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Abstract. Comprehensive assessment of ecological change after fires have burned forests and rangelands is important if
we are to understand, predict and measure fire effects.We highlight the challenges in effective assessment of fire and burn

severity in the field and using both remote sensing and simulationmodels.We drawon diverse recent research for guidance
on assessing fire effects on vegetation and soil using field methods, remote sensing andmodels.We suggest that instead of
collapsing many diverse, complex and interacting fire effects into a single severity index, the effects of fire should be

directly measured and then integrated into severity index keys specifically designed for objective severity assessment.
Using soil burn severity measures as examples, we highlight best practices for selecting imagery, designing an index,
determining timing and deciding what to measure, emphasising continuous variables measureable in the field and from

remote sensing. We also urge the development of a severity field assessment database and research to further our
understanding of causal mechanisms linking fire and burn severity to conditions before and during fires to support
improved models linking fire behaviour and severity and for forecasting effects of future fires.
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Introduction

Wildand fires commonly burn extensive areas in forests and

rangelands, often jeopardising homes and municipal water-
sheds, and other places important to society. Fire as a distur-
bance drives ecosystem composition and structure from sites to

landscapes globally (Bowman et al. 2009), thus severity is
central to evaluating and predicting ecological conditions
before, during and after fire. Fire scientists and managers rou-
tinely use field and remotely sensed evaluations of fire and burn

severity, defined as the magnitude of change due to fire (Lentile
et al. 2006; Keeley 2009), to describe fire effects on fuels,
vegetation, wildlife habitat and soils (Ryan and Noste 1985;

Smith 2000; Carey et al. 2003; Key and Benson 2006). This
information supports strategic planning before and during fires,
prioritising post-firemitigation to diminish flooding and erosion

potential and to foster vegetation recovery post-fire (Robichaud
et al. 2003, 2007a; Beschta et al. 2004; Kuenzi et al. 2008),

and making understanding fire and burn severity central to
ecologically based fire management.

Despite widespread use, the consistent, objective, repeatable
quantification of fire and burn severity remains elusive (Jain
et al. 2004; Key 2006; Lentile et al. 2006; Keeley 2009), and

without reliable assessments, the causes and ecological con-
sequences of severity will remain poorly understood. Given the
numerous definitions of fire and burn severity, it is important for
all users to explain how they define and assess severity (Simard

1991; Lentile et al. 2006; Jain et al. 2008). As Simard (1991)
wrote, ‘no two people interpret fire severity the same’ because
observers focus on fire effects selected for a particular set of

local objectives or outcomes. These assessments are rarely
impartial, standardised, consistent or comprehensive. More-
over, because fire effects can vary in their scale of impact and

temporal recovery, one spatial or temporal scale may not fit
all objectives, increasing the challenge of objectively and
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quantitatively assessing fire or burn severity (Simard 1991;
Graham et al. 2004). We follow the growing body of literature
that differentiates the two severity terms based on temporal and

ecological context (Lentile et al. 2006; French et al. 2008;
Veraverbeke et al. 2010a, 2010b). We use ‘fire severity’ to
describe the immediate fire effects and ‘burn severity’ for the

longer-term effects of fires on vegetation and soils (Key and
Benson 2006; Lentile et al. 2006, 2007; French et al. 2008;
Veraverbeke et al. 2010a, 2010b). This is consistent with the US

National Wildfire Coordinating Group (2012) definition of fire
severity as ‘degree to which a site has been altered or disrupted
by fire, loosely, a product of fire intensity and residence time’,
but not with the NWCG definition of burn severity as ‘soil

heating, large fuel and duff consumption, consumption of the
litter and organic layer beneath trees and isolated shrubs, and
mortality of buried plant parts’; though these clearly influence

vegetation response and soil effects (Chafer et al. 2004; Chafer
2008; Neary et al. 2008). Similar to French et al. (2008), we use
‘fire and burn severity’ or more simply ‘severity’ unless we

refer specifically to immediate fire effects (fire severity) or fire
effects measured in the following year or growing season that
include some secondary effects and ecological response (burn

severity).
Fire and burn severity are often related to fire behaviour

either directly or indirectly, but severity is often confused with
fire intensity. One major source of misunderstanding about

severity occurs when fire behaviour measures are used to
characterise severity (Alexander 1982; Ryan and Noste 1985;
Keeley 2009). Including fire behaviour measures in severity

descriptions is often problematic given that actual fire behaviour
measures are likely lacking. Whereas fire behaviour, especially
smouldering combustion, is a critical causal mechanism of fire

and burn severity, fire behaviour attributes have often been
inappropriately used to describe fire effects (Moreno andOechel
1991). Oliveras et al. (2009) found that fire severity was higher
in flanking and head fires than backing fires, and Keeley et al.

(2008) and Jain et al. (2004) emphasised that fire behaviour is a
critical element in describing fire severity. Thus, fire and burn
severity are intimately linked to fire behaviour, but fire behav-

iour does not fully describe the effect of fire on the ecosystem,
especially if it is focussed only on flaming combustion, because
it is missing critical ecological responses from the heat of

the fire.
Assessing and predicting severity is challenging because

fires have multiple effects that are often assessed in different

contexts. Assessments of fire and burn severity are done for
post-fire mitigation of erosion potential and invasive species
establishment, soil erosion potential (Fox et al. 2008; Clark and
McKinley 2011), post-fire vegetation recovery including tree

seedlings (Turner et al. 1999; Dı́az-Delgado et al. 2003; Miller
et al. 2003; Pausas et al. 2003; Beschta et al. 2004; Lentile et al.
2006), wildlife habitat (Zarriello et al. 1995), species of concern

(Kotliar et al. 2008) and overall vegetation conditions (Bisson
et al. 2008; Guay 2011). Soil burn severity can also be used to
predict the physical, chemical or biological effects (Jain et al.

2012), including water repellency (Lewis et al. 2006), erodibi-
lity (Pierson et al. 2001) and nutrient availability (Belillas and
Feller 1998). Severity is also a fire regime attribute (Beukema
and Kurz 1998; Morgan et al. 2001; Barrett et al. 2006; Keane

et al. 2006), perhaps themost difficult one to quantify because in
this context it is used more conceptually and lacks measurement
units; despite this, no other fire regime attribute is as important

in fire ecology. Severity is the basis for a national fire atlas for
the US (Eidenshink et al. 2007; http://www.mtbs.gov) and has
been used to link landscape patterns and scales of disturbance

processes (Turner et al. 1994; Chuvieco 1999; Hudak et al.

2007a, 2007b). Managers and scientists use fire and burn
severity classifications to evaluate prescribed fire success (Ryan

and Noste 1985), stratify post-fire vegetation and soil response,
and describe burn patterns (Carey et al. 2003).

Despite the extensive scientific literature describing fire
effects and elements of severity in different ecosystems, there

are few widely accepted or standardised measures of severity
consistently applicable within such different assessment con-
texts (Halofsky and Hibbs 2009). Severity is variously used as a

concept, a continuous variable, a class and an index. Ideally,
metrics of severity should be specific, meaningful and readily
interpretable, as well as measureable in the field and remotely,

and at multiple spatial and temporal scales (Hudak et al. 2007b).
Satellite imagery, statistical and simulation modelling, and
standardised efficient field sampling have facilitated the gener-

ation of quick and inexpensive fire and burn severity maps,
minimising the need for extensive resource-intensive, and
potentially dangerous, post-fire field sampling. However, all
of these advances are limited by ecological, technical and

logistical issues.
We address four objectives in this paper. We examine recent

advances in predicting and assessing fire and burn severity in the

field, remotely and using models. We discuss the numerous
factors and associated interactions that influence severity and
challenge our ability to consistently assess or predict it. We

provide guidance for those whowish to use severity assessments
in planning and implementing land management activities,
using vegetation and soil burn severity as examples.We propose
a strategy for describing fire and burn severity in the future to

reduce the confusion and complexity of defining, measuring and
assessing severity, while providing the ability to design severity
assessments for specific uses. Our focus is on new research

building upon previous work conducted by Lentile et al. (2006)
and Keeley (2009).

Assessing severity

Assessing fire and burn severity in the field

Many fire effects have been measured to describe fire and burn
severity (French et al. 2008; Jain et al. 2012) (Table 1). Changes
in overstorey trees or shrubs are the primary fire effect implicit
in most fire and burn severity assessments (Regelbrugge and

Smith 1994; Patterson and Yool 1998; Turner et al. 1999; Smith
et al. 2007). However, assessing plant mortality can be some-
what problematic in ecosystems where the dominant plants

often re-sprout quickly after fire, such as in many hardwood
forests, shrublands and grasslands. Therefore, Keeley (2009)
advocated using the amount of biomass consumed instead of

plant mortality, and Wang and Glenn (2009) used changes in
height to measure severity in shrublands. Surface fuel con-
sumption has also been used as an important indicator of
severity (Schimmel and Granstrom 1996; Boby et al. 2010;
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Table 1. Quantifying burn severity for forest soils (Jain et al. 2012)

Each subject area includes the literature sources, application, number of categories identified and range of possible post-fire outcomes. Cells with dashes (–)

denote an outcome that was not included. Post-fire characteristics most noted had two primary indicators: first, the amount of pre-fire surface organic matter

(e.g., litter, humus, rotten wood) present, expressed as abundant, present or absent on the forest floor; and second, whether the litter was scorched (S) and the

assessed state of the exposed mineral soil – unburned (U), blackened from combustion (B), gray/white (G) from ash or orange (O) frommineralogical changes

and fire residuals. Numbers in the table indicate the level of severity used by that classification, where 0 is unburned and included as a class, and 1–5 represents

relative low to high severity.

Source Application Number of

categories

Pre-fire Post-fire characteristic

Forest Floor Surface Organic Matter Condition

(S – scorched, U – unburned, B – black,

G – grey/white, O – orange)

Unburned Abundant Present Absent

S U B G O U B G O U B G O

Physical effects

Johansen et al. (2001) Erosion 2 – 1 1 1 1 1 1 1 1 1 2 2 2 2

Neff et al. (2005) Erosion 2 0 2 2 2 2 2 2 2 2 2 2 2 2 2

Parsons et al. (2010) Values at risk 3 – 1 1 1 1 1 3 3 3 3 5 5 5 5

Robichaud and Hungerford

(2000)

Water infiltration 2 – 1 1 1 1 1 2 2 2 2 2 2 2 2

Shakesby et al. (2003) Water repellency 2 – 1 1 1 1 1 1 1 1 1 2 2 2 2

Ulery and Graham (1993) Physical 4 – 1 – – – – – – – – 1 2 4 5

Chemical effects

Arocena and Opio (2003) Mineralogy 2 0 – – – – – – – – – – – 2 –

Baird et al. (1999) Nitrogen 2 0 2 2 2 2 2 2 2 2 2 2 2 2 2

Brais et al. (2000) Chemistry 2 – 1 1 1 1 1 1 1 1 1 2 2 2 2

Cerri et al. (1991) Nutrient dynamics 2 0 – – – – – – – – – – 2 2 2

Ellingson et al. (2000) Nitrogen 2 0 – – – – – – – – – 2 2 2 2

Rumpel et al. (2007) Chemistry 3 0 – – – – – 3 3 3 3 5 5 5 5

Yeager et al. (2005) Nitrogen fixation 3 0 – – – – – – – 3 3 – – 5 –

Biological effects

Bentley and Fenner (1958) Seed survival 5 – 1 1 1 1 1 2 2 2 2 3 4 5 –

Bernhardt et al. (2011) Vegetation 3 – 1 1 1 1 1 3 3 3 3 5 5 5 5

Blank et al. (1994) Vegetation 2 0 2 2 2 2 2 2 2 2 2 2 2 2 2

Bonnet et al. (2005) Vegetation 4 0 3 4 5 5 5 4 5 5 5 5 5 5 5

Choromanska and DeLuca

(2002)

Microbes 2 0 – – – – – – – – – 2 2 2 2

Dyrness and Norum (1983) Biological review 5 0 2 3 3 3 3 4 4 4 4 – – 5 –

Jain et al. 2006; Jain and

Graham (2007)

Forest structure 4 0 3 3 3 3 3 4 4 4 4 5 5 5 5

Larrivée et al. (2005) Arthropods 2 0 2 2 2 2 2 2 2 2 2 – – – –

Lentile et al. (2005) Regeneration 3 – 1 3 3 3 3 3 3 3 3 5 5 5 5

Morgan and Neuenschwander

(1988)

Shrubs 2 – 1 1 1 1 1 – – – – 2 2 2 2

Schimmel and Granstrom

(1996)

Seed survival 3 0 1 1 1 1 1 3 3 3 3 5 5 5 5

Tyler (1995) Vegetation 2 0 1 1 1 1 1 2 2 2 2 2 2 2 2

Wang and Kemball (2005) Seed survival 3 – 1 2 2 2 2 – – – – 5 5 5 5

Assessments

Alexander et al. (2006) Physical setting 3 – 1 1 1 1 1 3 3 3 3 3 5 5 5

Barkley (2006) Monitoring 3 – 1 1 1 1 1 3 3 3 3 5 5 5 5

Chafer et al. (2004) Remote sensing 5 – 1 1 2 2 2 3 3 3 3 4 5 5 5

Key and Benson (2006) Remote sensing 4 0 2 2 2 2 2 3 3 3 3 5 5 5 5

Lutes et al. (2006) Monitoring 5 0 1 2 2 2 2 2 3 3 3 3 5 5 5

Miller (2001) Monitoring 5 0 2 2 2 2 3 4 4 3 4 4 5 5 5

Patterson and Yool (1998) Remote sensing 4 0 2 2 2 2 2 4 4 4 4 4 5 5 5

Ryan and Noste (1985) Prescribed fire 4 0 2 2 2 2 3 3 4 4 4 4 5 5 5

US Department of Interior

(2003) (forests, shrublands)

Monitoring 5 0 2 3 3 3 3 4 4 4 4 4 5 5 5

US Department of Interior

(2003) (grasslands)

Monitoring 5 0 2 3 3 3 3 – – – 4 4 5 5 5

White et al. 1996 Remote sensing 3 – 1 1 1 1 1 1 1 1 1 3 5 5 5
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Keane et al. 2010; Hudak et al. 2013), and changes in soil
properties, such as water repellency (Lewis et al. 2006), erod-

ibility (Pierson et al. 2001) and nutrient availability (Belillas and
Feller 1998) have been the focus in other studies.

The composite burn index (CBI) is one field measurement

that has been widely used in burn severity assessments, espe-
cially for vegetation (Key and Benson 2006; Miller and Thode
2007; Holden et al. 2009; Miller et al. 2009; Soverel et al. 2010;

Dillon et al. 2011; Cansler and McKenzie 2012). CBI was
designed to correlate rapid field assessments of fire effects on
vegetation and soils with the difference between pre- and post-

fire satellite images (Key andBenson 2006). However, CBI is an
integrated metric that averages the magnitude of change across
five strata from soil to vegetation canopies, with each strata
having four or five variables that are visually assessed and

assigned a value between zero (unburned) and three (highest
severity). As such the specific factors resulting in a given CBI
value can become obscured. CBI is heavily weighted to mea-

suring fire effects on vegetation (Miller and Thode 2007) and
correlates most closely with changes in the upper canopy
structure in forests (Miller and Thode 2007; Miller et al.

2009). To improve the correlation between ground measure-
ments and remotely sensed data, De Santis and Chuvieco (2009)
developed the GeoCBI, which adjusts the weighting of
each stratum according to its fractional cover as viewed from

overhead. Although the CBI and GeoCBI have been applied
successfully in a wide variety of ecosystems, CBI performs
poorly in ecosystems like Alaskan boreal forests (French et al.

2008) and California chaparral (Keeley et al. 2008), where
severity is best represented respectively by depth of burn in soil

organic matter or amount of shrub biomass consumed. CBI and
GeoCBI can be correlated with spectral reflectance in a satellite

image, but it can be difficult to interpret the specific fire effects
that are present using these integrated indices. Further, while
visual estimates are the only practicalmethod of estimatingmost

fire effects that comprise the CBI, these estimates have subjec-
tive bias across users and site conditions that make consistent
and accurate evaluation difficult. Potentially great differences in

perceptions and interpretations among observers with varying
levels of experience can confound consistent CBI visual evalua-
tions of severity attributes across different ecosystems. Plant

species, soil types and fuelbeds are also different across large
fires making consistent evaluations problematic.

Burn severity is commonly assessed in the field and then
combined with remote sensing (Table 2). Parsons et al. (2010)

developed a quantitative method for assessing soil burn sever-
ity. They focussed on soil effects to assist interpretation of
Burned Area Reflectance Classification (BARC) maps (Clark

and McKinley 2011; http://www.fs.fed.us/eng/rsac/baer/barc.
html) in post-fire assessment and rehabilitation. They used five
factors to help validate the BARCmaps, which include ground

cover remaining, ash colour and depth, fine roots remaining,
soil structure changes, and water repellency. Like the soil
post-fire index developed by Jain et al. (2012) (Table 3), the
assessments are made in the field with continuous measures of

importance to fire effects on soils. A developing database (P.R.
Robichaud, pers. comm.) of these continuous measures
assessed in the field immediately after fire will be immensely

helpful in future evaluations of fire and burn severity from
satellite imagery.

Table 2. Variables to measure in assessing burn severity

Those variables in bold are most commonly measured and can be more readily inferred from satellite imagery. To measure fire severity for a particular

objective, select those fire effects important for assessing the objective.Use continuous variableswhenever practical: these can always be collapsed into classes

if needed; for example, for interpretation. Name the resulting fire severity index for the objective, such as soil severity index (see examples in Table 1 and

Table 3). From Jain et al. (2012)

Selected fire effect Measurement variable Calculation Description

Plant mortality Percentage dead (%) Trees .5 cm DBH Fire-caused overstorey tree mortality

Trees ,5 cm DBH Fire-caused understorey tree mortality

Reduction in cover (%) Shrubs Shrub cover reduction

Herbs Herbaceous cover reduction

Fuel consumption Reduction in loading (%) Woody Proportion woody fuel consumed

Duff Proportion duff fuel consumed

Consumption (kg m�2) Woody Amount of woody fuel consumed

Duff Amount of duff fuel consumed

Smoke Emissions (kg km�2) PM2.5 Amount of particulate matter released

CO2 Amount of carbon dioxide emitted

Char fraction Char fraction Percentage Amount of char in soil

Soil heating1 Depth lethal heating (cm) Depth .608C for 1 min Soil depth of tissue death

Depth nutrient heating (cm) Depth .2508C Soil depth of nutrient changes

Total heat Integrated area .608C under

time–temperature curve at 2 cm

Total soil heating

Soil water

Repellency1
Soil infiltration rate (mm hr�1) Rate (mm hr�1) measured with mini

disk infiltrometer

Soil infiltration conditions

Nutrients1 Reduction in nitrogen (%) NH4 concentration before and after fire Difference between pre- and post-fire

NH4 concentration

Erosion1 Exposed mineral soil Percentage based on visual estimate Amount of ground area in mineral soil

1Not readily inferred from remotely sensed imagery.
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Perhaps the greatest challenge to severity evaluations in the
field is that without pre-fire measurements, changes due to fire

must be inferred retrospectively from post-fire conditions; this is
the case in most assessments of severity following wildfires
(Hudak et al. 2011, 2013). In temperate forests, common fire
effects measured to evaluate severity include the amount of

surface fuel consumed; percentage mortality in both overstorey
trees and understorey plants; percentage tree or shrub volume and
cover affected and inferred degree of soil heating. In grasslands

and boreal forests, the degree of soil heating and depth of burn-
ing, including percentage consumption of soil organicmatter, are
important fire effects (French et al. 2008). However, for most of

these effects, both pre- and post-burn measurements are required
to accurately and objectively quantify the change caused by fire.
Unfortunately, given that wildfire locations are difficult to
predict, pre-burn measurements are typically lacking and are at

best challenging to acquire or infer (Lentile et al. 2007).
Several strategies are used to address the lack of pre-fire

measurements. Most often, observers subjectively estimate pre-

fire conditions (e.g. canopy cover of understorey and overstorey
plants, duff and litter cover, and surface fuel load) based on
observations of surrounding areas (Key and Benson 2006).

Burned plots can be compared with paired plots in adjacent
unburned areas (Dı́az-Delgado et al. 2003; Karau and Keane
2010; Hudak et al. 2011), but these inferences depend on how

well the unburned plot represents the pre-fire condition of the
burned plot. Sometimes, sites have been sampled pre-burn, such
as the network of Forest Inventory and Analysis (FIA) plots
across all forested lands in the US (Megown et al. 2011), but

rarely are the number of burned FIA plots for a given wildfire
sufficient for a statistically valid fire effects evaluation.

In some instances, severity can be inferred from post-fire
evidence alone. Based on post-fire diametermeasurements of all

live and dead trees in conifer forests, Miller et al. (2009) were
able to calculate pre- and post-fire live tree basal area, and
subsequently a measure of basal area loss due to fire. In
chaparral vegetation, the diameter of the smallest branch

remaining on shrub skeletons has been found to be a good
indicator of overall biomass loss from fire (Moreno and Oechel
1989; Keeley et al. 2008). In other forest studies, the amount of

charred surface fuels, soil and trees is sometimes used to
evaluate respectively the magnitude of fuel consumption, soil
heating and plant mortality. However, this evidence does not

provide a complete picture or a true quantitative assessment of
the ecological consequences of the fire. Tree bole char, for
example, is only partially correlated with tree mortality (Keyser
et al. 2006; Halofsky and Hibbs 2009; Hudak et al. 2011). In

rangelands, high fire severity has been associatedwith reduction
of the seedbank, lower species diversity post-fire and increases
in exotic species cover (Ghermandi et al. 2013).

Assessing fire and burn severity with remote sensing

Remotely sensed image data have the great advantage of pro-

viding pre-fire information that can be difficult or impossible to
retrieve in the field. Surface reflectance changes over the days
and weeks following fires (Trigg and Flasse 2000), and fires

themselves, change surface reflectance in a wide variety of
ecosystems (Landmann 2003, Chafer et al. 2004; Cocke et al.

2005; Smith et al. 2005; Roy et al. 2006; Chafer 2008; French
et al. 2008; Kumar et al. 2008; Lee et al. 2009; Veraverbeke

et al. 2011). Many severity assessments use satellite imagery to
quantify the magnitude of vegetation change from pre-fire

Table 3. Soil post-fire index (PFI) classification key developed by Jain et al. (2008) based on (1) the abundance of surface organic matter to create

broad categories and (2) mineral soil colour to partition the broad categories

Surface organic cover can include litter, humus, rotten wood and in some cases a root mat. As with any key, one begins by evaluating the site based on 1a or 1b.

If the response to 1b is ‘yes’ then surface organic cover is evaluated using ocular or grid sampling estimates. For example, if surface organic cover is,40% (3b)

than this broad category can be dissected based onmineral soil colour (5a–5d). If the plurality of the soil is charred orange (5d) then the resulting soil PFI is 3.4

Soil characteristics Soil PFI category

1a No evidence of a recent fire 0.0

1b Evidence of recent fire

2a Surface organic cover $85% 1.0

2b Surface organic cover ,85%

3a Forest floor surface organic cover $40% and mineral soil appearance has a plurality of: 2.0

4a Unburned mineral soil 2.1

4b Black charred mineral soil 2.2

4c Grey or white charred mineral soil 2.3

4d Orange charred mineral soil 2.4

3b Surface organic cover ,40% and mineral soil appearance has a plurality of: 3.0

5a Unburned mineral soil 3.1

5b Black charred mineral soil 3.2

5c Grey or white charred mineral soil 3.3

5d Orange charred mineral soil 3.4

3c (Forest floor absent) No surface organic matter left and mineral soil appearance has a plurality of: 4.0

6a Unburned mineral soil 4.1

6b Black charred mineral soil 4.2

6c Grey or white charred mineral soil 4.3

6d Orange charred mineral soil 4.4

Fire and burn severity challenges Int. J. Wildland Fire 1049



conditions (e.g. Key and Benson 2006; Miller and Thode 2007;
Holden et al. 2009; Miller et al. 2009; Soverel et al. 2010). If the
same type of sensor is used to collect imagery both before and

after the fire under comparable illumination conditions, then the
difference between them can provide an objective means to
quantify ecological change induced by the fire, which has a

substantial effect on the reflective properties of the scene
(Jakubauskas et al. 1990; Landmann 2003). This is the basis for
using the Normalized Burn Ratio (NBR, Key and Benson 2006),

Normalized Difference Vegetation Index (NDVI, Tucker 1979)
and similar indices. Many calculate differences between pre-
and post-fire indices in absolute (differenced NBR or dNBR) or
relative terms as relative differenced Normalized Burn Ratio

(RdNBR, Miller and Thode 2007), the Relativized Burn
Ratio (RBR), or differenced NDVI (dNDVI, Dı́az-Delgado
et al. 2003; Epting et al. 2005), particularly where the pre-burn

biomass is low or highly variable. Although the dNBR is used
more broadly as a burn severity index, it sometimes performs
only marginally better than dNDVI (Hudak et al. 2007b;

Veraverbeke et al. 2010b). Fox et al. (2008) found NBR and
NDVI are highly correlated. Roy et al. (2006) advised caution in
relying on NBR and related indices because the resulting burn

severity mapsmay have low accuracy depending on the variable
of interest and whether the index was originally developed for
detecting burned area, not burn severity. Clearly, each assess-
ment of burn severity must be carefully evaluated to ensure it

meets the intended goal with acceptable accuracy.
The Landsat sensors have provided the longest available and

most widely interpreted source of image data for assessing

severity using the indices detailed above. Fire and burn severity
maps derived from Landsat Thematic Mapper (TM) imagery
can be used to develop retrospective maps of historical wildland

fires back to 1984 (Eidenshink et al. 2007). Landsat Multi-
Spectral Scanner (MSS) imagery (Russell-Smith et al. 1997;
Hudak and Brockett 2004) and aerial photographs (Ekstrand
1994; White et al. 1996) can extend these records even further

back in time. Severity mapping from imagery usually involves
relating spectral reflectance characteristics of the post-fire scene
to field measures of fire effects or severity indices (e.g. CBI)

collected at coincident locations (Cocke et al. 2005; Hudak et al.
2007b). Strong correlations between the datasets can then be
interpreted to indicate the field variable of interest. While 30-m

resolution Landsat TM imagery is most commonly used to map
fire-induced change, higher spatial and spectral resolution data
have obvious potential for quantifying fine-scale post-fire

effects.
Other types of imagery are used to quantify severity.

Robichaud et al. (2007b) used hyperspectral imagery of higher
spatial and spectral resolution than Landsat TM imagery tomore

accurately map post-fire soil and ash cover fractions for assess-
ment of erosion potential. Moreover, they associated the high
resolution imagery to directly measured variables instead of

indices. However, high resolution multispectral and hyperspec-
tral data are expensive and can be challenging to work with
because they contain hundreds of spectral bands, have relatively

high densities of pixels and may require extensive image
geo-registration. These factors may limit operational use of
hyperspectral data for mapping post-fire effects. MODIS imag-
ery, which is freely available like Landsat data but of much

coarser resolution (250–1000 m), can be used to assess severity
of large wildfires when other data are unavailable (Kolden and
Rogan 2013), but the coarse spatial resolution makes the

resulting maps unsatisfying to most managers and scientists.
Active sensor systems, such as Light Detection and Ranging

(LiDAR) and radar can also be used to infer fire effects. In

contrast to passive sensors measuring the sun’s reflected radia-
tion these sensors supply their own power. LiDAR data have
demonstrated potential for characterising fire-induced changes

in overstorey vegetation characteristics (Wang and Glenn 2009;
Wulder et al. 2009; Kwak et al. 2010; Magnussen and Wulder
2012), For example, LiDAR has been used for post-fire assess-
ments to quantify tree regeneration (Debouk et al. 2013), assess

how post-fire forest structure varies with burn severity (Kane
et al. 2013), and estimate post-fire tree height (Magnussen and
Wulder 2012). However, operational use of LiDAR remains

limited given the sparse coverage of pre-fire data and the
expense of acquiring new post-fire data. Radar data may also
have potential for severity assessments, but difficulty in data

interpretation limits operational utility (Kasischke et al. 2007b;
Tanase et al. 2010a; Tanase et al. 2010b; Tanase et al. 2010c).

Ultimately, to maximise the utility and efficiency of remote

sensing assessments, the spatial, temporal and spectral resolu-
tion of the remotely sensed imagery must match the ecological
scale of the fire effect of interest. More research into active
sensors would likely lead to more physically based severity

assessments, which are needed to advance fire science. How-
ever, approaches that directly estimate biophysical measures of
interest can also be applied to passive optical imagery, which

would reduce current overreliance on burn severity indices to
infer biophysical attributes (Roy and Landmann 2005;
Kasischke et al. 2007a). Spectral mixture analysis is an appeal-

ing approach to processing post-fire satellite imagery because it
estimates the fractional cover of biophysical variables at the sub-
pixel level, making them more directly comparable to the same
fractional cover variables measured in field plots on the ground.

For instance, estimates of char fraction or green vegetation
fraction derived from imagery correlate as well as NBR to the
same fractional cover variables estimated independently on the

ground (Hudak et al. 2007b; Smith et al. 2007). Others have
estimated severity using approaches that incorporate radiative
transfer modelling, which takes advantage of specific physical

reflectance properties of surfaces to estimate vegetation para-
meters (Chuvieco et al. 2006, 2007). As applied to burn severity
mapping, these efforts use a reference spectrum of a range of

healthy to damaged vegetation, then invert a radiative transfer
model to simulate post-fire spectral response, and finally apply a
supervised classification to a post-fire image (De Santis et al.
2009; De Santis et al. 2010). This method has the capacity to

establish scenarios for combinations of vertical strata severities
that are less dependent on particular local conditions. It can also
simulate the outcome of specific effects of fire, such as changes

in leaf colour or leaf area index because they are input variables
in the canopy reflectance models (De Santis et al. 2009).

Predicting fire and burn severity with modelling

Statistical and simulation modelling are alternatives to map and
assess post-wildfire severity. Statistical relationships to predict
severity can provide insight into possible drivers of severity.
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Holden et al. (2009) created a statistical severity model from
field-gathered CBI data, landscape and biophysical spatial data,
and NBR from Landsat imagery in New Mexico, USA. Dillon

et al. (2011) expanded on this statistical approach by adding
weather and hydroclimatic indices to predict proportion burned
with high severity and to map areas that could burn severely if a

wildfire were to occur for the western US. In South Korea, Lee
et al. (2009) used regression tree analysis to predict severity
from landscape characteristics. Simulation models such as

FOFEM (Reinhardt et al. 1997), and statistical models such as
CONSUME (Ottmar et al. 1993) are useful for simulating the
direct effects of a fire on vegetation, fuels and soils. Keane et al.
(2010) implemented FOFEM into a spatial computer application

called FIREHARM to create severity maps, which have been
compared with and integrated with satellite imagery (Karau and
Keane 2010; Karau et al. 2014). These types of models have

several advantages: (1) simulation models can provide bio-
physically based fire effects estimates, (2) results can be scaled
to the resolution most appropriate for describing a specific

effect, (3) models allow for rapid assessment because results
can be simulated quickly as long as input data are available,
and (4) models can be used to predict fire effects, allowing a

manager to proactively prioritise resources.
The disadvantage of current empirical and simulationmodels

is that severity predictions are only as good as the input data used
to create them (Karau et al. 2014), and the widely available

spatial data used to develop the simulation and statistical models
have high levels of uncertainty (Keane et al. 2013). Current

models rarely use data from ongoing severity assessments. Most
severity modelling efforts use a completely different set of
severity assessments and classifications than remote sensing

or field methods. Therefore, a standardised set of ecological
metrics to calibrate mapped severity to locally observed fire
effects is critical for all three severity methods – empirical,

imagery and simulation.

Challenges common to all assessments of fire
and burn severity

Spatial variability

Fires do not burn homogeneously across landscapes (Fig. 1), nor

do they burn similarly in different ecosystems, giving rise to
challenges with characterising fire and burn severity. Under-
standing the causes of this heterogeneity is often a goal of

severity assessments. In this context, severity has been linked to
many biophysical characteristics and processes (Keeley 2009).
Landscape patterns of severity often vary with topography

(e.g. Kushla and Ripple 1997; Broncano and Retana 2004;
Holden et al. 2009) because topography influences the
biophysical environment (microclimatic conditions of temper-

ature, precipitation, direct solar radiation, timing of snowmelt,
wind exposure) that directly affects both biomass accumulation
and the amount of biomass available to burn at the time of fire
(Holden and Jolly 2011). Dillon et al. (2011) found the distri-

bution of high-severity effects on forests in six regions in
western US fires was influenced more strongly by topographic

Low High Moderate Unburned

Fig. 1. Post-fire landscape near the lightning ignition start of the 2003 Black Mountain 2 fire near Missoula,

Montana, 8 weeks after burning. The heterogeneous pattern of fire severity patches is a result of the interactions

of fire with the biotic and physical environment at multiple scales. As time since fire progresses, the relative

differences in fire severity, and their spatial pattern, will change.

Fire and burn severity challenges Int. J. Wildland Fire 1051



characteristics than weather or climate, but the specific effects
of topography varied geographically. Similarly, Broncano
and Retana (2004) found spatial variability in severity to be

correlated with elevation and aspect in Spain, and Chafer
et al. (2004) and Bradstock et al. (2010) found that topographic
setting, combined with fuel loading and fire weather, influenced

severity patterns in Australia.
Unlike topography, which is relatively static and easily

quantified pre-fire, quantitative measures of pre-fire fuel and

local weather conditions on the ground during a fire are rarely
available and difficult to infer from post-fire assessments.
Pre-fire character of the vegetation community, such as struc-
ture (density, size, height), composition (fire-adapted species

v. fire-sensitive species), and productivity (biomass, deposi-
tion), moisture content and phenology, sets the stage for a range
of possible fire behaviours and ecological responses. Severity

might be considered low in a grassland but high in a forest; thus
themagnitude of severitywill vary depending onwhat is burned.
However, there are studies that show a relationship between pre-

fire structure and severity. Jain et al. (2006) and Jain and
Graham (2004) demonstrated close relationships between soil
burn severity and both pre- and post-burn forest structure.

Hessburg et al. (2007) related severity to forest structure across
landscapes in the north-western US. Bigler et al. (2005) found
that severity correlated with forest structure and composition,
stand history (previous disturbances) and elevation.

Previous disturbance histories, climates and antecedent
weather create vegetation conditions that influence the complex
web of fire effects that can be spatially heterogeneous, making it

difficult to predict severity (Turner et al. 1999; Romme 2005;
Thompson and Spies 2010). As a fire burns, the micrometeorol-
ogy of fire weather interacts with ignition and combustion to

leave behind unique patterns of fire effects. Subtle changes
between day- and night-time temperatures and humidity can
alter fire behaviour and severity. Wind during a fire event can
influence severity patterns even in relatively uniform vegeta-

tion. The presence or absence of ladder fuels may also determine
the severity outcome and forest composition and structures can
be influenced by harvest, disease and insect infestations. Tree

mortality, for example, is a result of a complex set of interactions
between instantaneous fire behaviour, topography, ambient
weather conditions and tree characteristics including size,

crown position, adjacency of neighbouring trees, bark thickness
and other factors influencing the ability of the tree to survive the
fire – all of which vary at different scales. These interacting

processes and scales make severity estimation difficult because
the elements that dictate fire and burn severitymay vary at scales
that differ by ecosystem, fire and biophysical environment.

Ecological responses occur at multiple time scales and this

can confound fire and burn severity assessments (Lentile et al.
2006). Pre- and post-fire precipitation patterns, wind events,
human interventions, and plant reproductive strategies all

influence long-term ecosystem response to fire yet they act at
different temporal scales, which adds uncertainty to assessments
of fire severity. Changes in post-fire soil nitrogen, for example,

last for a shorter time (years) than changes in forest structure
(decades). Soil water repellency usually lasts only a few years
(Doerr et al. 2000; Robichaud and Hungerford 2000), but
recovery of vegetation can take decades.

Multiple interacting fire effects

Themajor factors used to assess severity, such as plant mortality
and soil heating, are not independent ecological processes but
are interrelated through mutual feedback mechanisms that vary

greatly between fuel and vegetation types. Grass fires can have
high intensities, rapid rates of spread and nearly complete fuel
consumption, yet soil heating and plantmortality are usually low

and vegetation conditions 1-year post-fire can be similar to that
found before the fire. In contrast, a low-intensity surface fire
burning in a stand of fire-intolerant spruce and fir trees can kill

many trees through cambial damage on stems and roots through
soil heating. Tree mortality, for example, often increases when
insects and disease agents attack trees weakened by fire
(Hood et al. 2007), sometimes enough to alter post-fire assess-

ments of severity. Conversely, soil erosion potential after fire
may be mitigated by needles from scorched trees that fall on
severely burned, highly erodible soils (Pannkuk et al. 2000).

High consumption of aboveground biomass in perennial grass-
lands and shrublands may be short lived with sprouting species
recovering relatively quickly post-fire. Fires that increase

non-native plant species cover may be more severe than fires
where only native plants are present. In some instances, it may
be necessary, and even desirable, to account for some secondary

fire effects in fire and burn severity assessments (Veraverbeke
et al. 2010a; 2010b, 2011; Dillon et al. 2011).

Spatial and temporal scale

Scale considerations are essential for appropriate assessment
of fire effects (Simard 1991). Wildland fire acts across

multiple temporal and spatial scales responding to factors that
control both fire behaviour (e.g. fuel moisture, wind) and
the characteristics of the biological elements that are burned
(e.g. species, size, loadings) (King et al. 2008). These interac-

tions in turn influence severity. As the factors that control fire
and vegetation act across different scales, it follows that fire and
burn severity must be described across multiple time and space

scales. Further, spatial pattern influences vegetation response –
if patches of high severity are very large, recovery of vegetation
dependent on dispersal of seeds from surviving plants will be

slower than in a fine-scale mosaic (Turner et al. 1999; Bonnet
et al. 2005; Donato et al. 2009). Thus, metrics of the spatial
distribution of fire effects are needed to fully quantify severity.

The timing of specific fire effects and ecosystem responses

can be dramatically different within a single fire. Vegetation
recovery, for example, can take only a few years in low-
elevation grasslands, but may take decades in upper subalpine

forests (Keane and Parsons 2010). Similarly, tree regeneration
may occur quickly after fire in productivemesic forests, butmay
be slower in xeric, cold upper subalpine environments (Agee

and Smith 1984). This difference in response timing serves to
complicate many burn severity assessments.

Recommended best practices

Instead of collapsing complex fire–biota–environmental inter-
actions and responses down to a generalised classification, we
recommend directly measuring the actual fire effect, be it tree
mortality, fuel consumption, soil water repellency or any other
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important measureable fire effect. As Jain et al. (2004)
emphasised, researchers should simply quantify severity with
what they are actually measuring (e.g. see Table 3). The soil

burn severity index is a good example that is widely applied in
assessing post-fire effects on soils with a focus on soil erosion
potential. Another is the soil PFI based on post-fire character-

istics that relate to nutrient availability, seed availability and
other soil characteristics (Jain et al. 2012) (Table 3). These are
good examples that use physically based fire effects variables of

interest that can then be input into other fire effects applications
(erosion modelling, wildlife habitat evaluations) for a more
tailored assessment of severity, and they can be predicted from
simulation models to expand the use of the severity index from

operational to planning and from only retrospective to predic-
tive. A common database of severity assessments will be
immensely helpful for improving inferences beyond local

applications. Further, we urge use of continuous variables for
measurement whenever practical; these can always be collapsed
to classes if needed for interpretation.

Every assessment will require addressing questions of
which imagery, which indices, what timing and what to
measure, as illustrated in Table 4. We outline best practices

as these choices are made for assessing soil burn severity and
vegetation effects. Imagery choice is often dependent on what
is available. For burn severity assessments, Landsat TM and
ETMþ sensors are often used because of the 30-m spatial

resolution, and the global availability of the imagery every 16
days and large catalogue of free images dating back to 1984,
all of which are important for rapid post-fire assessments

needed for mitigating erosion potential. Clearly, soil effects

vary at scales finer than 30 m (Hudak et al. 2007b) and degree
of soil charcoal and organic content of soils can complicate
satellite-inferred burn severity (Epting et al. 2005; Smith et al.

2010; Picotte and Robertson 2011). For vegetation effects,
Landsat imagery is commonly used, but other imagery pro-
ducts with finer spatial and spectral resolution is available.

NBR, dNBR and RdNBR are most common, but RBR and char
fraction (Lentile et al. 2009) may be better suited depending on
the specific fire effects of interest. Relativised measures,

including both RdNBR (Miller and Thode 2007) and RBR
are better for detecting high-severity effects across a wide
range of pre-fire conditions, including those with low total
biomass.

Timing of imagery depends on the purpose of assessment.
When choosing pre- and post-fire images, it is important to
consider that vegetation that burns often does so in a drought-

stressed state. Therefore, the pre-fire image must be collected
as close to the fire date as possible to isolate the effects of fire
from the effects of drought. Timing of the post-fire image

depends on several considerations, including ecological con-
text and the specific purpose of the assessment. For instance,
how quickly the vegetation will respond or recover from the

fire must be considered. Is it important to capture immediate,
same-season effects before any recovery or is it desirable to
allow time for some second-order effects and initial recovery?
Has the vegetation senesced or did snow fall immediately post-

fire, making change detection impossible? If next growing
season imagery is required, when will phenology most closely
match the pre-fire image? In rangelands, remotely sensed

reflectance is highly variable with phenology throughout the

Table 4. Guidance for assessing burn severity for vegetation effects and soil burn severity using field and remote sensing methods

For each application, users need to decide which imagery and index, the timing, and what to assess in the field: see text, Eidenshink et al. (2007) for further

discussion and references for further information. The resulting severity indices would differ from each other and from those developed for assessing fire

effects on habitat for invasive species, wildlife or other purposes

Question Soil burn severity Vegetation severity

What imagery? � LANDSAT most commonly used due to availability,

spatial resolution and cost.

�Quickbird or other high spatial resolution imagery useful

when higher resolution is needed, but costs more.

MODIS over larger extents where lower spatial

resolution is acceptable.

What index? � NBR (one image immediately post-fire), dNBR or

RdNBR or RBR

� Relativised measures (e.g. RdNBR or RBR) commonly used, especially for

areas with relatively low or heterogeneous vegetation cover; dNDVI useful

� Adjust based on field assessments.

Timing of

imagery?

� Immediately post-fire to support planning for rehabili-

tation and recovery

�Usually extended with pre-fire image as close to fire date as possible, post-fire

image 1 year post-fire at same phenology, but with rapid vegetation recovery

use imagery immediately post-fire

� For non-forests, often immediately pre- and immediately post-fire

Field measures � Focus on direct measures such as soil colour and

exposure, and water repellency. Indirect measures

include fuel consumption and amount of ash

� Depends on purpose of assessment (see Table 2)

� If field measures will be used in combination with remote sensing, then only

measure variables that can be readily inferred from imagery and match the

spatial and temporal scale

� CBI or GeoCBI commonly used but we recommend measuring the actual

effect(s) of interest directly using quantitative, continuous measures where

possible. Examples include tree mortality, fuel consumption, proportion of

foliar biomass burned and reduction in canopy cover
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growing season, which must be considered when selecting
images for burn severity assessments.

It is important to think carefully about field measures,

especially if these are to be inferred from satellite imagery or
linked to predictive models. If field measurements are to be
correlated with remote sensing data, the variables measured in

the field must have a logical and mechanistic connection to
properties the sensor can detect. For instance, soil heating by
fire, although ecologically important, cannot be inferred directly

from pre- and post-fire satellite imagery comparisons. Correla-
tions between field and remotely sensed variables say nothing
about causation; remotely sensed indices of severity are only
indices, and therefore should not be interpreted as direct

measures of fire or burn severity.

Future directions

We suggest that the first step for improving severity assess-

ments is to move towards a unified, physically based, hierar-
chical terminology (Table 2). Fire and burn severity are general
concepts to qualitatively or quantitatively describe the mag-
nitude of the myriad immediate and longer-term fire effects at a

point, plot, stand and across a landscape (Fig. 2). Remote
sensing indices (Fig. 2) such as the RdNBR, are not direct
measures of severity per se, but are useful for inferring severity

when the fire effect(s) of interest can be meaningfully inter-
preted from imagery (e.g. Miller et al. 2009). Much of the
confusion associated with terminology noted by Keeley (2009)

and Lentile et al. (2006) can be alleviated simply by clearly
articulating two factors suggested by Jain et al. (2004): (1) the
element or aspect of severity being assessed or inferred

(Holden et al. 2007; Miller et al. 2009), and (2) the specific
timing of the post-fire assessment.

We suggest that recording actual fire effects measurements,

such as percentage tree mortality or pre- and post-fire live tree
basal area in forested areas (Miller et al. 2009), or average
diameter of the smallest remaining branches in shrublands, is

preferable to collapsing these measures into an index like CBI.
We recognise that there will always be utility in composite
metrics like CBI and GeoCBI, but without specific, ecologically
meaningful measurements, it will remain difficult to directly

relate ordinal severity class values to specific ecological char-
acteristics or fire effects. These measures can be summarised as
CBI or GeoCBI ex post facto, as appropriate. Severity classifi-

cations based only on relationships to composite measures may
have little predictive power to describe potential severity before
a site actually burns.

Moving towards more ecologically based severity classifica-
tions will require major improvements in the measurement of
the direct effects of wildland fires. Developing meaningful

relationships between individual fire effects or composite
severity metrics and the conditions before, during and after fire
will require studies with detailed quantitative descriptions of
pre-fire conditions, fire behaviour and the post-fire environment

at different time periods. Novel methods for assessing pre-burn
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Fig. 2. Fire and burn severity, defined as the immediate and longer-term ecological effects of fire, can be assessed in the field

using any one or a combination ofmetrics (top). Severity can also be inferred from individual remote sensing indices (side); this is

only effective and interpretable when the index is correlated with fire effects on the ground.
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conditions and for describing fire behaviour will be useful. Until
we understand the causes and consequences of severity well
enough to predict them, proactive, effective pre- and during- fire

assessment and management to alter fire effects will continue to
be challenging. Intensive spatial field surveys could support
improved linkages between remotely sensed map products and

field data, especially when fire effects vary greatly at fine spa-
tial scales. One example of this in the US is the Accelerated
Remeasurement and Evaluation of Burned Areas (or AREBA)

project (Megown et al. 2011). The FIA program of the USDA
Forest Service now measures both surface and crown fuels,
along with many other ecosystem characteristics useful for
quantifying fire effects, but the sparse distribution of plots

established only in forested ecosystems will limit its operational
use in severity mapping efforts, especially in rangelands.

Fire and burn severity mapping projects will continue to

depend on remotely sensed imagery and field measurements.
Therefore, it is critical that ecological advances in field assess-
ments of severity be matched with the most appropriate imagery

(Fig. 2). It is important that key fire effects are related to image
signatures at appropriate scales. With the use of more advanced
remote sensing technologies, such as hyperspectral imagery,

LiDAR and radar, important fire effects may bemore accurately
and consistently inferred from imagery with higher spectral,
spatial and temporal resolutions. It is exciting to see the many
different research and management applications of severity,

some of which have been prompted by the availability ofMTBS
data in the US. We look forward to learning as much about the
causes and consequences of fire and burn severity as we know

about fire behaviour.We also urge the development of a severity
field assessment database and research to further our under-
standing of causal mechanisms linking fire and burn severity to

conditions before and during fires to support improved models
linking fire behaviour and severity and for forecasting effects of
future fires. Understanding where, why and how fires burn
severely will be greatly enhanced by efforts to: (1) relate

severity to climate, weather, topography, fuels and land use
(e.g. Dillon et al. 2011; Miller and Safford 2012), (2) explain
temporal trends (Dillon et al. 2011;Miller et al. 2012; Mallek

et al. 2013), and (3) develop tools that effectively link conditions
before fire to flaming and glowing combustion, soil heating,
biomass consumption and vegetation mortality. Better under-

standing will support better and proactive management of fire
and fire effects.

One of the grand challenges for fire science remains to link

conditions before, during and after fires together based on
understanding of how fire behaviour causes fire and burn
severity (Kremens et al. 2010). Without examining these lin-
kages, it will be difficult to predict the ways in which pre-fire

fuels and vegetation influences fire effects and vegetation
response, yet that is key to proactive fuels and vegetation
management. An important step towards meeting this challenge

is a common base of terminology for severity that builds on
measurable, physically based metrics linked to conditions
before, during and after fires to characterise fire effects across

multiple scales and applications. Only by taking this approach
will the confusion and ambiguity be reduced and, more impor-
tantly, will our understanding of the ecological role of fire be
enhanced. Ultimately, we need to more fully understand the

causal mechanisms of severity, such as the multiple ecological
interactions, scales of variability and fire behaviour drivers if we
are to predict the consequences of alternative pre-, during and

post-fire management strategies focused on influencing fire and
burn severity outcomes.

Acknowledgements

We based this paper, in part, on the lessons we learned during several Joint

Fire Sciences Program and National Fire Plan-funded projects that dealt with

fire and assessing burn severity and creating severity classification systems.

This research was supported in part by the USDA Forest Service Rocky

Mountain Research Station, the University of Idaho (09-JV-11221637–270),

the National Fire Plan and the Joint Fire Science Program (JFSP-09–1-07–4).

We appreciate constructive reviews from Pete Robichaud and anonymous

reviewers.

References

Agee JK, Smith L (1984) Subalpine tree reestablishment after fire in the

Olympic Mountains, Washington. Ecology 65, 810–819. doi:10.2307/

1938054

Alexander ME (1982) Calculating and interpreting forest fire intensities.

Canadian Journal of Botany 60(4), 349–357. doi:10.1139/B82-048

Alexander JD, Seavy NE, Ralph JC, Hogoboom B (2006) Vegetation and

topographical correlates of fire severity from two fires in the Klamath-

Siskiyou region of Oregon and California. International Journal of

Wildland Fire 15, 237–245. doi:10.1071/WF05053

Arocena JM, Opio C (2003) Prescribed fire-induced changes in properties

of sub-boreal forest soils. Geoderma 113(1–2), 1–16. doi:10.1016/

S0016-7061(02)00312-9

Baird M, Zabowski D, Everett RL (1999) Wildfire effects on carbon and

nitrogen in inland coniferous forests. Plant and Soil 209(2), 233–243.

doi:10.1023/A:1004602408717

Barkley YC (2006) After the burn: assessing and managing your forestland

after a wildfire. University of Idaho Extension, Idaho Forest, Wildlife

and Range Experiment Station, Bulletin No. 76. (Moscow, ID)

Barrett SW, DeMeo T, Jones JL, Zeiler JD, Hutter LC (2006) Assessing

ecological departure from reference conditions with the Fire Regime

Condition Class (FRCC) mapping tool. In ‘Fuels Management – How

to Measure Success’. (Eds PL Andrews, BW Butler) USDA Forest

Service, Rocky Mountain Research Station, Proceedings RMRS-P-41

pp. 575–585. (Fort Collins, CO).

Belillas CM, Feller MC (1998) Relationships between fire severity and

atmospheric and leaching nutrient losses in British Columbia’s coastal

Western Hemlock zone forests. International Journal of Wildland Fire

8, 87–101. doi:10.1071/WF9980087

Bentley JR, Fenner RL (1958) Soil temperatures during burning related to

postfire seedbeds on woodland range. Journal of Forestry 56, 737–740.

Bernhardt EL, Hollingsworth TN, Chapin IFS (2011) Fire severitymediates

climate-driven shifts in understory community composition of black

spruce stands of interior Alaska. Journal of Vegetation Science 22,

32–44. doi:10.1111/J.1654-1103.2010.01231.X

Beschta RL, Rhodes JJ, Kauffman JB, Gresswell RE, Minshall GW, Karr

JR, Perry DA, Hauer FR, Frissell C (2004) Postfire management on

forested public lands of the western United States.Conservation Biology

18, 957–967. doi:10.1111/J.1523-1739.2004.00495.X

Beukema SJ, Kurz WA (1998) ‘Vegetation dynamics development tool –

Users Guide Version 3.0.’ (ESSA Technologies: Vancouver, BC).

Bigler C, Kulakowski D, Veblen TT (2005) Multiple disturbance interac-

tions and drought influence fire severity in rocky mountain subalpine

forests. Ecology 86, 3018–3029. doi:10.1890/05-0011

Bisson M, Fornaciai A, Coli A, Mazzarini F, Pareschi MT (2008) The

vegetation resilience after fire (VRAF) index: development, implemen-

tation and an illustration from central Italy. International Journal of

Fire and burn severity challenges Int. J. Wildland Fire 1055

http://dx.doi.org/10.2307/1938054
http://dx.doi.org/10.2307/1938054
http://dx.doi.org/10.1139/B82-048
http://dx.doi.org/10.1071/WF05053
http://dx.doi.org/10.1016/S0016-7061(02)00312-9
http://dx.doi.org/10.1016/S0016-7061(02)00312-9
http://dx.doi.org/10.1023/A:1004602408717
http://dx.doi.org/10.1071/WF9980087
http://dx.doi.org/10.1111/J.1654-1103.2010.01231.X
http://dx.doi.org/10.1111/J.1523-1739.2004.00495.X
http://dx.doi.org/10.1890/05-0011


Applied Earth Observation and Geoinformation 10, 312–329.

doi:10.1016/J.JAG.2007.12.003

Blank RR, Allen F, Young JA (1994) Extractable anions in soils

following wildfire in a sagebrush–grass community. Soil Science

Society of America Journal 58, 564–570. doi:10.2136/SSSAJ1994.

03615995005800020045X

Boby LA, Schuur EAG, Mack MC, Verbyla D, Johnstone JF (2010)

Quantifying fire severity, carbon, and nitrogen emissions in Alaska’s

boreal forest. Ecological Applications 20, 1633–1647. doi:10.1890/08-

2295.1

Bonnet VH, Schoettle AW, Shepperd WD (2005) Postfire environmental

conditions influence the spatial pattern of regeneration for Pinus

ponderosa. Canadian Journal of Forest Research 35, 37–47.

doi:10.1139/X04-157

Bowman DM, Balch JK, Artaxo P, BondWJ, Carlson JM, Cochrane MA,

D’Antonio CM, DeFries RS, Doyle JC, Harrison SP, Johnston FH,

Keeley JE, KrawchukMA, Kull CA, Marston JB, MoritzMA, Prentice

IC, Roos CI, Scott AC, Swetnam TW, van der Werf GR, Pyne SJ

(2009) Fire in the Earth system. Science 324(5926), 481–484. doi:10.

1126/SCIENCE.1163886

Bradstock RA, Hammill KA, Collins L, Price O (2010) Effects of weather,

fuel and terrain on fire severity in topographically diverse landscapes of

south-eastern Australia. Landscape Ecology 25, 607–619. doi:10.1007/

S10980-009-9443-8

Brais S, Pare D, Ouimet R (2000) Impacts of wild fire severity and salvage

harvesting on the nutrient balance of jack pine and black spruce boreal

stands. Forest Ecology and Management 137, 231–243. doi:10.1016/

S0378-1127(99)00331-X

Broncano MJ, Retana J (2004) Topography and forest composition affect-

ing the variability in fire severity and post-fire regeneration occurring

after a large fire in the Mediterranean basin. International Journal of

Wildland Fire 13, 209–216. doi:10.1071/WF03036

Cansler CA, McKenzieD (2012)How robust are burn severity indiceswhen

applied in a new region? Evaluation of alternate field-based and remote

sensing methods. Remote Sensing 4, 456–483. doi:10.3390/RS4020456

CareyA, EvansM,Hann P, LintermansM,MacDonaldT, OrmayP, Sharp S,

Shorthouse D, Webb N (2003) Wildfires in the ACT 2003: Report on

initial impacts on natural ecosystems. Australian Capital Territory,

Technical Report 17, Environment ACT, Canberra, Australia. 123 pp.

Cerri CC, Volkoff B, Andreaux F (1991) Nature and behaviour of organic

matter in soils under natural forest, and after deforestation, burning, and

cultivation nearManaus. Forest Ecology andManagement 38, 247–257.

doi:10.1016/0378-1127(91)90146-M

Chafer CJ (2008) A comparison of fire severity measures: an Australian

example and implications for predicting major areas of soil erosion.

Catena 74, 235–245. doi:10.1016/J.CATENA.2007.12.005

Chafer CJ, Noonan M, Macnaught E (2004) The post-fire measurement of

fire severity and intensity in the Christmas 2001 Sydney wildfires.

International Journal of Wildland Fire 13, 227–240. doi:10.1071/

WF03041

Choromanska U, DeLuca TH (2002) Microbial activity and nitrogen

mineralization in forest mineral soils following heating: evaluation of

post-fire effects. Soil Biology&Biochemistry 34, 263–271. doi:10.1016/

S0038-0717(01)00180-8

Chuvieco E (1999) Measuring changes in landscape pattern from

satellite images: short-term effects of fire on spatial diversity. Interna-

tional Journal of Remote Sensing 20, 2331–2346. doi:10.1080/

014311699212056

Chuvieco E, Riaño D, Danson F, Martin P (2006)Use of a radiative transfer

model to simulate the postfire spectral response to burn severity. Journal

of Geophysical Research 111, G04S09. doi:10.1029/2005JG000143

Chuvieco E, De Santis A, Riano D, Halligan K (2007) Simulation

approaches for burn severity estimation using remotely sensed images.

Fire Ecology 3, 129–150. doi:10.4996/FIREECOLOGY.0301129

Clark J, McKinley R (2011) Remote sensing and geospatial support to

Burned Area Emergency Response Teams. Fire Management Today

71(2), 15–18.

Cocke AE, Fule PZ, Crouse JE (2005) Comparison of burn severity

assessments using Differenced Normalized Burn Ratio and ground

data. International Journal of Wildland Fire 14, 189–198. doi:10.1071/

WF04010

De Santis A, Chuvieco E (2009) GeoCBI: a modified version of the

Composite Burn Index for the initial assessment of the short-term burn

severity from remotely sensed data.Remote Sensing of Environment 113,

554–562. doi:10.1016/J.RSE.2008.10.011

De Santis A, Chuvieco E, Vaughn P (2009) Short-term assessment of

burn severity using the inversion of PROSPECT and GeoSail models.

Remote Sensing of Environment 113, 126–136. doi:10.1016/J.RSE.

2008.08.008

De Santis A, Asner GP, Vaughan PJ, Knapp DE (2010) Mapping burn

severity and burning efficiency in California using simulation models

and Landsat imagery. Remote Sensing of Environment 114, 1535–1545.

doi:10.1016/J.RSE.2010.02.008

Debouk H, Riera-Tatche R, Vega-Garcia C (2013) Assessing post-fire

regeneration in a Mediterranean mixed forest using LiDAR data and

artificial neural networks. Photogrammetric Engineering and Remote

Sensing 79(12), 1121–1130. doi:10.14358/PERS.79.12.1121

Dı́az-Delgado R, Lloret F, Pons X (2003) Influence of fire severity on plant

regeneration through remote sensing imagery. International Journal of

Remote Sensing 24, 1751–1763. doi:10.1080/01431160210144732

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, art130. doi:10.1890/ES11-00271.1

Doerr SH, Shakesby RA, Walsh RPD (2000) Soil water repellency: its

causes, characteristics and hydro-geomorphological significance.Earth-

Science Reviews 51, 33–65. doi:10.1016/S0012-8252(00)00011-8

Donato DC, Fontaine JB, Campbell JL, RobinsonWD, Kauffman JB, Law

BE (2009) Conifer regeneration in stand-replacement portions of a large

mixed-severity wildfire in the Klamath-Siskiyou Mountains. Canadian

Journal of Forest Research 39, 823–838. doi:10.1139/X09-016

Dyrness CT, Norum RA (1983) The effects of experimental fires on black

spruce forest floors in interior Alaska. Canadian Journal of Forest

Research 13, 879–893. doi:10.1139/X83-118

Eidenshink J, Schwind B, Brewer K, Zhu Z, Quayle B, Howard S (2007)

A project for monitoring trends in burn severity. Fire Ecology 3, 3–21.

doi:10.4996/FIREECOLOGY.0301003

Ekstrand S (1994) Assessment of forest damage with Landsat TM: correc-

tion for varying forest stand characteristics. Remote Sensing of Environ-

ment 47, 291–302. doi:10.1016/0034-4257(94)90097-3

Ellingson LJ, Kauffman JB, Cummings DL, Sanford RL, Jr, Jaramillo VJ

(2000) Soil N dynamics associated with deforestation, biomass

burning, and pasture conversion in a Mexican tropical dry forest. Forest

Ecology and Management 137, 41–51. doi:10.1016/S0378-1127(99)

00311-4

Epting J, Verbyla D, Sorbel B (2005) Evaluation of remotely sensed indices

for assessing burn severity in interior Alaska using Landsat TM and

ETMþ. Remote Sensing of Environment 96, 328–339. doi:10.1016/

J.RSE.2005.03.002

Fox DM, Maselli F, Carrega P (2008) Using SPOT images and field

sampling to map burn severity and vegetation factors affecting post

forest fire erosion risk. Catena 75, 326–335. doi:10.1016/J.CATENA.

2008.08.001

French NHF, Kasischke ES, Hall RJ, Murphy KA, Verbyla DL, Hoy EE,

Allen JL (2008)UsingLandsat data to assess fire and burn severity in the

North American boreal forest region: an overview and summary of

results. International Journal of Wildland Fire 17, 443–462.

doi:10.1071/WF08007

1056 Int. J. Wildland Fire P. Morgan et al.

http://dx.doi.org/10.1016/J.JAG.2007.12.003
http://dx.doi.org/10.2136/SSSAJ1994.03615995005800020045X
http://dx.doi.org/10.2136/SSSAJ1994.03615995005800020045X
http://dx.doi.org/10.1890/08-2295.1
http://dx.doi.org/10.1890/08-2295.1
http://dx.doi.org/10.1139/X04-157
http://dx.doi.org/10.1126/SCIENCE.1163886
http://dx.doi.org/10.1126/SCIENCE.1163886
http://dx.doi.org/10.1007/S10980-009-9443-8
http://dx.doi.org/10.1007/S10980-009-9443-8
http://dx.doi.org/10.1016/S0378-1127(99)00331-X
http://dx.doi.org/10.1016/S0378-1127(99)00331-X
http://dx.doi.org/10.1071/WF03036
http://dx.doi.org/10.3390/RS4020456
http://dx.doi.org/10.1016/0378-1127(91)90146-M
http://dx.doi.org/10.1016/J.CATENA.2007.12.005
http://dx.doi.org/10.1071/WF03041
http://dx.doi.org/10.1071/WF03041
http://dx.doi.org/10.1016/S0038-0717(01)00180-8
http://dx.doi.org/10.1016/S0038-0717(01)00180-8
http://dx.doi.org/10.1080/014311699212056
http://dx.doi.org/10.1080/014311699212056
http://dx.doi.org/10.1029/2005JG000143
http://dx.doi.org/10.4996/FIREECOLOGY.0301129
http://dx.doi.org/10.1071/WF04010
http://dx.doi.org/10.1071/WF04010
http://dx.doi.org/10.1016/J.RSE.2008.10.011
http://dx.doi.org/10.1016/J.RSE.2008.08.008
http://dx.doi.org/10.1016/J.RSE.2008.08.008
http://dx.doi.org/10.1016/J.RSE.2010.02.008
http://dx.doi.org/10.14358/PERS.79.12.1121
http://dx.doi.org/10.1080/01431160210144732
http://dx.doi.org/10.1890/ES11-00271.1
http://dx.doi.org/10.1016/S0012-8252(00)00011-8
http://dx.doi.org/10.1139/X09-016
http://dx.doi.org/10.1139/X83-118
http://dx.doi.org/10.4996/FIREECOLOGY.0301003
http://dx.doi.org/10.1016/0034-4257(94)90097-3
http://dx.doi.org/10.1016/S0378-1127(99)00311-4
http://dx.doi.org/10.1016/S0378-1127(99)00311-4
http://dx.doi.org/10.1016/J.RSE.2005.03.002
http://dx.doi.org/10.1016/J.RSE.2005.03.002
http://dx.doi.org/10.1016/J.CATENA.2008.08.001
http://dx.doi.org/10.1016/J.CATENA.2008.08.001
http://dx.doi.org/10.1071/WF08007


Ghermandi L, Gonzalez S, Lescano MN, Oddi F (2013) Effects of fire

severity on early recovery of Patagonian steppes. International Journal

of Wildland Fire 22, 1055–1062. doi:10.1071/WF12198

Graham RT, McCaffrey S, Jain TB (2004) Science basis for changing forest

structure to modify wildfire behavior and severity. USDA Forest

Service, Rocky Mountain Research Station, General Technical Report

RMRS-GTR-120. (Fort Collins, CO).

Guay T (2011) Rapid assessment of vegetation condition after wildfire.Fire

Management Today 71(2), 5–8.

Halofsky JE, Hibbs DE (2009) Relationships among indices of fire severity

in riparian zones. International Journal of Wildland Fire 18, 584–593.

doi:10.1071/WF07050

Hessburg PF, Salter RB, James KM (2007) Re-examining fire severity

relations in pre-management era mixed conifer forests: inferences from

landscape patterns of forest structure. Landscape Ecology 22, 5–24.

doi:10.1007/S10980-007-9098-2

Holden ZA, Jolly WM (2011) Modeling topographic influences on fuel

moisture and fire danger in complex terrain for improved wildland fire

management decision support. Forest Ecology and Management 262,

2133–2141. doi:10.1016/J.FORECO.2011.08.002

Holden ZA, Morgan P, Crimmins M, Steinhorst RK, Smith AMS (2007)

Fire season precipitation variability influences fire extent and severity in

a large southwestern wilderness area, United States. Geophysical

Research Letters 34, L16708. doi:10.1029/2007GL030804

Holden ZA, Morgan P, Evans JS (2009)A predictivemodel of burn severity

based on 20-year satellite-inferred burn severity data in a large south-

western US wilderness area. Forest Ecology and Management 258,

2399–2406. doi:10.1016/J.FORECO.2009.08.017

Hood S, Bentz BJ, Gibson K, Ryan KC, DeNitto G (2007) Assessing post-

fire Douglas-fir mortality and Douglas-fir beetle attacks in the northern

Rocky Mountains. USDA Forest Service, Rocky Mountain Research

Station, General Technical Report RMRS-GTR-199. (Fort Collins, CO).

Hudak AT, Brockett BH (2004) Mapping fire scars in a southern African

savanna using Landsat imagery. International Journal of Remote Sens-

ing 25, 3231–3243. doi:10.1080/01431160310001632666

Hudak AT, Morgan P, Bobbitt M, Lentile L (2007a) Characterizing stand-

replacing harvest and fire disturbance patches in a forested landscape: a

case study from Cooney Ridge, Montana. In ‘Understanding Forest

Disturbance and Spatial Patterns: Remote Sensing and GIS

Approaches’. (Eds MA Wulder, SE Franklin) pp. 209–231. (Taylor

and Francis: London, UK).

Hudak AT, Morgan P, Bobbitt MJ, Smith AMS, Lewis SA, Lentile LB,

Robichaud PR, Clark JT, McKinley RA (2007b) The relationship of

multispectral satellite imagery to immediate fire effects. Fire Ecology 3,

64–90. doi:10.4996/FIREECOLOGY.0301064

Hudak AT, Rickert I, Morgan P, Strand E, Lewis SA, Robichaud PR,

HoffmanC, Holden ZA (2011) Review of fuel treatment effectiveness in

forests and rangelands and a case study from the 2007 megafires in

central, Idaho, USA. USDA Forest Service, Rocky Mountain Research

Station RMRS-GTR-252. (Fort Collins, CO).

HudakAT, Ottmar RD, Vihnanek BRE, Brewer NW, SmithAMS, Morgan

P (2013) The relationship of post-fire white ash cover to surface fuel

consumption. International Journal of Wildland Fire 22, 780–785.

doi:10.1071/WF12150

Jain TB, Graham RT (2004) Is forest structure related to fire severity? Yes,

no, and maybe: methods and insights in quantifying the answer. In

‘Silviculture in Special Places: Proceedings of the 2003 National

Silviculture Workshop’ 8–11 Sept 2003, Granby, CO. (Eds WD Shep-

perd, LG Eskew) USDA Forest Service, Rocky Mountain Research

Station Proceedings RMRS-P-34 , pp. 217–234. (Fort Collins, CO).

Jain TB, Graham RT (2007) The relation between tree burn severity and

forest structure in the Rocky Mountains. In ‘Restoring Fire-adapted

Ecosystems: Proceedings of the 2005 National Silviculture Workshop’,

6–10 June 2005. (Ed. RF Powers) USDA Forest Service, Pacific

Southwest Research Station, General Technical Report PSW-GTR-

203, pp. 213–250. (Albany, CA).

Jain TB, Graham RT, Pilliod DS (2004) Tongue-tied. Wildfire 4, 22–26.

Jain TB,GrahamRT, PilliodDS (2006) The relation between forest structure

and soil burn severity. In ‘Fuels Management – How to Measure

Success’, 28–30March 2006, Portland, OR. (Eds PLAndrews, B Butler)

USDA Forest Service, Rocky Mountain Research Station, RMRS-P-41,

pp. 615–631. (Fort Collins, CO).

Jain TB, Gould WA, Graham RT, Pilliod DS, Lentile LB, Gonzalez G

(2008) A soil burn severity index for understanding soil–fire relations in

tropical forests. Ambio 37, 563–568. doi:10.1579/0044-7447-37.7.563

Jain TB, Pilliod DS, Graham RT, Lentile LB, Sandquist JE (2012) Index

for characterizing post-fire soil environments in temperate coniferous

forests. Forests 3, 445–466. doi:10.3390/F3030445

Jakubauskas ME, Lulla KP, Mausel PW (1990) Assessment of vegetation

change in a fire-altered forest landscape. Photogrammetric Engineering

and Remote Sensing 56, 371–377.

Johansen MP, Hakonson TE, Breshears DD (2001) Post-fire runoff and

erosion from rainfall simulation: contrasting forests with shrublands and

grasslands. Hydrological Processes 15, 2953–2965. doi:10.1002/

HYP.384

Kane VR, Lutz JA, Roberts SL, Smith DF, McGaughey RJ, Povak NA,

Brooks ML (2013) Landscape-scale effects of fire severity on mixed-

conifer and red fir forest structure in Yosemite National Park. Forest

Ecology and Management 287, 17–31. doi:10.1016/J.FORECO.2012.

08.044

Karau EC, Keane RE (2010) Burn severity mapping using simulation

modelling and satellite imagery. International Journal of Wildland Fire

19, 710–724. doi:10.1071/WF09018

Karau EC, Sikkink PG, Keane RE, Dillon G (2014) Integration of satellite

imagery with simulation modeling improves fire severity mapping.

Environmental Management 54, 98–111. doi:10.1007/S00267-014-

0279-X

Kasischke E, Hoy EE, French NHF, Turetsky MR (2007a) Post-fire

evaluation of the effects of fire on the environment using remotely-

sensed data. In ‘Towards an Operational Use of Remote Sensing in

Forest Fire Management’. (Eds I Gitas, C Carmona) pp. 34–52. (Office

for Official Publications of the European Communities: Luxembourg).

Kasischke ES, Bourgeau-Chavez LL, Johnstone JF (2007b) Assessing

spatial and temporal variations in surface soil moisture in fire-disturbed

black spruce forests in Interior Alaska using spaceborne synthetic

aperture radar imagery – implications for post-fire tree recruitment.

Remote Sensing of Environment 108, 42–58. doi:10.1016/J.RSE.2006.

10.020

Keane RE, Parsons RA (2010) A management guide to ecosystem

restoration treatments: whitebark pine forests of the Northern Rocky

Mountains. USDA Forest Service, Rocky Mountain Research Station,

RMRS-GTR-232. (Fort Collins, CO).

Keane RE, Holsinger L, Pratt S (2006) Simulating historical landscape

dynamics using the landscape fire successionmodel LANDSUMversion

4.0. USDA Forest Service, Rocky Mountain Research Station, RMRS-

GTR-171CD. (Fort Collins, CO).

Keane RE, Drury SA, Karau EC, Hessburg PF, Reynolds KM (2010) A

method for mapping fire hazard and risk across multiple scales and its

application in fire management. Ecological Modelling 221, 2–18.

doi:10.1016/J.ECOLMODEL.2008.10.022

Keane RE, Herynk JM, Toney C, Urbanski SP, Lutes DC, Ottmar RD

(2013) Evaluating the performance and mapping of three fuel classifica-

tion systems using Forest Inventory and Analysis surface fuel measure-

ments. Forest Ecology and Management 305, 248–263. doi:10.1016/

J.FORECO.2013.06.001

Keeley JE (2009) Fire intensity, fire severity and burn severity: a brief

review and suggested usage. International Journal of Wildland Fire 18,

116–126. doi:10.1071/WF07049

Fire and burn severity challenges Int. J. Wildland Fire 1057

http://dx.doi.org/10.1071/WF12198
http://dx.doi.org/10.1071/WF07050
http://dx.doi.org/10.1007/S10980-007-9098-2
http://dx.doi.org/10.1016/J.FORECO.2011.08.002
http://dx.doi.org/10.1029/2007GL030804
http://dx.doi.org/10.1016/J.FORECO.2009.08.017
http://dx.doi.org/10.1080/01431160310001632666
http://dx.doi.org/10.4996/FIREECOLOGY.0301064
http://dx.doi.org/10.1071/WF12150
http://dx.doi.org/10.1579/0044-7447-37.7.563
http://dx.doi.org/10.3390/F3030445
http://dx.doi.org/10.1002/HYP.384
http://dx.doi.org/10.1002/HYP.384
http://dx.doi.org/10.1016/J.FORECO.2012.08.044
http://dx.doi.org/10.1016/J.FORECO.2012.08.044
http://dx.doi.org/10.1071/WF09018
http://dx.doi.org/10.1007/S00267-014-0279-X
http://dx.doi.org/10.1007/S00267-014-0279-X
http://dx.doi.org/10.1016/J.RSE.2006.10.020
http://dx.doi.org/10.1016/J.RSE.2006.10.020
http://dx.doi.org/10.1016/J.ECOLMODEL.2008.10.022
http://dx.doi.org/10.1016/J.FORECO.2013.06.001
http://dx.doi.org/10.1016/J.FORECO.2013.06.001
http://dx.doi.org/10.1071/WF07049


Keeley JE, Brennan T, Pfaff AH (2008) Fire severity and ecosystem

responses following crown fires in California shrublands. Ecological

Applications 18, 1530–1546. doi:10.1890/07-0836.1

Key CH (2006) Ecological and sampling constraints on defining landscape

fire severity. Fire Ecology 2, 34–59. doi:10.4996/FIREECOLOGY.

0202034

Key CH, Benson NC (2006) Landscape assessment: ground measure of

severity, the Composite Burn Index; and remote sensing of severity, the

Normalized Burn Ratio. In ‘FIREMON: Fire Effects Monitoring and

Inventory System’. (Eds DC Lutes, RE Keane, JF Caratti, CH Key,

NC Benson, LJ Gangi) USDA Forest Service, Rocky Mountains

Research Station General Technical Report RMRS-GTR-164-CD, pp.

219–279. (Fort Collins, CO).

Keyser TL, Smith FW, Lentile LB, ShepperdWD (2006)Modeling postfire

mortality of ponderosa pine following a mixed-severity wildfire in the

Black Hills: the role of tree morphology and direct fire effects. Forest

Science 52, 530–539.

King KJ, Bradstock RA, Cary GJ, Chapman J, Marsden-Smedley JB

(2008) The relative importance of fine-scale fuel mosaics on reducing

fire risk in south-west Tasmania, Australia. International Journal of

Wildland Fire 17, 421–430. doi:10.1071/WF07052

Kolden CA, Rogan J (2013) Mapping wildfire burn severity in the arctic

tundra from downsampled MODIS data. Arctic, Antarctic, and Alpine

Research 45(1), 64–76. doi:10.1657/1938-4246-45.1.64

Kotliar NB, Reynolds EW, Deutschman DH (2008) American Three-toed

Woodpecker response to burn severity and prey. Fire Ecology Special

Issue 4, 26–45. doi:10.4996/FIREECOLOGY.0402026

Kremens RL, Smith AMS, Dickinson MB (2010) Fire metrology: current

and future directions in physics-based measurements. Fire Ecology 6,

13–25. doi:10.4996/FIREECOLOGY.0602013
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