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Synonyms

Delayed tree mortality; Fire-caused tree mortal-
ity; Fire-induced tree mortality

Definition

Tree death is caused either directly or indirectly
by wildland fire.

Introduction

By killing trees, wildland fires influence
ecosystems in many ways, including limiting
ecosystem  productivity, altering resource
availability, and changing the structure and
composition of vegetation (Bond and Keeley
2005). These changes can have both positive
and negative impacts on carbon storage,
biodiversity conservation, hydrologic processes,
and economic and social services (Bowman
et al. 2009). In fire-adapted and fire-dependent

ecosystems, fire controls tree density and species
dominance, creating habitat that supports diverse
plant and animal species that cannot persist
in the absence of fire. However, fire-adapted
ecosystems may be vulnerable to climate-driven
alterations to fire regimes that are an emerging
threat in recent decades, with observations of
increasing fire size, frequency, and severity
(Flannigan et al. 2009; Pechony and Shindell
2010; Seidl et al. 2016). Climate-mediated
increases in fire severity and frequency are
projected to cause large decreases in carbon
stocks through loss in forested area (Liang et al.
2017), and increased fire frequency is killing
trees before maturity (Bowman et al. 2014). Such
changes in fire regimes can shift forests to non-
forested states (Fairman et al. 2016; Walker et al.
2018). These impacts make understanding fire-
caused tree mortality essential to predicting fire
effects from local to global scales.

Post-fire Tree Mortality Mechanisms

Post-fire tree mortality can be caused either
directly from fire injury or from indirect effects.
Tree death can be immediate or delayed over
several years after a fire.

Direct Tree Mortality

Direct tree death from fire is due to cambium
necrosis via heat transfer to the crown, stem,
and root tissue (Fig. 1) (Bir et al. 2019; Hood
et al. 2018). Tree death results from either com-
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During fire

Post-fire Tree Mortality, Fig. 1 Heat is transferred to
living tissues of trees during fire (top panel), resulting in
injuries to different parts of trees after fire (bottom panel).
Fire causes injuries to different parts of trees — buds,
foliage, cambium in the stem, and roots — through three
different heat transfer processes. Combustion directly
consumes live needles and buds, small live branches,
and small trees and causes tissue death. Convection, the
movement of hot air, and radiation, heat traveling as
energy waves, cause tissue death when temperatures are

plete necrosis to any of these tissues or if par-
tial injuries to multiple tissues are severe. Heat
transfer occurs by convection, conduction, and
radiation, and all three processes can cause tree
injury and mortality (Fig. 1). If tissue tempera-
tures rise above >60 °C, cambium necrosis (i.e.,
tissue death) occurs, although longer exposure at
lower temperatures can also be lethal (Dickinson

>60 °C for 1 s. Bole heating: Heat is conducted through
the bark of trees, but because bark is a poor conductor, it
insulates the live cambium underneath from heat. Thick
bark insulates larger trees of some species, while thin
bark provides little insulation on smaller trees and thin-
barked species. Soil and root heating primarily occurs
through conduction during smoldering combustion of duff
and large logs. Graphics by R. Van Pelt. (From Hood et al.
2018)

and Johnson 2001; Kelsey and Westlind 2017;
Michaletz and Johnson 2007).

Tree crowns consist of foliage, buds, and
branches. Convection is the dominant heat
transfer process causing necrosis to crown tissue
(Dickinson and Johnson 2001; Michaletz and
Johnson 2007; Van Wagner 1973). Heated air in
the fire plume or direct flame contact can kill
foliage and vascular tissue in buds and branches
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Post-fire Tree Mortality,
Fig.2 Upper photo:
complete crown scorch
caused from convection of
the heated air to foliage
during a surface fire.
Lower photo, foreground:
complete crown
consumption caused from
direct flame contact during
a crown fire

(Fig. 2). Fire-caused necrosis to the crown is
often lumped into one estimate of injury termed
crown scorch that includes scorched and killed
foliage, consumed foliage, and killed buds (Figs.
1 and 3) (Hood et al. 2018), but the difference
between the amount of foliage versus buds
killed can be sizable for some species with thick
branches and large buds, such as Pinus ponderosa
and Pinus palustris (Figs. 1 and 4). Partial
crown scorch reduces photosynthetic capacity,

causes remobilization of stored nonstructural
carbohydrates (NSC) to rebuild foliage, and is an
indicator of heating to the surrounding branches
and stem (Hood et al. 2018). Fires causing 100%
bud necrosis (i.e., bud kill via heated air or direct
consumption), which also implies 100% foliage
necrosis, are immediately killed if the tree is
not a resprouting species. Although values differ
slightly by species, trees can typically survive
up to 70% crown scorch (Fowler et al. 2010;
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Fig.3 Schematic of a tree
with crown scorch and bark
char showing the common
ways crown and stem
injuries are assessed
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Grayson et al. 2017). Crown scorch values of
100% are survivable if few buds are killed (Fig. 5)
(Dieterich 1979). Trees with crown scorch values
between 70% and 100% often die within a few
years after the fire.

Heat transfer to the tree bole or stem occurs
through conduction, radiation, and convection
(Fig. 1) (Dickinson and Johnson 2001; Michaletz
and Johnson 2007). Damage to the conductive
tissues in the stem is often the primary cause
of mortality in small and thin-barked species
compared to crown scorch (Lawes et al. 2011a,
b; Michaletz and Johnson 2008). Heating to the
stem can damage the phloem and xylem and thus
impair translocation of photosynthates to roots
and water and nutrients to the crown, leading
to acute and chronic stresses that can result in
eventual death regardless of the level of crown
scorch (Midgley et al. 2011). Bark thickness is
an important determinant of tree resistance to fire
(Brando et al. 2012; Pausas 2015; Pellegrini et al.
2017). Thick bark protects the underlying vascu-
lar cambium and epicormic buds from fire and
is the primary bark trait influencing heat transfer
to the cambium (Bova and Dickinson 2005). The

presence of bark char is indicative of heating to
the stem. If a tree has thin bark, any area with
char most likely has dead cambium underneath;
however, bark char on trees with thick bark is not
a sign of injury to the underlying cambium (Hood
et al. 2008).

Long-term smoldering combustion can con-
duct heat through soil, leading to lethal heat levels
that injure and kill roots and mycorrhizae. This
impact decreases water transport and nutrient
acquisition in the short-term and results in non-
structural carbohydrate drains to rebuild lost roots
over longer periods (O’Brien et al. 2010; Taudiere
et al. 2017; Varner et al. 2009). Fire-caused tree
mortality from root death alone is uncommon,
as mineral soil is a poor conductor of heat and
forest floor organic soils insulate underlying min-
eral soil and roots from flames (Hartford and
Frandsen 1992). Long-term heating required to
kill roots often also impacts the tree stem, making
resulting tree death a combination of injuries
to the roots and stem. Delayed tree mortality
is a concern when reintroducing fire into long-
unburned areas where deep accumulations of duff
at the bases of trees can smolder and cause



Post-fire Tree Mortality

Post-fire Tree Mortality, Fig. 4 Pinus palustris sapling
several months after a wildfire that scorched all needles
(i.e. 100% crown scorch). However, the meristematic buds
survived (i.e., 0% bud kill) and are reflushing to replace
needles killed by the fire

injuries to the stem and roots (Hood 2010; Varner
et al. 2007).

Indirect Tree Mortality

Indirect mortality that occurs over several years
after fire may be influenced by pre-fire stress
from competition, drought, and disease, or by
post-fire conditions such as elevated bark bee-
tle populations (Hood et al. 2018; Kane et al.
2017b). Drought can increase the likelihood of
tree death following fire, even after account-
ing for fire injuries (van Mantgem et al. 2013,
2018). Forest density can influence fire-induced
tree mortality through two primary ways: by
affecting local fire behavior and through competi-
tion with neighboring trees. Forest structure influ-
ences fuel arrangement, local moisture, and fire-
atmosphere interactions, thereby also influencing
fire behavior that causes direct injury to trees
(Agee and Skinner 2005). Indirectly, competition

can influence fire-induced tree mortality, by lim-
iting aboveground and belowground resources,
thereby increasing stress. Increased fire-induced
mortality from competition has been documented
(Platt et al. 1988; van Mantgem et al. 2018;
Yu et al. 2009), with slower-growing trees more
likely to die given the same level of fire-caused
injury than faster-growing trees (Nesmith et al.
2015; van Mantgem et al. 2003). Alternatively,
decreases in tree density and competition after
fire can increase resource availability, potentially
compensating for the short-term impacts of injury
to release surviving trees (Alfaro-Sanchez et al.
2016). Insects and pathogens can increase stress
before fire by decreasing growth, NSC reserves,
and impairing hydraulic conductivity, as well as
causing additional mortality in trees that other-
wise would have survived fire injuries (Bir et al.
2019; Hood et al. 2018; Kane et al. 2017b; Parker
et al. 2006). Because bark beetles require living
trees with healthy phloem to reproduce, trees
killed immediately by fire are not suitable hosts.
Host suitability and attraction after fire vary by
tree and bark beetle species, but in general, bark
beetles attack and kill trees with intermediate lev-
els of both crown scorch and cambium injury or
higher levels of either crown scorch or cambium
kill (Jenkins et al. 2014). Bark beetle activity after
fire can cause a short-term pulse in mortality, but
generally do not result in outbreaks or sustained
levels of beetle-caused tree mortality (Davis et al.
2012).

Resprouting Versus Top-Kill

Fires can cause complete death of the tree or only
top-kill. Top-kill occurs when fires kill meristem-
atic tissue above ground, but the tree resprouts
from epicormic buds or belowground bud banks
(Pausas et al. 2018) (Fig. 6). Burning during dor-
mant seasons or periods when active growth has
ceased can reduce bud kill and subsequent tree
mortality (Harrington 1987; Valor et al. 2017).
Indeterminate growth species can sustain higher
levels of crown loss if burning occurs at the
beginning of the growing season compared to
later in the season (Weise et al. 1987), and species
that can resprout from epicormic buds can survive
higher levels of crown injury (Bond and Midgley
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Post-fire Tree Mortality, Fig. 5 Pinus ponderosa with crown scorch and bud kill 1 month after a wildfire (left photo)

and 1 year later (right photo)

2001). In ecosystems where resprouting follow-
ing top-kill is common (e.g., savannas, temperate
deciduous forests), ramets may still follow stan-
dard patterns of mortality (e.g., bark thickness
confers fire resistance), but successional patterns
and recovery times are faster than ecosystems
dominated by non-sprouting species (Pausas and
Keeley 2017).

Predicting Post-fire Tree Mortality

Accurate predictions of fire-induced tree mor-
tality with quantified uncertainty are needed for
models used in planning, post-fire management,
predicting future landscape dynamics, and feed-
back to the global carbon cycle. Most post-fire
mortality models use empirically based, logis-
tic regression equations to predict which trees
will die based on species, the level of crown
scorch, and tree size (Woolley et al. 2012). Model
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Post-fire Tree Mortality,
Fig. 6 Quercus gambelii
resprouting after a wildfire
top-killed the main stem

applications vary from individual tree to global
scales (Hood et al. 2018). The First Order Fire
Effects Models (FOFEM), BehavePlus, and Fire
and Fuels Extension to the Forest Vegetation
Simulator (FFE-FVS) are free software pack-
ages that predict post-fire tree mortality. Indi-
vidual tree death predictions are used for post-
fire salvage. Stand-level mortality predictions are
used for developing prescribed fire burn prescrip-
tions and predicting post-fire forest structure and
composition, while landscape-level predictions
provide insight into vegetation type and carbon
stocks with changing fire regimes.

Although current logistic models can accu-
rately predict mortality for some species (Furniss
et al. 2019; Ganio and Progar 2017; Grayson et al.
2017; Hood and Lutes 2017; Kane et al. 2017a),
they are far removed from the actual physiologi-
cal and ecological processes that cause immedi-
ate and delayed post-fire mortality. Development
of process models to predict post-fire tree death is
an active area of research (Bir et al. 2019; Hood
et al. 2018; O’Brien et al. 2018). Independent,
tissue-specific models exist to predict circumfer-
ence and height of cambium kill (Chatziefstratiou
et al. 2013) and differences in crown scorch and
bud kill heights (Michaletz and Johnson 2006). A
whole-tree coupled physical-physiological model

is necessary to predict physical heat transfer and
resulting fire effects based on living plant phys-
iological traits and thus the prediction of fire-
induced tree mortality and growth. However, such
a model would still have a host of limitations
and uncertainties (Adams et al. 2013) and is
not yet available. The wide-ranging applications
associated with fire-induced tree mortality does
not lend itself to a one-size-fits-all approach, and
it seems unlikely that empirical models will be
replaced due to the need to balance model com-
plexity with model application. Instead, empir-
ical models need to be refined for use in land
management applications in the near-term, while
heating and physiological process models should
be developed and linked to create a hybrid-based
approach to improve mechanistic understanding
to predict mortality under novel scenarios (Hood
et al. 2018).

Cross-References

» Conduction

» Convection

» Crown Fire

» Crown Scorch Height
» Direct Flame Contact
» Fire Severity


http://link.springer.com/Conduction
http://link.springer.com/Convection
http://link.springer.com/Crown Fire
http://link.springer.com/Crown Scorch Height
http://link.springer.com/Direct Flame Contact
http://link.springer.com/Fire Severity

First- and Second-Order Fire Effects
First-Order Fire Effects Model (FOFEM)
Radiant Heat

Smoldering Combustion

References

Adams H, Williams A, Xu C, Rauscher S, Jiang X,
McDowell N (2013) Empirical and process-based
approaches to climate-induced forest mortality mod-
els. Front Plant Sci 4:438. https://doi.org/10.3389/fpls.
2013.00438

Agee JK, Skinner CN (2005) Basic principles of forest
fuel reduction treatments. For Ecol Manag 211(1-2):
83-96

Alfaro-Sanchez R, Camarero JJ, Sanchez-Salguero R,
Sangiiesa-Barreda G, De Las Heras J (2016) Post-fire
Aleppo pine growth, C and N isotope composition
depend on site dryness. Trees 30:581-595. https://doi.
org/10.1007/s00468-015-1342-9

Bir A, Michaletz ST, Mayr S (2019) Fire effects on tree
physiology. New Phytol. https://doi.org/10.1111/nph.
15871

Bond W1J, Keeley JE (2005) Fire as a global ‘herbivore’:
the ecology and evolution of flammable ecosystems.
Trends Ecol Evol 20(7):387-394

Bond WJ, Midgley JJ (2001) Ecology of sprouting in
woody plants: the persistence niche. Trends Ecol Evol
16(1):45-51

Bova AS, Dickinson MB (2005) Linking surface-fire
behavior, stem heating, and tissue necrosis. Can J For
Res 35(4):814-822. https://doi.org/10.1139/x05-004

Bowman DMIJS, Balch JK, Artaxo P, Bond WJ, Carl-
son JM, Cochrane MA, D’Antonio CM, DeFries RS,
Doyle JC, Harrison SP, Johnston FH, Keeley JE,
Krawchuk MA, Kull CA, Marston JB, Moritz MA,
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. https://doi.org/10.1126/
science.1163886

Bowman DM, Murphy BP, Neyland DL, Williamson GJ,
Prior LD (2014) Abrupt fire regime change may cause
landscape-wide loss of mature obligate seeder forests.
Glob Chang Biol 20(3):1008-1015

Brando PM, Nepstad DC, Balch JK, Bolker B, Christman
MC, Coe M, Putz FE (2012) Fire-induced tree mortal-
ity in a neotropical forest: the roles of bark traits, tree
size, wood density and fire behavior. Glob Chang Biol
18(2):630-641

Chatziefstratiou EK, Bohrer G, Bova AS, Subramanian
R, Frasson RP, Scherzer A, Butler BW, Dickinson
MB (2013) Firestem2d-a two-dimensional heat trans-
fer model for simulating tree stem injury in fires. PLoS
One 8(7):¢70110

Davis RS, Hood S, Bentz BJ (2012) Fire-injured pon-
derosa pine provide a pulsed resource for bark beetles.
Can J For Res 42(12):2022-2036. https://doi.org/10.
1139/x2012-147

Post-fire Tree Mortality

Dickinson M, Johnson E (2001) Fire effects on trees. In:
Johnson EA, Miyanishi K (eds) Forest fires: behavior
and ecological effects. Academic, New York, pp 477—
525

Dieterich JH (1979) Recovery potential of fire-damaged
southwestern ponderosa pine. U.S. Department of
Agriculture, Forest Service, Fort Collins, p 8

Fairman TA, Nitschke CR, Bennett LT (2016) Too much,
too soon? A review of the effects of increasing wildfire
frequency on tree mortality and regeneration in temper-
ate eucalypt forests. Int J Wildland Fire 25(8):831-848

Flannigan MD, Krawchuk MA, de Groot WJ, Wotton BM,
Gowman LM (2009) Implications of changing climate
for global wildland fire. Int J Wildland Fire 18(5):483—
507. https://doi.org/10.1071/WF08187

Fowler JF, Sieg CH, McMillin J, Allen KK, Negron JF,
Wadleigh LL, Anhold JA, Gibson KE (2010) Devel-
opment of post-fire crown damage mortality thresholds
in ponderosa pine. Int J Wildland Fire 19(5):583-588.
https://doi.org/10.1071/WF08193

Furniss TJ, Larson AJ, Kane VR, Lutz JA (2019) Multi-
scale assessment of post-fire tree mortality models. Int
J Wildland Fire 28(1):46-61. https://doi.org/10.1071/
WF18031

Ganio LM, Progar RA (2017) Mortality predictions
of fire-injured large Douglas-fir and ponderosa pine
in Oregon and Washington, USA. For Ecol Manag
390:47-67.  https://doi.org/10.1016/j.foreco.2017.01.
008

Grayson LM, Progar RA, Hood SM (2017) Predicting
post-fire tree mortality for 14 conifers in the Pacific
Northwest, USA: model evaluation, development, and
thresholds. For Ecol Manag 399:213-226. https://doi.
org/10.1016/j.foreco.2017.05.038

Harrington MG (1987) Ponderosa pine mortality from
spring, summer, and fall crown scorching. West J Appl
For 2(1):14-16

Hartford RA, Frandsen WH (1992) When it’s hot, it’s hot-
or maybe it’s not! (Surface flaming may not portend
extensive soil heating). Int J Wildland Fire 2:139-144

Hood SM (2010) Mitigating old tree mortality in long-
unburned, fire-dependent forests: a synthesis. RMRS-
GTR-238. U.S. Department of Agriculture, Forest Ser-
vice, Rocky Mountain Research Station, Fort Collins

Hood S, Lutes D (2017) Predicting post-fire tree mortal-
ity for 12 western US conifers using the First-Order
Fire Effects Model (FOFEM). Fire Ecol 13(2):66—-84.
https://doi.org/10.4996/fireecology. 130290243

Hood SM, Cluck DR, Smith SL, Ryan KC (2008) Using
bark char codes to predict post-fire cambium mortality.
Fire Ecol 4(1):57-73

Hood S, Varner M, van Mantgem P, Cansler CA (2018)
Fire and tree death: understanding and improving mod-
eling of fire-induced tree mortality. Environ Res Lett
13:113004

Jenkins MJ, Runyon JB, Fettig CJ, Page WG, Bentz BJ
(2014) Interactions among the mountain pine beetle,
fires, and fuels. For Sci 60(3):489-501. https://doi.org/
10.5849/forsci.13-017


http://link.springer.com/First- and Second-Order Fire Effects
http://link.springer.com/First-Order Fire Effects Model (FOFEM)
http://link.springer.com/Radiant Heat
http://link.springer.com/Smoldering Combustion
https://doi.org/10.3389/fpls.2013.00438
https://doi.org/10.1007/s00468-015-1342-9
https://doi.org/10.1111/nph.15871
https://doi.org/10.1139/x05-004
https://doi.org/10.1126/science.1163886
https://doi.org/10.1139/x2012-147
https://doi.org/10.1071/WF08187
https://doi.org/10.1071/WF08193
https://doi.org/10.1071/WF18031
https://doi.org/10.1016/j.foreco.2017.01.008
https://doi.org/10.1016/j.foreco.2017.05.038
https://doi.org/10.4996/fireecology.130290243
https://doi.org/10.5849/forsci.13-017

Post-fire Tree Mortality

Kane JM, van Mantgem PJ, Lalemand LB, Keifer M
(2017a) Higher sensitivity and lower specificity in post-
fire mortality model validation of 11 western US tree
species. Int J Wildland Fire 26(5):444—454. https://doi.
org/10.1071/WF16081

Kane JM, Varner JM, Metz MR, van Mantgem PJ (2017b)
Characterizing interactions between fire and other dis-
turbances and their impacts on tree mortality in western
U.S. Forests. For Ecol Manag 405:188—-199. https://doi.
org/10.1016/j.foreco.2017.09.037

Kelsey RG, Westlind DJ (2017) Physiological stress and
ethanol accumulation in tree stems and woody tis-
sues at sublethal temperatures from fire. Bioscience
67(5):443-451

Lawes M, Richards A, Dathe J, Midgley J (2011a) Bark
thickness determines fire resistance of selected tree
species from fire-prone tropical savanna in North Aus-
tralia. Plant Ecol 212(12):2057-2069. https://doi.org/
10.1007/s11258-011-9954-7

Lawes MJ, Adie H, Russell-Smith J, Murphy B, Midgley
JJ (2011b) How do small savanna trees avoid stem
mortality by fire? The roles of stem diameter, height
and bark thickness. Ecosphere 2(4):1-13

Liang S, Hurteau MD, Westerling AL (2017) Potential
decline in carbon carrying capacity under projected
climate-wildfire interactions in the Sierra Nevada. Sci
Rep 7(1):2420

Michaletz ST, Johnson EA (2006) A heat transfer model
of crown scorch in forest fires. Can J For Res
36(11):2839-2851. https://doi.org/10.1139/x06-158

Michaletz ST, Johnson EA (2007) How forest fires kill
trees: a review of the fundamental biophysical pro-
cesses. Scand J For Res 22:500-515

Michaletz S, Johnson E (2008) A biophysical process
model of tree mortality in surface fires. Can J For Res
38(7):2013-2029

Midgley JJ, Kruger LM, Skelton R (2011) How do fires
kill plants? The hydraulic death hypothesis and Cape
Proteaceae “fire-resisters”. S Afr J Bot 77(2):381-386.
https://doi.org/10.1016/j.sajb.2010.10.001

Nesmith J, Das A, O’Hara K, van Mantgem P (2015)
The influence of pre-fire tree growth and crown con-
dition on post-fire mortality of sugar pine following
prescribed fire in Sequoia National Park. Can J For Res
45(7):910-919. https://doi.org/10.1139/cjfr-2014-0449

O’Brien JJ, Hiers JK, Mitchell R, Varner JM III, Morde-
cai K (2010) Acute physiological stress and mortality
following fire in a long-unburned longleaf pine ecosys-
tem. Fire Ecol 6:1-12

O’Brien JJ, Hiers JK, Varner JM, Hoffman CM, Dickinson
MB, Michaletz ST, Loudermilk EL, Butler BW (2018)
Advances in mechanistic approaches to quantifying
biophysical fire effects. Curr For Reports 4(4):161—
177. https://doi.org/10.1007/s40725-018-0082-7

Parker TJ, Clancy KM, Mathiasen RL (2006) Interactions
among fire, insects and pathogens in coniferous forests
of the interior western United States and Canada. Agric
For Entomol 8(3):167-189. https://doi.org/10.1111/j.
1461-9563.2006.00305.x

Pausas JG (2015) Bark thickness and fire regime.
Funct Ecol 29(3):315-327. https://doi.org/10.1111/
1365-2435.12372

Pausas JG, Keeley JE (2017) Epicormic resprouting in
fire-prone ecosystems. Trends Plant Sci 22:1008

Pausas JG, Lamont BB, Paula S, Appezzato-da-Gléria B,
Fidelis A (2018) Unearthing belowground bud banks in
fire-prone ecosystems. New Phytol 217(4):1435-1448.
https://doi.org/10.1111/nph.14982

Pechony O, Shindell DT (2010) Driving forces of global
wildfires over the past millennium and the forthcoming
century. Proc Natl Acad Sci U S A 107(45):19167—
19170. https://doi.org/10.1073/pnas.1003669107

Pellegrini AFA, Anderegg WRL, Paine CET, Hoffmann
WA, Kartzinel T, Rabin SS, Sheil D, Franco AC, Pacala
SW (2017) Convergence of bark investment according
to fire and climate structures ecosystem vulnerability
to future change. Ecol Lett 20(3):307-316. https://doi.
org/10.1111/ele.12725

Platt WJ, Evans GW, Rathbun SL (1988) The population
dynamics of a long-lived conifer (Pinus palustris). Am
Nat 131(4):491-525

Seidl R, Spies TA, Peterson DL, Stephens SL, Hicke JA
(2016) Searching for resilience: addressing the impacts
of changing disturbance regimes on forest ecosystem
services. J Appl Ecol 53(1):120-129. https://doi.org/
10.1111/1365-2664.12511

Taudiere A, Richard F, Carcaillet C (2017) Review on fire
effects on ectomycorrhizal symbiosis, an unachieved
work for a scalding topic. For Ecol Manag 391:
446457

Valor T, Gonzélez-Olabarria JR, Piqué M, Casals P (2017)
The effects of burning season and severity on the mor-
tality over time of Pinus nigra spp. salzmannii (Dunal)
Franco and P. sylvestris L. For Ecol Manag 406(Suppl
C):172-183. https://doi.org/10.1016/j.foreco.2017.08.
027

van Mantgem PJ, Stephenson NL, Mutch LS, Johnson
VG, Esperanza AM, Parsons DJ (2003) Growth rate
predicts mortality of Abies concolor in both burned and
unburned stands. Can J For Res 33(6):1029-1038

van Mantgem P, Nesmith JCB, Keifer M, Knapp EE, Flint
A, Flint L (2013) Climatic stress increases forest fire
severity across the western United States. Ecol Lett
16(9):1151-1156. https://doi.org/10.1111/ele.12151

van Mantgem PJ, Falk DA, Williams EC, Das AJ,
Stephenson NL (2018) Pre-fire drought and competi-
tion mediate post-fire conifer mortality in western U.S.
National Parks. Ecol Appl 28:1730

Van Wagner CE (1973) Height of crown scorch in forest
fires. Can J For Res 3:373-378

Varner JM III, Hiers JK, Ottmar RD, Gordon DR, Putz
FE, Wade DD (2007) Overstory tree mortality resulting
from reintroducing fire to long-unburned longleaf pine
forests: the importance of duff moisture. Can J For Res
37:1349-1358

Varner JM, Putz FE, O’Brien JJ, Hiers JK, Mitchell RJ,
Gordon DR (2009) Post-fire tree stress and growth
following smoldering duff fires. For Ecol Manag
258(11):2467-2474


https://doi.org/10.1071/WF16081
https://doi.org/10.1016/j.foreco.2017.09.037
https://doi.org/10.1007/s11258-011-9954-7
https://doi.org/10.1139/x06-158
https://doi.org/10.1016/j.sajb.2010.10.001
https://doi.org/10.1139/cjfr-2014-0449
https://doi.org/10.1007/s40725-018-0082-7
https://doi.org/10.1111/j.1461-9563.2006.00305.x
https://doi.org/10.1111/1365-2435.12372
https://doi.org/10.1111/nph.14982
https://doi.org/10.1073/pnas.1003669107
https://doi.org/10.1111/ele.12725
https://doi.org/10.1111/1365-2664.12511
https://doi.org/10.1016/j.foreco.2017.08.027
https://doi.org/10.1111/ele.12151

10

Walker RB, Coop JD, Parks SA, Trader L (2018) Fire
regimes approaching historic norms reduce wildfire-
facilitated conversion from forest to non-forest. Eco-
sphere 9(4):e02182. https://doi.org/10.1002/ecs2.2182

Weise DR, Johansen RW, Wade DD (1987) Effects
of spring defoliation on first-year growth of young
loblolly and slash pines. Research note SE-347. US
Department of Agriculture, Forest Service, Southeast-
ern Forest Experiment Station, Asheville

Post-fire Tree Mortality

Woolley T, Shaw DC, Ganio LM, Fitzgerald SA (2012)
A review of logistic regression models used to predict
post-fire tree mortality of western North American
conifers. Int J Wildland Fire 21:1-35

Yu H, Wiegand T, Yang X, Ci L (2009) The impact of fire
and density-dependent mortality on the spatial patterns
of a pine forest in the Hulun Buir sandland, Inner
Mongolia, China. For Ecol Manag 257(10):2098-2107.
https://doi.org/10.1016/j.foreco.2009.02.019


https://doi.org/10.1002/ecs2.2182
https://doi.org/10.1016/j.foreco.2009.02.019

	Post-fire Tree Mortality
	Synonyms
	Definition
	Introduction
	Post-fire Tree Mortality Mechanisms
	Direct Tree Mortality
	Indirect Tree Mortality
	Resprouting Versus Top-Kill
	Predicting Post-fire Tree Mortality

	Cross-References
	References
	References


