extreme years and fire rotations frequently, our approach high-
lights where expected climatic changes may lead to no-analog fire regimes by the mid-21st century. For the
purposes of this paper, no-analog fire regimes are those with which we have no prior management experi-
ence (i.e., the 20th century and especially the calibration period for the models). There is also less uncertainty
in these projections because emissions scenarios do not diverge notably until after that time. These are pri-
marily, but not exclusively, flammability-limited ecosections, implying that increases in fuel flammability
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alone are sufficient to drive the change given late-20th century fuel
availability. But there are also ecosections (largely but not exclusively
fuel limited) with projected exceedance probabilities and fire rotations
that indicate area burned similar to—or lower than—historical, and cli-
matically driven changes in area burned alone are not projected to
change landscapes radically. It is also clear from the fire rotation calcu-
lations that the order of climate years used to drive the fire responses
matters. For example, ecosections M242B (western Cascades), M332C
(Rocky Mountain Front, MT), and M333C (Northern Rockies, MT) show
threshold (abrupt changes past some point in time) behavior in most
runs (Figure 5), but the timing of major events accumulating toward
the fire rotation varies with the sequence of climate years. This under-
scores a point evident in the observed record, namely, that there is suf-
ficient stochasticity in the sequence of climatic anomalies and sufficient
fire sensitivity to the order of those anomalies that projections have a
wide time window over which they might manifest. Decadal and inter-
annual climatic variability add temporal persistence to the order of
these anomalies and therefore can either exacerbate or attenuate the
mean responses for extended periods. Conversely, it is also true that
one exceptional season can override considerable periods of climate
either favorable to or limiting fire. In any case, the rotation calculations

suggest that the stationarity of the climate-fire relationships we have observed is limited and that the rate of
disturbance and subsequent landscape vegetation change are an indicator of when the climate-fire models
will likely fail to describe the dynamics of interest. Williams and Abatzoglou (2016) argue that refinements in
both statistical and process model projections are needed to more accurately project fire regime responses to
climatic change. However, as climate continues to change, the underlying dynamics of statistical fire models
will be nonstationary (McKenzie & Littell, 2017) and must eventually fail to describe the conditions in future
ecosections. Statistical climate-fire models therefore cannot be expected to simulate “no-analog” dynamics
(those with a distribution partially or wholly unlike the historical reference) accurately and explicitly.
Instead, we have shown they can be used to identify limits (such as the fire rotation) beyond which the eco-
section in question changed sufficiently that the model projections can no longer be assumed tenable. For
example, as the total area burned approaches most of a landscape and the fire frequency increases, some
vegetation types with incompatible life histories will become less dominant, although it is possible that some
extant vegetation types could remain resilient to shorter fire rotations. Our approach is not a solution for non-
stationarity, but it does provide a hedge on it that varies with the observed dynamics of each ecosection and
therefore provides climatically and ecologically tailored information about when no-analog conditions could

plausibly be expected.

4.4. Limitations of Our Approach and Application

There are some concrete limitations to the projections presented here. Although the historical decades used
for model calibration are those arguably most similar to the next several decades of climate in the western
United States, the historical record on which these climate-fire relationships were developed does not reflect
the full range of climate variability known to have occurred in the 20th century. Others (Higuera et al., 2015;
Littell et al., 2009) have shown that statistical relationships between area burned and climatic predictors vary
with the longer climate record. Therefore, it is likely that variability in climate, fuels, or both leads to transi-
ence and that statistical climate-fire models should be considered projections and not forecasts.

Another caveat is that even though the area burned in most ecosections is driven by large fires that escape
suppression, the landscape as a whole—and the fire regimes from which the relationships between climate
and fire are derived—is still influenced by suppression efforts and human ignitions. The effects of fire sup-
pression vary across ecosystems, with influence inversely proportional to the expected pre-Euro-American
mean fire return interval, but in all cases a fire deficit of some magnitude exists during the period for which
the models were trained (Marlon et al.,, 2012). Radeloff et al. (2018) demonstrate that increasing wildland-
urban interface increases wildfire risk, both due to more ignitions and due to the potential for catastrophic
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fire (i.e,, fires affecting life and property). Syphard et al. (2017) demonstrate that proximity to population cen-
ters decreases the area burned variance explained by climate variables alone. Balch et al. (2017) provide ana-
lysis that clearly shows that the fraction of human ignitions in much of the western United States is low
compared to natural ignitions, with notable exceptions in southern California, southernmost Arizona, and
coastal Oregon and Washington. These regions overlap with some of those where our statistical models per-
form poorly. Taken together, these papers illustrate that there are trends both in fire hazard and fire risk, and
their interactions will determine the impacts of future fire regimes. It is also possible that changes in fuel avail-
ability, flammability, or both could change the sensitivity of ignition and area burned to climate at the eco-
section scale, for example, as a result of human activity or invasive species. The total area burned for a
given climatic anomaly may therefore change with time given the relative influence of fire suppression or
changes in species composition. Statistical models project the central tendency of area burned given a cli-
matic anomaly—years with extreme climate but with relatively moderate area burned occur (such as with
lack of ignitions), as do years in which fire weather not reflected in climatic anomalies produces large area
burned for less-than-extreme climate anomalies.

It is also critical to evaluate the source data for these statistical climate-fire models (and others presented else-
where) objectively. As noted earlier, there is a necessary tradeoff between fine-scale resolution (such as in
even finer gridded fire and climate data) and adequate representation of the climate-fire processes on the
landscape. Although these “errors” might be expected to average out over longer periods and larger areas,
such behavior is indicative of a real-world complexity not captured in statistical models like those we present,
and the time period represented here is relatively short for a complex process.

Given this apparent impasse, there is a temptation to substitute space for time and look to other places (or
other times) in the western United States with historical climates like those expected for the future in a loca-
tion of interest and apply the historical climate-fire relationships to obtain future projections (e.g., Parks et al.,
2017). Such an approach is valid for prediction purposes only if we are convinced that the aggregate distri-
bution of vegetation and climate-fire relationships converges to a limited set of configurations that are trans-
ferrable. Lacking such a fortuitous convergence, this space-for-time analog approach is not likely to generate
accurate future projections. Historical and future vegetation trajectories, land-use histories, local responses to
changes, eco-climatic teleconnections (Stark et al., 2016), and rates of disturbance all vary sufficiently among
ecosections that historical climate-fire analogs (even if they were equilibrium) cannot be assumed to be valid
predictors of future fire regime characteristics. The evidence we present above suggests that although there
are broad similarities in the variables that predict area burned for ecosections with similar ecological classi-
fications, the details of seasonality, interannual sequences of climate influences, and other factors that differ-
entiate similar ecosections result in dynamics that tend more toward divergence, transience, and variation
than they do toward equilibrium. The most-limiting factors for area burned, even among relatively similar
ecosections, are not stationary.

Finally, climate and biophysical drivers are not the only factors affecting fire, historically or in the future.
Humans have used and managed fire on western U.S. landscapes for most of the Holocene, if not before,
and a complete understanding of the likely future fire regimes in ecosections of the western United States
would incorporate economic and management policy, perhaps in an agent-based approach. Our results
are necessarily restricted to the impacts of climate change.

5. Conclusions

We have presented an ecologically informed classification of climate-fire relationships that clearly shows a
continuum of climatic influences on fire area burned driven by differences in fuel limitation and flammability.
This classification cannot be expected to remain stationary. The relatively slow ecosystem processes that cre-
ate the fuels that carry fire interact with the relatively fast climatic influences that make those fuels available
to burn, resulting in a transient nexus of climate and fire conditions. Both have trajectories that can be pro-
jected, but if history serves, they can be expected to evolve in often surprising ways. In that case, what do
these projections tell us? Statistical projections of future climate-fire relationships based on historical
dynamics are useful because they provide a relatively quick and simple approach to measure the relative sen-
sitivity and potential for change in different ecosystems. They also likely have high skill in projecting short-
term changes in area burned (e.g., next 3-5 decades) before the altered climate-fire regime resets
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landscape-level fuel loads, and as such are useful in anticipating and adapting to likely large increases in fire
area burned in much of the western United States. However, because future conditions eventually radically
exceed the calibration domain, the models do not represent long-term forecasts. A limit, such as a fire rota-
tion, can be used to determine when the transition from this domain is likely to occur, allowing a more pre-
cise estimate of when a no-analog future potentially emerges from the historical variation. Until that time, our
findings indicate that area burned will likely increase considerably in ecosystems where fuels are abundant
and their flammability is most sensitive to climate variations. In ecosystems where fuels are chronically limit-
ing, the usually slower rate of fuel accumulation under novel future climates is the limiting factor; fuels will
still be flammable, perhaps for longer fire seasons, in most years. In ecosystems where flammability is chroni-
cally limiting, the climatic potential to render existing fuels available to burn is the limiting factor; fuels will
still be present, and likely flammable more frequently and for longer fire seasons. Finally, it is plausible to
anticipate that changes in human approaches to fire, including fire and vegetation management, land use,
and population driven effects such as prevalence of ignitions could modify the controls we detected and
push fire regime trajectories in directions we have not anticipated.
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