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Abstract.

Interannual variability in burn severity is assessed across forested ecoregions of the western United States to

understand how it is influenced by variations in area burned and climate during 1984-2014. Strong correlations (|| > 0.6)
between annual area burned and climate metrics were found across many of the studied regions. The burn severity of
individual fires and fire seasons was weakly, but significantly (P < 0.05), correlated with burned area across many regions.
Interannual variability in fuel dryness evaluated with fuel aridity metrics demonstrated weak-to-moderate (|r| >0.4)
relationships with regional burn severity, congruent with but weaker than those between climate and area burned for most
ecoregions. These results collectively suggest that irrespective of other factors, long-term increases in fuel aridity will lead
to increased burn severity in western United States forests for existing vegetation regimes.
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Introduction

Wildfire activity has increased across forests of the western
United States (US) over the past four decades in terms of the area
burned (Westerling et al. 2006; Lannom et al. 2014; Williams
and Abatzoglou 2016), number of large fires (Dennison et al.
2014) and fire season length (Westerling 2016). These increases
have tracked with enhanced fire danger and fuel aridity during
the fire season (Jolly et al. 2015; Abatzoglou and Williams
2016), which facilitate conditions conducive to fire ignition and
spread. The legacy of fire exclusion across western US forests
has increased biomass accumulation in many regions and con-
tributed to complementary increases in fire risk (Keane et al.
2002; Marlon et al. 2012; Taylor et al. 2016). The interactions
between fuel accumulation, climate change and trends in sub-
sequent burn severity have not yet been widely explored, but are
critical to predicting and mitigating negative fire effects.

Burn severity is a quantification of how fire affects fuel
consumption and soils, vegetation mortality, successional vege-
tation pathways and carbon emissions (Lentile et al. 2006). In
contrast to the body of studies documenting increasing area
burned and large-fire occurrence, reported trends in burn severity
are mixed. Increased burn severity (e.g. average burn severity,
proportion burned at high severity) has been documented for the
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forests of northern California (Miller ez al. 2009; Miller and
Safford 2012), southern Rockies (Dillon et al. 2011; Picotte et al.
2016) and south-western US (Williams et al. 2010); however,
most regions across the continental US show no detectable trend
over the 1984-2010 period (Hanson and Odion 2014; Picotte et al.
2016).

The contrast between inconsistent trends in burn severity
and widespread increases in area burned raises questions about
the bottom-up and top-down processes that determine burn
severity. Changes in burn severity are likely enabled and
driven by dynamic, rather than time-invariant, factors. For
example, burn severity generally increases with time since last
fire (Parks et al. 2014a), suggesting fire exclusion and fuel
accumulation as potential contributors to increased burn
severity. Previous analyses have found that top-down atmo-
spheric drivers weakly explained spatial patterns in burn
severity relative to bottom-up time-invariant topographic
factors (Dillon et al. 2011; Birch et al. 2015; Harvey et al.
2016; Bradley et al. 2016). However, weak relationships to
climate in those studies are potentially a by-product of the
scale mismatch between remotely sensed burned severity data
(usually inferred at the 30-m scale of Landsat) and climate
variables (usually inferred at coarser scales >1 km).
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In theory, climate variability should exhibit a mechanistic
link to variability in burn severity. Experimental studies find
that fuel moisture and fire radiative energy density influence the
completeness of burn and subsequent delayed mortality rate
(Smith et al. 2016, 2017; Sparks et al. 2016, 2017). Likewise,
longitudinal studies demonstrate that moisture stress enhances
post-fire tree mortality (van Mantgem et al. 2013). Whether
these relationships scale up to larger spatial scales is not well
tested. Mean climatic conditions exhibit spatial relationships
with burn severity (Parks et al. 2014b; Whitman et al. 2015), at
least partly because mean climatic conditions largely control the
biogeography of vegetative fuels (Kane er al. 2015). Weak
correlations between climate variability and burn severity have
been seen for individual fires in subregions of the western US
(Kolden et al. 2015a) and for different vegetation classes in the
Sierra Nevada (Miller et al. 2009). Burn severity has been shown
to be higher in both larger fires and larger fire seasons (Lutz et al.
2009, 2011; Miller and Safford 2012; Cansler and McKenzie
2014), which tend to occur under anomalous climatic conditions
characterised by low fuel moisture in forested systems (Littell
et al. 2009; Riley et al. 2013; Barbero et al. 2014). However, a
comprehensive analysis of the potential relationships between
interannual variability in climate, burned area and burn severity
across western US forests has not yet been undertaken. The
present study aims to address these knowledge gaps across
forested ecoregions of the western US from 1984 to 2014.
Although this analysis focused on the western US, the method-
ology and findings should apply to similar biomes globally.

Data and methods

Our analysis focused on forested ecosystems of the western US
defined by Bailey ecoprovinces. Shrubland and grassland eco-
provinces were excluded owing to limited field validation of
remotely sensed burn severity products in those ecosystems
(Sparks et al. 2015). We examined burn severity relationships at
ecoprovince levels to account for commonality in vegetation
assemblages at a geographic scale that conforms with previous
climate—fire relationships (Littell ez al. 2009). Analyses were
also performed at two additional spatial scales: (i) aggregated
across all forested ecoprovinces of the western US, and (ii) for a
subset of ecosections (sub-ecoprovince) that had at least three
large fires (>404 ha) per year for a majority of the study period.

We acquired differenced Normalized Burn Ratio (dNBR)
data from all large fires (primarily >404 ha burned within the
US) mapped by the Monitoring Trends in Burn Severity
(MTBS) product (Eidenshink ez al. 2007) covering the western
US from 1984 to 2014. We excluded prescribed fires. MTBS
uses Landsat Thematic Mapper (TM), Enhanced Thematic
Mapper-Plus (ETM+) and Operational Land Imager (OLI)
reflectance data to calculate ANBR, which quantifies changes
between pre-and post-fire conditions. Although MTBS also
provides a classified burn severity product, the classification
is subjective and inconsistent (Kolden et al. 2015b), and
validation of MTBS-derived products remains limited (Thode
et al. 2011; Sparks et al. 2015). All fires with fire centroids
outside the eight forested ecoprovinces or lacking dNBR data
(i.e. containing post-fire imagery only) were removed from
subsequent analysis, leaving a total of 3415 fires over the
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Fig. 1. Map of study area showing the severity metric (SM, coloured
triangles) for 3415 fires from 1984 to 2014 within the eight ecoprovinces
(outlined in blue). Numbers adjacent to each ecoprovince show the location
of'the (1) Cascades; (2) Sierra Nevada; (3) California coastal; (4) Arizona—New
Mexico mountains; (5) Southern Rockies; (6) Middle Rockies; (7) Northern
Rockies; and (8) Great Basin mountains ecoprovinces.

31-year period (Fig. 1). For each fire, we extracted the distribu-
tion of ANBR values from each individual 0.09-ha Landsat pixel
within the fire perimeter, the area burned within the fire
perimeter and fire year.

We used the severity metric (SM) developed by Lutz et al.
(2011) to quantify burn severity within the perimeter of each
fire. The SM is calculated from the dNBR distribution by
summing all the values from —200 to 1200, resulting in a unitless
value between 0 and 1. This value is strongly correlated with
mean dNBR for the fire, but is a more robust representation
when dNBR data are not normally distributed, a frequent
occurrence for MTBS data (Picotte et al. 2016). Further, the
SM is normalised by being bounded from 0 to 1 and made more
easily comparable between fires, whereas dNBR is both unitless
and unbounded, and therefore difficult to compare between
fires. In addition to calculating SM for each fire, we calculated
the area-weighted SM (SMw) for each ecoregion (i) and year
(¢) using Eqn 1:

Sou SM(n) @ A(n)
szzl A(")

which is the sum of the product of SM and area burned (4) for
each individual fire in a given ecoprovince and year divided by
the total area burned for the given ecoregion and year. We
complemented this analysis by considering interannual variabil-
ity in the annual proportion of area burned with dNBR exceeding
the 75th percentile value. The 75th percentile was determined
separately for each ecoprovince from the pooled dNBR distribu-
tion of grid cells (ANBR > —200) within all fire perimeters from
1984 to 2014. This value was comparable with published
regional ANBR thresholds found between Moderate and High
burn severity in previous studies (Cansler and McKenzie 2012;
Kolden et al. 2015b).

SMAw(i7 t) = (1)



Interannual climate—burn severity relationships

Gridded surface meteorological data at a 1/24° (~4000-m)
spatial resolution from 1979 to 2014 (Abatzoglou 2013) were
used to calculate several metrics with demonstrated links to fire
activity (Littell et al. 2009; Abatzoglou and Kolden 2013;
Williams et al. 2015): (i) vapour pressure deficit (VPD);
(ii) energy release component (ERC) using fuel model G (dense
conifer with heavy fuels; Andrews et al. 2003); (iii) reference
potential evapotranspiration (ETo) following Allen et al. (1998);
(iv) Palmer Drought Severity Index (PDSI); and (v) climatic
water deficit (CWD). Climate metrics i—iv were temporally
aggregated over the fire season, nominally defined as May—
September, despite regional differences in fire seasons across
western forests. We used annual CWD (January—December) to
potentially capture moisture stress during the shoulders of the
primary fire season. In addition, we used spring (March—May)
and summer (June—August) mean temperature and accumulated
precipitation, as well as antecedent PDSI averaged over the
previous fire season (May—September). Finally, we used soil
moisture (Soil) averaged over the fire season (May—September)
and April mean snow water equivalent (SWE) output modelled
using the Variable Infiltration Capacity (VIC) model at 1/16°
(~6000-m) spatial resolution from Livneh et al. (2013), although
these data were limited to 1984-2011. Climate data for each
ecoprovince were summarised by aggregating gridded climate
data for cells within each ecoprovince boundary.

For each ecoprovince, we conducted a simple correlation
analysis to assess relationships between SM and fire size, both
on a per-fire basis and on a per-year basis, using SMy for the
latter. We quantified univariate relationships (e.g. climate—SM)
for each ecoprovince using non-parametric Kendall rank correla-
tion coefficients given their simplicity and to account for the non-
Gaussian distribution of some of the variables. Correlations
between climate and burn severity were compared with those
between climate and area burned to provide context to one another
and to previous studies. Years with fewer than three large fires
within an ecoprovince were excluded from the correlation analy-
sis given the small sample size. However, we note that such years
with limited fire activity typically coincide with an anomalous
climate signal. Therefore, eliminating such years from correlative
analysis can potentially reduce the signal strength for variables
like area burned. Statistical significance was assessed at oo = 0.05.

Results

Statistically significant, positive correlations between area burned
and SM were found at the per-fire level for all ecoprovinces
except the California Coast range and Great Basin mountains,
suggesting that large fires tend to have higher SM values. How-
ever, the correlation between fire size and SM was weak (Fig. 2a).
The SM was significantly higher for very large fires (>5000 ha)
than other large fires (<5000 ha) in each ecoprovince (using a
Mann—Whitney U test), except the Great Basin mountains.
Significant correlations between annual burned area and SMaw
were found in the Sierra Nevada, Cascades and Southern Rocky
Mountains ecoprovinces, and also when aggregated across all
western US forested regions (Fig. 2b).

Strong correlations (|r| >0.6) were found between annual
area burned and climate metrics for many ecoprovinces
(Fig. 3a). The strongest correlations with area burned were
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typically realised between integrative proxies for fuel aridity
such as VPD, ETo, CWD and ERC (Fig. 2¢) rather than
temperature or precipitation. Whereas significant correlations
were found between the matrix of climate metrics and area
burned in each ecoprovince, correlations were strongest across
ecoprovinces in the Rocky Mountains, and notably weaker
across the Great Basin mountains, California Coastal range
and Cascades ecoprovinces.

Correlations between SMw and climate metrics generally
showed similar, albeit weaker, relationships as to those seen for
area burned (Fig. 3b). Moderate correlations (|| >0.4) were
found between SMw and fuel aridity metrics in the Sierra
Nevada, Arizona—New Mexico mountains and Great Basin
mountains ecoprovinces, and also at the scale of the western
US mountains. All ecoprovinces exhibited a positive relation-
ship between interannual variability in fuel aridity and SMaw
(e.g. Fig. 2d). The largest number of significant correlations
with interannual variability in SM oy was seen with VPD (four
of eight ecoprovinces). Antecedent conditions generally showed
weaker correlation with SMaw; however, spring temperature
and precipitation exhibited significant correlations in the Sierra
Nevada, whereas spring SWE showed significant negative
correlations with SM 5w in the Arizona—New Mexico mountains
and Great Basin mountains ecoprovinces. Additionally, drought
severity during the previous fire season (PDSI,) showed a
significant negative correlation with SM,yw in Great Basin
mountains, implying that antecedent drought enhances burn
severity. Similar, but somewhat stronger correlations were
found between climate variables and the annual percentage of
area burned above the 75th percentile ANBR value (Fig. 3¢).

Discussion and conclusions

Our results generally support the view that burn severity
increases with fire extent (Lutz er al. 2009; Cansler and
McKenzie 2014), at least at the spatial scales analysed. How-
ever, little of the overall variability of burn severity of individual
fires was explained by fire size. Likewise, interannual vari-
ability in regional burn severity was weakly to moderately
correlated with annual area burned at the ecoprovince level. This
is in contrast to Kolden et al. (2015a), who found that burn
severity and fire extent were not significantly correlated for
three more localised national park study areas.

Interannual variability in burn severity was weakly to mod-
erately correlated with climate variability, with increased fuel
aridity promoting increased burn severity, similarly to that of
previous studies at regional scales (Miller et al. 2009; Miller and
Safford 2012; Kolden et al. 2015a). Relationships were congru-
ent with, but substantially weaker than, those between area
burned and climate, suggesting that top-down drivers play a
much weaker role in determining regional burn severity than
they do for burned area extent. No single climate variable was
universally a stronger predictor of burn severity across the
studied ecoprovinces. Longer-term drought severity throughout
the fire season, as reflected by PDSI and soil moisture, exhibited
significant relationships with SMaw. Multiyear drought stress
inferred through PDSI during the previous fire season showed
some empirical evidence of enhancing burn severity and the
proportion of area burned at high severity in the Great Basin
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(a) r(SM, fire size), by fire
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(b) r(SMpy, burned area), by year
——

Fig. 2. Kendall rank correlation coefficient (») for ecoprovinces where (a) shows the relationship between
fire size and severity metric (SM) among individual fires; (b) shows the interannual relationships between area-
weighted SM and annual burned area by ecoprovince; (c¢) shows the interannual relationships between
May—September mean vapour pressure deficit (VPD) and annual burned area; (d) shows the interannual
relationship between VPD and area-weighted SM. Interannual correlations shown in panels (b—d') cover the period
1984-2014. Statistically significant correlations are denoted by the black border across each ecoprovince.

mountains and California Coastal range ecoprovinces. By con-
trast, precipitation occurring during the fire season exhibited
significant negative correlation with SM for the three ecopro-
vinces in the Rocky Mountains, suggesting that short-duration
drought may also contribute. We did not explicitly consider fire
weather (e.g. winds or short-term fire danger indices) coincident
with the timing of fire events, which may better reflect con-
sumption potential and fireline intensity. However, Birch et al.
(2014,2015) did not find that wind or wind-driven large fire runs
explained patterns of burn severity.

Increased fuel aridity and potential fire intensity have dem-
onstrated mechanistic links to vegetation consumption, plant
physiology and delayed mortality from fire (van Mantgem et al.
2013; Smith et al. 2016; Restaino et al. 2016) and provide a basis
for the statistical relationships identified in the current study.

Regional relationships between burn severity and climate vari-
ability may alternatively be manifest through interannual
variability in what vegetation types burn within a region and
how completely the vegetation burns in individual years. For
example, the more mesic portions of an ecoregion may only
become flammable and burn during fire seasons with anomalo-
usly high fuel aridity (Cansler and McKenzie 2014; Schoennagel
et al. 2004). Parks et al. (2014h) showed that burn severity is
generally greater in more mesic areas across the western US.
Hence, increased regional burn severity during summers with
elevated fuel aridity may be due to biogeographic differences in
what burns within a region, rather than wholesale changes in burn
severity across the region. The aforementioned relationships are
generally weaker at smaller eco-section levels (Fig. S1 in online
supplementary material), yet directional relationships generally
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Fig. 3. Matrix of Kendall rank correlation coefficients for each ecopro-
vince (y axis, ALL represents aggregation over all eight forested ecopro-
vinces) and climate correlate (x axis) with (@) interannual area burned;
(b) interannual variability in area-weighted severity metric; and (c) interan-
nual variability in the proportion of burned area exceeding the 75th
percentile dNBR (differenced Normalized Burn Ratio) value. Statistically
significant relationships are denoted by a black X. Climate variables listed
horizontally from left to right are the Palmer Drought Severity Index of the
previous fire season (PDSI4), April snow water equivalent (SWE), spring
temperature (Tyanm), spring precipitation (Pryan), summer temperature
(Ty;4), summer precipitation (Pryys), fire season (May—September) soil
moisture (Soil), Palmer Drought Severity Index (PDSI), reference potential
evapotranspiration (ETo), vapour pressure deficit (VPD), energy release
component (ERC), and annual climatic water deficit (CWD). The sign of the
correlation is reversed for PDSI, SWE, Pr and Soil.

persist. The reduced sampling opportunities for wildfire at
smaller geographic scales limit a robust assessment of temporal
variability.

The correlative relationships between fuel aridity and burn
severity demonstrated here and increased fuel aridity resulting
from anthropogenic climate change (Flannigan et al. 2013;
Stavros et al. 2014) support prior suggestions that mean burn
severity across western US forests will increase with climate
change. However, this suggestion relies on stationarity of climate—
fire dynamics, including stationary vegetation distributions
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(McKenzie and Littell 2017). When Parks et al. (2016) used a
pyrogeographic modelling approach that did not assume vegeta-
tive stationarity under anthropogenic climate change, they
modelled widespread decreases in burn severity. They thus
inferred that warming-driven changes in vegetation distributions
would yield an expansion of vegetative types that have historically
burned at lower severities. However, neither the approach pre-
sented here nor that of Parks e al. (2016) accounts for the full
range of vegetation—climate dynamics and management influ-
ences that are likely to determine future burn severity regimes, and
the conflicting results suggest that these must be accounted for to
improve accuracy of projected changes in burn severity.

Acknowledgements

This material is based on work supported by the National Science Foundation
under grant no. DMS-1520873 and USGS North-west Climate Science Center
through Grant/Cooperative Agreement Number G14AP00177. A. P. W. was
funded by Columbia University’s Center for Climate and Life and by the
Lamont-Doherty Earth Observatory.

References

Abatzoglou JT (2013) Development of gridded surface meteorological data
for ecological applications and modelling. International Journal of
Climatology 33, 121-131. doi:10.1002/JOC.3413

Abatzoglou JT, Kolden CA (2013) Relationships between climate and
macroscale area burned in the western United States. International
Journal of Wildland Fire 22, 1003-1020. doi:10.1071/WF13019

Abatzoglou JT, Williams AP (2016) Impact of anthropogenic climate
change on wildfire across western US forests. Proceedings of the
National Academy of Sciences of the United States of America 113,
11770-11775. doi:10.1073/PNAS.1607171113

Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspiration —
Guidelines for computing crop water requirements. FAO irrigation and
drainage paper 56. Available at http://www.fao.org/docrep/X0490E/
x0490e00.htm [Verified 27 February 2017]

Andrews PL, Loftsgaarden DO, Bradshaw LS (2003) Evaluation of fire
danger rating indexes using logistic regression and percentile analysis.
International Journal of Wildland Fire 12, 213-226. doi:10.1071/
WF02059

Barbero R, Abatzoglou JT, Steel EA, Larkin NK (2014) Modeling very
large fire occurrences over the continental United States from weather
and climate forcing. Environmental Research Letters 9, 124009.
doi:10.1088/1748-9326/9/12/124009

Birch DS, Morgan P, Kolden CA, Hudak AT, Smith AMS (2014) Is
proportion burned severely related to daily area burned? Environmental
Research Letters 9, 064011. doi:10.1088/1748-9326/9/6/064011

Birch DS, Morgan P, Kolden CA, Abatzoglou JT, Dillon GK, Hudak AT,
Smith AMS (2015) Vegetation, topography and daily weather influ-
enced burn severity in central Idaho and western Montana forests.
Ecosphere 6, 17. doi:10.1890/ES14-00213.1

Bradley CM, Hanson CT, DellaSala DA (2016) Does increased forest
protection correspond to higher fire severity in frequent-fire forests of
the western United States? Ecosphere 7, doi:10.1002/ECS2.1492

Cansler CA, McKenzie D (2012) How robust are burn severity indices when
applied in a new region? Evaluation of alternate field-based and remote-
sensing methods. Remote Sensing 4, 456—483. doi:10.3390/RS4020456

Cansler CA, McKenzie D (2014) Climate, fire size, and biophysical setting
control fire severity and spatial pattern in the Northern Cascade Range,
USA. Ecological Applications 24, 1037-1056. doi:10.1890/13-1077.1

Dennison P, Brewer S, Arnold J, Moritz M (2014) Large wildfire trends in
the western United States, 1984-2011. Geophysical Research Letters 41,
2928-2933. doi:10.1002/2014GL059576


http://dx.doi.org/10.1002/JOC.3413
http://dx.doi.org/10.1071/WF13019
http://dx.doi.org/10.1073/PNAS.1607171113
http://www.fao.org/docrep/X0490E/x0490e00.htm
http://www.fao.org/docrep/X0490E/x0490e00.htm
http://dx.doi.org/10.1071/WF02059
http://dx.doi.org/10.1071/WF02059
http://dx.doi.org/10.1088/1748-9326/9/12/124009
http://dx.doi.org/10.1088/1748-9326/9/6/064011
http://dx.doi.org/10.1890/ES14-00213.1
http://dx.doi.org/10.1002/ECS2.1492
http://dx.doi.org/10.3390/RS4020456
http://dx.doi.org/10.1890/13-1077.1
http://dx.doi.org/10.1002/2014GL059576

274 Int. J. Wildland Fire

Dillon GK, Holden ZA, Morgan P, Crimmins MA, Heyerdahl EK, Luce
CH (2011) Both topography and climate affected forest and woodland
burn severity in two regions of the western US, 1984 to 2006. Ecosphere
2, 130. doi:10.1890/ES11-00271.1

Eidenshink JC, Schwind B, Brewer K, Zhu Z-L, Quayle B, Howard SM
(2007) A project for monitoring trends in burn severity. Fire Ecology 3,
3-21. doi:10.4996/FIREECOLOGY.0301003

Flannigan M, Cantin AS, de Groot WJ, Wotton M, Newbery A, Gowman
LM (2013) Global wildland fire season severity in the 21st century.
Forest Ecology and Management 294, 54-61. doi:10.1016/J.FORECO.
2012.10.022

Hanson CT, Odion DC (2014) Is fire severity increasing in the Sierra
Nevada, California, USA? International Journal of Wildland Fire 23,
1-8. doi:10.1071/WF13016

Harvey BJ, Donato D, Turner MG (2016) Burn me twice, shame on who?
Interactions between successive forest fires across a temperate mountain
region. Ecology 97, 2272-2282. doi:10.1002/ECY.1439

Jolly W, Cochrane M, Freeborn P (2015) Climate-induced variations in
global wildfire danger from 1979 to 2013. Nature Communications 6,
7537. doi:10.1038/NCOMMS8537

Kane VR, Lutz JA, Cansler CA, Povak NA, Churchill DJ, Smith DF, Kane
JT, North MP (2015) Water balance and topography predict fire and
forest structure patterns. Forest Ecology and Management 338, 1-13.
doi:10.1016/J.FOREC0.2014.10.038

Keane RE, Ryan KC, Veblen TT, Allen CD, Logan JA, Hawkes B, Barron J
(2002) The cascading effects of fire exclusion in Rocky Mountain
ecosystems. In ‘Rocky Mountain futures: an ecological perspective’.
(Ed. JS Baron) pp. 133-152. (Island Press: Washington)

Kolden CA, AbatzoglouJT, LutzJA, Cansler CA, Kane JT, Van Wagtendonk
JW, Key CH (20154) Climate contributors to forest mosaics: ecological
persistence following wildfire. Northwest Science 89, 219-238.
doi:10.3955/046.089.0305

Kolden CA, Smith AMS, Abatzoglou JT (2015b) Limitations and utilisa-
tion of Monitoring Trends in Burn Severity products for assessing
wildfire severity in the USA. International Journal of Wildland Fire
24, 1023-1028.

Lannom KO, Tinkham WT, Smith AMS, Abatzoglou J, Newingham BA,
Hall TE, Morgan P, Strand EK, Paveglio TB, Anderson JW (2014)
Defining extreme wildland fires using geospatial and ancillary metrics.
International Journal of Wildland Fire 23, 322-337. doi:10.1071/
WF13065

Lentile LB, HoldenZA, Smith AMS, Falkowski MJ, Hudak AT, Morgan P,
Lewis SA, Gessler PE, Benson NC (2006) Remote sensing techniques to
assess active fire characteristics and post-fire effects. International
Journal of Wildland Fire 15, 319-345. doi:10.1071/WF05097

Littell JS, McKenzie D, Peterson DL, Westerling AL (2009) Climate and
wildfire area burned in western US ecoprovinces, 1916-2003. Ecological
Applications 19, 1003—1021. doi:10.1890/07-1183.1

Livneh B, Rosenberg EA, Lin C, Nijssen B, Mishra V, Andreadis KM,
Maurer EP, Lettenmaier DP (2013) A long-term hydrologically based
dataset of land-surface fluxes and states for the conterminous United
States: update and extensions. Journal of Climate 26, 9384-9392.
doi:10.1175/JCLI-D-12-00508.1

Lutz JA, Van Wagtendonk JW, Thode AE, Miller JD, Franklin JF (2009)
Climate, lightning ignitions, and fire severity in Yosemite National Park,
California, USA. International Journal of Wildland Fire 18, 765-774.
doi:10.1071/WF08117

Lutz JA, Key CH, Kolden CA, Kane JT, van Wagtendonk JW (2011) Fire
frequency, area burned, and severity: a quantitative approach to defining
anormal fire year. Fire Ecology 7, 51-65. doi:10.4996/FIREECOLOGY.
0702051

McKenzie D, Littell JS (2017) Climate change and the eco-hydrology of
fire: will area burned increase in a warming western U.S.? Ecological
Applications 27, 26-36. doi:10.1002/EAP.1420

J. T. Abatzoglou ef al.

Marlon JR, Bartlein PJ, Gavin DG, Long CJ, Anderson RS, Briles CE,
Brown KJ, Colombaroli D, Hallett DJ, Power MJ, Scharf EA, Walsh
MK (2012) Long-term perspective on wildfires in the western USA.
Proceedings of the National Academy of Sciences of the United States of
America 109, ES35-E543. doi:10.1073/PNAS.1112839109

Miller JD, Safford HD (2012) Trends in wildfire severity: 1984 to 2010
in the Sierra Nevada, Modoc Plateau, and Southern Cascades,
California, USA. Fire Ecology 8,41-57. doi:10.4996/FIREECOLOGY..
0803041

Miller JD, Safford HD, Crimmins M, Thode AE (2009) Quantitative
evidence for increasing forest fire severity in the Sierra Nevada and
Southern Cascade Mountains, California and Nevada, USA. Ecosystems
12, 16-32. doi:10.1007/S10021-008-9201-9

Parks SA, Miller C, Nelson CR, Holden ZA (2014a) Previous fires
moderate burn severity of subsequent wildland fires in two large western
US wilderness areas. Ecosystems 17, 29-42. doi:10.1007/S10021-013-
9704-X

Parks SA, Parisien M-A, Miller C, Dobrowski SZ (2014b) Fire activity and
severity in the western US vary along proxy gradients representing fuel
amount and fuel moisture. PLoS One 9, €99699. doi:10.1371/JOUR
NAL.PONE.0099699

Parks SA, Miller C, Abatzoglou JT, Holsinger LM, Parisien M-A,
Dobrowski SZ (2016) How will climate change affect wildland fire
severity in the western US? Environmental Research Letters 11,035002.
doi:10.1088/1748-9326/11/3/035002

Picotte JJ, Peterson B, Meier G, Howard SM (2016) 19842010 trends in
fire burn severity and area for the conterminous US. International
Journal of Wildland Fire 25, 413—420.

Restaino CM, Peterson DL, Littell J (2016) Increased water deficit
decreases Douglas fir growth throughout western US forests. Proceed-
ings of the National Academy of Sciences of the United States of America
113, 9557-9562. doi:10.1073/PNAS.1602384113

Riley KL, Abatzoglou JT, Grenfell IC, Klene AE, Heinsch FA (2013) The
relationship of large-fire occurrence with drought and fire danger indices
in the western USA, 1984-2008: the role of temporal scale. International
Journal of Wildland Fire 22, 894-909. doi:10.1071/WF12149

Schoennagel T, Veblen TT, Romme WH (2004) The interaction of fire,
fuels, and climate across Rocky Mountain forests. Bioscience 54,
661-676. doi:10.1641/0006-3568(2004)054[0661: TIOFFA]2.0.CO;2

Smith AMS, Sparks AM, Kolden CA, Abatzoglou JT, Talhelm AF,
Johnson DM, Boschetti L, Lutz JA, Apostol KG, Yedinak KM
(2016) Towards a new paradigm in fire severity research using dose—
response experiments. International Journal of Wildland Fire 285,
158-166. doi:10.1071/WF15130

Smith AMS, Talhelm AF, Johnson DM, Sparks AM, Yedinak KM, Apostol
KG, Tinkham WT, Kolden CA, Abatzoglou JT, Lutz JA, Davis AS,
Pregitzer KS, Adams HD, Kremens RL (2017) Effects of fire radiative
energy density doses on Pinus contorta and Larix occidentalis seedling
physiology and mortality. International Journal of Wildland Fire 26,
82-94. doi:10.1071/WF16077

Sparks AM, Boschetti L, Smith AMS, Tinkham WT, Lannom KO,
Newingham BA (2015) An accuracy assessment of the MTBS burned
area product for shrub—steppe fires in the northern Great Basin, United
States. International Journal of Wildland Fire 24, 70-78. doi:10.1071/
WF14131

Sparks AM, Kolden CA, Talhelm AF, Smith A, Apostol KG, Johnson DM,
Boschetti L (2016) Spectral indices accurately quantify changes in
seedling physiology following fire: towards mechanistic assessments
of post-fire carbon cycling. Remote Sensing 8, 572. doi:10.3390/
RS8070572

Sparks AM, Smith AMS, Talhelm AF, Kolden CA, Yedinak KM, Johnson
DM (2017) Impacts of fire radiative flux on mature Pinus ponderosa
growth and vulnerability to secondary mortality agents International
Journal of Wildland Fire 26, 95-106. doi:10.1071/WF16139


http://dx.doi.org/10.1890/ES11-00271.1
http://dx.doi.org/10.4996/FIREECOLOGY.0301003
http://dx.doi.org/10.1016/J.FORECO.2012.10.022
http://dx.doi.org/10.1016/J.FORECO.2012.10.022
http://dx.doi.org/10.1071/WF13016
http://dx.doi.org/10.1002/ECY.1439
http://dx.doi.org/10.1038/NCOMMS8537
http://dx.doi.org/10.1016/J.FORECO.2014.10.038
http://dx.doi.org/10.3955/046.089.0305
http://dx.doi.org/10.1071/WF13065
http://dx.doi.org/10.1071/WF13065
http://dx.doi.org/10.1071/WF05097
http://dx.doi.org/10.1890/07-1183.1
http://dx.doi.org/10.1175/JCLI-D-12-00508.1
http://dx.doi.org/10.1071/WF08117
http://dx.doi.org/10.4996/FIREECOLOGY.0702051
http://dx.doi.org/10.4996/FIREECOLOGY.0702051
http://dx.doi.org/10.1002/EAP.1420
http://dx.doi.org/10.1073/PNAS.1112839109
http://dx.doi.org/10.4996/FIREECOLOGY.0803041
http://dx.doi.org/10.4996/FIREECOLOGY.0803041
http://dx.doi.org/10.1007/S10021-008-9201-9
http://dx.doi.org/10.1007/S10021-013-9704-X
http://dx.doi.org/10.1007/S10021-013-9704-X
http://dx.doi.org/10.1371/JOURNAL.PONE.0099699
http://dx.doi.org/10.1371/JOURNAL.PONE.0099699
http://dx.doi.org/10.1088/1748-9326/11/3/035002
http://dx.doi.org/10.1073/PNAS.1602384113
http://dx.doi.org/10.1071/WF12149
http://dx.doi.org/10.1641/0006-3568(2004)054[0661:TIOFFA]2.0.CO;2
http://dx.doi.org/10.1071/WF15130
http://dx.doi.org/10.1071/WF16077
http://dx.doi.org/10.1071/WF14131
http://dx.doi.org/10.1071/WF14131
http://dx.doi.org/10.3390/RS8070572
http://dx.doi.org/10.3390/RS8070572
http://dx.doi.org/10.1071/WF16139

Interannual climate—burn severity relationships

Stavros EN, Abatzoglou JT, McKenzie D, Larkin NK (2014) Regional
projections of the likelihood of very large wildland fires under a
changing climate in the contiguous western United States. Climatic
Change 126, 455-468. doi:10.1007/S10584-014-1229-6

Taylor AH, Trouet V, Skinner CN, Stephens S (2016) Socioecological
transitions trigger fire regime shifts and modulate fire—climate interac-
tions in the Sierra Nevada, USA, 1600-2015 CE. Proceedings of the
National Academy of Sciences of the United States of America 113,
13684-13689. doi:10.1073/PNAS.1609775113

Thode AE, van Wagtendonk JW, Miller JD, Quinn JF (2011) Quantifying
the fire regime distributions for severity in Yosemite National Park,
California, USA. International Journal of Wildland Fire 20, 223-239.
doi:10.1071/WF09060

van Mantgem PJ, Nesmith JCB, Keifer M, Knapp EE, Flint A, Flint L
(2013) Climatic stress increases forest fire severity across the western
United States. Ecology Letters 16, 1151-1156. doi:10.1111/ELE.12151

Westerling AL (2016) Increasing western US forest wildfire activity:
sensitivity to changes in the timing of spring. Philosophical Transac-
tions of the Royal Society of London. Series B, Biological Sciences 371,
doi:10.1098/RSTB.2015.0178

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW (2006) Warming
and earlier spring increase western US forest wildfire activity. Science
313, 940-943. doi:10.1126/SCIENCE.1128834

Int. J. Wildland Fire 275

Whitman E, Batllori E, Parisien M, Miller C, Coop JD, Krawchuk MA,
Chong GW, Haire SL (2015) The climate space of fire regimes in north-
western North America. Journal of Biogeography 42, 1736—1749.
doi:10.1111/JBL.12533

Williams AP, Abatzoglou JT (2016) Recent advances and remaining
uncertainties in resolving past and future climate effects on global fire
activity. Current Climate Change Reports 2, 1-14. doi:10.1007/S40641-
016-0031-0

Williams AP, Allen CD, Millar CI, Swetnam TW, Michaelsen J, Still CJ,
Leavitt SW (2010) Forest responses to increasing aridity and warmth in
the south-western United States. Proceedings of the National Academy
of Sciences of the United States of America 107, 21289-21294.
doi:10.1073/PNAS.0914211107

Williams AP, Seager R, Macalady AK, Berkelhammer M, Crimmins MA,
Swetnam TW, Trugman AT, Buenning N, Noone D, McDowell NG,
Hryniw N, Mora CI, Rahn T (2015) Correlations between components
of the water balance and burned area reveal new insights for predicting
forest fire area in the south-west United States. International Journal of
Wildland Fire 24, 14-26. doi:10.1071/WF14023

www.publish.csiro.au/journals/ijwf


http://dx.doi.org/10.1007/S10584-014-1229-6
http://dx.doi.org/10.1073/PNAS.1609775113
http://dx.doi.org/10.1071/WF09060
http://dx.doi.org/10.1111/ELE.12151
http://dx.doi.org/10.1098/RSTB.2015.0178
http://dx.doi.org/10.1126/SCIENCE.1128834
http://dx.doi.org/10.1111/JBI.12533
http://dx.doi.org/10.1007/S40641-016-0031-0
http://dx.doi.org/10.1007/S40641-016-0031-0
http://dx.doi.org/10.1073/PNAS.0914211107
http://dx.doi.org/10.1071/WF14023

