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a  b  s  t  r  a  c  t

Improved  models  of  fire  spread  and  fire  characteristics  are desired  for live  shrub  fuels,  since  the  majority
of  existing  research  efforts  focus  on  either  dead fuel  beds  or crown  fires  in  trees.  Efforts  have been  made
to  improve  live  fuel  modeling,  including  detailed  studies  of individual  leaf  combustion,  with results
incorporated  into  a shrub  combustion  model  for broadleaf  species.  However,  this  approach  was  not
well-suited  to non-broadleaf  shrubs  since  their  fuel consists  of  long  needle-covered  branches  rather
than  easily  discretized  leaves.  Methods  were  therefore  developed  to simulate  the  branching  structure
of  chamise  (Adenostoma  fasciculatum)  and  Utah  juniper  (Juniperus  osteosperma).  The  plant  structure  was
hrub geometry
ildland fire

based  on  a form  of  fractal  theory  called  Lindenmayer  systems  (i.e.,  L-systems).  Correlations  to predict
branch  number  from  crown  diameter  were  made  based  on  data  from  the  literature,  to  ensure  that  the
modeled  shrubs  would  have  the  same  bulk  density  as  live  shrubs.  The  structure  model  was  designed  to
match  the  specific  characteristics  of  each  species,  such  as  branching  angles,  the  number  of  stems  exiting
at  ground  level,  and  the  fuel  element  length.  This  method  can be  used  to generate  shrub  geometries  for
detailed  shrub  combustion  models  or for realistic  artistic  renditions.
. Introduction

A significant number of wildland fires in the western United
tates occur in areas with non-continuous groundcover comprised
ostly of live shrubs. Current fire spread models used in the United

tates assume homogeneous fuel (Finney, 1998; Reinhardt et al.,
003; Scott and Burgan, 2005; Andrews, 2007) and are based on

 semi-empirical surface spread model for dead fuels (Rothermel,
972) with Van Wagner’s crown fire ignition and propagation mod-
ls (Van Wagner, 1976). However, natural fuel sources are neither
ompletely dead nor homogeneous. It has been suggested that live
uels burn differently than dead fuels (Dimitrakopoulos, 2001; Zhou
t al., 2005; Pickett, 2008; Prince and Fletcher, 2013a). Hetero-
eneous fuels have been shown to exhibit different combustion
ehavior than homogeneous fuels (Pimont et al., 2009; Parsons
t al., 2011). Most of these models seem to underestimate the rate
f spread compared to field data (Cruz and Alexander, 2010).
Several  mechanistic physics-based computational fluid dynam-
cs (CFD) models have been developed (Linn, 1997; Morvan and
upuy, 2001; Linn et al., 2002, 2005; Dupuy and Morvan, 2005;

∗ Corresponding author at: 350 CB, Chemical Engineering Department, Brigham
oung  University, Provo, UT 84602, United States. Tel.: +1 801 422 6236;

ax: +1 801 422 0151.
E-mail  address: tom fletcher@byu.edu (T.H. Fletcher).

304-3800/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolmodel.2013.11.001
© 2013 Elsevier B.V. All rights reserved.

Mell et al., 2007, 2009) which address fuel heterogeneity. These
models have been used to simulate fires at scales as small as single-
tree level, (Mell et al., 2009) thereby evaluating the effect that
heterogeneity has within a single tree (Parsons et al., 2011). How-
ever, current landscape-scale models generally are limited to a grid
dimension of about 2 m by 2 m by 2 m,  averaging fuel behavior at
the ground level.

Since  CFD models require excessive computational power and
time, simpler approaches to describe shrub combustion are being
developed. For example, Pickett (Pickett, 2008; Cole et al., 2009)
developed a semi-empirical shrub combustion model based on
burning characteristics of individual leaves (Engstrom et al., 2004;
Fletcher et al., 2007; Cole et al., 2011). In Pickett’s model for
broadleaf species, leaves were placed randomly in 2-dimensional
space and fire spread was simulated through the domain. Leaves
were assigned physical parameters (length, width, thickness, mass
and moisture content) to which flame characteristics (ignition time,
flame height, time of maximum flame height, and flame duration)
were correlated. Flame width and flame interactions were also
modeled. These characteristics define the flame location of a burn-
ing leaf over time. After exposure to another flame for their entire
ignition time, leaves were ignited, and then followed their flame

sequence to burn out. Fire propagated when flames from burning
leaves overlapped unburned leaves, which ignited, and so on. Later
models were expanded to three dimensions, and placed leaves ran-
domly in locations similar to the overall bush shape (Prince and

dx.doi.org/10.1016/j.ecolmodel.2013.11.001
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2013.11.001&domain=pdf
mailto:tom_fletcher@byu.edu
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shrub height (Eq. (2)).

mtot = 0.2868 e1.201 h (2)
D.R. Prince et al. / Ecologi

letcher, 2013b). However, for branching species, chamise (Adenos-
oma fasciculatum) and Utah juniper (Juniperus osteosperma), fuel is
ighly concentrated along the branching structure, so matching the
tem structure is important. Furthermore, the complexity of spa-
ial distribution within plants (Busing and Mailly, 2004) warrants
he use of methods that provide more detail for the structure of
ranching species. There are many ways to simulate plant archi-
ecture (Godin, 2000). However, fractal theory presented the best

atch for the speed and simplicity of the shrub combustion model.
 branching shrub defined by fractal theory provides locations and
ome physical description for fuel segments, which can be used
ith correlations for the flame characteristics to model fire spread

n a model such as Pickett’s.
Plants  have been shown to follow fractal patterns (Alados

t al., 1999; Godin et al., 2004), and fractals have been used
o represent several aspects of plant geometry including tree
rowns (Berezovskaya et al., 1997), leaf and branch properties (van
oordwijk and Mulia, 2002), roots (Fitter and Stickland, 1992;
zier-Lafontaine et al., 1999; Richardson and Dohna, 2003), and
ntire plants (Yang and Midmore, 2009). Lindenmayer-systems
or  L-systems), one method of applying fractals to plant struc-
ures, provides a simple way to generate and visualize a self-similar
lant (Prusinkiewicz and Lindenmayer, 1990). L-systems are simple
nough that they can be used to simulate plant structure effectively
ithout requiring an extensive background in plant physiology

Renton et al., 2005), and the versatility of the approach enables it to
e used for many different processes (Prusinkiewicz, 1997, 1998)
uch as modeling biomechanics in plant structure (Jirasek et al.,
000), simulating carbohydrates and carbon-allocation within
rees (Allen et al., 2005), and transforming hand-drawn sketches
nto computer-simulated plants (Sun et al., 2008; Anastacio et al.,
009). Several models use L-systems along with other methods
o model plant architecture (Salemaa and Sievänen, 2002; Renton
t al., 2005; Pradal et al., 2009).

The objective of this work is to develop a method to accurately
escribe the distribution of fuel elements within chamise and Utah

uniper shrubs. This method can be used with different types of
hrub combustion models, ranging from mechanistic to empirical.

.  Methods

Live chamise and Utah juniper were measured and observed.
elevant data were collected from the literature, where available.
hese were used to develop correlations, and guided the develop-
ent of L-systems-based models to describe the geometry and fuel

lacement of live shrubs.

.1.  Measurements, observations and correlations

Measurements were taken of eight live chamise shrubs in South-
rn California. Twenty-two Utah juniper shrubs were measured in
tah County, Utah. Additional details are described by Shen (2013).

.2. Description of chamise

Chamise  typically grows with multiple primary branches (or
tems) emerging from the ground together (see Fig. 1). The mean
asal circumference (around the emerging stems) was 184 ± 64 cm
95% confidence interval). The radius, assuming a circular branch
lacement, provided an estimate of the distance of each stem from
he center of the group.

The  branch length and branch tip height were used to deter-

ine the tilt angle from vertical (ϕ) of two primary branches from

ach shrub. The maximum measured primary branch angle (ϕmax)
as 77◦. Secondary branch angles (ı) were determined for two sec-

ndary branches on each primary branch by measuring the length
Fig. 1. A picture of a chamise shrub after the branches have been cut off showing
that  multiple primary branches emerge from the ground.

of the secondary branch (from its split with the primary branch)
and the distance from the secondary tip to the primary branch.
The length ratio (ε) of secondary branches to their parent primary
branch was determined from the measured lengths of both. A total
of 32 measurements were used to determine mean values and 95%
confidence intervals for ı(30◦ ± 6◦) and ε(0.45 ± 0.06).

Segments with diameters of less than a quarter-inch (6.4 mm)
were considered as the combustible fuels, so the distribution of
thicknesses of segments less than a quarter-inch was studied in
detail. Six-centimeter segments were cut from a chamise branch
starting at the tips, and the thickness of each segment was  recorded.
Thicknesses were not uniformly distributed (see Fig. 2). The prob-
ability distribution for segment thickness is given in Eq. (1), where
t is thickness (mm)  and x is a random number between 0 and 1
assigned to each segment.

t = 1
x0.383

(1)

Measurements made by Countryman and Philpot (1970) were
used to develop a correlation for predicting total mass, m , from
Fig. 2. Measured and modeled distribution of segment thicknesses for chamise.
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Table  1
The  coefficients for each size class (by diameter) used in Eq. (3).

Size class a1 a2 R2
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Table 3
The  coefficients for correlations by Shen (2013) and Mason and Hutchings (1967)
data used in Eq. (6).

Model a1 a2 a3 R2

Shen 0.000 3.005 × 10−2 −1.764 0.7104
M&H Sparse 2.506 × 10−5 8.632 × 10−3 −1.820 × 10−1 0.9997
M&H Medium 5.478 × 10−5 7.578 × 10−3 −2.225 × 10−1 1.0000
M&H Dense 7.979 × 10−5 1.079 × 10−2 −3.229 × 10−1 1.0000
0.25 –0.5 0.2141 −0.0073 0.95
0.5′′–1′′ 0.3312 −0.0323 0.93
1′′–3′′ 0.2092 −0.2081 0.81

Using the data of Countryman and Philpot (1970), a correlation
as developed to predict the distribution of branch mass into four

ize classes. A fifth category for foliage (i.e. small needles) was also
ncluded in the original data, but in the correlation it was included
n the combustible fuel class (quarter-inch or less). The amount of

ass expected in each category, or size class, was correlated to the
otal fuel mass (Eq. (3) and Table 1).

cat,i = a1mtot + a2 (3)

A correlation for the wet mass of individual segments in the
ombustible fuel class is shown in Eq. (4), where t is thickness (mm),
C is leaf moisture content (dry basis), and lf is segment length

cm).

i = −0.13575 + 0.136 · t + 0.127 · MC  + 0.0178 · lf (4)

.2.1. Description of Utah juniper
Crown diameter (dcrown) was determined by averaging two dif-

erent cross-sectional measurements taken at maximum crown
iameter for twenty shrubs. Shrub height (h) was  also measured
nd h was correlated to dcrown (Eq. (5) and Table 2). Short-biased
nd tall-biased correlations were also determined from 21 shrubs,
hich fall within the range of measurements but approximately

ollow the 25 and 75% quartiles of height.

h

cm
= b1

(
dcrown

cm

)b2

(5)

Near the base of the juniper trunk, primary branches frequently
xtended below horizontal but then curved upwards. Minimum
rimary branch angles typically occurred near the top of the shrub
nd the smallest measured branch angle (base-to-tip from vertical)
as 17◦. The top of a juniper extends vertically and if treated as a

ranch has an angle of approximately 0◦.
Secondary branch angles were determined with the same

ethod as was used for chamise and had a mean and 95% confi-
ence interval of ı = 38.6◦ ± 4.7◦ based on 29 measurements from

 shrubs. The mean and 95% confidence interval of the length ratio
f the highest to lowest primary branch was 0.48 ± 0.17 based on 6
hrubs. Foliage units, or fuel elements, were distributed along the
xterior end of branches at a regular interval. The mean distance
etween fuel elements was 1.5 ± 0.10 cm (95% confidence inter-
al) based on 79 measurements from 15 tertiary branches on 3
econdary branches.

Correlations for the dry mass of fuel were determined from
easurements. Dry mass was estimated by sampling representa-
ive fuel units and then counted the number of units present on
he shrub. The samples were oven-dried and weighed, and the dry

ass of the entire juniper shrub was estimated based on 21 shrubs.
ry mass was correlated to crown diameter. Data from Mason and

able 2
he  coefficients for h versus dcrown (Eq. (2)). Alternatively, h may be specified directly
n  the model.

Model b1 b2 R2

Short-biased 9.8 0.60 n/a
Average 21.067 0.4786 0.3480
Tall-biased 50 0.35 n/a
The R2 for Shen’s correlation is based on its fit to individual measurements, while
the  R2 for Mason and Hutchings is for its fit to average measurements for all loam
soil types.

Hutchings (1967) was  also used. Mason and Hutchings divided their
measurements of Utah juniper shrubs into three different classifi-
cations – sparse, medium, and dense – and reported new growth
foliage yields (including foliage and fruit). Yield was considered to
be 30% of the total foliage and 50% of the total fruit. Therefore, to
get the total dry mass of the shrub, their reported yield values were
divided by 0.3, assuming that fruit yield was negligible. Correlations
for mdry for juniper are given by Eq. (6) and Table 3.

mdry

kg
=  a1

(
dcrown

cm

)2

+ a2
dcrown

cm
+  a3 (6)

2.3. Overview of models

Methods  were developed to produce plant geometry similar to
two branching species – chamise (A. fasciculatum) and Utah juniper
(J. osteosperma). The models for these species follow the same gen-
eral algorithm: (1) crown diameter is specified (and for juniper,
models for shrub height and denseness are also specified); (2) a
target mass is determined and used to specify the number of pri-
mary branches; (3) branch angles and starting locations are set;
(4) branch geometry is determined by L-systems; (5) fuel physi-
cal parameters are specified (mass, dimensions, etc.); (6) shrub is
either visualized or exported to a fire spread model. A model was
designed and customized for each species to reflect their unique
characteristics.

2.4. Chamise model

Symbols  used to create strings in the chamise model included
‘F’ (forward one step of length d), ‘+’ (left in x-plane by angle ı), ‘−’
(right in x-plane by angle ı), ‘*’ (left in y-plane by angle ı), ‘!’ (right
in y-plane by angle ı), and ‘X’ (string replaced with each derivation).
The ‘X’ command was  also implicitly interpreted as a new branch in
the chamise model. Chamise branches exhibited complex branch-
ing behavior making it difficult to identify common patterns for
L-systems strings. Consequently, the strings in the chamise model
were treated as variables which allowed the user to vary the dry
mass and bulk density of the shrub. Strings were chosen that pro-
duced a dry mass and bulk density that matched observed values.

There  was no single string which could characterize the irregular
shape of an entire branch. For this reason a stochastic element
was added. An equal probability was assigned for choosing any
one of several strings. Each derivation was  randomly assigned one
string, so branches were similar but not identical. Strings used in
the chamise L-systems model were: (1) F + !XF + *X − *XFFF − !XXF;
(2) F!X* − XF + *X! − XFFF + XX; (3) F − *X − !XFFF − XFF + *XXFF; (4)
F − *XF + XFF + !X!XFF + *XX; and (5) F!X + XFFF*X! − XFFFX.

To  generate the geometry of an entire shrub, multiple stochas-

tic, three-dimensional branches were combined and became the
primary branches of the shrub. The number of primary branches, �,
in the shrub was based on experimental data. The primary branch
lengths and angle measurements for live shrubs were used in the
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Table  4
L-systems rules governing symbol interpretation for Utah juniper according to string location.

Symbol location Step length (cm) Turn/pitch/roll angle (degrees) Application

F H S

1, 2 22 – – – First primary branch segment
3, 4 11 – – 10–10ib/� Second primary branch segment
>4 – 1.5 3 38.4 All foliage-related branching

‘F’ length is scaled from the given value to achieve the specified shrub diameter and conical shape.

Table  5
L-systems rules governing symbol replacements for Utah juniper.

Before After (symbol replacement rules)

Set A Set B Set C Set D Set E

F F F F F F
G  G G HH[/+G]HH[−G]HH[&\G]H or

HH[/+G]HHHH[&\G]H
HHHHHHH Undefined

X  F[&X[G]] G Undefined Undefined Undefined
H  Undefined Undefined H H H[/+S] or H[\−S]
S  Undefined Undefined Undefined Undefined S

Derivation  1, 2 3 4, 5 6 7
Result  Grow primary

branches F; begin
Complete foliage-branch
starts  G

Grow foliage branches from
starts H

Complete foliage branches H Add foliage segment S to
foliage branch segments H

T rized.

m
a
e
t
o
w
s
f

�

a

�

foliage-branch starts

he derivation(s) when each rule is active and its anatomical result are also summa

odel. Each branch was assigned angles of rotation about the z-
xis (�) and tilt from vertical (ϕ) so that the primary branches
venly divided the three-dimensional space (see Fig. 3). An addi-
ional variable was also added to non-uniformly specify the radius
f a starting branch from the center point of the shrub. The ϕ values
ere determined from a normal distribution with a user-specified

tandard deviation and mean, and the � values were determined
rom a normal distribution using a mean of:

� = 360◦

�
(7)
The � values were then added together consecutively so that the
ngles got progressively larger:

i = �i−1 + �� (8)

Fig. 3. An example of a plant with seven primary branches to illustrate how t
In using different strings the length of the branch would be depend-
ent on the number of ‘F’s in the current string instead of on the
length of the branch. To avoid this problem, the equation for finding
the length of one ‘F’ was normalized according to the total number
of ‘F’s in the current string (nF) (Eq. (9)). The length for the first
derivation (d0) and the ratio (ε), which is the ratio of the length
of the second derivation to the length of the first derivation, were
also used. An option was  included to calculate d0 using a normal
distribution with a user-specified standard deviation. The height of
the shrub, h, was  calculated using the primary branch length and

the scaling factor (Eq. (10)).

d = d0 · εni−1

nF
(9)

he values of (a) ϕ and (b) � evenly divide the three-dimensional space.
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Fig. 4. A visual comparison of (a) a chamise shrub (b

F
o

h

w
f

F
c

ig. 5. This graph shows the relationship between crown diameter and the number
f primary branches for a chamise shrub.

 = d0 + ε · d0 (10)
The chamise model also split the branches into smaller segments
ith a length (lf) defined by the user. Using Eq. (3), based on data

rom Countryman and Philpot (1970), the number of fuel segments

ig. 6. Chamise shrubs generated based on crown diameter. (a) 300 cm crown diameter w
rown  diameter with 139 branches, and (d) 450 cm crown diameter with 166 primary br
) and an example of a modeled chamise shrub.

in  each fuel thickness class was prescribed. Each branch segment
was assigned to a thickness class according to its radius from the
origin, where a larger radius corresponds to a smaller segment
diameter.

Individual segment thicknesses (within each class) were also
assigned based on the distance of the segment from the origin. Seg-
ments with a thickness less than a quarter-inch were considered
fuel elements or the segments most likely to burn. The individual
wet masses of fuel elements were assigned using Eq. (4). Masses
were then assigned to all other segments by calculating their cylin-
drical volumes and multiplying by the density of wood.

The  branch segment masses (for the given lf and each diameter)
and the prescribed mass of each size class were used to determine
the number of segments in each class. Based on lf and the primary
branch length, the number of segments required to complete each
primary branch was estimated. The number of primary branches
was then determined by dividing the total number of segments by
the number of segments per primary branch.

2.5. Utah juniper model
The  diameter, a dry mass correlation, and a height correlation
were first selected. Height and dry mass models affect bulk density,
which can account for the effect of environmental factors (such as

ith 98 primary branches, (b) 350 cm crown diameter with 117 branches, (c) 400 cm
anches.
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Fig. 8. Total predicted and measured shrub mass as a function of crown diameter
for  chamise.

hemisphere, with the distribution of primary branches filling the
complete space. Table 6 also shows that the physical measurements
of both shrubs shown in Fig. 4 are very similar as well.

Table 6
Measurements of the chamise shrub in Fig. 4(a) versus the modeled shrub in Fig. 4(b).

Measurement Measured Calculated
ig. 7. Results from the L-systems model compared to the data from Countryman
nd  Philpot (1970) for chamise. “Fuel” in the model was  defined as all segments with

 thickness less than a quarter inch.

oil quality and sunlight) on foliage production. The resulting mdry
as divided by the average dry mass per branch to prescribe �.

Branches were evenly spaced along the trunk to reach the shrub
eight specified by the height correlation and were numbered from
ottom to top. To imitate natural primary branching angles in the
odel ϕ was set to decrease with increasing branch number (ib)

see Eq. (11)). This nominally results in a ϕ of 30◦ (taken at the
runk) for the top branch, but due to branch curvature, its effec-
ive angle (from base-to-tip) was near 0◦. The behavior of Eq. (11)
eserved most of the change in angle to the top branches, which had
horter segments without foliage. This helped to distribute foliage
ore evenly in the shrub. Random variation (v) was included which
as a random angle pulled from a normal distribution (standard
eviation of 3◦).

 = 100 − 35
(

ib
�

)
− 35

(
ib
�

)6

+ � (11)

The bend in each primary branch was reduced with increasing
b, although the curvature in the foliage-laden branches was  left
nchanged (see Table 4). A secondary branch angle of 38.4◦ was
elected from the 95% confidence interval of measurements for live
hrubs. To achieve the measured branch length ratio of 0.48 ± 0.17,
he top branch was made about half as long as the bottom branch;
he non-foliage-laden section of the branch was scaled from being
pproximately half the branch at the bottom to nearly zero at the
op, while the foliage-laden section remained constant. Fuel ele-

ents (i.e. foliage units) were placed at the average measured
nterval along foliage-laden sections.

Each branch was specified using L-systems. Symbols included
apital letters (step forward), ‘ + ’ (turn left), ‘ − ’ (turn right), ‘&’
pitch down), ‘  ̂ ’ (pitch up), ‘\’ (roll left), ‘/’ (roll right), ‘[’ (start a
ew branch), and ‘]’ (recall last position before branching). Sym-
ols were compiled and interpreted using a script developed based
n an L-systems program available from Land (2006). Five sets of
ules were used to govern symbol replacements and were assigned
o particular derivations, as detailed in Table 5. Where multiple
trings were provided for the same replacement, each was  given an
qual probability of being used. This approach produced stochastic
trings which were similar but not identical. Strings were inter-
reted to reflect the measurements and observations of live juniper

hrubs, as detailed in Table 4. The ‘F’ step was scaled from the length
iven in the table to achieve the intended shrub diameter and con-
cal shape. The starting seed ‘X’ was used with a starting direction
f (x, y, z) = (0, 0, 1).
Fig. 9. Predicted and measured bulk density of chamise as a function of crown
diameter  for chamise.

Each completed branch was (1) rotated to its assigned ϕ (Eq.
(11)), (2) translated to its intended height on the juniper trunk,
and (3) rotated about the trunk. The rotation about the trunk was
somewhat randomized but also favored a non-overlapping radial
distribution.

3. Results and discussion

3.1.  Chamise

Visually, the model generated shrubs that look similar to
young chamise shrubs (see Fig. 4). The basic overall shape was  a
Crown diameter (cm) 140 140
Number of primary branches 14 12
Dry mass (g) 494 (predicted) 482
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Fig. 10. Visual comparison of (a) a Utah juniper shrub and (b) a sh

The crown diameter measured for the shrub in Fig. 4(a) was
nput into the model to generate the shrub in Fig. 4(b). The
ther two measurements, average primary branch radius from
he center of the shrub and number of primary branches, were
alculated by the model. The dry mass shown in Table 6 in
he “measured” column was predicted by the correlations in
qs. (2) and (4).

As  mentioned previously, the number of primary branches per
hrub was calculated based on the crown diameter of the shrub.

his calculation eliminates the necessity of the user having to
now how many primary branches should be on the shrub, and
nsures that the bulk density of the shrub is in the correct range.
ig. 5 is a graph illustrating how crown diameter influences the

Fig. 11. (a) A close-up of the Utah juniper shrub
ometry generated by the L-systems approach having 35 branches.

number  of primary branches. Fig. 6 shows a comparison of modeled
chamise shrubs with different crown diameters. These diameters
extend beyond those presented in Fig. 5 but the number of pri-
mary branches was  calculated in the same way. However, for shrubs
that large, it is likely that some of the modeled primary branches
would actually be members of the same shoot emerging from
the ground, thereby reducing the total count of primary branches
(see Fig. 6).

The  dry mass of fuel elements was  compared with data from

Countryman and Philpot (1970). Fig. 7 shows the mass of fuel
elements versus crown diameter for data from Countryman and
Philpot and the results from the model. The model appears consis-
tent with the data, although the model appears slightly low.

 and (b) a close-up of a modeled juniper.
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Fig. 12. Dry mass data (individual measurements from Shen and mean ± 2 standard
d
s
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d
t
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t

Table 7
A  comparison of the measurements of the shrub and the modeled shrub shown in
Fig. 10.

Measurement Measured Modeled

Height (cm) 140 136

F
b

eviations  for Mason and Hutchings, 1967) and dry mass of modeled Utah juniper
hrubs  using each dry mass correlation for various crown diameters.

The sum of the masses of all segments gave the total shrub mass.
he modeled total dry mass versus Countryman and Philpot (1970)
ata are shown in Fig. 8. Again, the model appears consistent with
he data, but slightly low.

The  volume of the shrub was also approximated by dividing the
hrub into small, cubic sections and finding the fraction of boxes
ccupied by fuel. The estimated total volume was  the cumulative
olume of all boxes with fuel. Then, from the total shrub mass
nd volume, the bulk density was calculated, which is sometimes
ermed crown bulk density. The number of segments as well as the
olume of the shrub is dependent on the crown diameter, so Fig. 9 is
 graph of the bulk density versus the crown diameter. The model
redictions are consistent with the data, but seem slightly lower
han the average at any specific crown diameter.

ig. 13. Juniper shrubs generated for three classifications of fuel denseness with 1.0 m 

ranches; and (c) dense with 152 branches.
Crown diameter (cm) 84 90
Dry mass (g) 664 723

3.2. Utah juniper

The  geometry for modeled Utah juniper is also visually similar
to live shrubs. Fig. 10 shows a picture of a live shrub along with a
modeled shrub. The crown diameter of the shrub in the photo was
measured, and the model was given the same input. The fuel density
of the shrub in the photo was  estimated as being between sparse
and medium. The modeled shrub was  assigned 35 branches, which
falls within this range. Table 7 shows a comparison between the
dimensions of the shrub and the model in Fig. 10. The dimensions
of the modeled shrub as well as the overall shape are very similar
to the live shrub. The predicted height and crown diameter closely
match, and the combustible dry mass generated by the model is
within 9% of the estimated mass of the shrub in the picture.

In  addition to matching the overall shape of the shrub, another
focus of the model was to imitate the placement of fuel elements.
Fig. 11 shows a closer view of one of the branches from the shrub in
Fig. 10 along with examples of branches from the model. The branch
curvature and fuel placement are similar. Each terminal cylinder
represents one tiny foliage unit (or fuel element) having a mass of
0.102 ± 0.083 g (two standard deviations). The complex branched
geometry of the foliage units was  not represented.

The Mason and Hutchings (1967) mdry versus dcrown data (col-
lected in Cache County, Utah) with two-standard-deviation error
bars is compared to the L-systems model predictions in Fig. 12.

Shen’s (2013) data (collected in Utah County, Utah) and its model
predictions are also compared. In general the correlation from
Shen (2013) fell between the medium and dense correlations

diameters and 1.6 m heights: (a) sparse with 76 branches; (b), medium with 106
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ig. 14. Utah juniper bulk density data from Shen and bulk density of modeled
uniper  shrubs using each dry mass correlation (see Eq. (6)) for various crown diam-
ters.

erived from data reported by Mason and Hutchings. The agree-
ent between the two correlations strengthens the credibility of

oth. Shrubs using the three denseness classes of Mason and Hutch-
ngs are shown in Fig. 13. The effect of denseness is clearly reflected
n the appearance of the shrubs. As with chamise, for larger juniper
hrubs some of the modeled primary branches would actually be
embers of the same branch in a real shrub (Fig. 13).
The  effect of crown diameter on bulk density was  also compared

etween modeled shrubs using the different correlations, seen in
ig. 14. Bulk density was determined in the model by dividing the
otal dry mass by the total volume. The total dry mass equaled the
um of the individual masses of all fuel elements. The total volume
as determined from the convex hull of the shrub. In the data pre-

ented from Shen (2013), dry mass was determined as previously
escribed and volume was determined based on a cone stacked on a
ylinder, with diameters equal to the measurements and respective
eights of 75 and 25% the total height.

The influence of crown diameter on bulk density is particu-
arly interesting in this case because crown diameter significantly
mpacts both the mass and the volume of the shrub. Crown diam-
ter directly affects the shrub’s dry mass. It is also affects volume
ecause it is correlated to the height of the shrub and influences
he crown diameter at every height. Hence, as crown diameter
ncreases, both mass and volume also increase. The decrease in bulk
ensity versus crown diameter is due to the fact that the modeled
uel mass is approximately related to the first or second power of
iameter (see Eq. (6)) and volume is approximately related to the
ube of the diameter.

.  Summary and conclusion

In  order to accurately model the characteristics of each species,
eometrical measurements were taken of chamise and juniper
pecies, including number of primary branches, branch lengths and
ngles. Correlations were developed to describe stem diameter,
ass, height, and crown diameter for these species.
Concepts from L-systems theory were incorporated into a model

o generate branching shrub geometries specifically for chamise
nd Utah juniper. L-systems provided the basic framework for
ndividual branch structure, and then several L-systems branches

ere combined to generate a shrub. The branches were assigned
ngles so that the overall shape of the shrub would imitate the

tructure of a real shrub. Additional customizations were added to
etter match specific characteristics of the individual species. In
he chamise model, for example, a variable was added to repli-
ate the characteristic of primary branches exiting the ground
delling 273 (2014) 86– 95

close  together, but not from one central point. The Utah juniper
model also included several customizations, such as having the pri-
mary branches emerge from various heights along the trunk of the
shrub. Another enhancement to the basic L-system structure in the
Utah juniper code included setting the string replacement rules to
differ between derivations to simulate the complex structure of
juniper branches. Furthermore, lengths and angles were manipu-
lated according to symbol position (in the final string) and branch
number (which was a surrogate for vertical position). The juniper
customizations resulted in (1) evenly-spaced foliage, (2) primary
branches which mimicked the curvature of natural branches and
(3) a branching structure reflecting that of real branches.

The  chamise and Utah juniper models visually imitate the shrub
shapes of their respective species, and also match dry mass and
bulk density data from literature and supplemental measurements.
These characteristics make the chamise and Utah juniper models
ideal for generating fuel structures for wildland fire models that
require a detailed fuel description.
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