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a b s t r a c t

Crown fire endangers fire fighters and can have severe ecological consequences. Prediction of fire behavior
in tree crowns is essential to informed decisions in fire management. Current methods used in fire man-
agement do not address variability in crown fuels. New mechanistic physics-based fire models address
convective heat transfer with computational fluid dynamics (CFD) and can be used to model fire in het-
erogeneous crown fuels. However, the potential impacts of variability in crown fuels on fire behavior
have not yet been explored. In this study we describe a new model, FUEL3D, which incorporates the
pipe model theory (PMT) and a simple 3D recursive branching approach to model the distribution of fuel
within individual tree crowns. FUEL3D uses forest inventory data as inputs, and stochastically retains
geometric variability observed in field data. We investigate the effects of crown fuel heterogeneity on
fire behavior with a CFD fire model by simulating fire under a homogeneous tree crown and a heteroge-
neous tree crown modeled with FUEL3D, using two different levels of surface fire intensity. Model output
is used to estimate the probability of tree mortality, linking fire behavior and fire effects at the scale of
an individual tree. We discovered that variability within a tree crown altered the timing, magnitude and

dynamics of how fire burned through the crown; effects varied with surface fire intensity. In the lower
surface fire intensity case, the heterogeneous tree crown barely ignited and would likely survive, while
the homogeneous tree had nearly 80% fuel consumption and an order of magnitude difference in total net
radiative heat transfer. In the higher surface fire intensity case, both cases burned readily. Differences for
the homogeneous tree between the two surface fire intensity cases were minimal but were dramatic for
the heterogeneous tree. These results suggest that heterogeneity within the crown causes more condi-

ractio
y.
tional, threshold-like inte
modeling and fire ecolog

. Introduction

Crown fires, fires which burn through vegetation canopies, pose
ignificant challenges to fire managers (Albini and Stocks, 1986)
ften spreading rapidly via lofted firebrands (Wade and Ward,
973) and burning with greater intensity and faster spread than
urface fires (Rothermel, 1983). Prediction of the conditions under
hich crown fires initiate and propagate are thus of primary con-

ern in fire management.
A number of models and decision support tools which predict
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

re spread in vegetation canopies have been developed. The sys-
ems used in Canada (Hirsch, 1996; Alexander et al., 2006) and
ustralia (Nobel et al., 1980) are empirical in nature, developed

rom correlative relationships observed in field studies, and pre-

∗ Corresponding author. Tel.: +1 406 329 4872; fax: +1 406 329 4877.
E-mail addresses: rparsons@fs.fed.us, rpfuel@gmail.com (R.A. Parsons).

304-3800/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.ecolmodel.2010.10.023
ns with fire. We conclude with discussion of implications for fire behavior
Published by Elsevier B.V.

dict fire spread as a function of weather and fuel conditions and the
slope of the terrain; variability in fuels is not addressed as crown
fuels are considered as a homogeneous single layer. This simplify-
ing assumption is common to other systems used in Canada as well
(Cruz et al., 2006). The systems used operationally in the United
States (Finney, 1998; Scott, 1999; Reinhardt and Crookston, 2003;
Andrews et al., 2005) are based primarily on a semi-empirical sur-
face fire spread model (Rothermel, 1972) and have been extended
to crown fire spread through links to Rothermel’s empirical crown
fire rate of spread model (Rothermel, 1991) via Van Wagner’s crown
fire initiation and propagation models (Van Wagner, 1977; Van
Wagner, 1993). In this modeling system, surface fuels are assumed
to be homogeneous, continuous and contiguous to the ground and
crown fuels are considered as a homogeneous layer of uniform
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

height above the ground, depth and bulk density; different mech-
anisms of heat transfer (i.e., radiative, convective or conductive)
are not explicitly modeled, nor are transitory fire behaviors. Fuel
models used as inputs to this modeling system consist of sets of

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
dx.doi.org/10.1016/j.ecolmodel.2010.10.023
http://www.sciencedirect.com/science/journal/03043800
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arameters (e.g. surface area to volume, heat content and fuel
oad) describing homogeneous fuel beds (Anderson, 1982; Scott
nd Burgan, 2005).

The assumption of a homogeneous crown layer is thus a central
omponent in current models used to predict crown fire behavior.
n reality, vegetation is never homogenous nor continuous but this
ssumption may be reasonable at coarse scales for dense forests
f trees very similar size and age, typified by the stands used in
an Wagner’s analysis (Van Wagner, 1964). It is increasingly tenu-
us, however, when applied to stands characterized by variability
n size and numbers of trees, where between-tree heterogeneity
ould be expected to be significant. Implicit in this assumption is
hat fuel variability at finer scales, such as within a tree crown,
s unimportant to fire behavior. However, evidence suggests that
re behavior is sensitive to fine scale spatial variability, including
ize, shape and orientation of particles, and distance between them
Fons, 1946; Vogel and Williams, 1970; Weber, 1990; Bradstock and
ill, 1993; Burrows, 2001; Pimont et al., 2009). Recent critiques
rgue that the assumptions and empirical basis of the modeling
ramework used for crown fire in the United States are inconsis-
ent with active spreading crown fire conditions and characteristics
Cohen et al., 2006) and often result in inaccurate predictions (Cruz
nd Alexander, 2010).

Fundamentally, crown fire occurs at the intersection of fire and
egetation canopies, both of which are sufficiently complex that
odeling is needed to understand and explain the key processes

nvolved. Advances in computing capabilities and simulation mod-
ling techniques over the last two decades have opened up new
ossibilities for modeling fire behavior and fuels with greater detail.

Mechanistic physics-based fire behavior models have been
ecently developed which can address fuel heterogeneity (Mell
t al., 1996, 2007, 2009; Linn, 1997; Morvan and Dupuy, 2001;
inn et al., 2002; Dupuy and Morvan, 2005; Linn et al., 2005). These
omputational fluid dynamics (CFD) models simulate fire behavior
ynamically over time within a three-dimensional spatial domain,
escribing the dynamics according to equations for the conserva-
ion of mass, momentum, energy and species. Unlike operational

odels, which assume steady state rates of fire spread (Rothermel,
972), CFD models are self-determining and are thus capable of
ddressing fire-fuel interactions arising from spatial variability
ithin the fuel bed, and fire-atmosphere interactions. CFD mod-

ls have been used to model fire at the scale of individual trees
Mell et al., 2009), but to date have not been used to explore the
otential impacts of heterogeneity within the crown of an individ-
al tree. One potential limitation is that these complex fire models
equire detailed 3D fuels inputs which are difficult to directly mea-
ure. Standard forestry inventory data only provide lists of trees and
asic attributes, such as height and diameter, and lack the more fun-
amental fuel characteristics such as bulk density. While methods
ave been developed to estimate bulk density at the stand scale
hrough indirect measurements (Keane et al., 2005), more sophis-
icated approaches, typically involving modeling, are required to
ddress this need at finer spatial scales.

Developments in models of plant structure and function,
eferred to as functional structural plant models (FSPMs) (Godin
nd Sinoquet, 2005), also offer new opportunities for improving
ur understanding of crown fire behavior, particularly with respect
o the nature of vegetative canopies. FSPMs generally model plants
s spatially explicit 3D structures, often with extremely realistic
etail (Godin et al., 2004; Kang et al., 2008; Pradal et al., 2009). Plant
rchitecture can be represented in a number of ways (Godin, 2000)
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

hich facilitate analyses of numerous aspects of plant growth,
hysiology and interaction with the environment (Balandier et al.,
000; Mathieu et al., 2009).

Unlike the fuel models used to provide inputs to operational fire
ehavior models, which assume homogeneous fuel characteristics,
 PRESS
delling xxx (2010) xxx–xxx

FSPMs are capable of modeling vegetation with substantial detail,
characterizing not only the structure and composition of plants
(Prusinkiewicz, 2004) but also dynamic processes such as carbon
allocation, growth, hydraulic function (Balandier et al., 2000; Allen
et al., 2005) and biomechanical properties (Jirasek et al., 2000).
Of particular relevance to the problem of crown fire are mod-
els that address interactions between plants and the environment
(Sinoquet and Le Roux, 2000; Sinoquet et al., 2001). For example,
Pimont et al. (2009) recently employed an FSPM to explore the
effect of heterogeneity in canopy fuel on radiative heat transfer.
Although the use of FSPMs to describe fuels is a relatively new con-
cept (Caraglio et al., 2007), the potential value that advanced plant
models can contribute to consideration of fuel and fire interactions
is considerable.

In this investigation we use modeling to explore the effect of
heterogeneity in bulk density within a tree crown on fire behavior.
Using a simple FSPM, FUEL3D, we simulate the spatial distribution
of biomass in an individual ponderosa pine. Then, using a CFD fire
behavior model, WFDS (Mell et al., 2009), we conduct a numer-
ical experiment in which we compare fire behavior between the
spatially variable tree modeled with FUEL3D and a homogeneous
crown that has the same gross dimensions and amount of fuel. We
then explicitly link fire behavior and fire effects at the scale of an
individual tree by using a statistical model to predict the proba-
bility of fire induced mortality for these trees. We conclude with
discussion of the ecological and management implications of our
simulation study.

2. Model description

2.1. Overview

FUEL3D is a static, stochastic, functional structural plant model
(FSPM) designed to characterize the spatial distribution of biomass
within a tree crown for the purpose of facilitating detailed simula-
tions of fire behavior. FUEL3D provides a means by which typical
stand inventory data, such as tree heights, diameters and other
basic measurements, can be used to develop detailed inputs to
advanced fire behavior models. Fig. 1 presents a conceptual dia-
gram of the FUEL3D model, and a list of symbols for the FUEL3D
model is presented in Table 1. Biomass quantities, determined with
empirical equations, are distributed in space as a collection of sim-
ple solid shapes (e.g. cylinders and frustums) using a pipe model
based approach (Shinozaki et al., 1964) and a recursive branch-
ing algorithm. These structures are stored in a spatially explicit
database which tracks their coordinates, surface area, volume and
mass, as well as additional attributes relating to combustion char-
acteristics, such as silica content, material density and heat of
combustion, determined from the literature. Attributes which may
be more dynamic in nature, such as fuel moisture content, are
assigned. Other descriptors link each object in the database to oth-
ers with which it shares a common identity (e.g., all pieces of the
same branch, all parts of the same tree). These descriptors provide
the capability of extracting subsets of a tree on the basis of a simple
query (e.g. a particular branch identity number) and also facilitate
analysis and post-processing of model outputs for visualization and
summarization.

To provide inputs for CFD fire behavior models, or other 3D
models, the spatially explicit database is summarized to volumet-
ric cells (voxels). In this way the model represents vegetation both
as explicit objects in space and as summarized quantities within
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

specified volumes. An important aspect of this approach is that
the same set of detailed 3D objects, with explicit coordinates and
dimensions, can be summarized to voxels at different resolutions,
effectively spanning a range of spatial scales. Although FUEL3D can
be used to model a broader range of plants, such as shrubs, grasses

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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Probability distributions 
describing branching nodes

Generate branches 
to add to stem. 

Each new branch is added 
to spatial 3D database

Field measurements of branching 
geometry by species

Visualization or further 
analysis

Model stem and 
estimate crown 

biomass to distribute.

Use voxelized fuels as 
inputs to 3D fire model

Simulate fire behavior with 
detailed fuels inputs

Stochastic branch 
node generator

START

Tree list with 
standard tree 

measurements

Add branches to 
stem, one at a time. 

Allocate biomass 
according to pipe 

model

Continue branching 
until all crown 
biomass fully 

distributed. At each 
branching node, 

geometry is 
stochastically 

generated.

END

Query spatial database to 
select biomass 

components of interest

For each tree …

Summarize fuels in database to 
voxels at desired spatial resolution

Fig. 1. Schematic diagram presenting an overview of the FUEL3D model. FUEL3D
is a functional structural plant model designed to investigate the effects of crown
fuel heterogeneity on fire behavior. Each tree is different, with branching archi-
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Table 1
List of symbols and their meanings for the FUEL3D model.

Symbol

Individual tree measurements from inventory
HT Tree height (m)
R Crown ratio, proportion of total tree height occupied by continuous

live crown
DBH Diameter at breast height (cm)
SPP Species code; used to link species specific geometry parameters

Symbols used in FUEL3D model
Abreast height Cross-sectional area at breast height
Acrown base Cross-sectional area at base of live crown
Abn Cross-sectional area available for branching at the nth whorl
ABp Cross-sectional area of a parent segment
ABi Cross-sectional area of a particular child segment at a branching

node
ASi Cross-sectional area for stem at whorl i
ABi Cross-sectional area for branch wood at whorl i
C1 Starter segment length/estimated branch total length
C2 Proportion of biomass allocated to dominant child at a branching

node
rz Stem radius at height z
LT Predicted total branch length
�0 Initial segment length
l A segment length
� Ratio of child segment length to parent segment length
m Number of child branches at a branching node
MT Total woody biomass (kg)
MB Branch woody biomass in crown (kg)
MS Stem woody biomass (kg)
MF Foliar biomass
MBi Branch biomass assigned to a particular whorl
MFi Foliar biomass assigned to a particular whorl
MBij Branch woody biomass assigned to branch j on whorl i
MFij Foliar biomass assigned to branch j on worl
n Number of whorls on the main stem
� Wood density, assumed constant throughout tree
�f Average foliar material density
VT Total woody volume (M3)
VB Volume of branch wood (m3)
VS Stem wood volume (m3)
r0 Stem radius at tree base
r1 Stem radius at breast height
r2 Stem radius at crown base
r3 Minimum radius, measured at ends of branches
ecture modeled stochastically by sampling from probability distribution functions
nd histograms parameterized from field measurements. The output of the model
s a database of spatially explicit biomass components, such as branch segments
r foliage needles; these objects are then summarized to 3D voxels for input to a
hysics based fire behavior model, WFDS.

nd deciduous trees, these developments are still in preliminary
tages. In this study we utilize FUEL3D to model a Ponderosa pine
ree.

FUEL3D relies theoretically on the pipe model theory (PMT)
Shinozaki et al., 1964), which envisions trees as a collection of
unit pipes”, where a unit pipe transports water to a unit of
oliage. This balance between water supply and demand provides
or a straightforward and generally accurate estimation of biomass
uantities and allometric scaling relationships. For this reason,
espite criticism of its simplistic portrayal of plant function such
s hydrodynamics (Tyree and Ewers, 1991) the pipe model plays
key role in many contemporary forest models (Robichaud and
ethven, 1992; Chiba, 1998; Perttunen et al., 1998; MacFarlane

t al., 2000; Alexandrov, 2008) and is widely cited in the literature
Grace, 1997).

Spatially explicit models of trees and shrubs have been devel-
ped with different levels of detail. The most common applications
f such models are light dynamics and plant growth models (see
runner, 1998; Busing and Mailly, 2004 for reviews of several such
odels, respectively). A common approach is to represent trees and

hrubs crowns as simple geometric forms, such as cylinders, cones
r ellipsoids (e.g. Canham et al., 1999; Kuuluvainen and Pukkala,
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

989; Pukkala et al., 1993). Such representations are limited to
articular scales because detail within the tree crown is not mod-
led. Tree crowns are fractal-like objects, having properties and
eometry that combine aspects of both two dimensional and three
imensional bodies and which exhibit self-similarity across a range
x x coordinate
y y coordinate
z z coordinate

of scales (Mandelbrot, 1983; Godin, 2000; Godin et al., 2004). A
number of FSPMs have been developed which employ fractal meth-
ods to simulate plant architecture for tree crowns (Berezovskaya
et al., 1997; Chen et al., 1994) or for root systems (Ozier-Lafontaine
et al., 1999; Richardson and zu Dohna, 2003). Such approaches are
useful in representing canopy fuels because they more accurately
capture the natural pattern of clumps of fuel separated by gaps,
such as those between needles and between branches. FUEL3D
shares some similarities with these approaches, largely through
its use of recursive branching, described later in this paper, to con-
struct a tree crown as a series of modular components. However,
while it produces simulated plant architectures that are fractal-like,
FUEL3D robust theoretical analysis of fractal behaviors (e.g. West
et al., 1997) is not a primary objective of the model.

2.2. Model formulation

2.2.1. Biomass estimation
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

FUEL3D begins with estimation of biomass quantities. Once
these quantities are determined, the model then distributes them in
space until they are used up. The FUEL3D model iterates through a
tree list, simulating one tree at a time. For each tree, foliage biomass,
MF, and crown branchwood, MB, are estimated with biomass equa-

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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Fig. 2. Schematic diagram of (a) radii from four points on the tree stem used in
the FUEL3D model to model the tree bole with (a and b) quadratic polynomial. The
polynomial is fitted to each individual tree. Of the four points, only r1, radius at
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ions. Multiple biomass equations are included for various species
n a database and selection of which biomass equation to use is a
ser input. The default biomass equation is of a form that incorpo-
ates the crown ratio, R (proportion of total tree height occupied
y continuous live crown) as inclusion of this variable has been
emonstrated to significantly improve the accuracy of biomass
stimates (Brown, 1978; Valentine et al., 1994a,b; Hoffmann and
soltsev, 2002). The advantage of using an empirical biomass equa-

ion is that biomass estimates will be more accurate for specific
ocations. In the event that a more specific biomass equation is not
o be found, the model defaults to a more general equation (Jenkins
t al., 2003).

For Ponderosa pine (Pinus ponderosa), crown biomass is esti-
ated using the equation provided by Brown (1978). Brown’s

quation calculates a total crown biomass (foliage + crown branch-
ood) as

C = e(2.2812 ln(d)+1.5098(ln(R))−3.0957); (1)

Foliage biomass, MF, is then calculated as a proportion of that
otal as

fol = 0.558e(−0.0457d), (2)

here MC is the total biomass within the crown, R is the crown ratio,
alculated (for the purposes of the Brown’s equation) as 10(crown
ength/tree height), d is tree diameter at breast height in inches,
nd output biomass is measured in pounds. The crown branchwood
iomass, MB is calculated by subtraction, as MC − MF.

.2.2. Distributing biomass in space
With the crown branchwood biomass, MB, and foliar biomass,

F, determined, FUEL3D proceeds to distribute those quantities
n space. For monopodial species (having a single dominant stem)
uch as most conifer trees, FUEL3D begins with the tree bole. The
ree bole is modeled as a quadratic polynomial tapering column
Goulding and Murray, 1975) of the form

z = p1z2 + p2z + p3 (3)

here rz is the radius of the tree bole at height z and p1, p2, and
3 are coefficients of the second order polynomial. The polynomial
oefficients are determined through a nonlinear fitting procedure
or each tree using four points: the radius at the base of the bole, r0,
redicted from species specific bole taper equations (for Ponderosa
ine, Alemdag and Honer, 1977) and r1, the radius at breast height
measured), radius at the base of the live crown, r2, described below,
nd a minimum radius, r3, estimated from field measurements at
he ends of branches, and assumed to be the radius at the top of
he tree (Fig. 2). In fitting the polynomial to predict bole radius as a
unction of height, the coordinate at the top of the tree is weighted
o constrain the polynomial to positive bole radius values.

The radius at the base of the live crown, r2, is estimated as

2 =
√

Acrown base

�
(4)

nd

crown base = R Abreast height (5)

here Abreast height is the cross-sectional area at breast height, and
is the crown ratio (proportion of total height occupied by con-

iguous crown) (Valentine et al., 1994a). Following the pipe model
heory, biomass is proportional to the cross-sectional area at the
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

ase of the live crown, Acrown base. Non-conducting heartwood is
ssumed to be present in the bole below the crown base, resulting
n a tapered form and is accounted for in the quadratic tapering.

Woody biomass within the stem, MS, is determined by integrat-
ng the polynomial, Eq. (3), and multiplying that volume by the
breast height, is required as an input for each tree; r0, radius at the base of the
stem, is predicted from species specific bole taper equations, r2, radius at base of
live crown, is estimated from r1 and the crown ratio, and r3, average radius at tip of
a branch, is estimated from field measurements taken to describe a species. .

density, �; for this study a standard wood density for ponderosa
pine, of 400 kg m−3, was used (Alden et al., 2000). Woody branch
biomass, MB is provided by the biomass equation. The total woody
biomass, MT, is the sum of these two quantities. The corresponding
woody biomass volume, VT, is the sum of the volume of the bole
and the volume of the branch wood, VB, calculated as � MB. Consis-
tent with the pipe model, this volume is considered as a cylinder
for which the base is Acrown base .The separation of the volume con-
tributed by the stem and the volume contributed by branch wood
gives FUEL3D ample flexibility for representing the distribution of
biomass; inventory data provide tree height, height to crown base,
and diameter at breast height, while biomass equations set the
quantity of crown foliage and branch wood to distribute in space.

Starting at the base of the live crown and continuing upward, the
stem is divided into a series of polynomial sections, 1, . . ., n, which
represent whorls of branches on the stem and the spaces between
them. Inter-whorl section lengths are stochastically generated from
probability distribution functions parameterized from field data,
and described in the next section.

At each whorl, a portion of the cross-sectional area is diverted
laterally to branches, while the remainder continues farther up
in the main stem of the tree. The proportion of Acrown base cross-
sectional area used by the tree stem at any whorl i, ASi, at a given
height z, is calculated from the polynomial as
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

ASi = Az = �r2
z (6)

where the radius, rz, at any height z is provided in Eq. (3).The cross-
sectional area that is available to be diverted laterally to branches

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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t that whorl, ABi, is then

Bi = Acrown base − ASi −
∑i−1

1
AB (7)

Foliar biomass, MFi, and crown branchwood, MBi, are allocated to
he branches which comprise whorl i, based on the cross-sectional
rea.

Fi = MF
ABi

Acrown base
(8)

nd

Bi = MB
ABi

Acrown base
(9)

In other words, as cross-sectional area (and corresponding
iomass quantities) is diverted laterally to branches, the cross-
ectional area available for branches above that point is reduced
ccordingly. In this manner, cross-sectional area at the base of the
ive crown, and corresponding biomass quantities, are conserved,
n strict accordance with the pipe model.

.2.3. Stochasticity in branching architecture
Variability in branching architecture is readily observed in real

lants and thus has been applied in numerous FSPMs (Ford, 1987;
urth, 1994; Kang et al., 2008). Durand et al. (2005) developed a
tatistical approach for identifying areas within a 3D digitized plant
here morphological characteristics are similar, and where they

hange.
FUEL3D employs a more simplistic stochastic process to address

ariability in branching architecture, where field data are used to
haracterize branching architecture by branch order and variability
s described with probability distribution functions. These probabil-
ty distribution functions are then accessed during the simulation
f a tree. Each whorl on the main stem, as well as on subsequent
maller branches, is modeled as a branching node, consisting of a
arent segment which splits into two or more child segments. Char-
cteristics of each node are modeled stochastically, drawn from
he distributions parameterized from field data; in this manner,
ariability observed in the field is retained in the model. Different
ypes of characteristics are modeled with different forms. Discrete
uantities, such as the number of branches, m, at a given whorl,

, are drawn from histograms, while continuous variables, such
s orientation angles, are drawn from Beta probability distribu-
ion functions, described below. The Beta distribution was selected
ecause it is flexible and bounded at both ends, which constrains
utput values to realistic ranges and avoids issues associated with
eavy tailed distributions (Evans et al., 1993).

For each characteristic, distributions are fit by branch order; if
ifferences between branch orders are not substantial, data are
ooled and distribution parameters are applied to all applicable
ranch orders. This approach ensures that changes in architec-
ure which may manifest themselves at different branch orders
re maintained. Each whorl thus may have different numbers of
ranches and geometry.

The general form of the probability density function of the Beta
istribution, bounded in the range a ≤ x ≤ b, where a and b are lower
nd upper bounds, respectively, and v and w are shape parameters,
equired to have positive values (v > 0, w > 0), is

(x|a, b, v, w) = (x − a)v−1(b − x)w−1

ˇ(v, w)(b − a)v+w−1
(10)
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
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ˇ(v,w) is the Beta function, defined as

(v, w) =
∫ 1

0

uv−1(1 − u)w−1 du (11)
 PRESS
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depending on the values of the shape parameters v and w, the beta
distribution can exhibit a wide variety of forms. Incorporating these
probability distributions within the FUEL3D model ensures that
variability observed within field data is preserved in model output.

Within any given whorl, each branch is assigned an initial seg-
ment length, �0, set as a proportion of the expected total branch
length, LT, as follows:

�0 = LT C1 (12)

where LT is total branch length predicted empirically from branch
diameter, and C1 is drawn from a Beta distribution parameterized
from field data, and defined by the ratio of the length from the
branch base to the first live second order branch to the total branch
length.

FUEL3D produces a list of branching nodes, for all whorls on
the main stem. Each branch is specified by an initial segment,
orientation, branch basal diameter, and associated total biomass
quantities. This process of building the branching nodes along the
stem simply enables modeling of branches one at a time, which
greatly reduces the computational resources required by the model.
As each branching node is produced it is added to the spatially
explicit database describing the tree.

Each branch is modeled with a recursive (self-referencing)
algorithm, similar to other fractal tree models (Niklas, 1986;
Berezovskaya et al., 1997; van Noordwijk and Mulia, 2002). The
algorithm extends itself, splits into smaller branches, which them-
selves split into smaller branches, and so on until the biomass
quantities allocated to the branch are exhausted. As in the branch-
ing nodes on the stem, cross-sectional area is preserved, and is
used to allocate biomass; each branching node is stochastically gen-
erated, producing branching structures that mimic the variability
observed in real trees.

Using field data for parameterization, FUEL3D sets the propor-
tion of cross-sectional area, and corresponding biomass, in the
dominant child segment. This enables FUEL3D to account in a
simple manner for apical control, in which the main, usually cen-
tral portion, of the branch is larger and longer than the smaller
branches which extend off of it (Fig. 3), similar to the approach
used in other static fractal models in which child segments can be
of unequal size (Ozier-Lafontaine et al., 1999; Richardson and zu
Dohna, 2003).

A particular branching node is created with orientations
between component segments but generic dimensions. Its posi-
tion is also generic, with the base at the origin (x = 0, y = 0, and z = 0),
with the main segment (which would typically serve as the contin-
uing extension of the parent branch segment) oriented along the
z-axis. After a particular branching node is generated, its dimen-
sions are scaled such that biomass is accounted for, and it is rotated
and translated in space, following standard rotation matrices, such
that its orientation is consistent with the parent segment and that
it extends from the distal end of the parent segment. Similar to
the approach used by Richardson and zu Dohna (2003), segment
lengths are scaled as

� = p1/3 (13)

where p is the proportion of the sum cross-sectional area for a par-
ticular child segment and � is the ratio of the child length to the
parent segment length. Each segment continues to branch, pro-
ducing a new branching node consisting of some number of child
segments, until it reaches a minimum diameter, measured from
field data. When this occurs the algorithm stops branching and
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

constructs a terminal structure. For conifers, terminal structures
consist of a short branch segment in which foliar biomass is divided
into individual needles, arranged in fascicles (clumps); fascicles are
distributed on the branch segment with gaps between them based
on field measurements. Measurements of needle dimensions and

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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ig. 3. Example of two branches modeled with FUEL3D, shown as line figures. A cha
ranch and a different geometry. Branches shown in this figure were developed wi
egment in a branching node would be clearer.

ngles are part of the detailed data collection used to parameterize
species. FUEL3D can model the position of each individual nee-
le. However, for many purposes, such as summarization to voxels
described below), this has a high cost in computation time. For this
eason, terminal structures are generally represented with simple
ylindrical bounding volumes which account for biomass quantities
ithin them. Bounding containers are also useful in characteriz-

ng whole crown volumes, facilitating analyses of fuel properties at
oarser (less resolved) spatial scales.

.3. Summarization to discrete volumes

In order for the collection of branch segments and foliage which
ompose the simulated tree to be used in a numerical fire model
t is necessary to convert the output data to values associated with
hree-dimensional grid cells, or voxels. This is done via a Monte
arlo integration approach, in which the volume of each segment
r other component of the modeled biomass is populated with
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
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andom points; these random points are then juxtaposed on the
oundary lines of the mesh which define the three dimensional
rray. Biomass is apportioned among the grid cells which contain
oints on the basis of the proportion of points found in each grid
ell. A similar procedure is followed for surface area, where ran-

ig. 4. Demonstration of the spatial pattern of fuels within a small tree modeled with FUE
b) 0.25 m; (c) 0.1 m.
the allocation of biomass to the dominant branch segment has resulted in a longer
variability in angles or lengths, such that effect of biomass allocation to the central

dom points are constrained to be located on the surface of the
modeled biomass component. In this manner the total quanti-
ties are preserved across whatever spatial scale is desired. Fig. 4
illustrates the spatial pattern of fuels within a small tree modeled
with FUEL3D, and then summarized to voxels at three differ-
ent cell resolutions (0.5 m, 0.25 m and 0.1 m). This summarization
approach enables the FUEL3D model to characterize wildland fuels
across a spectrum of spatial scales. Summarization to voxels can be
carried out for different fuel components, such as within a partic-
ular range of diameters, by querying the spatial database prior to
summarization.

2.4. Field data collection

Field measurements used to parameterize FUEL3D for pon-
derosa pine in this study came primarily from two sources.
Relationships predicting branch biomass quantities and gross
dimensions (total length and width) from branch basal diameter
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

were provided by an intensive, destructive sampling field study,
known as the Crown Fuels Study (CROWNFUELS) (Keane et al.,
2005; Reinhardt et al., 2007); these data were used extensively
in preliminary development of the FUEL3D model (Parsons, 2006).
For this study, additional destructive sampling, referred to as the

L3D and then summarized to voxels at three different spatial resolutions: (a) 0.5 m;

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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Table 2
Parameters used in FUEL3D model determined for Ponderosa pine from field data. Source 1 is data collected at Ninemile, Montana in 2007, Source 2 is data collected as part
of CROWNFUELS study at Ninemile, MT 2000–2002.

Parameter Source Description

Empirical constants and relationships
r3 1 Minimum branch radius

(mm)
2.1

LT 2 Predicted total branch
length LT = 0.6369d0.8909,
R2 = 0.968

Parameter Source Description Lower bound Upper bound Shape parameters

a b v w

Continuous variables modeled with Beta distribution
Li 1 Inter-whorl length, along main stem, for a whorl, i (cm) 5 95 4.8 16.7
C1 1 Starter segment length proportion of total length 0.1 0.3 27.4 31.2
C2 1 Proportion of biomass allocated to dominant child at node 0.4 0.9 5.1 8.2
Angle 1 1 Angle between axes of parent segment and child segment 42 91 14.9 5.3
Angle 2 1 Angular variability, perpendicular to Angle 1 1 17 13.8 17.4

Discrete variables, sampled from empirical histograms
mfirst order 1 Number of observations, by bin (388 total) 198 126 54 5 4 1

Number of branches at a whorl, incl. continuing parent 2 3 4 5 6 7
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mhigher order 1 Number of observations, by bin (687 total)
Number of branches at a whorl, incl. continuing pa

RANCHGEOM study, was carried out at Ninemile on the Lolo
ational Forest near Missoula, Montana in July 2007. The purpose
f the BRANCHGEOM study was to characterize branching nodes
or ponderosa pine. Ten Ponderosa pine trees were selected from
he same stand and were felled using a restraining system so the
ree crowns would not be damaged by felling. Measurements were
aken at three levels: for the whole tree, whorl (on main stem)
nd on and within individual branches. For each tree, total height,
iameter at breast height, and height to the base of the live crown
ere measured. Whorl measurements included height above the

round, stem diameter above and below the whorl and number of
rst order branches. For each first order branch, basal diameters,
ngles relative to the main stem, and lengths to next branching
ode were measured. Branch diameters were taken with metric
igital calipers and angles were measured with transparent plas-
ic angle gauges. These measurements described branching nodes
long the main stem. Similar measurements were made within
ranches to capture geometry at higher branching orders, based
n a subsample of every third branch. Geometry of foliage clumps,
hich represent a special case of branching node, was charac-

erized with additional sub sampling. Finally, digital images were
aken of each sub-sampled branch, with and without foliage, with
metric ruler for scale, to capture whole branch geometry. Basic
easurements of angles, lengths and diameters made post-field

pon these images provided additional data describing branch-
ng geometry. Additional measurements, such as branch curvature,

ere made upon these images post field using image process-
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

ng software but ultimately were not explicitly used in the model
ormulation. Altogether 388 first order branching nodes and 687
igher order branching nodes were described. Geometric variabil-

ty within this population of branching nodes was characterized
tatistically by branching order. Parameter estimates for the Beta

able 3
ummary of fire behavior simulation outputs. In right most column, Pmort refers to the pr

Solid fuel (kg)

Label Fuel Consumed % loss Duration

HL 44.9060 35.7987 79.72 56.49
VL 44.9060 0.4184 00.93 54.80
HH 44.9060 44.7963 99.76 52.70
VH 44.9060 38.0156 84.66 63.49
281 209 121 50 21 5
2 3 4 5 6 7

distribution characterizing geometric branching variability were
made with Maximum Likelihood Estimation (MLE) using the statis-
tical software, R. Data were pooled if analysis revealed insignificant
differences between branch orders.

2.5. Fire behavior simulation

We tested the effect of variability in the spatial distribution
of biomass within the crown of an individual tree on fire behav-
ior with the Wildland-Urban Interface Fire Dynamics Simulator
(WFDS) model (Mell et al., 2009). WFDS is a recent extension of
the Fire Dynamics Simulator (FDS version 5.2), a CFD fire model
designed for structural fire applications. FDS was extended to
accommodate vegetative fuels, such as foliage, as well as complex
terrain and ambient wind flows. WFDS is a physical numerical fire
behavior model in which CFD methods are used to solve the three-
dimensional, time-dependent equations governing fluid motion,
combustion, and heat transfer. A low-Mach number approxima-
tion (Rehm and Baum, 1978) of the governing equations for mass,
momentum, and energy is used; a large-eddy simulation (LES)
approach for turbulence modeling (Smagorinsky, 1963) provides a
time-dependent, coarse-grained numerical solution to those equa-
tions. A direct solver for the pressure Poisson equation significantly
speeds up calculations compared to iterative methods. WFDS has
been used in domains of 1500 m × 1500 m for the simulation of
Australian grassland fires (Mell et al., 2007).

Our simulation experiment compared two different tree
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

crowns: a spatially variable crown (V), modeled with FUEL3D, and
a homogeneous crown (H), with the same total fuel quantity and
gross dimensions as the spatially variable tree crown. We simu-
lated fires under these two tree cases with two levels of surface fire
intensity: Low (L), and High (H), for a total of four simulations: (HL,

obability of mortality calculated for each tree.

Total net radiative heat transfer (kW) Pmort

Peak Mean Stdv

2677.90 343.63 651.69 0.9160
229.35 74.51 77.34 0.2668

2520.60 361.77 669.36 0.9868
3015.62 462.87 801.82 0.9439

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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Fig. 5. Simulated tree views—example visualizations of a Ponderosa pine tree (Pinus
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L, HH, VH). Our numerical experiment is described in more detail
elow.

.6. Example spatially variable tree crown, modeled with FUEL3D

We used the FUEL3D model to simulate the distribution of
iomass within the crown of an individual ponderosa pine tree,
ith standard forest inventory measurements of stem diameter

t breast height of 25.4 cm, an overall height of 10.0 m, height to
ive crown base of 1.5 m and an average crown radius of 2.5 m.
he resulting spatially explicit database of woody components and
oliage was then queried to extract all material ≤6 mm in diameter.

aterial of this diameter is considered to be “thermally thin” and
ominates fire behavior due to its high surface area to volume ratio,
nd rapid interaction with incident heat fluxes.

The set of thermally thin fuel elements within the database was
hen summarized to cells 0.25 m on a side for input into the WFDS
re behavior model.

.7. Homogeneous tree crown

The homogeneous case tree was modeled as a right frustum
truncated cone), with the same gross dimensions as the spatially
ariable tree crown described above; diameter at the base of the
rustum was 5 m and diameter at the top was 1 m. The frustum was
ocated the same height above the ground (1.5 m) and extended to
he same height (10 m) as the tree modeled above.

The spatial domain used in these simulations measured 24 m
y 24 m by 20 m. Resolution was 0.25 m in all directions, for a
umerical grid of 96 cells by 96 cells by 80 cells. This domain was
artitioned into 9 equally sized sub-domains measuring 32 × 32
y 80 cells and run on 9, 64 bit processors. Total simulation time
as 180 s; with the nine processors, real time duration of each

imulation averaged 2 h and 20 min.
The surface fire was simulated as user- prescribed advancing

aming front with a constant forward spread rate (0.1 m s−1) and
esidence time (20 s). The intensity (heat release rate) was set at
00 kW for the low intensity cases (HL and VL) and 400 kW for
he high intensity cases (HH and VH). This approach is not entirely
ealistic for real surface fuels because it eliminated some potential
eedback interactions, such as impacts to the velocity field, between
re in the crown and the surface fire. The intent of this approach
as to facilitate comparison between simulations by ensuring that

he timing and geometry of the surface fire front was consistent
cross all simulations. For each simulation we tracked the solid
uel mass loss (dry mass and moisture mass) and total net radia-
ive heat transfer (Qradnet) over time to facilitate comparison of fuel
onsumption and energy release. Simulation outputs were sum-
arized in graphs and tables. Total net radiative heat transfer was

alculated as

radnet =
∑

j

∫
∇ · qrad dVj (14)

here the sum is over all j cells comprising the tree crown, and Vj
s the volume of cell j.

To simplify the experiment, all fuel cells had the same funda-
ental combustion properties, with heat of combustion, defined as

he heat released per kg of gaseous fuel, set at 17,700 kg−1 (Susott,
982), surface area to volume ratio constant at 4000 m−1 and the
rag coefficient was set at 0.375. A maximum burning rate was
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial models of fuels and fire: Effects of spatial heterogeneity on fire behavior.
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

et as 0.4 as was the maximum dehydration rate, based on experi-
ents of burning Douglas fir trees (Mell et al., 2009). Char fraction
as set to 0.25, and foliar material density, �f, was 514 kg m−3

Mell et al., 2009). Fuel moisture content was constant at 90% on a
ry weight basis. The only form of variability considered in our

ponderosa) simulated with the FUEL3D model; geometry is parameterized from field
data. The top figure (a) shows an individual needle clump, middle figure (b) shows a
tree modeled with explicit spatial detail to the level of individual needles. For most
purposes, this representation is unwieldy; for this reason, groups of detailed smaller
structures can be represented with larger simple bounding volumes, such as cylin-
ders, as shown in bottom figure (c). Visualization is done using a ray tracing program.

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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umerical experiment was thus variability in bulk density. Fol-
owing the process of summarization to grid cells, each grid cell
ad a different quantity of fuel; this however exceeded the cur-
ent capabilities of the WFDS model in terms of the number of fuel
escriptions that could be handled. Fuels were therefore converted
o categorical values with 100 different classes using a histogram
pproach.

.8. Linking fire behavior and fire effects

For each of the four simulations (HL, VL, HH, and VH), we used
n empirical tree mortality equation to assess the probability that
he tree would be killed by the fire (Pmort), using the equation:

mort = 1

e(−1.941+(6.315(1−e−w))−(0.000535s2))
(15)
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

here Pmort is the probability of mortality, s is the percent crown
olume scorched, and w is the bark thickness in inches (Reinhardt
nd Ryan, 1988). Bark thickness was set at 0.63 in. (16 mm)
ased on observed bark thickness relationships for Ponderosa pine
Reinhardt and Keane, 1998).

ig. 6. Distribution of fuel bulk density within a tree crown simulated with FUEL3D, summ
lice at z = 2.375; (c) vertical slice at x = −0.125; (d) vertical slice at x = 0.125.
 PRESS
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3. Results

3.1. Field data collection

Branching architecture data collected from the BRANCHGEOM
field study were analyzed independently by branch order. With
the exception of the inter-whorl length, Li, which is used only on
the main stem, analysis found differences in parameter estimates
for Beta distributions characterizing variability in branching were
not sufficiently different to warrant modeling separately by branch
order so data were pooled. Histograms characterizing numbers of
child branches at a branching node were different enough between
first order and other branch orders for separate histograms to be
described. A summary of the parameters characterizing variabil-
ity in branching architecture for Ponderosa pine is presented in
Table 2.
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

3.2. Fire behavior simulation

3.2.1. Heterogeneous tree simulated with FUEL3D
Using the standard tree measurements as inputs to Eqs. (1) and

(2), total crown biomass amounted to 99.233 kg of fuel of which

arized to voxels 0.25 m on a side: (a) horizontal slice at z = 2.625 m; (b) horizontal

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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Fig. 7. Visualization of two different numerical fire behavior simulations at the same
point in time (t = 72 s). Dots represent tree crowns while smooth areas to their left
represent the fire. Two tree crowns are presented: a homogenous tree (a) and a
spatially variable tree simulated with the FUEL3D model (b). Both tree crowns had
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affect their environment, but have only rarely been applied to ques-
tions relating to disturbance such as fire. Our study, and other
he same quantity of fuel and gross dimensions but bulk density varied within the
rown in (b). Surface fires had identical timing, intensity and geometry in both cases.

oliar biomass comprised 34.435 kg. Simulation with FUEL3D pro-
uced a spatially explicit database of woody and foliage objects.
isualizations of these objects comprising the tree are presented

n Fig. 5. A query of thermally thin woody material from this
atabase yielded 10.471 kg, which with the foliage, produced a total
f 44.9060 kg of thermally thin fuel within the simulated crown.
ig. 6 presents vertical and horizontal slices illustrating the range
f bulk densities within this simulated crown after summarization
o 0.25 m cells for use in the fire behavior simulation.

.2.2. Homogeneous tree
The homogeneous tree was assigned the same total amount of

hermally thin fuel, 44.9060 kg, and the same combustion prop-
rties as used in the spatially variable tree crown. The principal
ifference between the homogeneous crown and the spatially vari-
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
Ecol. Model. (2010), doi:10.1016/j.ecolmodel.2010.10.023

ble crown was that the entire volume of the homogeneous crown
ad the same bulk density (0.626 kg/m3) while the spatially vari-
ble crown had a range of bulk densities.
 PRESS
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3.2.3. Simulation results
Differences in the spatial configuration of fuels within the tree

crown resulted in substantial differences in fire behavior (Table 3,
Fig. 7); the nature and magnitude of these differences, however,
varied with the intensity of the surface fire below the tree crowns
(Fig. 8). In the lower surface fire intensity simulations, nearly 80%
of the solid fuel was consumed in the homogeneous tree crown
(HL), while only 0.4% of the solid fuel was consumed in the spa-
tially variable crown, constituting a difference of nearly two orders
in magnitude (Fig. 8). Similarly, total net radiative heat transfer,
Qradnet, reached a maximum of 2677.9 kW for the HL simulation
but only rose to 229.4 kW for the spatially variable, low intensity
simulation (VL) – a difference of more than an order of magnitude
(Table 3, Fig. 8). Differences were less pronounced in the high inten-
sity simulations (HH and VH); both tree crowns ignited, with nearly
100% fuel consumption in the homogeneous case and nearly 85%
consumed in the spatially variable case. Spatial variability in fuels
within the crown also resulted in changes in the timing, magni-
tude and dynamics of total net radiative heat transfer. The spatially
variable tree crown started burning later, reached a higher peak flux
(3015 kW versus 2520 kW), burned over a longer time period, and
had more complex burn history, with two different peak fluxes sep-
arated by about 15 s. Predicted tree mortality was consistent with
observed trends in fuel consumption, where the only tree predicted
to survive was the VL case, with a 27% probability of mortality; all
other cases had over 90% probability of mortality (Table 3).

4. Discussion

4.1. Linking detailed fuel models with detailed fire models

In this study we used a relatively simple FSPM, FUEL3D, to
develop inputs to an advanced fire behavior model, WFDS, and used
simulation output from WFDS to predict an important fire effect,
tree mortality. By linking a detailed, spatially explicit fuel model
with a mechanistic fire behavior model we provide a framework
that has significant potential to inform scientists and managers
about a complex area, crown fire, which has so far only been mod-
eled with fairly rudimentary approaches.

In comparison to many FSPMs, FUEL3D is quite simplistic,
combining a simple pipe model biomass allocation with stochas-
tic recursive branching to simulate structure. As a static model,
FUEL3D does not simulate growth over time, nor does it deal with
other aspects of plant physiology such as hydraulic relationships,
carbon allocation or photosynthesis. This simplicity is by design.
More complex, dynamic models of tree structure often require
information that is difficult to obtain, such as a characterization of
the growth environment over time (Balandier et al., 2000; Mathieu
et al., 2009). Most questions relating to fire and fuels are more con-
cerned with the immediate status of the fuel, and how it will burn
at a given time, than with how the vegetation grew over time. By
incorporating simple and typical measurements of tree height and
height to the base of the live crown, and modeling branches one at a
time within the crown, rather than building the whole tree mech-
anistically, FUEL3D retains the flexibility to represent individual
measured trees. The simplicity of FUEL3D’s design also makes it
feasible to model fairly large numbers of trees, such as a tree list
from inventory data. This improves its application with existing
forestry inventory data and associated models.

More sophisticated FSPM’s have been developed which deal
with plant physiology, growth, and how plants respond to, and
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

recent related developments (Pimont et al., 2009; Krivtsov et al.,
2009) suggest that use of FSPMs in conjunction with advanced fire
models are an emerging frontier. Rather than simply providing nec-

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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ig. 8. Comparison of outputs from four different numerical fire behavior simulation
ash lines show outputs for the spatially variable tree crown produced with the F

ntensity surface fire case (a) and higher surface fire intensity case (b), while the lo
ntensity case (c) and the higher surface fire intensity case (d). Total fuel quantities

ssary inputs, detailed simulations of plant architecture can be used
o actively inform, and possibly, refine, fire behavior models. For
xample, Pimont and others have demonstrated that the hetero-
eneity within wildland fuel structure significantly affects radiative
eat transfer through the canopy (Pimont et al., 2009). Substantial
ains in understanding could be made through a stronger incor-
oration of plant physiology into fuels research, particularly with
espect to the underlying drivers of fire regimes in the context of
ynamic climate and associated vegetation response. Such devel-
pments will be essential for consideration of potential outcomes
f climate change.

.2. Comparison with traditional fire and fuel models

The modeling system presented here represents a substantial
hange from traditional approaches for modeling fuels and fire
ehavior. Traditional approaches assume unrealistic characteris-
ics of vegetation (such as homogeneity and continuity (Anderson,
982; Scott and Burgan, 2005)) in order to meet the assump-
ions of simple fire models (Rothermel, 1972). In contrast, our
ystem models fuels explicitly in space and models fire mecha-
istically. The capability of the system to quantify variability in
ifferent wildland fuel characteristics across a spectrum of spatial
cales greatly improves opportunities to evaluate different man-
gement alternatives, such as thinning and prescribed burning.
raditional approaches have been shown to be both inaccurate and
lso insensitive to changes in fuels (Alexander and Cruz, 2010).
he differences in detail between fuels as represented for inputs
o fire models (Anderson, 1982; Scott and Burgan, 2005) and fuels
s inputs to fire effects models (Lutes et al., 2009) have required
eparate systems that are largely incompatible. In contrast, we link
ealistic fuels, fire behavior and fire effects calculations directly.
Please cite this article in press as: Parsons, R.A., et al., Linking 3D spatial mo
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hile other researchers have used two-dimensional heat transfer
odeling to predict cambial stem damage (Dickinson and Johnson,

004), this is the first time that a three dimensional detailed CFD
odel has been used to evaluate mortality on an individual tree
ith this level of detail in simulation of fire through the tree crown.
h the WFDS model. Solid lines show outputs for the homogeneous tree crown while
model. The top two figures compare solid fuel consumption between the lower

o figures compare total net radiative heat transfer between the lower surface fire
identical for all four simulations.

Our work here constitutes an early, but important step in improving
linkages between disturbance processes and ecosystem response,
strengthening our understanding of fire ecology.

4.3. Implications for fire ecology and fire behavior modeling

In our numerical experiment, we compared fire behavior
between a homogeneous tree crown and a spatially variable tree
crown produced with the FUEL3D model, for two different lev-
els of surface fire intensity. We found that, despite the two trees
having the same total quantity of fuel, variability within the tree
crown resulted in very different fire behavior. At low surface fire
intensity, the spatially variable tree crown did not burn while
the homogeneous crown had nearly 80% fuel consumption. At
higher surface fire intensity, the spatially variable tree crown was
slower to ignite, but once burning, reached a higher peak total
net radiative heat transfer, and exhibited more complex behav-
ior. Thus, within a relatively narrow range of surface fire intensity,
the homogeneous tree showed only incremental changes in fire
behavior while the variable tree exhibited a much more dramatic
response. This suggests a much more non-linear, threshold like
response for the spatially variable tree than for the homogeneous
tree. This has both implications for ecology and for fire behavior
modeling.

Various authors have observed that, as a fire adapted species,
Ponderosa pine has evolved to generate a surface fuel bed that is
easily ignited and which favors frequent surface fire (Mutch, 1970;
Habeck and Mutch, 1973). Similarly, many authors have discussed
changes in fire behavior resulting from changes in stand density
and structure in Ponderosa pine (Covington and Moore, 1994; Fulé
et al., 1997, 2004; Moore et al., 2004), but relatively little work has
been done at the scale of individual trees. It seems likely from our
dels of fuels and fire: Effects of spatial heterogeneity on fire behavior.

results that spatial variability within a tree crown could represent
an adaptation tending to reduce the likelihood of sustained crown
fire. More fundamental work along this line of inquiry is warranted.

Our numerical experiment has implications for fire behavior
modeling, and particularly, for our ability to predict crown fire

dx.doi.org/10.1016/j.ecolmodel.2010.10.023
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ehavior. The homogeneous tree crown burned faster and more
onsistently than the spatially variable crown. Fire behavior mod-
led with homogeneous fuels may thus tend to overestimate
orward spread rates. Although we did not analyze this in this paper,
e hypothesize that variability within the tree crown structure,

nd particularly the gaps within the crown, change the manner in
hich wind, as well as convective heat transfers, pass through the

anopy. The slower burn time, and steeper threshold of response
o an increase in surface fire intensity that we observed in the spa-
ially variable tree crown suggests that variability tends to narrow
he region of conditions in which propagation of fire can occur.
f fire propagation through an individual crown is highly condi-
ional, the predictability of fire spread may be limited. If this is
he case, it may be necessary to adopt a probabilistic approach,
n which key factors serve to shape probability distribution func-
ions which describe whether individual trees catch fire, and by
xtension, whether crown fires propagate through whole stands of
rees. More work is needed to examine the conditional nature of
re spread through tree crowns that is suggested by these results.

nvestigations linking more detailed models of fuels with advanced
re behavior models will help us to advance our understanding of
hat aspects of wildland fuels are most pertinent to fire behavior.
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