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Abstract

An improved understanding of the relative influences of climatic and landscape controls on
multiple fire regime components is needed to enhance our understanding of modern fire
regimes and how they will respond to future environmental change. To address this need,
we analyzed the spatio-temporal patterns of fire occurrence, size, and severity of large fires
(> 405 ha) in the western United States from 1984—-2010. We assessed the associations of
these fire regime components with environmental variables, including short-term climate
anomalies, vegetation type, topography, and human influences, using boosted regression
tree analysis. Results showed that large fire occurrence, size, and severity each exhibited
distinctive spatial and spatio-temporal patterns, which were controlled by different sets of
climate and landscape factors. Antecedent climate anomalies had the strongest influences
on fire occurrence, resulting in the highest spatial synchrony. In contrast, climatic variability
had weaker influences on fire size and severity and vegetation types were the most impor-
tant environmental determinants of these fire regime components. Topography had moder-
ately strong effects on both fire occurrence and severity, and human influence variables
were most strongly associated with fire size. These results suggest a potential for the emer-
gence of novel fire regimes due to the responses of fire regime components to multiple driv-
ers at different spatial and temporal scales. Next-generation approaches for projecting
future fire regimes should incorporate indirect climate effects on vegetation type changes
as well as other landscape effects on multiple components of fire regimes.

Introduction

Fire is an integral component of the earth system and plays a key role in regulating vegetation
structure and ecosystem function [1-3]. Understanding the relative influences of multiple con-
trolling factors on fire regimes is one of the fundamental objectives of fire ecology, and this
knowledge is critical for improving our ability to anticipate future fire regime changes. Climatic
variability is a major driver of fire in many terrestrial ecosystems, as reflected in Bradstock’s
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conceptual model of four climatic ‘switches’ that influence fire regimes by controlling fuel
amount, fuel moisture, and fire weather at contrasting temporal scales [4]. However, fire
regimes are also affected by other controls such as landscape-scale patterns of vegetation,
topography, and human activities [5]. For example, recent analyses in boreal Canada found
that vegetation and fuels influenced the spatial and temporal patterns of fires, even in systems
where climate was considered the most limiting factor [6, 7]. Topography also influences fire
regimes through its effects on fuel loads and fuel moisture via site productivity and microcli-
mate [8]. Humans can modify fire regimes by changing ignition patterns [9] and by altering
fuel amount and continuity [10]. Therefore, understanding how fire regimes respond to land-
scape controls in addition to climatic shifts is critical in this era of unprecedented global
change, and will require research that explores the effects of multiple, interacting drivers of fire
regimes [11].

Fire regimes are typically described by statistical distributions of frequency, size, severity,
and seasonality in a particular area during a given time period. Thus, the environmental deter-
minants of fire regimes can be assessed by exploring how environmental drivers operating over
a range of scales affect the spatial and temporal patterns of these fires (Fig 1). The behavior and
effects of an individual wildfire emerge over days to weeks as a result of weather interacting
with fine-grained spatial variability in fuels and vegetation. However, these interactions are
also constrained by biogeographic drivers that vary over broader spatial and temporal scales.
Climate, for example, is connected to fires at two distinct temporal scales [12]. Short-term cli-
matic anomalies (months to years) affect fires by modifying vegetation growth and fuel mois-
ture before the fire and by influencing weather during the period of fire spread. In addition,
climate has more indirect, long-term (decadal or longer) effects on the distributions of major
vegetation types, which in turn constrain the landscape-scale mosaics of fuels and vegetation.
Topography provides a relatively stable physical template that influences fire through direct
interaction with fire spread and indirect effects on vegetation, fuel amounts, and fuel moisture.
Humans can affect fire through a variety of pathways including ignition, suppression, and
alteration of fuels and vegetation [13]. These human impacts are in turn strongly influenced by
variability in human population density, land ownership, and the resulting patterns of land use
and natural resource management activities.

Because climate, vegetation, topography, and human activities interact with fire behavior
and effects at different spatial and temporal scales [14, 15], they are likely to have distinctive
effects on fire occurrence, size, and severity. These multiple fire regime components interact
with climate along with other biophysical and human drivers to form characteristic fire regimes
in different geographic settings [1]. Studies conducted at a global scale have shown that fire fre-
quency and burned area tend to be highest in intermediate levels of productivity and moisture
[16-20]. However, a more complete understanding of the other components of fire regimes,
including size distribution and severity, remains rudimentary for most biomes on earth [21].
Moreover, fire size and severity have strong influences on the ecosystem structure, function,
and landscape heterogeneity [22-24], and have been central to debates on whether climate
change and fire management have altered fire regimes in many parts of world, including the
western US [25-27]. To advance our understanding of environmental control on fire regimes,
there is currently a need to explore the determinants of multiple components of the fire regime
—including fire frequency, size distribution, and severity—using a comprehensive analytical
framework [28].

Our overarching hypothesis in this research was that different fire regime components
(occurrence, size, and severity) would exhibit characteristic spatial and spatio-temporal pat-
terns that reflected differences in the relative importance of various environmental drivers. We
used the western US as a model system to test this hypothesis because of the diversity of fire
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Fig 1. Conceptual model of major factors affecting fire occurrence, size, and severity. Red lines: human influences; green lines: direct climate
influences; black lines: indirect climate (vegetation) influences; blue lines: topographic influences. Bold text represents groups of variables included in the
analysis. Non-bold text represents implicit relationships that were not directly analyzed.

doi:10.1371/journal.pone.0140839.g001

regimes spanning a broad range of vegetation and climate gradients and the availability of data
on multiple characteristics of fires along with high-resolution geospatial climatic and biophysi-
cal data. We utilized an ensemble-based decision tree model to analyze how distributions of
individual-fire characteristics varied continuously in space and time. We focused on large fires
(> =405 ha) because they are consistently documented across space and time, account for the
majority of area burned, and have the most significant ecological and socioeconomic impacts.
Specific research questions included (1) Do the spatial patterns and spatial synchrony of differ-
ent fire regime components (fire occurrence, severity, and size) differ? And (2) How does the
relative importance of short-term climatic anomalies, vegetation types, topography, and geo-
graphic patterns of human activity differ among these fire regime components?

Materials and Methods
Study Area

The study area encompassed the area west of the continental divide, which covers 2 707 515
km?2 (approximately 33.5% of the conterminous US, S1 Fig). Climatic conditions vary consid-
erably throughout the study area, ranging from desert and semi-arid regions to mountain
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ranges with abundant precipitation and maritime climates along the Pacific Coast. There is a
high diversity of vegetation and fire regimes in the study area due to the complexity of geology,
landform, and climate. For example, the coastal Pacific Northwest is dominated by temperate
rainforests with infrequent, high-severity wildfires [29]. The Sierra Nevada are covered by a
variety of forest, shrubland, and grassland with a mixture of different fire regimes [30]. South-
ern California is characterized by Mediterranean climate, and chaparral vegetation that burns
at a relatively high frequency and severity [31]. The mountain ranges of the interior West are
covered by a variety of forest types and associated fire regimes that vary along elevation gradi-
ents [32]. Much of the low-elevation area in the intermountain West is dominated by drought-
adapted vegetation, such as shrub and grass, which historically supported a diversity of fire
regimes.

Data Sources

Fire dataset. Perimeter and severity data for all large wildfires (> = 405 ha) from 1984-
2010 (S1 Fig) were obtained from the Monitoring Trends in Burn Severity (MTBS) project
(http://www.mtbs.gov/). A total of 6071 fires (85 for wildland fire use, and 5986 for wildfire)
were included in the analysis after removing duplicate records and prescribed fires. Wildland
fire use (WFU) are naturally ignited wildland fires which can be managed to accomplish spe-
cific resource objectives when people are not threatened. WFU constituted 1.4% of total fires,
and the inclusion or exclusion of these fires did not affect the results. The fires that are being
studied are mostly those that escape initial attack, and thus likely occurred under relatively
extreme fire weather conditions. Fire ignition and extinction dates were used to calculate cli-
matic conditions before and during the fires. Fire occurrence location, size, and percent of high
severity burning were used as response variables. For fire occurrence analysis, we used a case-
control approach in which cases were the observed fires and controls were artificially generated
fire perimeters with random locations, timing, and sizes (see Sampling Random Fire Polygons
for details). Size referred to individual fire extent (mean = 3918 ha, s.d. = 11277 ha). Unburned
islands within the MTBS fires are not always mapped, sometimes resulting in an overestima-
tion of the area burned [33]. Fire severity was measured by the degree of change in vegetation
(i.e., mortality, or biomass consumption) and soil (i.e., char, mineral soil, ash) one year post-
fire relative to pre-fire conditions, as measured by delta normalized burn ratio (ANBR) derived
from Landsat imagery [34]. Higher dNBR indicated an increase in vegetation mortality and
biomass consumption, and therefore higher fire severity. The dNBR has been shown to corre-
late well with field-based assessments of fire severity over a broad range of ecosystem types in
the western U.S. [35, 36]. Percent of high severity burning referred to the proportion of area
burned by high severity fires, which corresponds to at least 80% vegetation mortality
(mean = 8.83%, s.d. = 12.73%). Methods for processing and extracting the wildfire data are pro-
vided in S1 File.

Independent Variable: Climate, Vegetation, Topography, and Human
Influence

Gridded climate variables at 4 km spatial resolution, including daily maximum temperature,
precipitation, wind speed, and minimum relative humidity, were downloaded from the Univer-
sity of Idaho (http://nimbus.cos.uidaho.edu/MACA/) [37, 38]. For each fire, daily climate vari-
ables were spatially aggregated over the grid cells whose centers were within the fire
perimeters. A variety of short-term antecedent climate variables known to influence fire, sum-
marized over 90 days preceding fire ignition [39], previous year growing seasons (May to Sep-
tember) [40], and previous winters (October to March) [41], were calculated as means and
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anomalies from climatological normals over 1981-2010. To capture post-ignition weather con-
ditions, means and maxima were calculated for the fire spreading period, defined as the period
between fire ignition and extinction dates. The mean and median lengths of the fire spreading
period were 25 and 12 days respectively.

Ideally, vegetation composition and structure at the time of each fire should be used to eval-
uate vegetation effects on fire occurrence, size and severity. However, vegetation characteristics
have changed over our 27-year study period as a result of succession, forest management, and
natural disturbances, and spatially and temporally consistent vegetation information for the
western US from 1984-2010 cannot be obtained from currently available national datasets. For
this study, we used 30 m spatial resolution Biophysical Setting (BpS) data from LANDFIRE
project (http://www.landfire.org) to characterize the broad vegetation types for each fire. BpS is
generated from the current biophysical environment (climate, soils and topography) and his-
torical fire regimes by a state-and-transition simulation approach, providing a characteristic
range of structures and fuels. BpS was aggregated to generate a set of 13 vegetation types with
distinctive species composition, vegetation structure, and fuels (S2 Fig & S1 Table). We over-
laid this vegetation type map with fire perimeters, and computed the percent of each vegetation
type within each fire perimeter.

Elevation (meter) and slope (percent) were derived from a 30 m spatial resolution digital
elevation model. Aspect-related variables (e.g., heat load index and terrain shape index) were
also considered, but preliminary analysis indicated that they did not exhibit significant variabil-
ity among fires, and they were not used in subsequent models. A gridded river density (km/
km?) dataset at 250 m spatial resolution was calculated from 1: 1 million scale river network
data (http://nationalatlas.gov/), using the line kernel density function with bandwidth = 1000
meters in ArcGIS 10.1. The gridded topographic indices were extracted for each fire perimeter
and summarized as means for each fire.

Major road network data were downloaded from the National Atlas at 1: 1 million scale
(http://nationalatlas.gov/). This dataset included highways and other major transportation cor-
ridors, but not local road systems. Wildland-urban interface (WUI) data for 2000 (the approxi-
mate mid-point of our study period) were obtained from Radeloff et al [42]. Two grids at 250
m resolution were created using the Euclidean distance function in ArcGIS 10.1 to represent
distance to the nearest major road and the nearest WUI. These distance surfaces were overlaid
and averaged within each fire perimeter. Land ownership was obtained through Protected
Areas Database of the US (http://consbio.org/products/projects/pad-us-cbi-edition), and was
classified into private ownership, public (non-wilderness) ownership, and wilderness. We over-
laid the land ownership map with fire perimeters, and computed the percent of each ownership
type within each fire perimeter.

There were a large number of climatic and landscape variables, many of which were strongly
correlated with one another and therefore redundant. We selected a subset of these variables
with Pearson correlations < |0.65| according to our a priori hypotheses about the climatic driv-
ers of fire. For the antecedent climate variables, we preferentially selected climatic anomalies
for the 90 days preceding the fire and for the previous winter and growing seasons, based on
the rationale that these anomalies remove the underlying spatial variability in long-term cli-
mate and emphasize temporal deviations and are therefore effective indicators of regional
droughts and other meteorological fluctuations. For the period of fire spread we included
mean and maximum values of climatic variables to capture the extremes, focusing on variables
expected to have the strongest influences on fire behavior such as wind speed, temperature,
and humidity.
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Sampling Random Fire Polygons

We used a case-control approach to evaluate the effects of landscape and climatic factors on
the probability of large fire occurrence. Random control fires were sampled based on the fol-
lowing criteria: (1) non-burnable land cover types, including urban areas, and agriculture, were
masked out based on the NLCD 2001 land cover dataset; (2) control fire sizes were sampled
from the empirical distribution of fires sizes for all observed fires, and fire perimeters were
assumed to be circular to remove the influence of spatial controls on fire spread; (3) the years
for the control fires were sampled from a uniform distribution from 1984-2010 to remove the
effect of interannual climate variability on fire occurrence; (4) the dates of control fires were
sampled from the empirical distribution for all observed fires to ensure that control fires
occurred within the fire season; and (5) the lengths of the periods of spread were sampled from
the empirical distribution for all observed fires. The landscape and climatic variables for each
random fire (controls) were processed in the same way for observed fires (cases) described
above. We sampled a number of control fires equal to the total number of observed fires in the
database.

Analysis Methods

Research Question 1: Spatial Patterns and Spatial Synchrony of Fire
Regime Components

Spatial patterns of large fire occurrence were visualized by kernel smoothing [43]. We also
mapped kernel-weighted mean values of total fire size and high-severity fire size (the total area
of each fire that was classified as high severity). Smoothing was carried out using a 50 km
radius circular window and an isotropic Gaussian kernel. Edge effects were mitigated using the
border method in which points that were < 50 km from the nearest edge were excluded. A
smoothed percent of high severity burning map was produced by dividing the smoothed high-
severity fire size map by smoothed total fire size map. These analyses were carried out using
the spatstat package [44] in R 3.0 [45]. Spearman's rank coefficient was used to assess the corre-
lation between the spatial patterns of different fire regime components derived from kernel
smoothed surfaces.

Spatial synchrony analysis was used to assess whether temporal fluctuations in fire occur-
rence and other fire characteristics were synchronized across large areas or more localized. We
used the spline correlogram, a modification of the nonparametric covariance function (NCF),
to characterize spatial synchrony. The NCF denotes how spatial covariance, an indicator of
strength of spatial synchrony, varies as a function of geographic distance between locations.
The spline correlogram is an adaptation of the NCF that (1) provides a direct estimate of the
spatial covariance function; (2) uses a bootstrap algorithm to provide a confidence envelope for
the function; and (3) can handle univariate and multivariate spatial data. We computed spline
correlograms for the number of fires, mean fire size, and mean percent of high severity burn-
ing. We employed a 100 km x 100 km grid to summarize the annual number of fires, mean fire
size, and mean percent of high severity burning within each grid cell for each year, and these
gridded time series datasets were used to conduct the spline correlogram analyses. This resolu-
tion was selected based on a tradeoff between sample size to calculate the correlograms and the
amount of data available to compute fire statistics within a grid cell. For example, larger grid
sizes reduced the sample size to calculate the correlograms and increased the minimum dis-
tance between samples, while smaller grid sizes resulted in highly skewed and zero-inflated dis-
tributions of the fire statistics. The mean annual number of fires in each 100 km grid cell was
0.81 (SD = 1.64, min = 0, max = 17, Clgse, = [0.77, 0.85]). We use 1000 bootstrap samples to
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calculate confidence intervals and assumed that the NCF was isotropic. Detailed information
on these techniques can be found elsewhere [46]. Spline correlogram analyses was conducted
by using the ncf package [46] in R 3.0.

Research Question 2: Relative Importance of Landscape and Climatic
Controls on Fire Regime Components

We used boosted regression trees (BRT), a machine learning method, to examine the influences
of landscape and climatic controls on individual fire occurrence, fire size, and percent of high
severity burning. The BRT method combines the advantages of regression trees, which relate a
response to their predictors by recursive binary splits, and boosting algorithms, which combine
many simple models to give improved predictive performance. BRT is well-suited for ecological
analyses because of its ability to handle various types of relevant variables, automatically model
interactions among variables, and produce easily interpretable results [47, 48]. In BRT, trees are
fitted iteratively to the residual of the existing collection of trees, which often results into higher
predictive accuracy than traditional model averaging methods [48]. The final BRT model can be
understood as an additive regression model in which the individual terms are simple trees.

To avoid overfitting, BRT uses learning rate (lr), tree complexity (tc), and number of trees
(nt) to balance model fit and predictive performance. The Ir is used to shrink the contribution
of each tree as it is added to the model. The tc controls the number of nodes or variable interac-
tions in each tree. The best combination of parameters (lr, tc and nt) that achieves maximum
predictive accuracy, can be determined by 10-fold cross validation [48]. To reduce stochastic
errors that might be caused by random subsampling and bagging, a bag fraction of 0.75 was
used for all models; meaning that at each iteration, 75% of the data were drawn at random,
without replacement, from the full training set. BRT analyses were conducted using the dismo
package [48] in R 3.0.

In this analysis, we used a binomial model for large fire occurrence probability based on
binary case-control fire perimeter data (observed fire perimeters-cases; random fire perime-
ters-controls). The best fire occurrence model was selected by maximizing the area under the
receiver operating characteristic curve (0.97), with tc = 3, nt = 2600, and Ir = 0.075. We used
Gaussian models for fire size, and percent of high severity burning based on only the observed
fires. The best fire size models were selected by maximizing the variance explained by the
model (0.76), with tc = 3, nt = 1880, Ir = 0.05. The best percent of high severity burning model
was also selected by maximizing the variance explained by the model (0.60), with tc = 3,
nt =360, Ir =0.1.

The BRT method automatically models the interactions among variables, because every suc-
cessive tree node constitutes a potential interaction. We plotted the first trees from the fire
occurrence model, fire size model, and percent of high severity burning model, because dis-
playing a single tree (usually the first tree) can provide a clear and easily interpretable depiction
of complex interactions [48, 49]. We reported the variables that had a relative influence greater
than 5%, along with their marginal effects on fire regime components. The relative importance
of each explanatory variable was calculated by averaging over all trees in a model the number
of times a variable was selected for splitting weighted by the squared residual improvement
resulting from these splits. The marginal effect of a variable on fire regime components was
determined from partial dependency plots, which showed the effect of a variable on the
response after accounting for the average effects of all other variables [48].

We stratified the study area into forest and non-forest sub-regions based on major vegeta-
tion type of Omernik’s level IIT ecoregions. Non-forest subregions included ecoregions domi-
nated by grasslands and shrublands as well as woodlands and chaparral. We repeated the
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analysis for each sub-region to test whether relative importance of landscape and climatic con-
trols was consistent across the western US or differed between the two sub-regions (S3 Fig).

Results

The 6071 large fires reported in the MTBS database burned 24 265 610 ha over 1984-2010
(10.6% of the total burnable area of the western US), of which 2 979 817 ha (12.3% of the area
burned and 1.3% of the total burnable area of the western US) was high severity. Fire rotations,
defined as the estimated time required to burn an area of interest, were 254 and 2077 years for
all fire and high severity fire, respectively, based on the total burnable area of the western US.
The mean fire occurrence density was 1.37 large fires per million ha per year, and the median
fire size was 1207 ha. Smoothed maps revealed that the three fire regime components were spa-
tially heterogeneous, and their spatial patterns were not entirely concordant, suggesting they
were potentially influenced by different sets of spatial controls (Fig 2a, 2b, and 2d). Spearman's
rank correlation of the spatial patterns of fire regime components showed fire occurrence and
size had a positive correlation (r = 0.34, p<0.001), whereas fire occurrence and percent high
severity had a negative correlation (r = -0.30, p<<0.001). There was a weak positive correlation
between fire size and percent of high severity burning (r = 0.04, p<0.001).

The spline correlograms showed that fire occurrence had the strongest spatial synchrony,
followed by fire size, and percent of high severity burning (Fig 3). The strength of spatial
covariance at the shortest lags dropped from 0.35 for fire occurrence, to 0.2 for fire size, and 0.1
for percent high severity at the grid size of 100 km. The strength of spatial covariance was
stronger when larger grid sizes was used (S3 Fig), suggesting large fire tender to cluster at
broader spatial scales. The values of covariance for fire regime components decreased with
increasing distance, and reached zero at approximately 1500 km, which can be considered as
the scale of the spatial synchrony. There was no difference of the scale of spatial synchrony
among fire occurrence, size, and percent high severity. Local Indicators of Spatial Association
(LISA) analysis highlighted regions with spatially synchronous fire responses and also con-
firmed that temporal patterns of fire occurrence tend to have stronger local associations than
fire size and severity (54 Fig).

BRT results indicated that precipitation anomaly 90 days before fire ignition had the stron-
gest influence on large fire occurrence, followed by elevation (Fig 4a). Generally, precipitation
had relative stronger influences on large fire occurrence than temperature and humidity, and
short-term antecedent climate conditions (90 days before fire) had a relatively stronger influ-
ence on fire occurence than long-term antecedent climate (previous winter and growing sea-
son) (S5a Fig). Elevation had a negative influence on large fire occurrence. Of the vegetation
types, California Chararral and Shrub-steppe vegetation were the most influential variables,
and both were positively associated with large fire occurrence (Fig 4a).

Vegetation types were the main variables influencing fire size in the western US (Fig 4b). Of
the vegetation types, Grass, Hardwood, Shrub-Steppe, Mixed Conifer, Desert scrub, Pinyon-
Juniper Woodland were selected as the most influential variables. These vegetation types were
positively correlated with fire size except for Mixed Conifer, Pinyon-Juniper Woodland and
Hardwood forest (Fig 4b). Percent of private land was negatively associated with fire size.
Topography and climate had weaker effects on fire size (S5b Fig). Human influences on fire
size were stronger than many topographic and climate variables. Climate variables generally
had a weak effect, and humidity during the fire spreading period and precipitation anomaly 90
days before fire ignition were the most influential climate factors (S5b Fig).

Vegetation and topographic variables had the strongest influences on percent of high sever-
ity burning (Fig 4c). Subalpine and Mixed Conifer were positively associated with percent of
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Fig 2. Spatial distributions of (a) smoothed density of large fires (fires per million ha per year), (b) smoothed mean fire size (ha), (c) smoothed
mean high severity fire size (ha), and (d) smoothed percent of high severity burning (%) in the western US. Non-burnable areas are displayed in white.

doi:10.1371/journal.pone.0140839.9002

high severity burning. Elevation and slope were also positively associated with percent of high
severity burning, likely because they were moderately (0.3-0.4) positively correlated with Sub-
alpine, Mixed Conifer, and Pinyon-Juniper Woodland (S6 Fig). Precipitation anomaly 90 days
before fire ignition was ranked as the most important climate variable influencing percent high
severity, and its effect was larger than any other climate or human influence variable (S5¢ Fig).
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The first three nodes of the simplified BRT tree provide information about the dominant
effects of climate and landscape factors on fire regime components. The first node of the fire
occurrece tree showed that the precipitation anomaly 90 days before fire was the most impor-
tant factor, and that it interacted with vegetation type to influence probability of large fire
occurrence (Fig 5a). In contrast, the first three nodes for fire size and percent of high severity
burning trees were all vegetation factors, highlighting the dominant controls of vegetation on
fire size and severity (Fig 5b and 5c¢).

Overall, the results in forest and nonforest dominated sub-regions were similar to the results
for the entire western US. Although the ranks of some individual variables differed, the relative
importance of climate, vegetation, topography, and human influences were consistent for the
fire regime components that we examined (57 Fig).

Discussion

Spatial and spatio-temporal patterns of large-fire occurrence differed from patterns of fire size
and severity in the western US, and these differences can be explained by the distinctive effects
of key environmental drivers on various components of the fire regime. In particular, large fire
occurrence had higher spatial synchrony and was most strongly associated with short-term cli-
matic anomalies. This finding is supported by previous analyses in the western US, which
found that large fires were often preconditioned by frequent or more numerous consecutive
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Fig 5. Simplified versions of the first tree of (a) fire occurrence model (b) fire size model, and (c) percent of high severity burning model computed
with the boosted regression tree algorithm. The first three splits of each tree are shown to illustrate the interactions between key variables. The splitting
variable and its corresponding splitting value are shown in oval above the node (variable abbreviation and units are provided in Table 1). The values in the
rectangles at the terminal nodes represent the mean prediction and number of the records in the terminal nodes (n). The total number of records in the
terminal nodes equals 0.75 (the bag fraction of the BRT model) of the total number of fires. Abbreviations: P: relative probability of fire occurrence; MFS:
mean fire size; PHS: percent of high severity burning.

doi:10.1371/journal.pone.0140839.9005

days of hot and dry climatic conditions which result in lower fuel moisture, particularly for live
fuels and larger dead fuels [39, 50, 51]. These droughts are often associated with climate pat-
terns such as the Pacific Decadal Oscillation and El Nifio Southern Oscillation, and can affect
regional, inter-annual fluctuations in large fire occurrence of western North America [52, 53].
Our results are also consistent with studies employing different analytical methods based on
the MTBS data in the western US. For example, Riley et al [39] found that precipitation during
the past 1-3 months was a strong predictor of large fire occurrence because dead fuel moisture
is strongly influenced by short-term antecedent climate conditions. Similarly, Abatzoglou and
Kolden [18] found that climatic indices of drought during the current fire season had stronger
relationships with area burned than antecedent climate variables from previous years, and that
these regional anomalies synchronized the area burned across both forested and non-forested
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sub-regions of the western United States. However, our results further suggested that the short-
term antecedent climatic anomalies interact with vegetation type to influence patterns of fire
occurrence and have stronger influences on fire occurrence than on fire size or fire severity
(Fig 5a).

Fire size and severity exhibited weaker spatial synchrony and were more strongly influenced
by relatively static driving variables characterizing vegetation and topography, consistent with
results from a previous study of fire severity patterns in the western US [54]. These differences
reflect the fact that fire is controlled by different sets of factors at different spatio-temporal
scales [55, 56], incorporating cross-scale interactions and nonlinearities at different stages of
fire growth [57]. At the initiation stage, when and where a fire occurs is highly stochastic and is
influenced by ignition sources and fuel moisture; the latter being largely governed by short-
term antecedent climatic anomalies [58]. The initial spread of a fire involves within-patch
spread stage (see Fig 1 in [57]) and depends on local fuel characteristics within the initiation
patch, such as fuel type, amount, chemistry, and spatial distribution. The large fires that are
being studied here all likely reached the next stage of spread among multiple patches (see Fig 1
in [57]), when fire spread and fire effects are sensitive to the spatial pattern of topography and
the landscape connectivity of multiple fuel and vegetation patches. Much of the western US is
topographically complex and involve sharp gradients of vegetation and fuels related to eleva-
tion, topography, and climate. Given that the large fires that we studied already tended to
occur during time periods characterized by relatively dry conditions, differences in size and
severity of these fires were more closely associated with vegetation and fuels than with short-
term climatic variability.

Our findings of vegetation and topographic controls on fire severity are supported by a vari-
ety of other, more localized studies. For example, Steel et al [59] and Collins and Stephens [60]
showed that fir-dominated mixed conifer forest in the Sierra Nevada tends to be dominated by
higher fire severity than pine- or hardwood-dominated forest because of greater vertical conti-
nuity in fuels from the ground surface to the upper canopy strata. Sherriff et al [61] demon-
strated that elevation and slope steepness were both positively related to high-severity fires in
Colorado Front Range based on an analysis of forest structure and tree-ring fire history data.
Harvey et al [62] investigated the controls on severity of five recent fires in upper-montane and
subalpine forests in the U.S. Northern Rockies, and concluded that topography significantly
influenced fire severity. Our regional analysis also suggested that humans had a relatively
stronger influence on fire size than the other two fire regimes components, echoing previous
studies that have documented the complex influences of roads and the wildland-urban inter-
face on fire suppression and fire management policies [63, 64].

The finding that different fire regime components are controlled by different sets of drivers
suggests that climate change will have varied effects on fire regimes over a range of spatial and
temporal scales. Large fire occurrence in the western US was mainly influenced by short-term
climate variability during the 90 days preceding the fire, which constrains fuel moisture and
the availability of fine fuel to burn. Therefore, short-term variability in the frequency and dura-
tion of drought events will likely have the strongest influence on fire occurrence in western US.
In contrast, fire size and severity were less affected by these climatic switches and more influ-
enced by the spatial distribution of broad vegetation types [59, 65-67], which are more con-
strained by longer-term climate influences on species composition and rates of biomass
accumulation and decomposition. As a result, longer-term climate-driven changes in vegeta-
tion types and associated fuel conditions may have particularly strong influences on the sizes
and ecological effects of the largest fires. Future fire regime changes will thus be driven by the
combined effects of both fast-changing climatic variability and slower-changing landscape fac-
tors. A subsequent study confirmed that changes in regional patterns of major vegetation
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types, in addition to broad scale climate, had a significant influence on future regional fire
regime in the western US [68].

These results are supported by other recent studies that have documented distinctive
responses of different fire regime components to environmental variability. Another study of
fire regimes in the western US based on the MTBS dataset by Parks et al [69] found that burned
area increased monotonically with fuel amount and had a unimodal relationship with fuel
moisture, whereas fire severity increased monotonically with both fuel amount and fuel mois-
ture. A paleoecological study of Rocky Mountain subalpine forests over the past 6000 years
found that fire severity varied independently of fire frequency and was more influenced by
changes in vegetation and fuels than by direct effects of climatic variation [70]. A remote sens-
ing-based analysis found that change in vegetation and fuels due to cheatgrass (Bromus tec-
torum) invasion in recent decades has increased both fire frequency and size and has therefore
substantially altered the regional fire regime across the Great Basin of the western US [71].
Simlar to the plant community reassembly that resulted from individualistic responses of tree
species to historical climate change [72], the independent responses of different fire regime
components to environmental change have the potential to result in novel fire regimes and
produce ecological surprises in the future. These findings underscore the necessity of explicitly
incorporating indirect effects of climate change on vegetation, as well as the influences of other
mediating landscape variables, on multiple fire regime components in future fire projections at
large spatiotemporal scales [11, 19].

Several limitations should be considered when interpreting these results. First, climate vari-
ables were measured at a much coarser spatial resolution than topography, vegetation, and
human influences. However, our analysis was conducted at the fire level rather than the pixel
level [54, 73, 74], and summarizing the landscape variables for each fire reduced these scale
inconsistences. Second, we did not analyze human and lightning-ignited fires separately. In the
future, the development of longer-term fire datasets with information on the cause of fires
would be useful for exploring potential differences in human versus lightning-caused fires [9,
75]. Third, despite the widespread use of ANBR to measure fire severity in the western US, they
have significant limitations including inadequate characterization of fire effects on the surface
and ground layers, reduced sensitivity at higher NBR values, and inconsistent relationships
with field-based measurements across different fires and vegetation types [35]. High burn
severity was classified by the MTBS project using a custom threshold for each fire using based
on the remote sensing indices, plot data, expert knowledge, and published literature [34].
Given the subjectivity of this procedure, we focused on the high severity class (> 80% overstory
vegetation mortality), which causes the most distinctive change in spectral signatures and
therefore should be more consistently classified than lower burn severity classes. However, it
should be recognized that other aspects of fire severity are not be captured by this burn severity
metric and that the ecological consequences of high-severity fire can vary across different envi-
ronmental settings. Finally, although there was considerable interannual variability in fire
activity during this 27-year period, we expect that climatic variables would be more important
relative to landscape variables in analyses of longer time series that encompass a larger range of
climatic conditions.

Conclusions

In this analysis, we characterized climate and landscape effects on fire regimes across the west-
ern United States using a consistent analytical framework to produce general insights about the
environmental factors that control the spatial and temporal patterns of major fire regime com-
ponents. Our results showed that landscape and climatic factors had varied effects on fire
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Table 1. Environmental variables summarized for each fire and used in the analysis.

Variable Description Mean+s.d
TMx (degree) Maximum temperature during fire spread 32.36 +5.39
PMn (mm) Mean precipitation during fire spread 0.799+1.203
HMn (%) Mean relative humidity during fire spread 18.63+7.27
WMXx (m/s) Maximum wind speed during fire spread 3.94+1.39
WMn (m/s) Mean wind speed during fire spread 3.24+0.80
TAo (degree) Maximum temperature anomaly during fire spread 10.10 +5.16
PAo (mm) Precipitation anomaly during fire spread -0.63 +1.13
HAo (%) Relative humidity anomaly during fire spread -12.52+6.65
T90Ao0 (degree)  Mean maximum temperature anomaly for 90 days preceding fire start ~ 6.99 +4.55
date

P90Ao0 (mm) Mean precipitation anomaly for 90 days preceding fire start date -0.45 +0.90
H90A0 (%) Relative humidity anomaly for 90 days preceding fire start date -8.35+5.34
TPAo (degree) Previous year growing season temperature anomaly -0.22+1.04
PPAo (mm) Previous year growing season precipitation anomaly 10.14+51.53
HPAo (%) Previous year growing season relative humidity anomaly for each fire ~ 0.19+2.86
TWAOo (degree) Previous winter temperature anomaly 8.64+1.82
PWAo (mm) Previous winter precipitation anomaly -0.59+0.98
TP2GAo Growing season temperature anomaly 2 years prior -0.078+1.28
(degree)
PP2GAo0 (mm) Growing season precipitation anomaly 2 years prior -0.085+0.34
PCDF (%) Percent Pacific coast Douglas-fir forest 0.717+6.75
InDF (%) Percent Interior Douglas-fir 5.36+13.76
PJW (%) Percent Pinyon-Juniper Woodland 4.81+10.87
PIPO (%) Percent Interior Ponderosa Pine 6.17+16.25
Salp (%) Percent Subalpine forest 6.89+19.62
Mixd (%) Percent Mixed conifer 4.73+15.40
Hdwd (%) Percent Hardwood 7.05+16.28
CaCr (%) Percent California Chararral 7.84+20.26
DeSc (%) Percent Desert scrub 10.70+24.41
MMsh (%) Percent Mesic Mountain Shrub 1.05+4.57
Sgbr (%) Percent Sagebrush 18.23+29.32
Shsp (%) Percent Shrub-steppe 12.62+26.61
Gras (%) Percent Grass 5.43+16.01
Slop (in percent) Mean slope 14.33+10.26
DEM (m) Mean elevation 1434+621
RiverD (km*km™  Mean river density 0.11503
?) +0.036
D2Rd (m) Mean distance to nearest road 11864+11240
D2WuUI (m) Mean distance to Wildland Urban interface 10432+9045
PerPrv Percent private land 64+38
PerPub Percent public non-wilderness land 25+34
PerWdn Percent wilderness land 10+27
Mean and s.d. for environmental variables were calculated from all the fires.
doi:10.1371/journal.pone.0140839.t001
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occurrence, size, and severity. In particular, the spatio-temporal patterns of fire size and sever-
ity exhibited weaker spatial synchrony than fire occurrence, and were more strongly con-
strained by spatial patterns of vegetation, topography, and human activities. In contrast, the
probability of fire occurrence was mainly influenced by recent climate anomalies, and showed
a stronger spatial synchrony. These findings underscore the value of studying individualistic
response of different fire regime components and ultimately incorporating multiple environ-
mental drivers of different fire regime components into projections of future fire regimes. In
particular, our results suggest the possibility that fire regimes with novel combinations of fre-
quency, severity, and size may emerge as a result of the interacting effects of changes in climate,
shifts in vegetation distributions, and continuing expansion of the human footprint. Ongoing
efforts to project the effects of future global change on regional fire regimes should therefore
incorporate the indirect effects of climate on vegetation type, as well as other types of landscape
controls on multiple fire regime components.

Supporting Information

S1 Fig. Study area boundary overlaid by large fire locations from the MTBS dataset
between 1984 and 2010 (red dots).
(TIF)

S2 Fig. Spatial distribution of vegetation types based on biophysical settings from the
LANDFIRE project (http://www.landfire.gov/).
(TIF)

S3 Fig. Sensitivity of spatial covariance to different grid size (columns) for different fire
regime components (rows).
(TIF)

$4 Fig. Local Indicators of Spatial Association (LISA) analysis for spatial synchrony of a)
fire occurrence, b) fire size, and c) percent of high severity burning in the western US.
Square and circle symbols indicate positive and negative associations, respectively. Sizes of the
symbols indicate strength of association. Filled symbols indicate significant (p < 0.05) associa-
tions.

(TIF)

S5 Fig. Relative influences of predictor variables from boosted regression tree models for
(a) large fire occurrence, (b) fire size, and (c) percent of high severity burning in western
US. Values are specified for truncated bars. Abbreviations of variables and their corresponding
full names are described in Table 1.

(TIF)

S6 Fig. Correlations among Subalpine, Mixed Conifer, Pinyon-Juniper Woodland, eleva-
tion, and slope. Abbreviations of variables and their corresponding full names are described in
Table 1.

(TIF)

S7 Fig. Relative influences of variables from boosted regression tree models on (a) large fire
occurrence, (b) fire size, and (c) percent of high severity burning for forest dominated sub-
regions, and (d) large fire occurrence, (f) fire size, and (g) percent of high severity burning
for non-forest dominated sub-regions in the western US. Values are specified for truncated
bars. Abbreviations of variables and their corresponding full names are described in Table 1.
(TTF)
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