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Abstract: The mild climate and, in recent decades, the increased demand for timber have favoured
the establishment of extensive plantations of fast-growing species such as Pinus radiata in Galicia (a
fire-prone region in northwestern Spain). This species is characterised by very poor self-pruning;
unmanaged pine stands have a worrying vertical continuity of fuels after crown closure because the
dead lower branches accumulate large amounts of fine dead biomass including twigs and suspended
needles. Despite the important contribution of these dead ladder fuels to the overall canopy biomass
and to crown-fire hazards, equations for estimating these fuels have not yet been developed. In this
study, two systems of equations for estimating dead ladder fuel according to size class and the vertical
distribution in the first 6 m of the crown were fitted: a tree-level system based on individual tree
and stand variables and a stand-level system based only on stand variables. The goodness-of-fit
statistics for both model systems indicated that the estimates were robust and accurate. At the tree
level, fuel biomass models explained between 35% and 59% of the observed variability, whereas
cumulative fuel biomass models explained between 62% and 81% of the observed variability. On the
other hand, at the stand level, fuel-load models explained between 88% and 98% of the observed
variability, whereas cumulative fuel-load models explained more than 98% of the total observed
variability. These systems will therefore allow managers to adequately quantify the dead ladder fuels
in pure Pinus radiata stands and to identify the treatments required to reduce crown-fire hazard.

Keywords: canopy base height; canopy fuel load; canopy bulk density; crown-fire hazard; pure
even-aged stands; forest management

1. Introduction

Fuel bed, the general term for the complex array of biomass types in a given area, is
vertically stratified into three fuel layers: ground, surface, and canopy fuels [1]. Ground
fuel comprises all of the burnable material below the litter including duff, plant roots,
decaying wood, and peat. Ground fuel supports smouldering (flameless) combustion,
which produces lower temperatures and lasts longer than the flaming combustion of
surface fuels [2]. Canopy or aerial fuels comprise the biomass above the surface fuel layer;
some of their structural characteristics such as canopy fuel load (CFL), canopy bulk density
(CBD), and canopy base height (CBH) affect the initiation and spread of crown fires [34].
These variables must be quantified to predict fire behaviour characteristics and enable the
selection of appropriate silvicultural treatments aimed at reducing susceptibility to crown
fires in fire-prone stands such as pine forests [5]. CFL is defined as the mass of available
canopy fuel per unit ground area, CBD indicates the amount of available fuel per volume
unit in the aerial layer, and CBH is the lowest height above ground level at which there is
sufficient canopy fuel to propagate fire vertically through the canopy [6,7]. For modelling
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purposes, needles and fine twigs (diameter < 6 mm) are usually considered the available
fuel because they are generally consumed within the flaming front of a crown fire [8].

Different approaches and methods have been used to estimate the canopy fuel vari-
ables related to crown fires; e.g., [3,6,9]. The most commonly used approach is the “load-
over-depth method”, which assumes that all canopy fine fuel is homogeneously distributed.
This method is consistent with the semi-empirical based models used in the main fire
behaviour simulators available [10]. The canopy fine fuel can be estimated at the individual
tree level by using equations to predict crown fuel characteristics using regressor variables
that are easy to measure in the field such as tree diameter or height; e.g., [11,12]; and at
the stand level by using models that are less accurate but also less demanding in terms
of sampling. Thus, for example, in the study area, i.e., the north-western Iberian Penin-
sula, these types of models have been developed for pine stands that are prone to crown
fires using stand variables determined in field inventories [11-16] or by remote sensing
technologies including airborne light detection and ranging (LiDAR) [17-20] and optical
satellite imagery [21]. The latter two approaches are less accurate than those based on field
inventory but facilitate landscape-level mapping and thus the use of map-based simulation
systems such as FlamMap [22].

The surface fuel layer (including litter, shrubs, grasses, and woody biomass) also
contributes to crown-fire hazards because its load (biomass per unit area) modulates the
fireline intensity of the surface phase and its height affects the fuel strata gap (FSG), which
is defined as the distance from the top of the surface fuel bed to the lower limit of the
aerial fuel stratum comprising the ladder and live crown fuels that can support vertical fire
propagation [23].

Surface fuels are characterised by similar methods to those described for canopy fuels.
However, given the high coverage and complexity of shrub communities with or without
an overlaying tree canopy in the study region, the stand-level approach is based on field
inventory [24,25], terrestrial laser scanning [26] and remote sensing techniques such as
LiDAR [27] and satellite imaging [21].

In Galicia (NW Spain), an area at the intersection between the Mediterranean and
Atlantic climatic influences, a certain level of summer drought coexists with high forest
productivity, resulting in very high fuel accumulation [28,29]. These favourable site con-
ditions have allowed the proliferation of pure and even-aged pine stands, especially of
Pinus pinaster L. and Pinus radiata D. Don. According to the IV National Forest Inventory
(IVIEN [30]), these species cover 217,000 and 96,000 ha, respectively, accounting for 15
and 7% of the forest area in the region. The mild climate and, in recent decades, the in-
creased demand for timber have favoured the establishment of extensive commercial forest
plantations of both fast-growing species [30,31].

Different silvicultural or forest management strategies are used for these species in
Galicia depending on site quality and the cost effectiveness of the final products [32]. These
strategies include fuel treatments by thinning and pruning (to a maximum height of 6 m)
to reduce canopy fuels and mastication to control surface fuels. These treatments enable
a certain vertical and horizontal fuel discontinuity to be maintained by generating a gap
between surface and canopy fuels; they are thus expected to decrease the likelihood of
crown fire initiation and spread. However, a high proportion of adult pine stands are either
not managed or are inadequately managed and display a worrying vertical continuity of
fuels. This particularly applies to Pinus radiata stands, given the very poor self-pruning
that characterises the species [33]. Thus, large amounts of dead biomass accumulate in
the lower canopy after crown closure, including fine twigs and suspended needles, which
represent the so-called ladder fuels.

Ladder fuels comprise live or dead vegetation or a combination of both that pro-
vides vertical and horizontal continuity and enables surface-to-crown fire transition, thus
transforming comparatively low-intensity fires into severe canopy fires [34]. In addition,
dense ladder fuels can make fire suppression more difficult and increase the exposure of
firefighters to hazardous conditions, especially when fire behaviour shifts unexpectedly,
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by inhibiting escape to safety zones [35,36]. Ladder fuels can also reduce habitat quality
by decreasing accessibility and foraging efficiency for wildlife [37]. Ladder fuels can be
any live or dead biomass, but usually occurs as tree and shrub foliage and small branches
that extend to the surface fuel layer or up into the canopy layer [1]. Ladder fuels should
therefore be considered when assessing the potential for crown fires in radiata pine stands
to prevent the fire hazard being underestimated.

Existing Pinus radiata CFL estimation models in Galicia are robust, especially those
based on stand variables [12], but can lead to underestimation of CFL in closed canopy and
unpruned stands because they are based on the individual tree aerial biomass equations
that only quantify the live fraction [38]. Furthermore, CBH according to the requirements of
early crown fire initiation models [3]; i.e., solely based on the live crown component, might
not be an adequate metric for the inception of crown fires in this type of stand where dead
ladder fuels are well represented. Van Wagner [3] viewed ladder fuels, if abundant enough,
as a component of surface fire behaviour that would increase fireline intensity and extend
the flame into the live canopy. This implies an option for either the addition of ladder fuels
to the surface fuel complex if fire behaviour modeling based on Van Wagner [3] is used or
the usage of fire behaviour models and systems where FSG (dependent on the height to
dead branches and foliage) is an input to assess the surface-to-crown fire transition [5,23,39].
The latter is preferred because the degree of involvement of ladder fuels in combustion will
vary within the range of fire weather and stand structure conditions [40].

The process of fuel-management decision making, including the required fire be-
haviour simulations, should be informed by appropriate and thorough assessment of fuel
variables. Therefore, the objective of this study was to develop tools to allow managers to
correctly quantify dead ladder fuels in closed canopy and unpruned pure and even-aged
Pinus radiata stands and thus select the treatments required to reduce crown-fire hazards
by incorporating this highly flammable fuel in the estimates of the canopy fuel variables
most closely related to fire hazards. With this aim, two systems of equations were fitted.
One system was first fitted to estimate the dead biomass according to size class in the first
6 m of the crown of the individual tree and its vertical distribution. Another system was
then fitted to estimate the stand-level load of the different size classes and their vertical
distribution in a 6 m layer from the ground.

2. Materials and Methods

A total of 20 mature, pure even-aged, unmanaged stands of Pinus radiata (Figure 1)
were subjectively selected to cover the observed variability in site quality and density in
the area of distribution of the species in Galicia.

A temporary circular sample plot with a 10 m radius was established in each stand.
The diameter at breast height (d) of all trees within the sample plot was measured to the
nearest 0.1 cm at two perpendicular angles with a graduated caliper. The total tree height
(h), height to the live crown base (f;c), and height to the dead crown base (fy,.), which were
defined as the lower insertion point of respectively live branches and dead branches in a
tree, were measured to the nearest 0.1 m with a digital hypsometer in a random subsample
of one-third of the total trees in the sample plot (237 trees). The number of stems per hectare
(N), stand basal area (G), mean diameter (d), quadratic mean diameter (dg), mean stand
height (1), and a modification of the relative spacing index (RS), defined as 100/ (vV'N-h),
were calculated for each sample plot from tree measurements. The dominant height, which
was defined as the average height of the 100 thickest trees per ha, was not considered in
this study; due to the size of the sample plots (314 m?), its value was estimated from the
4 thickest trees in the plot and would have been affected by any measurement error.

The values of h, hy;., and hy,;, for the remaining trees in the plots were estimated by
fitting a system of three equations with the measurements of the 237 subsampled trees.
The system was fitted simultaneously using the iterative seemingly unrelated regression
(ITSUR) method in the MODEL procedure of SAS/ETS [41]. The fitted equations explained
78%, 64%, and 98% of the observed variability in h, hy;., and hy,,, respectively; the following
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Figure 1. Geographical location of Pinus radiata stands in Galicia and of the 20 plots included in the
study (left). View of one of the study plots (lower right).

In each plot, 2 to 4 trees in the subsample used for height measurement were subjec-
tively selected to cover the observed diameter range. Those trees had no crown damage and
branch development corresponded to the natural processes of intraspecific competition in
these particular conditions. A total of 65 trees were selected and the dead crown branches
within the first 6 m of the stem were destructively sampled. An upper sampling limit of
6 m was selected because this was the maximum pruning height for the species in the study
area. All dead branches in each 1 m section from the base of the tree were cut and the
material was bagged and taken to the laboratory, where it was physically separated into
different size classes: needles, fine woody fuels (twigs diameter < 0.6 cm, hereafter G1),
medium fuels (twigs 0.6 cm < diameter < 2.5 cm, hereafter G2), and coarse fuels (branches
2.5 cm < diameter < 7.6 cm and cones, hereafter G3). Most of the trees did not contain G3
material, so the G2 and G3 categories were grouped together (G23). Although there is no
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full consensus about what is considered available fuel (see [11] for clarification), for the
purposes of canopy fuel modelling, only the thinnest fraction (needles and G1) is usually
considered. However, fuels thicker than 6 mm were also considered in this study to enable,
e.g., the total biomass contributed by dead branches for different pruning heights to be
determined. Once classified, the material was weighed and dried in a forced air oven
(105 °C for 24 h for fine fuels and 48 h for coarse fuels) to determine the dry biomass of
each fraction (Wiosa1, Wieedtess WG123, Wi23, and Wi1).

The compatible system of tree biomass equations developed for radiata pine in Gali-
cia [38,42] was used to estimate the biomass of needles and fine twigs (<0.6 cm diameter)
in the live crown of all trees in the plot. Three structural canopy fuel variables were then
estimated using the ‘load over depth’ method: canopy fuel load (CFL), canopy base height
(CBH), and canopy bulk density (CBD). CBH was calculated as the mean value of the
height to the base of live crown per plot; CFL was calculated as the biomass of needles and
fine twigs for all trees in the plot, which were assumed to be the fuel consumed within
the flaming front of a crown fire divided by the surface plot; and CBD was calculated by
dividing CFL by crown length, which was estimated as the difference between the mean
stand height (h) and CBH. The mean value and standard deviation for the main stand and
tree variables are shown in Table 1.

Table 1. Statistics for the main tree and stand variables.

Stand variables (n = 20)

Variable Mean Maximum Minimum Std. Dew.
N (stems/ha) 985.03 1368.73 604.79 222.62
G (m? /ha) 39.34 60.51 25.06 9.87
d (cm) 21.47 29.24 16.94 3.26
1 (m) 19.56 25.57 14.19 3.15
RS 0.17 0.24 0.12 0.03
Live canopy variables (n = 20)

Variable Mean Maximum Minimum Std. Dev.
CBH (m) 8.64 14.09 4.65 2.80
CFL (kg/mZ) 1.19 1.78 0.75 0.28
CBD (kg/m3) 0.11 0.20 0.07 0.04

Tree variables (n = 629)

Variable Mean Maximum Minimum Std. Dev.
d (cm) 21.05 49.8 4.8 8.04
h (m) 19.77 30.4 9.9 417
hpje (m) 8.79 19.3 2.5 3.27
hpge (m) 0.39 1.1 0.1 0.18

Dead crown biomass within the first 6 m of destructively sampled trees (n = 65)

Variable Mean Maximum Minimum Std. Dev.
Wiotar (kg) 19.06 63.92 3.12 11.68
Wieedles (Kg) 3.17 11.55 0.22 2.19
Wg1 (kg) 2.10 7.55 0.31 1.09
Wgas (kg) 13.79 47.06 1.82 9.41

Std. Dev = standard deviation; N = stem density; G = stand basal area; d = mean diameter; 1 = mean height;
RS = relative spacing index; CBH = canopy base height; CFL = canopy fuel load; CBD = canopy bulk density;
d = tree diameter; h = tree height; ;. = height to the live crown base; hy;. = height to the dead crown base; and
Whotal, Wheedless Wi23, and W1 = total, needles, medium and coarse (G23), and woody fine (G1) fuel biomass,
respectively.

2.1. Fuel Biomass Equations for the First 6 m of the Stem at Tree Level

Equations for estimating the biomass of each of the five fuel fractions were developed
(Wiotal, Wheedtess WG123, Waos, and Wg1) for the first 6 m of the stem using allometric models
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of the form W\l = [SO-Xf5 ! where Wl is the fuel biomass of fraction i, X; is a set of independent
variables, and fy and B; are parameters to be estimated. The fitted equations had to fulfil
the property of additivity; i.e., the sum of biomass estimates from separate fractions had to
equal the biomass estimates from the total biomass model (e.g., Wieeq10s + Wi123 estimates
had to equal Wy, estimates or Wgo3 + W1 estimates had to equal W23 estimates).
Therefore, the equation for each fuel fraction was fitted separately in a first step and the
complete system of five equations (one per fraction) was then fitted simultaneously to
guarantee additivity. The best set of independent variables was selected by using the
stepwise selection method after linearizing the allometric models by applying logarithmic
transformations to both sides of the equation.

The equation for estimating total fuel biomass W;,;,; is expressed as follows:
Wiotal = a0- X" 4)

Two equations discriminating between branch and cone biomass (Wg1,3) and needle
biomass (W,41es) Were obtained by disaggregating Equation (4):

—

Wieedies = exp[bO,n + biﬁn'log(Xl‘)]

W23 = explby_ci23 + bi_g123-10g(X;)]

Wci23 Wc123 1

Wtotal (WG123 + Wneedles) 1+ (Wneedles/WG123)

The equation for estimating the branch and cone fuel biomass was then obtained as
follows:

—

— 1
W12 = Wigtar -

1+ explbg + bi-log(X;)]

where bj = b; , — b; g123; the equation to estimate the needles fuel biomass was expressed
as follows:

Q)

/\ P — — exvlb + b:-loo(X;
Wieedles = Wiotal — WG123 = Wiotar® 1+ pr[p(fbo _’_lb(‘lgo(g(l))(])}
i i

(6)

Two equations for discriminating between coarse branch and cone biomass (Wg23)
and fine branch biomass (W) were derived by disaggregating Equation (5):

Weas = explco_ca3 + ci ca3-10g(X;)]
Wa1 = expleo g1 + ¢i c1-10g(X:)]

Wea3 Wea3 1

—

Wei23 (Wczg + ng) 1+ (VVEl /WGz3)
The equation for estimating the fine dead fuel biomass was then obtained as follows:

— 1

Wgas = Wei123 - 1+ explco + ¢;-log(X;)]

@)

where ¢; = ¢; g1 — ¢j_g23; the equation for estimating the live fine fuel biomass was expressed
as follows:
explco + ci-log(X;)]

Wg1 = Wiz — Wgas = Wi123- 1+ explco + ci-log(X;)]

®)
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2.2. Vertical Fuel Biomass Distribution by Height in the First 6 m of the Stem at Tree Level

The 2-parameter Weibull probability density function (PDF) was selected to describe
vertical fuel biomass distribution according to height along the first 6 m of the stem for
each fuel fraction:

Wocum.ij = Wi+ |1 5], with x; = e 9
acum_ij = z'[ —f—’xr’(— (pl:) )}r with xj = min(6/hblc> — hpge ©)

where W,,,,_jj is the cumulative fuel biomass of the fraction i (Wistar, Wieedles, WG123, W23,
and Wg1) at height h; within the first 6 m of the stem; W; is the entire 6 m stem’s fuel
biomass of fraction i; hy;. and hy;. are the dead crown base height and the live crown base
height, respectively; and p; and p; are the scale and shape parameters of the 2-parameter
Weibull PDF, respectively.

To ensure additivity between fractions, the Wacum_c1j, Wacum_c23j, and Wacym_neediesj
equations were fitted so that the other fuel biomass classes (Wacum_c123j and Wacym_totalj)
were estimated as the sum of the fitted fraction estimates.

2.3. Fuel Loads and Vertical Distribution in the First 6-m Layer above Ground at Stand Level

After developing the system of 8 equations for estimating fuel biomass and vertical
distribution in the first 6 m of the stem of a specific tree, the equations were applied to all
trees measured in each of the 20 sample plots. Thus, the fuel loads of each fraction and
their vertical distribution in a 6 m layer above ground were estimated for the entire stand
(Mg/ha). Finally, we used these estimates to fit a new system of 8 equations similar to that
fitted for individual trees but now for entire stands.

The workflow for fitting the equation systems at individual tree and stand levels is
shown in Figure 2, which provides a simple overview of the procedure described in detail
in the above sections.

2.4. Statistical Analysis

The condition number was used to evaluate the presence of multicollinearity among
variables in the equations fitted. According to Myers [43], condition numbers higher than
v/1000 indicate severe multicollinearity. The presence of heteroscedasticity was analysed by
using the White test [44] and by visual inspection of Studentised residuals plotted against
fitted values. In case of the presence of heteroscedasticity, each observation was weighted
by the inverse of its estimated variance (67) under the assumption that this variance could
be modelled as a power function of the independent variables [45]; i.e., 67 = (X;)*7.
The value of the exponential term (exp) was optimised to provide the most homogeneous
Studentised residual plot by using the method of Harvey [46].

As the database contained multiple equidistant observations (1 m) for each tree or
stand along the 6 m layer above ground, it was reasonable to expect autocorrelation
within the residuals of each tree or stand. To overcome potential autocorrelation, an
autoregressive error structure of order 1 (AR1) was added to the equations to estimate
the vertical distribution of fuel loads. The Durbin-Watson test was used to evaluate the
possible presence of autocorrelation.

Each of the systems of 8 equations for the respective individual tree level and stand
level, both of which consisted of five allometric equations for the entire 6 m layer above
ground and three vertical height distribution models along the 6 m layer, were fitted
simultaneously using the MODEL procedure of SAS/ETS® [41]. In order to take cross-
equation correlations into account, the ITSUR method was used to fit the system using the
cross-equation error covariance matrix obtained by ordinary least squares to initiate the
iterative procedure.
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Field data:
20 sample plots (629 trees)
65 destructively sampled trees

] Individual tree variables Stand variables
measured or estimated (Equations 1-3) :> calculated
SEpl | e -
[ [ [ [] ][ // Y/ //hmc/FhMC/
Destructive sampling of individual trees to determine the dead crown biomass by size classes within the first 6-m (n = 65)
Step 2 T
6-meter values as a whole ] [ Accumulated values to height hj at stem ]
/ needles// WGl // W523 //W6123 // Wmtal/ / acum_needlesj // acum_Glj // acum 623/// acum_G123j // acum_totalj /
Fitting individual tree level equation system to estimate dead fuel biomass (kg) and vertical distribution by size classes
Step 3 W = f(tree and stand variables); Woeym= AW, hy, Ay ugc)
(Equations 4 to 9. Results)
] Estimate the stand canopy dead fuel loads by size classes (Mg/ha) within the first 6-m for each sample plot by aggregation of
timates obtained in step 3 f ht f th le plot
Step 4 estimates obtained in step 3 for each tree of the sample plo
6-meter values as a whole ] [ Accumulated values to height h; at stem ]
/ Ws{andneedles / ' WStandsl ' / WStandGzS / / WStandacum _needlesj / / WStandacum_Gl/ / / WStandacum_GBj / i
/ WstandGm / / WStGrIdwtal / i - / Wstand,, G123 / / Wstand,,, . total) /
Fitting stand level equation system to estimate canopy dead fuel loads (Mg/ha) and vertical distribution by size classes
Ste p 5 Wstand = f(stand variables); Wstand,,,,;= fiWstand, h;, hyc, hpac)

(Equations 4 to 9. Results)

Figure 2. Workflow for fitting the equation systems at individual tree and stand levels.

The database used to fit the three vertical distribution models according to height for
individual trees included k measurements for each tree with a maximum of k = 6, which
corresponded to the fuel loads of each fraction at heights from 1 to 6 m above ground
or up to the beginning of the live crown. However, there was only one observation of
Wiotal, Wheedless WG123, W3, and Wiy per individual tree for fitting Equations (4)—(8).
As simultaneous fitting required the same number of observations for each equation in the
system, the Wiyta1, Wheedies, WG123, Wga3, and W1 observations were repeated k times for
each tree so that those values in the simultaneous fitting were weighted by the inverse of
the number of observations 1/k. The same procedure was used to fit the equations system
at the stand level; e.g., [47,48].

Two goodness-of fit statistics were used to check the accuracy of estimates: model
efficiency (EF) [49] and the root-mean-square error (RMSE):

EF=1- (10)

(11)

where Y;, Yi, and Y are the measured, estimated, and mean values of the dependent variable,
respectively; and 7 is the total number of observations used to fit the equation.
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3. Results
3.1. Fuel Biomass Equations and Vertical Distribution within the 6 m above the Ground Layer at
the Tree Level

Once the best set of independent variables was selected for each of the five fuel biomass
estimation equations (Equations (4)—(8)) for the total of the first 6 m in the stem, the entire
system of eight equations was fitted simultaneously. The autoregressive terms were not
initially included; however, the results of the Durbin-Watson test indicated the presence of
autocorrelation in several of the vertical profile equations, so the fit was repeated. After
including the AR1 term, no autocorrelation was detected.

As previously mentioned, the estimates of Wicym_g123; and Wicun_totarj Were obtained
as the sum of the Wicum_c23j + Wacum_c1j and Wacum_G123j + Wacum_neediesj fitted fraction
estimates, respectively, and the R? and RMSE for these two individual tree fractions were
then calculated.

The results of the fit of the system of equations and the values of the goodness-of-fit
statistics are shown in Table 2. All of the parameters included were significant (x = 0.05)
and the values of the condition number associated with each independent variable and the
results of White’s test did not indicate the presence of multicollinearity or heteroscedasticity,
respectively.

The fuel biomass models explained between 35% and 59% of the observed variability
in the needle fuel biomass (W,;e41.s) and total woody and coarse fuel biomass (Wg123 and
Wg23) equations, respectively, with RMSE values ranging from 0.73 kg for fine woody fuels
(Wg1) to 7.92 kg for total fuel (Wiy,). On the other hand, the cumulative fuel biomass
models to a certain height in the stem (/) explained between 62% (Wacum_neediesj) and 81%
(Wacum_Glj) of the total observed variability, with RMSE values ranging from 0.46 kg for the
fine woody fuel biomass equation (Wacum_c1;) to 5.02 kg for the total fuel biomass equation
(Wacumftotalj)-

By way of example, Figure 3 shows the observed versus predicted values for needles
(Wacum_neediesj), woody fines (Wacum_g1;), and total (Wieum_oralj) fuel loads as well as the
vertical distribution of the residuals of these estimates for the same fractions and sections.

3.2. Fuel Load Equations and Vertical Distribution in the First 6 m Layer above Ground at
Stand Level

Once the tree-level equations were fitted, they were applied to all the trees in each
sample plot and the dead biomass values per hectare of the different fractions for the
first 6 m of height from the ground were obtained by aggregating the values for each tree
(Table 3).

As in the system for the individual tree, once the best set of independent variables
was selected, the system of eight equations was fitted simultaneously (initially without
including the autoregressive terms). In view of the results of the Durbin—-Watson test, the
system was refitted by including the order 1 autoregressive term (AR1). Multicollinearity
and heteroscedasticity were not detected in any of the eight equations fitted. The models
finally obtained, as well as the goodness-of-fit statistics, are shown in Table 4. All parameters
included in the models were significant ( = 0.05).

Again, once the eight equations were fitted, the Wstandacym_c123j and Wstandaeym_totaij
values for each stand were estimated as the sum of the Wstandcm_c3j + Wstandcum_c1;
and Wstandgcum_c123j + Wstandaeym_neediesj €stimates, respectively. The R? and RMSE values
were then calculated for these two fractions.
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Table 2. System of 8 equations fitted to estimate dead fuel biomass and vertical distribution according to fuel fractions for individual trees.

Fuel Biomass Equations Equations for Vertical Fuel Biomass Distribution
A0, a
Wiotal = ag-d™ Jtygc"™ Wucum_totulj = Wacum?GlZSj + Wacum_needlesj
apg = 0.0222 (00084 ),' apg = 1.9745 (01046), apg = —0.6329 (00711) EF = 0.7763 RMSE = 5.02 kg
EF =0.5676 RMSE =7.92kg
— Whotal
We123 = 1+exp(b0+h1-hirthz-m+b3<M) WacumfGlZSj = WllCllm?GZBj + Wacum,Glj
by = —1.8248 (0.2049); b; = —0.0792 (0.0098); b, = 2.6755 (0.2391); b3 = 0.0733 (0.0132) EF =0.7901 RMSE = 4.13kg
EF = 0.5953 RMSE = 6.68 kg
— Waotar-exp(bo+b1-h+by-yac+bs-hyse ) o . . X P2_Gneedies
Weedles = 1+exp (bo+b1-h+by-hpac+bs-hyic ) Wacum_needtes] = Wacedles [1 exp( (F’Lwedlfs> )}
by = —1.8248 (0.2049); b; = —0.0792 (0.0098); b, = 2.6755 (0.2391); b3 = 0.0733 (0.0132) P1_needles = 0-3884 (0.0507); p2_peedres = 1.44 (0.10)
EF = 0.3530 RMSE =1.89kg EF =0.6220 RMSE =1.35kg
Wens = Wiz o x; )\ Pc
623 1+exp (CU+C1'd+Cz-RS+C3-h17dC+C4'I[fTC) W”C”mfcz)’] = Wezs [1 —exp <_ (Plch) ﬂ
co = —1.8878 (0.18);c; = —0.0413(0.004); c; = 5.536 (0.54); c3 = 0.9344 (0.16); ¢4 = —0.7637(0.18) P1_G2s = 0.5612 (0.0305); pa_G23 = 1.87 (0.15)
EF = 0.5927 RMSE = 6.15 kg EF = 0.7805 RMSE = 3.81 kg
Wanas-exp (cotc1-d+ca-RS-cs-hpge-+cq- e . \Pect
s el S o) = W1~ xp( (7))
1+exp(co+c1~d+cz~RS+C3~hde+C4-%) B . T
p1 1 = 0.5365 (0.0234); py g1 = 1.71 (0.25)
co = —1.8878 (0.18);c; = —0.0413(0.004); co = 5.536 (0.54); c3 = 0.9344 (0.16); ¢4 = —0.7637(0.18) "~ EF =0.8128 RMSE = 046 kg

EF =0.5826 RMSE = 0.73 kg

W = dead fuel biomass (kg); d = tree diameter (cm); & = tree height (m); /1. = height to the live crown base (m); /14 = height to the dead crown base (m); Npge = mean hyy. of the stand;
e = mean hy,. of the stand; RS = relative spacing index; ;. = length of the dead crown (hy;. -fpac); Wacum_j = accumulated dead fuel biomass to height /; on the stem (kg) with max(h;) = 6
and x; = (hj — hygc) / (min(6; hyc) — hpac). Standard errors of parameter estimates are in brackets.
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Figure 3. (Left) Scatter plots of observed versus predicted values for the vertical distribution of nee-
dles (Wacum_neediesj, upper), woody fines (Wycum_c1j, middle), and total (Wycym_totaj, lower) individual
tree fuel loads. The solid red line denotes the fitted linear model and the dashed line denotes perfect
agreement. (Right) Box plots of the vertical distribution of residuals of needles (Wocim_neediesj upper),
woody fine (Wpeym_g1j, middle), and total (Wyey_toraij, lower) individual tree fuel loads according to
heights from ground level. Blue dots denote the mean values.

Table 3. Statistics for the main variables in the first 6 m of dead canopy and the entire canopy.

Variables for the First 6 m of Dead Canopy (n = 20)

Variable Mean Maximum Minimum Std. Dev.
Wstand_yop (Mg /ha) 19.58 34.77 9.86 6.78
Wstand_eeq10s (Mg/ha) 2.97 5.06 1.68 0.93
Wstand_g1 (Mg/ha) 1.94 2.62 1.15 0.35
Wstand ca3 (Mg/ha) 14.67 27.51 5.31 0.61
Npge (m) 0.41 0.83 0.24 0.14
CFL_jeud (kg/mz) 0.49 0.73 0.34 0.10
% CFL_ 04 29.49 36.03 22.35 3.23

Variable for the entire canopy (dead + live) (n = 20)

Variable Mean Maximum Minimum Std. Dev.

CFL_pta1 (kg/mz) 1.68 2.51 1.09 0.36

Std. Dev = standard deviation; Wstand_;ys,;, Wstand_,,eeq1es, Wstand_cg1, and Wstand_go3 = total, needles, fine woody
(G1), and medium and coarse (G23) fuel load in the first 6 m of dead canopy, respectively; /. = mean dead
canopy base height in the stand; CFL_g,,; = available canopy fuel load of the first 6 m of dead canopy (needles +
G1); %CFL_geqq = percentage of CFL 4,44 over CFL of the entire canopy (CFL_jyta1)-
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Table 4. System of 8 equations fitted simultaneously to estimate dead fuel loads and their vertical distribution according to fuel fraction at stand level.

Fuel Load Equations Equations for Vertical Fuel Load Distribution
Wstand o, = ag-G™ ~hbdcﬂ2 Wstandcum_totalj = Wstandgcym_neediesj + Wstandaeym_c123;
ap = 0.2303 (0.0119); a1 = 1.1311(0.0142); 2, = —0.2993 (0.0148) EF = 09909 RMSE — 0.75 Mg/ha -
EF =0.9780 RMSE = 1.01 Mg/ha
Wstand g1o3 = Wetand wat ____ Wstand, i = Wstand i+ Wstand i
! 1+exp(b0+b1 »hbdf+b2~(h—hblc)) Standgcym_G123j = YVStANGAacum_Gij + Wstan acum_G23j
by = —1.8633 (0.0156); by = 2.3581 (0.0259); b, = —0.0740 (0.0011) EF =0.9911 RMSE = 0.67 Mg/ha

EF =0.9794 RMSE = 0.90 Mg/ha
Wstand_jopa-exp(bo+b1 -Fyac+ba- (h—Tyic )

Wstand_yeedres =

. P2_needles
Wstﬂnd,lcumineedlesj = Wsmndfneedles [1 —exp (7 ( " ) >}

1+exp (b(]er] %+b2 (E*H) ) P1_needles
by = —1.8633 (0.0156); by = 2.3581 (0.0259); b, = —0.0740 (0.0011) P1_needles = 04005 (0.0021); P peedies = 1.58 (0.02)
EF = 0.9771 RMSE = 0.14 Mg/ha EF = 0.9912 RMSE = 0.11 Mg/ha
_ Wstand gi23 ; P2_G123
Wstand_c23 - 1+8xP(Co+C1-G+Cz-ﬁ) Wsmnd““"”ﬁ”/ - WSi’thd_G23 [1 B exp(— (plj;]”) >}
co = —0.4127 (0.0201); ¢; = —0.0226 (0.0005); c; = —0.0342 (0.0015) P1 G23 = 0.5564 (0.0033); pa G2z = 2.06 (0.03)
EF = 09819 RMSE = 0.82 Mg/ha EF = 09911 RMSE = 0.61 Mg/ha
o Wstundﬁcnyexp(co-&-cl~G+cz~ﬁ) o _ o x P2.61
Wstand g1 = 1+exp(co+er-Gterh) Wsmnd”“”’LG” = Wstand g, [1 exP( <F’L<31> ﬂ
co = —0.4127 (0.0201); ¢; = —0.0226 (0.0005); ¢, = —0.0342 (0.0015) p1_c1 = 0.5280 (0.0036); p2 g1 = 1.90 (0.03)
EF = 0.8829 RMSE = 0.12 Mg/ha EF =0.9837 RMSE = 0.09 Mg/ha

Wstand = fuel load (Mg/ha); . = height to the base of the live crown (m); hi. = height to the dead crown base (m); Npge = mean hyy. of the stand; liy;. = mean hy,, of the stand; 7 = mean
height of the stand; G = stand basal area; Wstand_;;,_j = accumulated dead fuel load to height i; in the stem (Mg/ha) with max(hj) = 6 and x; = (h]' - @) / (min (6, m) — %)
Standard errors of parameter estimates are in brackets.
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The fuel load models explained between 88% and 98% of the observed variability in
the fine woody fuel load (Wstand_c;) and the other fuel fractions (Wstand_;,;, Wstand_g123,
Wstand_ppeq1es, and Wstand_go3) equations, respectively. The RMSE values ranged from
0.12 Mg/ha for fine woody fuel (Wstand_g1) to 1.01 Mg/ha for total fuel load (Wstand_y,).
The cumulative fuel load models explained more than 98% of the total observed variabil-
ity, with RMSE values ranging from 0.09 Mg/ha for the fine woody fuel load equation
(Wstandgcum_c1j) to 0.75 Mg/ha for the total fuel load equation (Wstandacum_totai;)-

Figure 4 shows the observed versus predicted values for needles (Wstandacym_needlesi),
woody fine (Wstand,cum_c1;), and total (Wstandaeym_toraij) fuel loads as well as the vertical
distribution of the residuals of these estimates for the same fractions and sections.
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Figure 4. (Left) Scatter plots of observed versus predicted values for the vertical distribution of
needles (Wstand,cy_neediesj, upper), woody fine (Wstandacym_c1;j, middle), and total (Wstandcm_totaij,
lower) stand fuel loads. The solid red line denotes the fitted linear model and the dashed line
denotes perfect agreement. (Right) Box plots of the vertical distribution of residuals of needles
(Wstandgeym_neediesj upper), woody fines (Wstandacum_clj, middle), and total (Wstand,y,_totaij, lower)
stand fuel loads according to heights from ground level. Blue dots denote the mean values.

4. Discussion

The values of the stand variables and live-canopy structural variables (CBH, CFL,
and CBD) observed in this study were within the range of values obtained for Pinus
radiata in other studies conducted in the same geographic area and under similar climatic,
physiographic, and edaphic conditions; e.g., [11,12,14,21]. Moreover, the observed mean
values of stem density (N), stand basal area (G), mean height (h), and CFL were consistent
with those reported by Gomez-Vazquez et al. [14] for the same species and the mean value
of CBD (0.11 kg/ m?) was the same as that observed by Arellano-Pérez et al. [21] and slightly
exceeded the threshold of 0.1 kg/m> empirically deduced by Agee [50] as the approximate
value necessary to support active crowning.

The mean CBH in the sample plots analysed in this study was 8.6 m (sd = 2.8 m) with a
maximum of 14.1 m, whereas the mean height of dead fuel initiation was 0.4 m (sd = 0.1 m)
with a maximum of 0.8 m. Thus, the dead canopy base height rather than the live height
should be used to assess the potential for crown fire initiation in closed and unmanaged
radiata pine stands. Consequently, a fire behaviour system based on FSG rather on CBH
should be used; namely, PPPY [5] or AMICUS [39]. Users of USDA Forest Service fire
behaviour modelling tools, which rely on the crown fire initiation equation in [3] that used
CBH as an input, are advised to incorporate ladder fuels in the surface fuel complex as
previously suggested [7,51], even if this solution is only partially satisfactory because it
implies custom fuel modeling or making an adjustment to the surface fireline intensity.
Regarding CFL, the mean value observed when including only the fine live canopy was
1.19 kg/ m? (sd = 0.28 kg/ m?) with a maximum of 1.78 kg/ m?; these values increased to
1.68 kg/m? (sd = 0.36 kg/m?) and 2.51 kg/m?, respectively, when adding the load provided
by the needles and fine twigs of the dead branches that extended into the surface fuel layer
to the fine live crown. Therefore, the important contribution of dead ladder fuel to the total
available fuel load (mean and maximum values of 29.5% (sd = 3.2) and 36%, respectively, in
this study) must be highlighted because it implies an increase of similar proportions in the
heat per unit area released by a fire consuming all fine components. For example, according
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to Byram [52] and considering the usual low net heat of combustion of 18,000 kJ /kg [5,40],
the energy released by the crowns would increase from 21,420 kJ/m? to 30,240 kJ /m?,
which represents a 41.1% increase in fireline intensity. Our findings confirmed that these
pine plantations did not have a homogeneous distribution of live and dead fine fuel in the
canopy, similar to their Australian counterparts [40]. Instead, two clearly different fuel
layers were present: a lower layer predominantly comprising dead fuels characterised by
high flammability when dry enough and an upper layer predominantly comprising live
fuels with a higher bulk density.

The goodness-of-fit statistics of the two equation systems developed indicated robust
and accurate estimates, so these systems contributed to filling the gap on how to quantify
dead ladder fuels and improve the estimates of potential heat release per unit and fireline
intensity. Although both equation systems can be used for the same purpose of estimating
dead ladder fuels load according to classes and their vertical distribution in the stand, their
advantages and limitations must be considered. The use of the tree-level equation systems
(Table 2) requires a large number of independent variables and the calculation is more
complicated than the direct use of the stand-level system (Table 4). The process involves
calculating the biomass of each tree, aggregating the biomass of all trees in the sample
plot, and expressing the result relative to the unit area (ha). However, despite apparently
poorer goodness-of-fit statistics, the tree-level system is more accurate because it is based
on actual dead fuel data obtained from destructively sampled trees whereas the stand-level
system (Table 4) is based on tree biomass values estimated by the system of equations at
the individual tree level (Table 2). On the other hand, the stand-level system is simpler
to apply because it only required a sample of trees to obtain representative mean values
rather than the measurement of the total, dead crown initiation, and live crown initiation
heights of all trees in the plot.

In any case, the use of either approach will basically depend on the required balance
between the accuracy of the estimates to be obtained (higher accuracy with the individual-
tree approach) and the cost that can be assumed in the field inventory (lower cost with the
stand approach).

5. Conclusions

Accurate characterization of the load and vertical distribution of ladder fuels is essen-
tial for forest managers given the importance of this type of fuel as a surface-to-crown-fire
transition factor by providing greater vertical fuel continuity. In addition, ladder fuels in
unmanaged pine stands of species characterised by poor self-pruning such as the Pinus
radiata considered here can greatly hinder firefighting efforts and safety by limiting mobility
and visibility due to their high density. Both systems of models fitted in this study can
be used to quantify the dead ladder fuels extending to near the ground in closed-canopy
and unpruned pure and even-aged P. radiata stands. This information will allow forest
managers to simulate how different pruning heights up to 6 m affect potential crown-fire
hazards for a range of meteorological and fuel moisture scenarios as well as for different
treatment alternatives for the woody debris generated (removal, mastication, or no man-
agement). These modelling systems should be used in combination with live CFL models
for radiata pine (e.g., [12]) to estimate the total load of the fine fuel fraction in this type
of stand. This will prevent underestimation of the available canopy fuel load as well as
overestimation of the fuel strata gap and will thus prevent errors in assessing crown fire
potential activity, including onset of crowning, type of crown fire, and the associated fire
behaviour characteristics (fire-spread rate and fireline intensity).
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