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Abstract
& Context The fuel complex variables canopy bulk density
and canopy base height are often used to determine crown
fire initiation and spread. Direct measurement of these var-
iables is impractical, and they must be estimated indirectly.
& Aims The objectives of the present study were to model the
vertical profile of available crown fuel in maritime and radiata
pine stands in NW Spain, using data from destructively sam-
pled trees; to compare the values of the canopy fuel variables
estimated by two different methods and to estimate these
variables from common stand descriptors.

& Methods Systems of equations were fitted simultaneously
to address the inherent correlations between available crown
fuel components and between the canopy fuel variables.
Heteroscedasticity and autocorrelation were also taken into
account in the fitting process, where necessary.
& Results The values of the canopy fuel variables varied
greatly depending on the estimation method used. Models
for predicting the variables at stand level explained a high
percentage of the observed variability. Crowning is more
likely in maritime pine than in radiata pine stands.
& Conclusions Although the approach used in this study
provides a realistic depiction of the vertical distribution of
crown fuel, it departs from the requirements of Van Wagner’s
model. The method used to estimate canopy fuel variables
affects fire modelling results and thus the design of fuel
treatment projects.

Keywords Vertical canopy fuel distribution . Canopy bulk
density . Canopy base height . Maritime pine . Radiata pine

1 Introduction

Wildland fires are the most destructive type of forest distur-
bance in the Atlantic area of NW Spain. This limits the
benefits that forest owners obtain from their investments and
therefore constrains development of the forestry sector. Recent
changes in land-use patterns in the region have led to the
reduction or abandonment of traditional activities, such as
shrub or firewood harvesting. Moreover, because of the de-
mand for pulpwood and chipboard, silvicultural schedules
often maximise yield through the maintenance of high stock-
ing over stand development, resulting in denser stands and
hence more fire prone. Maritime pine (Pinus pinaster Ait.)
and radiata pine (Pinus radiata D. Don) are the first and
second conifer species in terms of area covered in NW Spain.
They occupy approximately 536,000 ha as dominant species,
which is equivalent to approximately 25 % of the total forest
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land in the region (Xunta de Galicia 2001). These fire-prone
forests (especially those dominated by maritime pine) repre-
sent approximately one half of the total area burned in NW
Spain in the period 1996–2005 (MMA 2006).

The extent of forest fires in Galicia in 2006 demonstrated
the limited effectiveness of the firefighting measures and
suggested the need for fuel management programs to reduce
the severity of wildfires and to increase the weather thresholds
for effective fire fighting. Crown fire behaviour initiation and
spread are key elements in gauging fire behaviour potential in
conifer forests and therefore must be considered in evaluating
the effectiveness of fuel management treatments during fire
management planning (Keyes and O’Hara 2002). As both
crown fire initiation and spread models require accurate
descriptions of canopy fuel complex characteristics, canopy
fuel assessment is a critical point for this task.

1.1 Background information on canopy fuel variables

Fuel complex structural characteristics that are commonly con-
sidered to determine crown fire initiation and spread include
available canopy fuel load, canopy bulk density and canopy
base height (e.g. Alexander and Cruz 2011). However, the
definition of these fuel structural variables varies greatly (Cruz
et al. 2003; Reindhart et al. 2006). Available canopy fuel load
(CFL) is the dry mass of available canopy fuel per unit ground
area. Available canopy fuel is the fuel that is consumed within
the flaming front of a crown fire. Van Wagner (1977) consid-
ered that live needle foliage is the main type of aerial fuel that
burns in a flaming front in conifer stands, and that “little else
burns except in unusually intense fires”. Nevertheless, other
studies have stated that other types of fine fuels, such as live
and dead twigs, lichens and bark flakes may contribute signif-
icantly to the heat released in the flaming combustion zone (e.g.
Agee 1996; Call and Albini 1997; Stocks et al. 2004). Canopy
bulk density (CBD) describes the amount of available fuel
within a unit volume of the canopy (Van Wagner 1977). It is
a key variable for discriminating the type of crown fire spread
regime (Van Wagner 1977) and thus for evaluating the fire
hazard and how fuel treatments affect crown fire potential.
Canopy base height (CBH) is usually defined as the lowest
height above the ground at which there is sufficient canopy fuel
to propagate fire vertically through the canopy (Scott and
Reinhardt 2001). It is therefore a measure of the proximity of
canopy fuels to surface fuels (Keyser and Smith 2010) and
strongly influences the likelihood of crown fire initiation.

There is no consensus about whichmethods should be used
to estimate CBD and CBH. The most widely used approaches
for estimating CBD are as follows: (1) the “load over depth”
method (Cruz et al. 2003), which involves dividing the avail-
able CFL by canopy depth, assuming that canopy biomass is
distributed uniformly within the stand canopy (Reindhart et al.
2006; Van Wagner 1977), and (2) smoothing the vertical bulk

density profile (obtained from destructively sampled trees or
assuming a predetermined crown profile) by computing a
running mean of variable depth (depending on authors). Can-
opy bulk density is estimated from the smoothed profile as the
maximum value of bulk density (Scott and Reinhardt 2001).

Several authors (e.g. Cruz et al. 2003; Van Wagner 1977)
have indicated that CBH can be calculated as the average
vertical distance between the ground surface and the live
canopy fuel layer. However, Scott and Reinhardt (2001)
suggested considering CBH as the height above ground
level at which there is sufficient canopy fuel to propagate
fire vertically through the canopy, i.e. the height above
ground level at which the bulk density reaches a specified
minimum value (Sando and Wick 1972). Nonetheless, a
wide range of values have been reported. For example,
although Sando and Wick (1972) established CBH as the
lower vertical 0.3 m section with bulk density greater than
0.037 kg m−3, the threshold ranges from 0.067 kg m−3

(Williams 1978) to 0.011 kg m−3 (Scott and Reindhart 2001).
It is important to note here that the former definitions for

both CBD and CBH are compatible with the canopy fuel
stratum characteristics used in the crown fire initiation and
propagation model developed by Van Wagner (1977),
whereas the definitions for CBDe and CBHe depart from
the input specifications of this model (e.g. Alexander et al.
2004; Cruz et al. 2004; Cruz and Alexander 2010, 2012).

For operational use, direct measurement of canopy fuel
characteristics is impractical and therefore indirect estima-
tion methods are required. Some tentative estimation
approaches (e.g. satellite imagery, instrument-based optical
techniques) have not yielded sufficiently accurate results, at
least for some canopy variables (Keane et al. 2005; Reeves
et al. 2009). One of the most promising and effective meth-
ods of estimating these canopy fuel metrics at stand level is
the use of equations that depend on readily available stand
descriptors (Cruz and Alexander 2012; Cruz et al. 2003;
Ruiz-González and Álvarez-González 2011).

The objectives of the present study were as follows: (1) to
model the vertical profile of available crown fuel inP. pinaster
and P. radiata stands in NW Spain, using data obtained from
destructively sampled trees; (2) to quantify and compare the
range of variation in CFL, CBD and CBH values, using
different estimation techniques; and (3) to develop allometric
equations to predict these canopy fuel characteristics from
stand variables that are easily measured in forest inventories.

2 Material and methods

2.1 Study area

The study was conducted in NW Spain (in the autonomic
regions of Galicia and Asturias). Sampled stands were located
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throughout the area of distribution of the species in these
regions and were subjectively selected to represent a wide
range of site conditions. The altitude of most sites
ranges between 400 and 750 m. The climate is charac-
terized by mild temperatures (annual average tempera-
ture, 10–14 °C) and a slight water deficit in summer
(average annual rainfall, 1,000–1,800 mm; average an-
nual potential evapotranspiration, 700–850 mm; water deficit,
150–40 mm). The soil parent materials are primarily acid
schist and granitic rocks. The terrain is generally hilly with
slopes of gradients often exceeding 15 %.

2.2 Data

The data used were obtained from two different sources.
The first source of data is the destructive sampling of 204
maritime pine and 161 radiata pine trees, which were felled
in the proximity of permanent sampling plots. Between 3
and 25 trees per plot were felled (after diameter stratifica-
tion) to cover the pooled diameter distribution of the plot.
These trees were used to estimate the available crown fuel
load as a function of easily measured tree variables. Needles
and twigs smaller than 0.6 cm in diameter were considered
as the available crown fuel load because these are the fuel
components usually consumed within the flaming front of a
crown fire (e.g. Stocks et al. 2004).

Total tree crown biomass was weighed in the field.
Representative random samples of crown biomass were
taken from each tree (from the lower, middle and upper
crown levels) and then further separated in the laboratory
into available fuels (i.e. needles and twigs with a maximum
butt diameter of 0.6 cm) and the remaining fuel size classes
(branches with a minimum top diameter of 0.6 cm). These
samples were used to determine the dry weight ratios and
the dry biomass for the biomass fractions considered. The
dry weights were obtained after oven-drying the samples at
65 °C for 48 h in a forced air oven. Twigs were cut into
small pieces before drying to facilitate water removal. To
assess the required drying time, at the beginning of the
study, some samples were weighed twice, 12 h apart, until
they have reached constant mass. It was found that the
samples reached a stable mass after 48 h and did not lose
any further mass after extended drying.

A subsample of these trees (79 specimens of maritime
pine and 106 of radiata pine) were more intensively sampled
to estimate the vertical distribution of available crown fuel
load. One suppressed, one intermediate and one dominant
tree were felled in each plot to represent the full range of tree
sizes. Most of these trees were located in the proximity of
young and highly stocked plots, which were deliberately
selected because they are usually more fire prone (see, e.g.
Fernandes and Rigolot 2007). After felling, the stem was cut
into 1-m sections, and the total crown biomass of each

section was weighed immediately. One representative
branch (or two if live and dead branches appeared in the
same section) from each 1-m section was selected in the
field and then further separated in the laboratory into
available fuels and the remaining fuel size classes. The
samples were oven-dried at 65 °C for 48 h to enable
calculation of the dry weight of each fraction. The total
dry weight of each fraction in each 1-m section was
obtained by multiplying the total green weight obtained
in the field by the proportion of each fraction in the
section and the corresponding dry weight ratios. The descrip-
tive statistics of the selected trees are shown in Table 1, in
which more intensively and less intensively sampled trees are
distinguished.

The second source of data is a network of 82 maritime
pine and 168 radiata pine plots. Some of the of the radiata
pine plots were remeasured and therefore provided a total of
363 measurements. Although the established plot network is
wider, only those plots within the range of ages and stand
densities of the plots in which intensively sampled trees
were felled (see above) were considered. The plot size
ranged from 400 to 1,400 m2, depending on stand density,
to provide a minimum of 30 trees per plot. The diameter at
breast height (d, centimetres) was measured in each tree in
each sample plot. For radiata pine and on some measuring
occasions, total tree height (h, metres) and height to the base
of live crown (hblc, metres, defined as the lower insertion
point of live branches in a tree) were measured in a random-
ized sample of 30 trees and in an additional sample includ-
ing the dominant trees (the proportion of the 100 largest-
diameter trees per hectare, depending on plot size). Total
tree height and hblc for the remaining trees were estimated
from respectively the h–dmodel (Castedo-Dorado et al. 2006)
and the crown profile model (Crecente-Campo 2008) avail-
able for this species. For maritime pine stands, d, h and hblc
were measured in all trees in the plots. For more details on the
plot network and on the sampled trees analysed, see Diéguez-
Aranda et al. (2009).

The following stand variables were calculated for each
plot–measurement combination: number of trees per hectare
(N), stand basal area (G, square metres per hectare), qua-
dratic mean diameter (dq, centimetres), average stand height
(Hm, metres) and dominant height (H0, metres, defined as
the mean height of the 100 largest-diameter trees per hect-
are). Stand age (t) was determined from the plantation date.
Summary statistics (minimum, maximum and mean values
and standard deviations) of these stand variables are shown
in Table 1.

2.3 Modelling canopy fuel profiles

Initially, allometric equations were developed to estimate
the available crown fuel load per individual tree. These
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equations relate available fuel load components to one or
more easily measured individual-tree variables:

wl ¼ a01 � xai1
i1 þ e ð1Þ

wb6 ¼ a02 � xai2
i2 þ e ð2Þ

where wl and wb6 are the dry weight of needles and fine twigs,
respectively; xi1 and xi2 are the potential independent variables
(d, h, hblc, (h−hblc)/h); α01, α02, αi1 and αi2 (i01,…, n) are the
parameters to be estimated in the fitting process and e is the
error term.

A similar approach to that used by Alexander et al.
(2004) was followed to construct the vertical profile
distribution of the available crown fuel load. The ratio
between the cumulative dry weight (from the crown
apex) of each 1-m section and the total weight of
needles (Rwl) and fine twigs (Rwb6) was calculated for
each intensively sampled tree. The ratio between the
corresponding length along the tree of each 1-m section
and h (Rh) was also calculated. As these variables vary
between 0 and 1, cumulative distribution functions bounded
by 0 and 1 can be used to model the relationships.
Preliminary analyses showed that the two-parameter logistic
function was superior to the Weibull and Bertalanffy–
Richards distribution functions, and therefore the former was
selected for analysis:

Rwl ¼ 1= 1þ exp b01 � b11 � Rhð Þ½ � þ e ð3Þ

Rwb6 ¼ 1= 1þ expðb02 � b12 � RhÞ½ � þ e ð4Þ

where Rwl and Rwb6 are the cumulative fuel ratio for
needles and fine twigs, respectively; Rh is the relative
height; β01, β11, β02, and β12 are the parameters to be
estimated in the fitting process and e is the error term.

According to Sando and Wick (1972), the vertical canopy
fuel profiles were constructed by sectioning all the trees of
each plot in 0.3-m horizontal layers from the ground to the
apex of the tallest tree. The values of Rwl and Rwb6 were
calculated from Eqs. [3] and [4], respectively, for each 1-m
section. The cumulative values were then transformed into
the fraction of the total dry weight per section and multiplied
by the available crown fuel load (wl and wb6) estimated by
Eqs. [1] and [2], respectively, for each tree. The results,
summed over the stem density and converted into kilo-
grammes per square metre, provided the vertical distribution
of the available CFL per plot. “Effective” canopy bulk
density (CBDe) was estimated according to the definition
proposed by Scott and Reindhart (2001), i.e. the maxi-
mum 4.5 m running mean of the CBD vertical distribu-
tion for layers of 0.3 m depth, starting from the base to
the top of the canopy. “Average” canopy bulk density
(CBDa) was considered as the quotient between CFL
(kilogrammes per square metre) and the average live crown
length (metres).

Table 1 Summarised data from
the sample of plots and trees
used in the study

N number of stems per hectare,
G stand basal area, dq quadratic
mean diameter, Hm mean stand
height, H0 dominant height, t
age, d diameter at breast height,
h total tree height, wl dry weight
of needles, wb6 dry weight of
twigs <6 mm
aTrees sampled for total
available crown fuel
bTrees sampled for vertical distri-
bution of available crown fuel

P. pinaster P. radiata

Mean Max. Min. SD Mean Max. Min. SD

Stand variable 82 inventories 363 inventories

N (stems ha−1) 1,346 2,440 400 417 980 4,864 280 490

G (m2 ha−1) 30.5 68.8 7.8 10.8 38.1 87.1 15.3 10.0

dq (cm) 17.1 24.1 10.4 3.4 24.1 45.3 7.9 7.6

Hm (m) 10.6 18.9 4.7 2.7 19.7 32.7 9.1 5.2

H0 (m) 12.2 20.9 5.4 3.1 22.6 35.4 11.1 5.4

t (years) 18.7 32 8 4.8 24.7 47 11 8

Tree variable 204 treesa 161 treesa

d (cm) 19.0 49.2 5.44 10. 7 16.9 40.2 4.80 7.68

h (m) 13.2 23.8 4.05 4.93 16.8 32.0 5.40 5.73

wl (kg) 9.48 70.23 0.24 11.81 5.09 26.40 0.09 5.14

wb6 (kg) 1.72 13.73 0.06 2.08 3.64 16.83 0.14 3.39

79 treesb 106 treesb

d (cm) 12.8 23.1 4.5 6.1 15.1 38.5 4.8 6.5

h (m) 10.2 16.6 4.0 4.9 15.2 32.0 5.4 5.2

wl (kg) 4.13 15.31 0.24 3.76 3.61 21.42 0.09 4.00

wb6 (kg) 1.02 3.67 0.11 0.74 2.97 12.88 0.14 2.89

t (years) 18.5 32 12 7.4 21.0 44 12 7.7
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Correspondingly, “average” canopy base height (CBHa)
was calculated as the mean value of hblc observed in the
sample plots. “Effective” canopy base height (CBHe) was
calculated as the lowest height where a minimum canopy
bulk density of 0.037 kg m−3 (Sando and Wick 1972) of
available fuel is found. Although arbitrary, this threshold
was selected for the following reasons: (1) it is a compro-
mise between the maximum and minimum values reported
in the literature; (2) it has been used by other authors (e.g.
Hall and Burke 2006; Mitsopoulos and Dimitrakopoulos
2007) and (3) it allows direct comparisons with other studies
on these species in which the same threshold was used
(Hevia et al. 2011; Ruiz-González and Álvarez-González
2011; Vega et al. 2009).

All of these fuel complex descriptors are expected to be
related to stand variables that can be easily measured or
estimated in forest inventories. Multiplicative power func-
tions were selected to establish the empirical relationships
because they were superior to linear and exponential models
also analysed (results not shown). Two systems of equations
can be established, depending on whether average or effec-
tive values of CBD and CBH are considered:

CFL ¼ l01 � X li1
i1 þ e ð5Þ

CBDe ¼ l02 � X li2
i2 þ e ð6Þ

CBHe ¼ l03 � X li3
i3 þ e ð7Þ

CFL ¼ l04 � X li4
i4 þ e ð8Þ

CBDa ¼ l05 � X li5
i5 þ e ð9Þ

CBHa ¼ l06 � X li6
i6 þ e ð10Þ

where Xi1–Xi6 are the potential independent variables (N, G,
dq, Hm, H0, t); l01–l06 and li1–li6 (i01,…, n) are the
parameters to be estimated in the fitting process and e is
the error term. Note that no distinction was made between
equations for effective and average CFL. Depending on
whether effective or average CBD and CBH is considered
by the end-user, Eqs. [5] or [8], respectively, should be
selected for CFL estimation.

As there is no single, widely accepted, bulk density
threshold for estimating CBHe (e.g. Alexander 2006), mod-
elling the vertical profile of the CBD will allow CBHe to be
estimated when the former reaches any specified minimum
value. Preliminary analysis revealed that a three-parameter

Weibull distribution function best fit the data on the vertical
profile:

CBD ¼ d0 1� exp � H � 0:3

d1

� �d2
 !" #

þ e ð11Þ

where CBD is the canopy bulk density (kilogrammes per cubic
metre); H is the stand height above ground (metres); δ0, δ1 and
δ2 are the parameters to be estimated and e is the error term.

If model parameters in Eq. [11] (obtained for each plot)
are related to stand variables, the vertical CBD distribution
at stand level (and subsequently CBDe and CBHe) can be
easily estimated.

2.4 Model fitting

Model errors of the systems of Eqs. [1]–[2], [3]–[4], [5]–[7],
and [8]–[10] are expected to be correlated, and therefore,
simultaneous fitting must be carried out (e.g. Parresol 1999).
Depending on whether the relationships between the depen-
dent and the independent variables are homocedastic or
heteroscedastic, the seemingly unrelated regression (SUR)
or the generalized method of moments (GMM) must be used
for this purpose. The GMM produces efficient parameter
estimates under heteroscedastic conditions, without specify-
ing the nature of the heteroscedasticity (SAS Institute Inc
2008). It also enables the correlated model errors to be dealt
with. Both methods are available in the SAS/ETS® PROC
MODEL procedure (SAS Institute Inc 2008).

The database used for fitting models [3] and [4] contains
multiple observations of available fuel load components for
each tree (i.e. hierarchical data), and so it is reasonable to expect
autocorrelation within the residuals of each tree, which violates
the assumption of independent error terms. Therefore, a simple
autoregressive error structure (AR(x)) was used in an attempt to
correct the autocorrelation because the distance between bio-
mass measurements is constant along the stem (1 m).

The best set of independent variables for the systems of
Eqs. [5–7] and [8–10] was selected by using a logarithmic
transformation of the original models and fitting each model
separately. The stepwise variable selection method, in com-
bination with an understanding of the modelled process
(biological sense of the variables and the signs of the pa-
rameter estimates), was used. In addition, the presence of
multicollinearity among variables was evaluated by the con-
dition number (Belsley 1991).

Parameter estimates of Eq. [11] were obtained in a similar
manner but by use of linear models. The Kolmogorov–Smir-
nov (K–S) test was used to verify whether the observed and
predicted (by modelling parameters from stand variables)
CBD values were drawn from the same distribution. A 5 %
significance level was selected both for assessing the signifi-
cance of model parameter estimates and for the K–S test.
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Evaluation of the performance of the models was based
on numerical and graphical analysis. Graphical analysis was
carried out by plotting the residuals against the predicted
values and the observed values against the predicted values
of the dependent variable. Numerical analysis was carried
out by the goodness-of-fit statistics root mean squared error
(RMSE) and coefficient of determination (R2). The RMSE
provides a measure of the precision of the estimates in the
same units as the dependent variable, while the coefficient
of determination measures the amount of the observed var-
iability explained by the model.

3 Results

The biomass equations developed for available crown fuel
components (wl and wb6) for both pine species are shown in
Table 2. Parameter estimates were obtained by the GMM
method. Diameter at breast height was the best predictor vari-
able for both fuel components and species, and it explained
more than 68 % of the observed variability.

The parameter estimates for the two-parameter logistic
Eqs. [3] and [4] are shown in Table 3. The SUR method was
used for model fitting because the plots of cumulative dry
weight of needles (Rwl) and fine twigs (Rwb6) against Rh
show homoscedasticity. Autocorrelation was corrected by
modelling the error term with a first-order autoregressive
error structure (AR(1)). Figure 1 shows how the trend in
residuals as a function of lag residuals within the same tree
disappeared after the correction.

For maritime pine, the logistic model explained more
than 92 and 88 % of the variation in the vertical fuel profile
for needles and fine twigs, respectively. These values were
slightly lower for radiata pine, for which around 86 % of the
total variability was explained for both fuel components.
Figure 2 shows the fitted curves superimposed on the ob-
served data of cumulative dry weight for needles (Rwl) and
fine twigs (Rwb6) against Rh. It should be noted that both
Rh and Rw are calculated from the top of the tree.

Comparative minimum, maximum and mean values and
standard deviations of CFL, CBDe, CBDa, CBHe and CBHa

for each species are shown in Table 4. Comparison assumes
that sampled plots are representative of the current young and

highly stocked stands of the species in the region. The mean
values of CFL were higher for P. radiata than for P. pinaster
stands. Nevertheless, the mean values of both CBDe and
CBDa were higher for maritime pine than for radiata pine
stands. Moreover, the mean CBDe was around 20 % lower
than CBDa for both species. Canopy base height (defined
either by CBHe or CBHa) was substantially higher for radiata
pine than for maritime pine stands. For both species, the mean
CBHe was again around 25 % lower than the mean CBHa.

After selecting the best set of independent variables for
each canopy fuel variable, the following allometric func-
tions were obtained for maritime pine:

CFL ¼ l01 � Gl11 ð12Þ

CBDe ¼ l02 � Gl12 � Hl22
0 ð13Þ

CBHe ¼ l03 � Hl13
m ð14Þ

CFL ¼ l04 � Gl14 ð15Þ

CBDa ¼ l05 � Gl15 � N l25 ð16Þ

CBHa ¼ l06 � Hl16
m ð17Þ

For radiata pine, the expressions are as follows:

CFL ¼ l01 � Gl11 � N l21 ð18Þ

CBDe ¼ l02 � Gl12 � N l22 � Hl32
0 ð19Þ

CBHe ¼ l03 � Hl13
m ð20Þ

CFL ¼ l04 � Gl14 � N l24 ð21Þ

CBDa ¼ l05 � Gl15 � N l25 ð22Þ

CBHa ¼ l06 � Hl16
m ð23Þ

These systems of equations were fitted simultaneously by
the GMMmethod. The parameter estimates and the goodness-

Table 2 Biomass equations and goodness-of-fit statistics for available fuel components (wl and wb6) of maritime and radiata pine

P. pinaster P. radiata

Biomass equation R2 RMSE (kg) Biomass equation R2 RMSE (kg)

wl ¼ 0:01566 � d2:072 0.837 4.77 wl ¼ 0:02023 � d1:899 0.697 2.83

wb6 ¼ 0:007241 � d1:789 0.677 1.18 wb6 ¼ 0:01605 � d1:864 0.790 1.55

wl and wb6 dry mass of needles and fine twigs, respectively (kg); d diameter at breast height (centimetres)
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of-fit statics are shown in Table 5. The values of the condition
numbers did not indicate problems of multicollinearity.

The CFLmodels accounted for a high percentage of the total
variability for both species. Canopy bulk density models (in-
cluding either CBDe or CBDa) explained between 64 and 98 %
of the observed variability for both species, whereas the respec-
tive percentages varied between 83 and 96 % for canopy base
height. All equations provided a random pattern of studentized
residuals around zero, with homogeneous variance and no
detectable significant trends (Fig. 3).

The linear models (and their goodness-of-fit statistics) re-
lating the parameters of the Weibull distribution function for
CBD to stand variables are shown in Table 6. The percentage
of variability explained by the models varied between 58 and
99 %. In addition, the values of the condition numbers did not
indicate any problems of multicollinearity. The K–S test
revealed that only 1 of the 83 distributions for maritime pine
and 6 of the 363 distributions for radiata pine, estimated by the
respective linear models, were rejected.

4 Discussion

Diameter at breast height was the only reliable predictor of dry
weight of needles and fine twigs for both maritime and radiata
pines. Previous analysis (data not shown) indicated that use of
the crown ratio [(h−hblc)/h] could improve the predictions
slightly. However, this variable was not used as it requires
much greater sampling effort. Balboa-Murias et al. (2006) also
found that d was the only significant variable for estimating
biomass of needles and twigs thinner than 0.5 cm for both
species in the study region. Fernandes et al. (2002) also used d
to predict maritime pine needle biomass in Portugal.

According to the coefficient of determination, models [3]
and [4] enable accurate estimation of the vertical distribution
of available crown fuel. Similar percentages of variability
have been explained in constructing vertical fuel profiles for
maritime pine (Fernandes et al. 2002; Vega et al. 2009) and for
other conifer species (Alexander et al. 2004; Mitsopoulos and
Dimitrakopoulos 2007).

Table 3 Parameter estimates
and goodness-of-fit statistics for
Rwl and Rwb6 equations

Rwl and Rwb6 ratio of the cumu-
lative dry weight of each 1-m log
to the total weight of needles and
fine twigs, respectively; ρ auto-
correlation parameter of the AR
(1) error structure

Fuel component Parameter P. pinaster P. radiata

Estimate R2 RMSE (kg) Estimate R2 RMSE (kg)

Needles (Rwl) β0 2.987 0.924 0.109 2.710 0.865 0.142
β1 11.55 10.77

ρ 0.7509 0.9025

Twigs<6 mm (Rwb6) β0 3.642 0.883 0.140 3.369 0.862 0.146
β1 8.496 7.785

ρ 0.7452 0.8698

P. pinaster P. radiata

Fig. 1 Plots of residuals against lag residuals for the models of
cumulative fuel estimation for needles (Rwl) and fine twigs (Rwb6)
fitted without considering the autocorrelation parameters (first and

third columns) and using a first-order autoregressive error structure
(second and fourth columns)
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In general, the vertical profiles of available canopy fuel were
smooth, as expected because we are dealing with even-aged
stands with simple vertical structure. As an example, Fig. 4
shows the vertical profile of the canopy fuel load for two
comparable sampled plots of both species. The main difference
is that in maritime pine most of the available fuel load is
needles, whereas for radiata pine fine twigs are relatively more
important. These results are consistent with the relative impor-
tance of both fuel components in total tree biomass for a tree of
given diameter d (see parameter estimates in Table 2).

The lower mean CBD values for radiata pine may be due to
the low level of self-pruning of dead branches (Keeley and
Zedler 1998) and to the higher stand heights (see Table 1).
These two traits result in vertical distribution of CFL at a wider
canopy depth, which decreases the weight of the canopy fuel

per unit of volume. On the contrary, maritime pine is interme-
diate in terms of self-pruning (Keeley and Zedler 1998), and the
height growth rate is lower. In addition, maritime pine usually
grows in more highly stocked stands (see Table 1), which
favours death and detachment of the lower canopy branches.
Therefore, available canopy fuel is concentrated in a smaller
portion of the tree crown, which increases the CBD.

There were substantial differences between average and
effective CBD and CBH values for both species. CBDa is
estimated by dividing CFL by the live canopy depth (calcu-
lated as the difference between Hm and CBHa). According to
this definition of CBHa, the bottom of tree crowns (where
branches are dead because of self-pruning) is not taken into
account. Nevertheless, estimation of the vertical distribution
of available crown fuel load considers the weight of dead
fine twigs below hblc. These different assumptions result in
mean average CBD and CBH values that are larger than the
mean effective counterparts. Authors who have considered
dead fine twigs along the stem in destructive sampling (e.g.
Reindhart et al. 2006) also reported lower CBDe and CBHe

values than the CBDa and CBHa counterparts.
Irrespectively of the estimation method used, the mean

CBD values for both species were higher than the threshold
of 0.1 kg m−3 empirically deduced by Agee (1996) and sub-
sequently confirmed by Cruz et al. (2005) as the approximate
value necessary to support active crowning.

Quantitative knowledge about canopy fuels for both radiata
and maritime pine stands has been quite deficient until present
(Cruz 2011; Fernandes and Rigolot 2007). For maritime pine,
the studies by Hevia et al. (2011) and Vega et al. (2009) are the
only ones based on estimating vertical canopy fuel profiles
from destructively sampled tree data in Spain, and substantially
different mean CBDe and CBHe values were obtained for each.

In regard to radiata pine, the study by Ruiz-González and
Álvarez-Gonzalez (2011) is the only one available for this
species in Spain. The mean value of CBDe reported (0.21
kg m−3) is substantially higher than that obtained in the
present study (0.10 kg m−3). This discrepancy is mainly
explained by the different methods used to estimate the

P. pinaster P. radiata

Fig. 2 Graphical representation of the models for cumulative fuel
estimation of needles (Rwl) and fine twigs (Rwb6) in relation to relative
heights (Rh). Circles represent the observed values; solid lines repre-
sent the fitted model

Table 4 Summarised data for the computed canopy fuel variables

Canopy fuel variable P. pinaster P. radiata

Mean Max. Min. SD Mean Max. Min. SD

CFL 0.896 1.96 0.229 0.319 1.19 2.59 0.530 0.289

CBDe 0.139 0.308 0.0497 0.0388 0.103 0.197 0.0576 0.0231

CBDa 0.176 0.365 0.0796 0.0632 0.129 0.236 0.0738 0.0294

CBHe 3.86 7.50 1.20 1.31 7.37 13.50 1.80 2.59

CBHa 5.36 13.14 1.84 2.29 9.78 21.13 2.83 4.01

CFL canopy fuel load (kilogrammes per square metre), CBDe effective canopy bulk density (kilogrammes per cubic metre); CBDa average canopy
bulk density (kilogrammes per cubic metre), CBHe effective canopy base height (metres), CBHa average canopy base height (metres)
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vertical distribution of available crown fuel load. Ruiz-
González and Álvarez-Gonzalez (2011) assumed that the
available fuel load is vertically distributed according to the

vertical distribution of the live crown volume, which was in
turn estimated by use of a crown profile model (Crecente-
Campo 2008). This crown profile model does not consider the

Table 5 Parameter estimates and goodness-of-fit statistics for the allometric models used to estimate the canopy fuel variables

Canopy fuel variable P. pinaster P. radiata

Parameter Estimate R2 RMSE Condition number Parameter Estimate R2 RMSE Condition number

CFL l01 0.02817 0.997 0.0184 22.3 l01 0.02862 0.991 0.0277 47.9
l11 1.013 l11 0.9367

l21 0.04685

CBDe l02 0.01976 0.981 0.00537 33.3 l02 0.05513 0.944 0.00545 94.6
l12 1.004 l12 0.9494

l22 −0.5851 l22 0.02968

l32 −0.9780

CBHe l03 0.2037 0.890 0.440 21.2 l03 0.1641 0.907 0.793 26.8
l13 1.243 l13 1.275

CFL l04 0.02798 0.997 0.0182 22.3 l04 0.02706 0.991 0.0275 47.9
l14 1.014 l14 0.9449

l24 0.0509

CBDa l05 0.004207 0.614 0.0397 59.0 l05 0.001106 0.928 0.00791 48.3
l15 0.7333 l15 0.7479

l25 0.1751 l25 0.3015

CBHa l06 0.1213 0.830 0.944 22.2 l06 0.09679 0.960 0.804 28.5
l16 1.596 l16 1.536

Canopy fuel variables are defined in Table 4

P. radiataP. pinaster

Effective variables Average variables Effective variables Average variables

Fig. 3 Plots of residuals against predicted values of CFL, CBD and CBH for maritime pine and radiata pine
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volume occupied by dead available fuel load, and therefore, it
overestimates the CBDe values. The approach used in the
present study is based on observed fuel distribution data from
destructively sampled trees, and therefore, it provides a more
realistic depiction of the vertical distribution of crown fuel
(and in turn, of CBDe and CBHe).

Therefore, the present results highlight the importance of
considering the fuel load from dead fine twigs located below
hblc in estimating CBDe and CBHe. This is particularly
important in maritime and radiata pine stands, in which dead
fine twigs in the lower canopy may comprise substantial
quantities of fuel (Cruz 2011; Fernandes and Rigolot 2007).

The mean CBH values (assessed either by average or
effective values) obtained in this study suggest that maritime
pine stands have a greater potential for crown initiation than
radiata pine stands. In addition, if the critical intensity of
surface fire for crowning is attained, crown fire spread is
more likely in maritime pine stands because of the higher
mean CBD values. This may partly explain why the burned
area of this species is higher than would be expected from
the degree of land cover (Fernandes and Rigolot 2007).

The allometric equations developed show that CFL was
positively correlated with stand density (especially with G)
for both pine species and both estimation alternatives. This
supports previous findings that G is the most important
variable when predicting dry weight of biomass components
at stand level (e.g. Castedo-Dorado et al. 2012; Mitsopoulos
and Dimitrakopoulos 2007).

Stand density (given by bothG andN) andH0 were the best
independent variables for modelling both CBDe and CBDa.
Cruz et al. (2003) and Mitsopoulos and Dimitrakopoulos
(2007) also found that CBD depended greatly on N and G
but not on stand height. Nevertheless, Ruiz-González and
Álvarez-Gonzalez (2011) found that H0 was significantly
and inversely related to both CBDa and CBDe. The negative
value of the parameter estimates for H0 can be explained by
the fact that a higher stand dominant height will cause the
available fuel load to be distributed over a larger crown length,
thus decreasing the mass per unit volume.

As expected, stand height had the greatest effect on both
CBHa and CBHe for both species. Stand density showed
only a marginally positive effect, and therefore, it was not
considered. Both Hm and H0 are closely and positively
related to CBH variables and can be used for modelling.
Hm was finally selected because it is more amenable to
management, which ensures that CBH will increase after
thinning from below (the most usual thinning option for
these species in the region) (Cruz et al. 2003, 2010).

Parameterization of the Weibull distribution function de-
veloped will allow the vertical distribution of available fuel
load to be determined from easily measured stand attributes
(Keyser and Smith 2010). Subsequently, CBHe can be esti-
mated for any desired bulk density threshold by solving Eq.
[11] once parameterized with the models shown in Table 6. In
the same way, CBDe can also be estimated by deriving Eq.
[11] with respect to H. The systems of parameter prediction

Table 6 Parameter estimates
and goodness-of-fit statistics for
the models relating parameters
of the Weibull distribution func-
tion to stand variables

G stand basal area (square
metres per hectare); H0 dominant
height (metres), dq quadratic
mean diameter (centimetres)

Species Equation R2 RMSE Condition number

P. pinaster d0 ¼ 0:203þ 0:0935 � G 0.988 0.109 5.85

d1 ¼ 0:429þ 0:642 � H0 0.935 0.528 8.06

d2 ¼ 1:01þ 0:0888 � H0 þ 0:0612 � dq 0.739 0.274 16.6

P. radiata do ¼ 0:338þ 0:0965 � G 0.979 0.141 7.76

d1 ¼ �2:09þ 0:756 � H0 0.985 0.449 8.59

d2 ¼ 2:47þ 0:0117 � H0 þ 0:0142 � dq 0.585 0.139 17.9

Fig. 4 Comparative example
of vertical canopy fuel load
distribution in one sampled plot
of maritime pine (left) and
radiata pine (right). The values
of H0 (11.8 m for maritime pine
and 13 m for radiata pine) and
N (1,600 trees per hectare) are
similar for both plots
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models developed provide logical results for both canopy fuel
variables: (1) an increase in G or dq has a positive impact on
CBDe values, but an almost negligible impact on CBHe, and
(2) for the same G and dq values, increasing H0 implies
smaller CBDe and larger CBHe values.

When combined with fire behaviour models and simula-
tion systems, the prediction equations presented are useful
for establishing fuel treatment priorities and evaluating the
effectiveness of fuel management activities. For these pur-
poses, adequate information about canopy fuel metrics
(mainly CBD and CBH) is necessary. The present results
highlight that the method of distributing available fuel with-
in the crown may have a substantial impact on estimating
CBD and CBH, which in turn may affect the effectiveness
of planning fuel treatments (Agca et al. 2011; Hall and
Burke 2006; Keyser and Smith 2010).

As already pointed out, estimations of CBDa and CBHa

are compatible with the canopy fuel stratum characteristics
used in Van Wagner’s (1977) model, whereas the estima-
tions of CBDe and CBHe depart from the input specifica-
tions of this model. Therefore, although modelling the
vertical profile of available canopy fuel (including dead fine
twigs below hblc) provides a realistic vertical fuel profile
depiction, these fuels introduce an error term in the model of
Van Wagner because “their contribution to a heat balance
calculation is quite distinct from live fuels” (Cruz et al.
2004). It must be taken into account that Van Wagner’s
crown fire initiation and propagation model is widely used
and has been implemented in most fire modelling systems
(BehavePlus, FARSITE, FlamMap, etc.).

5 Conclusions

In this study, the vertical profile of available canopy fuel for
maritime and radiata pine stands in NW Spain was modelled
with data from 185 destructively sampled trees. This mod-
elling approach provided a realistic depiction of the vertical
fuel distribution, considering both the fuels in the live crown
and the dead fine twigs located below the live crown base
height. The canopy bulk density and canopy base height
values estimated from the developed models differs substan-
tially from those obtained by considering a uniform distri-
bution throughout the entire length of the live crown or even
a distribution proportional to live crown volume.

Canopy fuels for both pine species are characterized by a
relatively low CBH (which results in high probability of
crown fire initiation) and a higher CBD than the threshold
widely accepted for crown fire propagation (0.1 kg m−3).
Moreover, assuming the same surface fuel complex charac-
teristics, crowning is more likely in maritime pine than in
radiata pine stands, since lower CBH and higher CBD
values were obtained for the sampled plots.

The allometric models developed for estimating canopy
fuel metrics provide a reasonable estimation of canopy fuel
structure, since they explain a high percentage of the ob-
served variability. In addition, they can be estimated from
common stand descriptors, and therefore, a low degree of
sampling effort is required. Future evaluation of the regres-
sion models with real independent data will allow assess-
ment of their reliability.
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