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Abstract: The mechanisms governing tree mortality in surface fires are poorly understood, owing in large part to the ab-
sence of a process-based framework for defining and evaluating these mechanisms. This paper begins the development of
such a framework by deriving a first-order process model of tree mortality in surface fires (intensities less than approxi-
mately 2500 kW�m–1). A buoyant line-source plume model is used to drive heat transfer models of vascular cambium and
vegetative bud necroses, which are linked to tree mortality using an allometrically-based sapwood area budget. Model pre-
dictions are illustrated for white spruce (Picea glauca), lodgepole pine (Pinus contorta), and trembling aspen (Populus
tremuloides) and are compared with independent mortality data for Engelmann spruce (Picea engelmannii Parry ex En-
gelm.) and Pinus contorta Dougl. Results help define first-order mortality mechanisms and suggest second-order mortality
mechanisms that should be incorporated into future modeling efforts.

Résumé : Les mécanismes qui régissent la mortalité des arbres à la suite d’un feu de surface sont peu connus, surtout à
cause de l’absence de cadre théorique basé sur les processus permettant de définir et d’évaluer ces mécanismes. Cet article
jette les bases d’un tel cadre théorique en dérivant un modèle de premier ordre de mortalité des arbres basé sur les proces-
sus à la suite d’un feu de surface (intensité inférieure à environ 2500 kW�m–1). Un modèle de panache flottant dont la
source est linéaire est utilisé pour faire fonctionner des modèles de transfert de chaleur du cambium vasculaire et de né-
crose des bourgeons foliaires, laquelle est reliée à la mortalité des arbres grâce à un bilan de surface d’aubier basé sur des
relations allométriques. Les prédictions du modèle sont illustrées pour l’épinette blanche (Picea glauca), le pin tordu
(Pinus contorta), et le peuplier faux-tremble (Populus tremuloides) et sont comparées à des données indépendantes de
mortalité pour le l’épinette d’Engelmann (Picea engelmannii Parry ex Engelm.) et Pinus contorta Dougl. Les résultats ai-
dent à définir les mécanismes de premier ordre et à suggérer des mécanismes de second ordre à l’origine de la mortalité.
Ces mécanismes devraient être retenus lors de tentatives futures de modélisation.

[Traduit par la Rédaction]

Introduction

Tree mortality in surface fires has traditionally been mod-
eled using logistic regression, which derives a continuous
probability function from binary mortality data and a suite
of covariates that characterize fire behavior, fire effects, and
(or) tree size (Appendix A, Table A1). While this regression
approach has been useful for describing the probability of
mortality within particular data sets, it has several limita-
tions that can hinder progress towards a more mechanistic
understanding. For example, this approach cannot explain
why or how the covariates cause mortality. In many cases,
the covariates may be correlates of mechanistic variables,
so their use in regression models can confound results and
obscure causal processes. This approach does not require
consideration of the functional relationships between covari-
ates, and additional covariates cannot be included into the
model as the processes become better understood. Finally,
the models are not general, so a different model is required

for every individual situation (e.g., see Appendix A, Table
A1).

An alternative process approach seeks to define and eval-
uate the causal mechanisms that link fire behavior and tree
mortality. The mechanisms are defined in terms of heat
transfer, mass transfer, and fluid mechanics models (Fay
1994; Incropera et al. 2006). The models are constructed in
a modular fashion, so the functional relationships between
variables are clearly defined and processes can be included
or refined as they become better understood. Because the
mechanisms are the same for any tree in any surface fire,
the models are general but may have to be parameterized
for different species, seasons, or weather conditions.

Tree mortality in surface fires is the result of several com-
plex coupled mechanisms (Ryan and Reinhardt 1988; Parker
et al. 2006). These mechanisms can be classified as first- or
second-order. First-order mechanisms control ‘‘direct’’ fire
effects like heat transfer and the resulting tissue necroses.
Second-order mechanisms result from first-order mechanisms
and control ‘‘indirect’’ fire effects like altered physiology, in-
sect attack, and pathogenic infection. Both classes of
mechanisms are poorly understood, partly because the field
lacks a theoretical framework for defining and evaluating
the mechanisms. Therefore, the purpose of this paper is to
suggest a simple first-order process model that can provide
a general framework for the development of a more com-
plete tree mortality model. The objectives are to: (i) define
mechanisms of vascular cambium and vegetative bud ne-
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croses using physical models of surface fire plume behavior,
heat transfer through bark, and heat transfer into vegetative
buds; (ii) link vascular cambium and vegetative bud necroses
to tree mortality using an allometrically-based sapwood area
(SA) budget; (iii) illustrate model predictions for white
spruce (Picea glauca), lodgepole pine (Pinus contorta),
and trembling aspen (Populus tremuloides); and (iv) evalu-
ate model predictions using independent experimental data
for Englemann spruce (Picea engelmannii Parry ex En-
gelm.) and Pinus contorta Dougl. We would like to stress
that although the cambium (Rego and Rigolot 1990) and
bud (Michaletz and Johnson 2006a) components of the
model have been validated, they have not been not been
linked together and validated in the field for a whole tree.
Here we evaluate the entire model using what we believe
to be the best available data set (Ryan and Reinhardt
1988).

Models
We begin by considering a tree as a population of meris-

tems (Harper 1977; White 1979). Most trees have apical and
lateral meristems. Apical meristems are contained in vegeta-
tive buds and produce branches, buds, foliage, cones, and
(or) flowers. Lateral meristems are contained in the vascular
cambium and produce xylem and phloem vascular tissues. In
a surface fire, heat transfer from the flaming fireline and
plume can cause meristem necrosis by protein denaturation,
which occurs at approximately 60 8C (Rosenberg et al.
1971; Dickinson and Johnson 2004). As a first approxima-
tion, tree mortality can be assumed to result from cambium
necrosis around the entire circumference of the bole and (or)
necrosis of all vegetative buds in the crown (Brown and
DeByle 1987; Gill 1995). Necrosis of other tissues and
organs (e.g., foliage, fine roots, xylem parenchyma, and (or)
phloem) can alter tree physiology and contribute to mortality
as well, but these second-order mechanisms are not pres-
ently considered because surviving meristems can regenerate
injured tissues and organs.

Thus, the model considers four processes linking fireline
combustion and tree mortality (Fig. 1): (i) plume buoyancy,

(ii) conduction through the bark to the vascular cambium,
(iii) convection to vegetative buds, and (iv) vascular trans-
port processes that drive tree form. Buoyant plume theory is
used to estimate the vertical plume temperature (Tp) distri-
bution that will drive heat transfer to the vascular cambium
and vegetative buds. Heat transfer theory is used to calculate
the depth of vascular cambium necrosis and height of vege-
tative bud necrosis. Tree allometry models are then used to
link cambium and bud necroses to tree mortality.

Fire Tp distribution
For a line-source plume in a quiescent atmosphere (no

wind), the height-dependent maximum mean buoyancy, az,
can be characterized as

½1� �z ¼ C
1

z

� �
gI

�acaTa

� �2=3

where C is the plume proportionality constant, z is height, g
is gravitational acceleration, I is fireline intensity, �a is am-
bient air density, ca is the specific heat capacity of air at at-
mospheric pressure, and Ta is ambient temperature (cf.
Raupach 1990; nomenclature defined in Table 1). az is a
function of the temperature rise above Ta, �Tz = Tp – Ta,
where Tp is dependent on height.

½2� �z ¼
g�Tz

Ta

Substituting eq. 2 into eq. 1 and rearranging gives Tp as

½3� Tp ¼ C
1

z

� �
Ta þ 273:15

g

� �1=3
I

�acp

� �2=3

þ Ta

Because this similarity analysis fails at heights comparable
with the fireline width (Raupach 1990), Tp is constrained to
a maximum flame temperature of 900 8C so that

½4� Tp ¼ min 900; C
1

z

� �
Ta þ 273:15

g

� �1=3
I

�acp

� �2=3

þ Ta

" #

This maximum flame temperature agrees with experimental

Fig. 1. Schematic diagram outlining the four fundamental processes considered in the present derivation of the model. T1 > T2 > T3. No-
menclature is as defined in Table 1.
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measurements (800–1000 8C; Weber et al. 1995; Butler et
al. 2004) and is well below theoretical estimates of adiabatic
temperatures for forest fuels (& 1325 ± 100 8C; Drysdale
1999). Note that the present derivation assumes a constant
top-hat temperature profile across the plume width (Mercer

and Weber 2001). The relatively simple model used here
was chosen to capture the most fundamental physical pro-
cesses underlying Tp distributions. Readers interested in
more detailed plume models that consider processes like
combustion, wind, and time dependency of temperature
should consult Albini (1981), Mercer and Weber (1994),
and Mell et al. (2007).

Vascular cambium necrosis (bole girdling)
Vascular cambium necrosis is a one-dimensional transient

conduction problem characterized by Fourier’s law

½5� @2T

@x2
¼ 1

�

@T

@t

where T is temperature, x is radial position (bole depth), a is
thermal diffusivity of bark, and t is time (cf. Spalt and
Reifsnyder 1962; Incropera et al. 2006). Solving eq. 5 using
the initial condition T(x,0) = Ta and boundary condition
T(0,t) = Ts for t > 0 yields

½6� Tðx; tÞ � Ts

Ta � Ts

¼ erf
x

2ð�tÞ1=2
h i

where T(x,t) is the radial temperature distribution, Ts is the
bark surface temperature, and erf is the error function. The
radial bole necrosis depth, xn, is calculated by defining
T(x,t) = T(xn,tr) = Tn and Ts = Tp, so that eq. 6 can be rewritten
as

½7� Tn � Tp

Ta � Tp

¼ erf
x

2ð�tÞ1=2
h i

where Tn is the meristem necrosis temperature. Note that the
Ts = Tp definition implicitly accounts for radiation and con-
vection processes linking plume and bark surface tempera-
tures. The first term in eq. 7 can be nondimensionalized by
introducing the excess temperature ratio q, which is used
here as a measure of Tp relative to Tn and Ta

½8� � ¼ Tn � Tp

Ta � Tp

Substituting eq. 8 in eq. 7 gives (Gill et al. 1986; Gutsell
and Johnson 1996; Dickinson and Johnson 2004)

½9� � ¼ erf
x

2ð�tÞ1=2
h i

which can be rearranged to give xn as

½10� xn ¼ 2ð�trÞ1=2erf�1ð�Þ

where tr is the fireline reaction (residence) time (Nelson
2003) and erf–1 is the inverse error function.

Vegetative bud necrosis (crown scorch)
Vegetative bud necrosis is characterized using a lumped

capacitance analysis, which equates the rate of convection
heat transfer to the bud surface with the rate of internal heat
accumulation (Michaletz and Johnson 2006a)

½11� � hAðT � TpÞ ¼ �cbuV
dT

dt

� �

where h is the average heat transfer coefficient, A is the

Table 1. List of symbols.

Symbol Definition Unit

Roman letters
A Wetted (convective) surface area m2

a Constant parameter na
B Normalization constant dimensionless
b Constant parameter na
C Plume proportionality constant Dimensionless
c Specific heat capacity J�kg–1�8C–1

D Diameter (outside bark) m
d Diameter (inside bark) m
F Bole taper function na
g Gravitational acceleration m�s–2

h Convection heat transfer coefficient W�m–2�C–1

I Fireline intensity kW�m–1

k Thermal conductivity W�m–1�8C–1

LA Leaf area cm2

LCR Live crown ratio Dimensionless
M Mortality number Dimensionless
m Mass kg
N Pure number Dimensionless
n Scaling exponent Dimensionless
SA Sapwood area cm2

T Temperature 8C
t Time s
U Plume velocity m�s–1

V Volume m3

W Water content (proportion dry mass) Dimensionless
X Relative bole height Dimensionless
x Distance or depth m
Z Tree height m
z Height (above bole base) m

Greek letters
a Maximum mean buoyancy m�s–2

a Thermal diffusivity m2�s–1

q Excess temperature ratio Dimensionless
� Density kg�m–3

Subscripts
0.1 Basal height (z = 0.1 m)
1.3 Breast height (z = 1.3 m)
a Ambient or air
b Bark
ba Basal
bu Bud
c Critical for necrosis
d Cured
f Field condition
i Inside bark
lcb Live crown base
m Moisture
n Necrosis
p Plume
r Reaction (residence)
s Surface
SA Sapwood area
t Total
w Water
z Height

Note: na, not applicable.
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wetted (convective) surface area, T is the bud temperature,
� is the bud mass density, cbu is the specific heat capacity
of the bud, V is the bud volume, and dT / dt is the rate of
internal temperature change. Integrating from initial condi-
tions T = Ta at t = 0 and rearranging yields

½12� T � Tp

Ta � Tp

¼ exp � hA

�cV

� �
t

� �

Defining T = Tn and substituting eq. 8 in eq. 12 gives

½13� � ¼ exp � hA

�cV

� �
t

� �

To estimate the bud necrosis height, zn, we define Tp = Tc
and rearrange eq. 3 to yield (Michaletz and Johnson 2006a)

½14� zn ¼ C
1

Tc � Ta

� �
Ta þ 273:15

g

� �1=3
I

�acp

� �2=3

The critical Tp required for bud necrosis, Tc, is obtained by
rearranging eq. 12 and defining Tp = Tc and t = tr, so

½15� Tc ¼
Tn � �Ta

1� �
where q = exp(–hA / �cV)tr (eq. 13).

Linking cambium and bud necroses to tree mortality
Tree mortality is quantified by the mortality number, M,

which is the proportion of necrotic buds in the crown.
Whole-tree mortality (M = 1) can result from bole girdling
and (or) complete crown scorch. Note that the interactions
between partial bole girdling and partial crown scorch may
also lead to mortality (M = 1), but this is not considered in
the present derivation. When whole-tree mortality does not
occur (M £ 1), M expresses the proportion of crown scorch.
M is thus given by

½16� M ¼ Nn

Nt

� �1�Uðxn=xbaÞ

where Nn is the number of necrotic vegetative buds, Nt is
the total number of vegetative buds in the crown, and xba is
the basal bark thickness. The Heaviside step function
U(xn / xba) acts as a ‘‘switch’’ to turn bole girdling on or off:

½17� U
xn

xba

� �
¼

0
xn

xba

< 1

1
xn

xba

� 1

8>><
>>:

When xn (eq. 10) is greater than or equal to xba, the bole is
girdled (U(xn / xba) = 1) and tree mortality occurs (M = 1).
When xn is less than xba, the bole is not girdled (U(xn / xba) =
0) and M is given by the proportion of crown scorch Nn / Nt
(M £ 1).

To facilitate analysis, xba and Nt from eq. 16 can be re-
lated allometrically. We build from the pipe model, which
predicts tree form by assuming that a unit of leaf area (LA)
is supported by a unit of cross-sectional SA (Shinozaki et al.
1964). In other words, the pipe model assumes that the
Huber value (SA:LA) is constant throughout a tree, so that
estimates of SA at any point along the bole can be used to

calculate the distal LA. We add to this assumption the addi-
tional assumption of a constant ratio of LA to number of
buds (LA:Nbu). Thus, by substitution, a constant ratio of
SA:Nbu is assumed. Equation 16 can then be rewritten as

½18� M ¼ 1� SAn

SAlcb

� �1�Uðxn=xbaÞ

where SAn is the bole SA at zn and SAlcb is the bole SA at
the height of the live crown base. SA is an appropriate
framework for modeling tree form because resource distri-
bution is considered a fundamental process driving allo-
metric patterns (e.g., Shinozaki et al. 1964; Patterson 1992;
West et al. 1999; Dreyer and Puzio 2001; Banavar et al.
2002; Niklas and Spatz 2004).

The scaling of xba with SA taper can be described using
well-established allometric relationships. Bark thickness, x,
scales linearly with bole diameter, D, as

½19� x ¼ aDþ b

with slope a and intercept b (Ryan and Reinhardt 1988;
although for curvilinear relationships see Gill and Ashton
1968; Harmon 1984). Bole SA scales with D according to

½20� SA ¼ BDn

where B is a normalization constant and n is a scaling
exponent (West et al. 1999). D at any height is related to
the diameter at breast height D1.3 by

½21� dz

d1:3

¼ Z � z

Z � 1:30

� �1=ðexpFÞ

where dz is the diameter inside bark at z, d1.3 is the diameter
inside bark at z = 1.30 m, and Z is tree height (Newnham
1991). The scaling exponent 1 / (exp F) varies continuously
along Z to account for height-dependent changes in bole
form (neiloidal, paraboloidal, or conical). Z scales with D1.3
according to

½22� Z ¼ BðDn
1:3Þ þ 1:3

(Niklas and Spatz 2004). Together, these allometric relation-
ships can describe the scaling of xba with SA taper in boles.

Methods

Cambium xn and critical D1.3

xn values are calculated (eq. 10) for P. glauca, P. con-
torta, and P. tremuloides across a range of intensities typical
of surface fires. A constant tr = 30 s was assumed for all
calculations. This is an approximate mean for surface fires
that combust fine fuels (Albini 1985; Burrows 2001), which
have tr values (Nelson 2003) of approximately 30 s (Ander-
son 1969; Burrows 2001; Taylor et al. 2004).

To calculate q (eqs. 8 and 10), Tn was taken as 60 8C
(Rosenberg et al. 1971; Dickinson and Johnson 2004) and
Ta was taken as 25 8C. Tp was obtained from eq. 4 in which
C was taken as 2.6 (Yuan and Cox 1996), z as 0.1 m, g as
9.8 m�s–2, �a as 1.169 kg�m–3 (power function fit to handbook
data; Incropera et al. 2006), and ca as 1.007 J�kg–1�8C–1

(fifth-order polynomial fit to handbook data; Vargaftik
1975). I was varied from 0 to 2500 kW�m–1. This range is
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typical of surface fires and was chosen because crowning be-
gins above approximately 2500 kW�m–1 (Van Wagner 1977;
Johnson 1992). Given these parameter estimates, eq. 4 pre-
dicts a constant Tp of 900 8C regardless of I, an intuitive re-
sult since flame temperatures are essentially constant and
flaming combustion occurs at z values of 0.1 m for 0 < I £
2500 kW�m–1. Note that as a first approximation Tp was not
constrained to allow for evaporation or combustion processes
that may occur in bark.

Bark thermal diffusivity a is given by

½23� � ¼ k

�cb

where k is bark thermal conductivity, � is bark mass den-
sity, and cb is the specific heat capacity of the bark at con-
stant pressure. k was calculated as (Martin 1963)

½24� k ¼ ð2:104�b þ 5:544�m þ 3:266T �166:216Þ �10�4

with T = 25 8C. �b is given by

½25� �b ¼
md

Vf

where md is the cured mass (oven-dried at 90 8C to a
constant mass) and Vf is the volume at field water content.
�b values were taken as 453.32 kg�m–3 for P. glauca,
536.62 kg�m–3 for P. contorta, and 578.27 kg�m–3 for P. tre-
muloides (Millikin 1955). The moisture density, �m, is given
by

½26� �m ¼ ðW þW2Þ�b

Water content, W (proportion dry mass), was calculated as

½27� W ¼ mf � md

md

where mf is the mass at field water content. Bark water con-
tent during a fire event will generally be lower than the sea-
sonal mean because bark and fine fuel water contents are
controlled by the same processes (Viney 1991; Matthews
2006). However, in the absence of the meteorological data
required to calculate fine fuel moisture (Matthews 2006),
W values were calculated using bark samples collected at
the Kananaskis Field Stations in the southern Rocky Moun-
tains of Alberta, Canada. Samples were collected weekly
from 18 May to 5 October 2004 (7 samples per species per
week; 140 samples per species in total). W values
(WP. glauca = 0.889; WP. contorta = 0.591; WP. tremuloides =
0.701) were then used to calculate �m values of
761.27 kg�m–3 for P. glauca, 504.57 kg�m–3 for P. contorta,
and 689.53 kg�m–3 for P. tremuloides. cb was calculated as

½28� cb ¼ 1105:315þ 4:857T þWcw þ 348:342

where the specific heat capacity of water, cw, is 4180 J�kg–1�
8C–1 and T is 25 8C (Martin 1963).

xnvalues were used to estimate the critical D1.3 for each
species. The basal diameter, D0.1, was first estimated by
defining xn = xba and using eq. 19, where constants a and b
are tabulated in Table B1 (calculated from Huang 1994).
Critical D1.3 was then estimated from D0.1 using eq. 21 (F
functions are tabulated in Table B2; Newnham 1991) with

eq. 19 (Table B1) and eq. 22 (constants B and n are tabu-
lated in Table B3; Peng 1999).

zn and vertical bud distributions
First, zn is calculated for P. glauca, P. contorta, and

P. tremuloides, then SA taper is used to estimate vertical
bud distributions and proportion of bud necrosis. zn is esti-
mated using eq. 14 with the plume parameter values used
above for cambium xn. Tc values were calculated using
eq. 15, in which Tn = 60 8C (Rosenberg et al. 1971; Dick-
inson and Johnson 2004) and q was calculated using eq. 13
with inverse thermal time constant, hA / �cV, values from
Table B4 (Michaletz and Johnson 2006a). hA / �cV values
were obtained from P. glauca and P. contorta or calculated
using methods of Michaletz and Johnson (2006a) for
P. tremuloides. The values used are means calculated over
the entire fire season and in different canopy positions (i.e.,
low and high light regimes). Heat transfer coefficients, h,
were calculated using convection correlations for foliated
conifer buds (P. glauca and P. contorta; Michaletz and
Johnson 2006b) and cylinders (corresponding to the leafless
or dormant stage; P. tremuloides; Hilpert 1933), assuming a
constant plume velocity of U = 5.0 m�s–1. Leafless P. trem-
uloides were used here because convection correlations are
not available for buds shielded by broadleaves; note that the
model is still applicable to broadleaf species in the foliated
stage, provided appropriate convection correlations are used.

Vertical bud distributions were calculated from SA taper.
SA taper is an effect of branching and thus reflects crown
form. SA taper can be expressed as a cumulative survival
distribution

½29� SðzÞ ¼ SAz

SAlcb

Here, SAz is the SA at z and SAlcb is the SA at height of
live crown base, zlcb, which is given by

½30� zlcb ¼ Z � ZðLCRÞ

To estimate zlcb, mean (± SEM) live crown ratio (LCR)
values were calculated from BOREAS data sets (P. glauca
0.85 ± 0.07, N = 8; P. banksiana 0.62 ± 0.02, N = 163;
P. tremuloides 0.34 ± 0.01, N = 210; Gower and Vogel
1997; Rich and Fournier 1997). To obtain SA values, SAz
and SAlcb in eq. 29, eq. 21 was rearranged to give inside
diameter, dz, as

½31� dz ¼ Di

Z � z

Z � 1:30

� �1=expF

where F functions are tabulated in Table B3 (Newnham
1991). dz was then used to estimate outside diameter, Dz,
by rearranging eq. 19 so that

½32� Dz ¼
dz þ 2b

1� 2a

where constants a and b are tabulated in Table B1 (calcu-
lated from Huang 1994). SAz and SAlcb were then calculated
from Dz and Dlcb using eq. 20, where B and n values (Table
B5) were estimated by Model II reduced major axis regres-
sion (Sokal and Rohlf 1995) on log-transformed bole dia-
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meter and SA data (obtained from R.J. Hall; Hall et al.
2003). Analyses were performed using (S)MATR computer
software (Falster et al. 2003).

Assuming a constant SA:Nb ratio (see Models section
above) and horizontal branching, the vertical bud distribu-
tion Nb/Ntotal is given by the cumulative mortality distribu-
tion

½33�

FðzÞ ¼ 1� SðzÞ

¼ 1� SAz

SAlcb

¼ Nb

Ntotal

Tree mortality predictions
Tree mortality is estimated using eq. 18, which links vas-

cular cambium necrosis (bole girdling) with vegetative bud
necrosis (crown scorch proportion). Results are plotted as
mortality surfaces, which relate D1.3, I, and the proportion
of necrotic vegetative buds, M.

Vascular cambium necrosis is estimated by comparing ra-
dial xn with xba. For a given D1.3, xba was estimated using
eqs. 19, 21, 22, and 32 with parameter estimates from Ta-
bles B1, B2, and B3. xn was calculated using eq. 10 with
the same plume and bark parameter values used above for
calculating cambium necrosis and critical D1.3. Simulations
were then conducted for tr values of 10, 20, 30, 40, 50, and
60 s.

The proportion of vegetative bud necrosis (crown scorch)
is estimated by comparing the bole SA at zn, SAn, with the
bole SA at crown base height, SAlcb. SAn is estimated by
first defining z as zn (eq. 21) to give the diameter inside
bark at necrosis height, dn. Equation 32 is then used to esti-
mate outside diameter at necrosis height, Dn, and finally
eq. 20 is used to estimate SAn. SAlcb is estimated in the
same manner, after defining z as zlcb (eq. 30).

Model evaluation
A rigorous statistical validation requires the measurement

of Ta (eqs. 4 and 10), bark water content (to calculate a in
eq. 10), I (eq. 3), tr (eq. 10), bud hA / �cV (eq. 14), bark
thickness allometry (eq. 19), SA allometry (eq. 20), bole
taper (eq. 21), Z (eq. 22), zlcb (eq. 30), and M (proportion of
necrotic buds). To minimize the confounding effects of
second-order mortality mechanisms, mortality should be
censused as soon as possible following the fire event. Un-
fortunately, we are not aware of any data sets that contain
all of these required variables (see Appendix A, Table A1).
Furthermore, because investigators are generally concerned
with long-term effects, mortality is typically censused up to
several years following the fire event.

Given the lack of suitable data for statistical validation,
we evaluated the model using a weaker test that compared
predictions for P. glauca and P. contorta with surface fire
mortality data for P. engelmannii and P. contorta (obtained
from K.C. Ryan; Ryan and Reinhardt 1988). Data were not
available for P. tremuloides. For each tree, available data
included D1.3, foliage necrosis height (visual estimate),
foliage necrosis proportion (visual estimate), and postfire

status (alive or dead; P. engelmannii censused for 3 years
postfire, and P. contorta censused up to 8 years postfire).
Model predictions were based on the plume and tree param-
eter estimates described above for tree mortality predictions
because site- and species-specific parameter estimates were
not available. A tr value of 30 s was assumed, which is an
approximate mean value for surface fires (Anderson 1969;
Burrows 2001; Taylor et al. 2004). I was estimated from fo-
liage necrosis height (Van Wagner 1973) because variables
required for calculation (linear spread rate and combusted
fuel mass per unit area) or correlation (flame length) were
not available. M was taken as 1 for trees with ‘‘dead’’ status
and as the proportion of foliage necrosis for trees with
‘‘alive’’ status (M was not available). Note that mortality
was censused several years following the fire events, so
observed values of M are confounded by second-order
mortality mechanisms that are not currently considered by
the model. Mortality data were then plotted with model pre-
dictions for 0 < I £ 2500 kW�m–1.

Results

Cambium xn and critical D1.3

Cambium xn values and corresponding critical D1.3 values
for 0 < I £ 2500 kW�m–1 are shown in Table 2. For each
species, xn and critical D1.3 are constant with I because Tp is
900 8C at z = 0.1 m. xn is greatest for P. glauca, followed by
P. tremuloides and P. contorta, but because of differences in
bark thickness relationships (Table B1) and bole taper expo-
nents (Table B2), the critical D1.3 is largest for P. glauca,
followed by P. contorta and P. tremuloides.

zn and vertical bud distributions
zn is greatest for P. tremuloides, followed by P. glauca

and P. contorta (Fig. 2). Populus tremuloides has the highest
zn because it has relatively small buds that are not shielded
by foliage, resulting in a relatively large hA/�cV value (low
Tc; Table B4). Pinus contorta has the lowest zn because it
has relatively large buds that are shielded by long, densely
packed foliage (Michaletz and Johnson 2006b), resulting in
a relatively small hA/�cV value (high Tc; Table B4). Power
function fits to predicted data (P. glauca, zn = 0.100 I2/3;
P. contorta, zn = 0.073 I2/3; P. tremuloides, zn = 0.183 I2/3)
reflect the 2/3 power scaling of Tp with I from eq. 14 (Van
Wagner 1973; Michaletz and Johnson 2006a).

For a given zn, the proportion of bud necrosis can be esti-
mated using cumulative vertical bud distributions derived
from SA budgets (Fig. 3). Taper exponents are also plotted
in Fig. 3. Recall that the vertical bud distribution, Nb/Ntotal =

Table 2. xn (cm) and critical D1.3 (cm) for Picea
glauca, Pinus contorta, and Populus tremuloides
boles.

Species xn (cm) Critical D1.3 (cm)
P. glauca 0.733 34.982
P. contorta 0.670 30.650
P. tremuloides 0.694 18.039

Note: xn calculated using a for bark and assuming
tr = 30 s. Critical D1.3 calculated assuming xn = xba. No-
menclature is as defined in Table 1.
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1 – (SAz/SAlcb). Results are plotted over normalized height
(z – zlcb) / (Z – zlcb) to allow comparison between species
and size classes. For P. glauca, SA taper and vertical bud
distributions vary with height. The highest taper exponents
are found at the bottom of the crown, indicating that the bot-
tom has more buds per height increment than the top (con-
sidering only apical meristems at the ends of branches and
not epicormic buds on the bole). SA taper and vertical bud
distributions also vary with tree size (D1.3), changing from
approximate linear functions (SA taper exponent nSA/exp
F & 1) to nearly quadratic (nSA/exp F & 2) as size in-
creases. This indicates that as a tree grows in size, propor-
tionally more buds are found in the bottom of the crown as
compared with smaller trees. Similar results are observed for
P. contorta, although the highest taper exponents are gener-
ally found at the top of the crown, which has more buds per
height increment than the bottom. SA taper and vertical bud
distributions also vary with size, changing from approxi-
mately linear (nSA/exp F & 1) to borderline linear and (or)
quadratic (nSA/exp F & 1.6) as size increases. Thus, as a
tree grows in size, proportionately more buds are found in
the bottom of the crown as compared with smaller trees.
For P. tremuloides, SA taper and vertical bud distributions
are nearly quadratic (SA taper exponent nSA/exp F & 2) so
that crown bottoms contain more buds per increment than
crown tops. This trend is consistent across all size classes,
indicating consistency in crown form throughout ontogeny.

Vertical bud distributions are also plotted over absolute
height (Fig. 3) to illustrate differences among species and
size classes and also to facilitate estimates of proportion of
vegetative bud necrosis. Here, x-intercepts correspond to zlcb
and Nb/Ntotal = 1 indicates the crown top Z. As expected on
the basis of the LCR values (eq. 30), P. tremuloides always
has the greatest zlcb value, followed by P. contorta and
P. glauca. Picea glauca has the longest total crown length,
whereas P. tremuloides has the shortest. Height trends are
less consistent, as expected on the basis of height scaling
constants (Table B3). The cumulative bud distribution plot-
ted on absolute height also provides a convenient method for
estimating the proportion of bud necrosis (crown scorch).

The proportion of vegetative bud necrosis can be easily esti-
mated from Fig. 3 by finding zn (eq. 14; Fig. 2) on the hori-
zontal axis and constructing a vertical line that intersects the
cumulative bud distribution. The value on the vertical axis
that corresponds to this intersection will give the proportion
of bud necrosis.

Tree mortality predictions
Predictions for P. glauca, P. contorta, and P. tremuloides

are plotted as mortality surfaces in Fig. 4. Surface disconti-
nuities (from M = 1 to M < 1) reflect the Heaviside step
transition from bole girdle mortality to crown scorch. Bole
girdling was the primary mechanism of tree mortality for
all species. Within a species, the critical D1.3 is constant for
these I values (Table 2) because Tp = 900 8C at z = 1 for all
intensities (eq. 4). For given I and tr values, P. glauca and
P. contorta have larger critical D1.3 values than P. tremu-
loides, as expected on the basis of x scaling and bole taper
(Tables B1 and B2; Table 2).

As D1.3 increases (Table 2), xba increases until it is thick
enough to prevent vascular cambium necrosis (this occurs at
the critical D1.3; Table 2). Beyond this critical D1.3, M is
given by the proportion of bud necrosis (crown scorch).
Bud necrosis only resulted in tree mortality (M = 1) for leaf-
less P. tremuloides with relatively small D1.3 values (and
low height) at relatively higher surface fire intensities (I ‡
1500 kW�m–1). The D1.3 of leafless P. tremuloides that are
killed by crown scorch increases with tr, so that for high in-
tensities at tr ‡ 20 s, D1.3 for P. tremuloides may actually be
larger than D1.3 for P. glauca and P. contorta.

Along D1.3 isolines, vertical bud distributions are constant,
but I varies, so variation in M results from variation in zn
(Fig. 2) combined with slopes of cumulative vertical bud
distributions within D1.3 classes (Fig. 3). Along I isolines, zn
is constant but cumulative bud distributions vary, so varia-
tion in M is a sole result of variation in cumulative bud dis-
tributions among D1.3 classes.

For P. contorta, M does not vary along D1.3 isolines
(Fig. 4) because bole girdling always occurs before vegeta-
tive bud necrosis. This is due to the relatively high heat re-
sistance of buds (Table B3), relatively low zn values (Fig. 2),
and thin bark that permits vascular cambium necrosis (Table
B1). Pinus contorta also has a LCR that elevates buds above
the forest floor and lethal Tp values (Fig. 3). Variation in M
is observed along I isolines (Fig. 4), and this variation re-
flects the Heaviside step transition from vascular cambium
necrosis (bole girdling). These critical D1.3 values increase
with tr (Fig. 4).

For P. glauca, M varies along D1.3 isolines (Fig. 4) because
vegetative bud necrosis occurs in almost all D1.3 classes in
all fires, with the exception of very large trees at low I
values. Vegetative bud necrosis occurs because relative to
P. contorta, P. glauca has less heat resistant buds (Table
B3) and a larger LCR so that buds are lower to the ground
and closer to lethal Tp values (Fig. 3). Variation in M is
also observed along I isolines (Fig. 4), reflecting both
variation in cumulative bud distributions among tree size
classes (Fig. 3) as well as the Heaviside transition from
cambium necrosis to crown scorch. Critical D1.3 values
and proportion of bud necrosis increase with tr (Fig. 4).

In P. tremuloides, both D1.3 and I have strong effects on

Fig. 2. Vegetative bud necrosis heights for Picea glauca (foliated),
Pinus contorta (foliated), and Populus tremuloides (leafless), as-
suming an ambient temperature (Ta) of 25 8C.
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Fig. 3. Taper exponents, SA taper, and vertical bud distribution for the live crown portion of boles (zlcb £ z £ Z) across a range of size classes (5.0 £ D1.3 £ 100.0 cm). In the first three
columns, normalized height (z – zlcb) / (Z – zlcb) = 0 corresponds to the crown bottom and (z – zlcb)/(Z – zlcb) = 1 corresponds to the crown top. Top row, Picea glauca; middle row,
Pinus contorta; bottom row, Populus tremuloides. Nomenclature is as defined in Table 1.
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Fig. 4. Mortality surfaces for Picea glauca, Pinus contorta, and Populus tremuloides (10 £ tr £ 60 s) and experimental mortality data (*)
for Picea engelmannii and Pinus contorta. Surface discontinuities reflect the Heaviside transition from bole girdling to vegetative bud ne-
crosis. M, proportion of necrotic buds; D1.3, diameter at breast height (cm); I, fireline intensity (kW�m–1). Nomenclature is as defined in
Table 1.
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M, as demonstrated by steep slopes along I and D1.3 isolines
(Fig. 4). Variation along D1.3 isolines is because of high rates
of change with height in vertical bud distribution within a
D1.3 class, whereas variation along I isolines is because of
differences in the cumulative vertical bud distribution among
D1.3 groups (Fig. 3). These differences mean that a slight in-
crease in zn represents a large proportional change in bud
distribution and, thus, a large change in M. Critical D1.3 val-
ues and proportion of bud necrosis increase with tr (Fig. 4).

Model evaluation
Experimental mortality data for P. engelmannii and

P. contorta are plotted with mortality surfaces for P. glauca
and P. contorta (Fig. 4). For P. glauca and P. engelmannii,
there is good agreement at lower D1.3, with the exception of
two points (D1.3 < 20 cm and I < 500 kW�m–1), which had
much lower M than expected. However, for D1.3 larger than
the critical D1.3 (Table 2), M was much higher than
expected. In many cases, M = 1 and the entire tree was
dead although the model predicted roughly 0.3 £ M £ 0.5.
Similar results were observed for P. contorta. At lower D1.3
there was good agreement between predictions and observa-
tions, although there were several points for small D1.3 and
low intensities where M was much lower than predicted.
There were also several points (D1.3 slightly larger than
critical for I > 1500 kW�m–1) where M = 1 but the model
predicted M = 0.

Discussion
This paper derives a first-order process model of tree

mortality in surface fires. The present derivation is by no
means a comprehensive model, but it offers insights into
causal mechanisms that cannot be achieved with traditional
logistic regression models. It also highlights a need within
the field for data required to test models of this type. Here
we discuss examples of how the model can provide insight
into causal mechanisms and how this process-based frame-
work can be extended in future modeling studies.

One issue that the process model can provide insight into
is evaluation of the relative roles of bole and crown injuries
in tree mortality. Results of regression analyses generally
suggest that there is no good rule of thumb. For example,
several studies on Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) have shown that crown injury is more
important (Peterson and Arbaugh 1986; Wyant et al. 1986;
Peterson and Arbaugh 1989), but others have shown that
bole injury is more important (Ryan et al. 1988). The proc-
ess model suggests that the differences between studies re-
sult from differences in fire behavior, thermophysical
properties of bark and buds, or allometry. The process
model has not been parameterized for P. menziesii, but for
P. glauca, P. contorta, and leafless P. tremuloides; the
model predicts that cambium necrosis is more important
than bud necrosis for mortality (Fig. 4). However, it is im-
portant to note that at higher fireline intensities (I ‡
1500 kW�m–1), vegetative bud necrosis caused mortality in
some P. tremuloides on which the bole was not girdled
(Fig. 4). This shift in the relative roles of bole and crown
injuries on P. tremuloides mortality has also been observed
experimentally (Brown and DeByle 1987); in high ‘‘se-

verity’’ fires immediate mortality occurred (attributed to
crown scorch), whereas in low and moderate ‘‘severity’’
fires mortality occurred over 2 years following the fire event
(attributed to bole girdling). Thus, the relative roles of bole
and crown injury in tree mortality are not static, and the
process model identifies causal variables that should be con-
sidered when evaluating the roles.

The process model can also help provide a better basis for
ranking resistance (tolerance) of trees to fires. Fire resist-
ance rankings are typically sketchy at best because (i) fire
resistance lacks a consistent definition, (ii) fire effects vary
seasonally owing to weather conditions and phenological
stage, and (iii) it is difficult to obtain equivalent fire behav-
ior characteristics across species. Hence, rankings have tra-
ditionally been based on qualitative morphological
characteristics thought to influence mortality in fires, such
as bark thickness, crown and root form, epiphyte density,
and tree density (Starker 1934; Brown and Davis 1973; Mi-
nore 1979). Based on these considerations, it has generally
been concluded that P. tremuloides and P. glauca have low
fire resistance, whereas P. contorta has moderate fire resist-
ance (although the relative rankings have been noted to vary
geographically). More recent data from a passive crown fire
suggest that P. tremuloides is less fire resistant than P. ma-
riana and P. banksiana, which are equally resistant (Hély et
al. 2003).

Ostensibly, these rankings appear to agree with process
model predictions (Fig. 4). For relatively high fireline inten-
sities (I & 2500 kW�m–1, e.g., a passive crown fire), leafless
P. tremuloides is less resistant than P. glauca and P. con-
torta, which are relatively equally resistant (Fig. 4, Table 2).
However, the ranking changes at low fireline intensities,
where P. tremuloides is the most fire resistant, followed by
P. contorta and P. glauca. Why do fire resistance rankings
vary with I? At higher intensities, P. tremuloides is less re-
sistant because although it has the lowest critical D1.3 (most
resistance to bole girdling; Table 2) it also has small, leaf-
less buds that provide little resistance to heat transfer (Table
B3). These higher intensities result in a zn value that is
greater than Z, which causes necrosis of all of the buds in
the crown (Figs. 2, 3, and 4). At lower intensities, zn is not
great enough to kill all of the buds in the crown, and
P. tremuloides has thicker bark than P. glauca and P. con-
torta, resulting in a larger D1.3. Thus, fire resistance rankings
vary with fire behavior characteristics. Other confounding
variables include tree size and allometry, thermophysical
properties of bark and buds, phenological stage, and weather
conditions, and such variables should be carefully consid-
ered in fire resistance rankings.

Although the individual processes that compose the model
(Fig. 1) have been validated (Rego and Rigolot 1990; Yuan
and Cox 1996; Michaletz and Johnson 2006a), it is difficult
to validate the entire mortality model because the required
parameter estimates and mortality data are unavailable. To
predict observed mortality data, the model requires parame-
ter estimates for Ta, I, tr, bark water content, bark thickness,
bole taper, SA, Z, LCR, and hA / �cV of buds. Mortality
(proportion of necrotic buds) must also be censused as soon
as possible following the fire event to minimize the con-
founding effects of second-order mortality mechanisms.
Most studies have been interested in predicting long-term
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mortality; therefore, censuses have typically occurred sev-
eral years following the fire event. Data censused in this
way reflect a combination of first- and second-order mortal-
ity mechanisms, so it is impossible to distinguish the relative
roles of the various mechanisms in causing mortality. This is
apparent when process model predictions are compared with
long-term morality data for P. engelmannii and P. contorta
(Fig. 4; Ryan and Reinhardt 1988). However, differences be-
tween predicted and observed values suggest processes that
should be eventually incorporated into this process-based
framework.

Fortunately, the modular construction of the process
model permits inclusion or refinement of processes as they
become better understood. The most obvious processes that
contribute to the differences between predictions and data
(Fig. 4) are altered carbon and water source-sink dynamics,
which result from combined heat effects on foliage, roots,
phloem, and (or) xylem. The process model presented in
this paper was derived with the intention of eventually in-
corporating these processes. Incorporating the first-order
processes should be relatively straightforward. Foliage ne-
crosis can be modeled by a lumped capacitance analysis
(Michaletz and Johnson 2006a, 2006b) and incorporated
into the tree mortality model using foliage distributions ob-
tained from Huber value estimates (Fig. 3). Likewise, fine
root necrosis can be modeled using a lumped capacitance
analysis linked with an existing model of heat and mass
transfer through soil (e.g., Campbell et al. 1995). Necrosis
of phloem and xylem ray parenchyma cells can be modeled
using two-dimensional models of heat transfer in tree boles
(Jones et al. 2004). However, predicting the second-order
processes governing carbon and water budgets is a more
complex problem that will require consideration of tree
physiology processes.

The process model currently assumes that complete
cambium necrosis occurs around the circumference of the
bole. However, partial cambium necrosis is clearly common
in low intensity surface fires, and fire scars are a good ex-
ample of this (Gutsell and Johnson 1996). Partial cambium
necrosis can result from differences in bark thickness (e.g.,
plates vs. fissures) as well as circumferential variation in
bole surface temperatures (Tunstall et al. 1976; Gutsell and
Johnson 1996). Although modeling variable heat transfer
and cambium necrosis around the bole is straightforward,
the effect of partial bole girdling on tree mortality is poorly
understood. The small number of studies that have consid-
ered partial girdling by heat have found from little to no
effect on mortality, although partial girdling did induce
various physiological responses (Ducrey et al. 1996; Alonso
et al. 2002). How partial bole girdling interacts with root
and foliage necroses to alter tree physiology remains
unclear.

The present derivation of the model doesn’t consider
smoldering combustion of duff or its effects on the roots
and bole. Smoldering is a combustion process that occurs
without a flame and produces heat from slow oxidation of
pyrolyzed fuel elements (Miyanishi 2001). Smoldering com-
bustion generally occurs after the passage of the flaming
fireline and consequently is not directly related to I (Hart-
ford and Frandsen 1992; Miyanishi 2001). Smoldering com-
bustion may be particularly important for mortality of

species such as P. ponderosa, where it is thought that nearly
100 years of fire exclusion has resulted in abnormally deep
layers of duff around large boles (Ryan and Frandsen 1991;
Swezy and Agee 1991). These deep layers of duff can sup-
port smoldering combustion for hours or days following pas-
sage of the flaming fireline, which can combust any fine
roots located within the duff (Swezy and Agee 1991) and
also conduct heat through soil and into the tree, where
phloem and cambium necrosis can occur (Ryan and Frand-
sen 1991). Including processes of smoldering combustion
into the model will first require development of a model for
smoldering combustion of duff. To our knowledge, a proc-
ess-model of smoldering combustion of duff has not been
published, although models for packed cellulosic materials
(reviewed in Miyanishi 2001) should provide insight.

Clearly, the present derivation does not consider all of the
mechanisms linking fire behavior and tree mortality, because
our understanding of these mechanisms is limited by the
lack of process-based framework for defining and validating
potential mechanisms. Progress in this area will require
moving from a reliance on logistic regression models to-
wards general process-based models. This model provides
the framework for this endeavor.
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Appendix A

Table A1. List of papers published between 1980 and 2007 that contain at least one unique logistic regression model of postfire tree mortality.

Source Species Location Covariates

Bevins (1980) Pseudotsuga menziesii West-central Montana Crown scorch height, diameter at breast height
Peterson and Arbaugh (1986) Pinus contorta, P. menziesii Idaho, Montana, Wyoming Basal scorch, crown scorch volume, insect damage
Brown and DeByle (1987) Populus tremuloides Idaho, Wyoming Bark char circumference, bark char height (mean), diameter at

breast height
Ryan and Reinhardt (1988) Abies lasiocarpa, Larix occidentalis, Picea

engelmannii, P. contorta, P. menziesii,
Thuja plicata, Tsuga heterophylla

Idaho, Montana, Oregon, Washington Bark thickness, crown scorch volume

Ryan et al. (1988) P. menziesii Western Montana Cambium condition, crown scorch volume, diameter at breast
height, foliage scorch height, season

Peterson and Arbaugh (1989) P. menziesii Oregon, Washington Bark char depth, bark thickness, cambium condition, crown scorch
volume, site

Rebertus et al. (1989) Quercus laevis Southern Florida Diameter at breast height, diameter at breast height of three nearest
Pinus palustris trees, distance to three nearest Pinus palustris
trees

Saveland and Neuenschwander (1990) Pinus ponderosa Northern Idaho Crown scorch height, diameter at breast height
Finney and Martin (1993) Sequoia sempervirens Northwestern California Crown scorch height, crown scorch volume, diameter at breast

height, flame length, fuel consumption
Harrington (1993) P. ponderosa Southwestern Colorado Crown scorch length, diameter at breast height, season
Regelbrugge and Conrad (1993) Caloccedrus decurrens, P. ponderosa, Quer-

cus chrysolepis, Quercus kelloggii
Central Sierra Nevada California Bark char height (maximum), diameter at breast height

Regelbrugge and Smith (1994) Acer rubrum, Amelanchier spp., Carya glabra,
Nyssa sylvatica, Quercus coccinea, Quercus
prinus, Quercus rubra, Quercus velutina

Virginia Bark char height (maximum), diameter at breast height

Pausas (1997) Quercus suber Northeastern Spain Bark thickness, diameter at breast height
Linder et al. (1998) Picea abies, Pinus sylvestris Northern Sweden Diameter at breast height
Mutch and Parsons (1998) Abies concolor, Pinus lambertiana Southern Sierra Nevada California Crown scorch volume, diameter at breast height
Guinto et al. (1999) Corymbia intermedia, Eucalyptus microcorys,

Eucalyptus pilularis, Eucalyptus resinifera,
Lophostemon confertus, Syncarpia glomuli-
fera

Australia Diameter at breast height

Williams et al. (1999) Unidentified spp. Northern Australia Diameter at breast height, fire regime, functional type
Gibbons et al. (2000) Unidentified Eucalyptus spp. Southeastern Australia Aspect, basal area, silvicultural system
Higgins et al. (2000) 76 unidentified spp. South Africa Fireline intensity, tree height
Borchert et al. (2002) Pinus coulteri, Pinus sabiniana Central California Bark char height (max.), crown scorch volume
Stephens and Finney (2002) A. concolor, Calocedrus decurrens,

P. lambertiana, P. ponderosa, Sequoiaden-
dron giganteum

Southern Sierra Nevada California Crown scorch height, crown scorch volume, diameter at breast
height, fuel consumption

Barlow et al. (2003) Amazonian forest spp. Central Brazil Bark char class, diameter at breast height, presence of buttresses
Beverly and Martell (2003) Pinus strobus Northwestern Ontario Diameter at breast height, stem blackening height
Hély et al. (2003) Picea mariana, Pinus banksiana,

P. tremuloides
Northwestern Québec Bark char height (max.), bark char height (mean), bark char height

(min.), diameter at breast height, tree height
Kelsey and Joseph (2003) P. ponderosa Oregon Ethanol concentration, water content
McHugh and Kolb (2003) P. ponderosa Northern Arizona Bole char severity, crown consumption, crown scorch volume
McHugh et al. (2003) P. ponderosa Northern Arizona Diameter at breast height, insect damage
van Mantgem et al. (2003) A. concolor California Crown scorch volume, radial growth rate
Outcalt and Wade (2004) Pinus elliottii, Pinus paulstris Northwestern Florida Diameter at breast height, percent bole char, percent crown death
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Table A1 (concluded).

Source Species Location Covariates

Rigolot (2004) Pinus halepensis, Pinus pinea Southeastern France Bark char depth, crown scorch volume, diameter at breast height
van Mantgem and Schwartz (2004) P. ponderosa Central Sierra Nevada, California Bark thickness, crown scorch class, stem scorch height
Dey and Hartman (2005) Carya spp., Cornus florida, Fraxinus

americana, N. sylvatica, Pinus echinata,
Quercus alba, Q. coccinea, Quercus
marilandica, Quercus muehlenbergii,
Quercus stellata, Q. velutina

Missouri Basal diameter, height

Raymond and Peterson (2005) P. menziesii Southwestern Oregon Diameter at breast height, crown scorch height, number of dead
cambium samples, percent volume crown scorch

Fensham and Fairfax (2006) Eucalyptus tereticornis Eastern Australia lignotuber area, maximum temperature class
Franklin et al. (2006) A. concolor, C. decurrens, P. coulteri, Pinus

jeffreyi, P. ponderosa, Quercus agrifolia,
Q. chrysolepis, Q. kelloggii

Southern Califronia Diameter at breast height, species group

Keyser et al. (2006) P. ponderosa South Dakota Diameter at breast height, bark thickness, percent bole char, percent
crown length scorched

Kobziar et al. (2006) A. concolor, C. decurrens, Lithocarpus
densiflorus, P. ponderosa, P. menziesii,
Q. kelloggii

California Bole char severity rating, diameter at breast height, height, percent
canopy closure, percent duff consumption, total crown damage

Perrakis and Agee (2006) P. ponderosa Southern Oregon Diameter at breast height, fire treatment, Keen’s crown vigor class
Schwilk et al. (2006) A. concolor, Abies magnifica, P. lambertiana,

P. jeffreyi, P. ponderosa
California Bole char height, crown scorch height

Sieg et al. (2006) P. ponderosa Arizona, Colorado, Montana, South
Dakota

Beetle presence, crown consumed volume, crown scorch volume,
diameter at breast height, minimum bole scorch height, ground
scorch severity, percent basal circumference scorched

Thies et al. (2006) P. ponderosa Eastern Oregon Basal char, bole scorch proportion, bud kill proportion, foliage
scorch proportion, live crown proportion

Hood and Bentz (2007) P. menziesii Montana, Wyoming Beetle presence, crown scorch volume, cambium-kill rating,
diameter at breast height

Hood et al. (2007) A. concolor, A. magnifica, C. decurrens,
P. jeffreyi, P. ponderosa

California Beetle presence, diameter at breast height, cambium kill rating,
percent crown length killed

Ritchie et al. (2007) P. ponderosa Northern California Diameter at breast height, distance from stand boundary,
disturbance history (treatment), structural diversity

Rodrı́guez-Trejo et al. (2007) Pinus hartwegii Central Mexico Diameter at breast height, intensity class, season, stand density
Sidoroff et al. (2007) P. sylvestris Southern Finland Charred stem ratio, diameter at breast height, bark thickness
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Appendix B. Parameter estimates used in
model calculations
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Table B2. Functions used to calculate scaling exponents 1/exp F
in bole taper eq. 21 (Newnham 1991).

Species F
Picea glauca 0:934þ 0:603X � 0:231DBH=Z �

0:447=
ffiffi
z

p
þ 0:0170Z=z� 0:0656Z=

ffiffi
z

p
Pinus banksiana,

Pinus contorta
0:772þ 0:959X � 0:0529ðDBH=ZÞ2 �

0:364X2DBH=Z � 0:0630Z=
ffiffi
z

p
þ

0:000232DBHðZ=zÞ
Populus

tremuloides
0:214þ 0:0967X � 0:559X3DBH=Z þ

0:0308=zþ 0:0621ðDBH=ZÞ=z2 � 0:0242Z=z

Note: X = [(Z – z) / (Z – 1.30)]. Nomenclature is as defined in Table 1.

Table B3. Normalization constants (B) and scaling
exponents (n) for eq. 22 relating tree height Z (m) and
diameter at breast height D1.3 (cm; Peng 1999).

Species B n R2

Picea glauca 0.865 0.892 0.963
Pinus banksiana 1.307 0.835 0.958
Populus tremuloides 2.612 0.635 0.975

Table B1. Slopes (a) and intercepts (b) for eq. 19 re-
lating bark thickness (x; cm) and bole diameter (D; cm;
calculated from Huang 1994).

Species a b R2

Picea glauca 0.012 0.237 0.999
Pinus contorta var. latifolia 0.012 0.138 0.999
Populus tremuloides 0.036 0.042 0.998

Table B4. Inverse thermal time constants (hA / �cV) (±SEM) for
buds (used for eq. 13) and corresponding critical plume tempera-
ture Tc (±SEM; calculated from eq. 15, assuming Ta = 25 8C; Mi-
chaletz and Johnson 2006).

Species N Foliage
hA
�cV
� 103ðs�1Þ Tc (8C)

Picea glauca 600 Present 13.63±0.30 98.10±1.26
Pinus contorta 600 Present 8.95±0.22 124.59±1.37
Populus tremuloides 600 Absent 59.16±1.93 64.72±0.50

Note: Heat transfer coefficients (h) were calculated for foliated
P. glauca and P. contorta buds and leafless P. tremuloides buds. Numerical
values are presented according to the convention hA / �cV� 103 (s–1),
where hA / �cV = 13.63 � 10–3 ± 0.30 � 10–3 s–1 = 0.01363 ± 0.00030 s–1.
Nomenclature is as defined in Table 1.

Table B5. Normalization constants (B) and scaling exponents (n)
for eq. 20 relating sapwood area (SA; cm2) and bole diameter (D;
cm).

Species B n (95% CI) R2

Picea glauca 1.030 1.64 (1.48–1.81) 0.853
Pinus contorta var. latifolia 0.281 2.14 (2.00–2.30) 0.916
Populus balsamifera,

Populus tremuloides
0.154 2.29 (2.09–2.51) 0.823

Note: Log-transformed data from Hall et al. (2003) were fit using Model
II reduced major axis regression (Sokal and Rohlf 1995).

Michaletz and Johnson 2029
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