'™ forests

Article

Bulk Density of Shrub Types and Tree Crowns to Use with
Forest Inventories in the Iberian Peninsula

Leénia Nunes 12*(2, Maria Pasalodos-Tato 3, Iciar Alberdi (, Ana Catarina Sequeira !
q
, Pedro Vieira

Vasco Silval

check for
updates

Citation: Nunes, L.; Pasalodos-Tato,
M.; Alberdj, I.; Sequeira, A.C.; Vega,
J.A_; Silva, V.; Vieira, P.; Rego, F.C.
Bulk Density of Shrub Types and Tree
Crowns to Use with Forest
Inventories in the Iberian Peninsula.
Forests 2022, 13, 555. https://
doi.org/10.3390/£13040555

Academic Editor: Thomas J. Dean

Received: 19 January 2022
Accepted: 29 March 2022
Published: 31 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, José Antonio Vega °,

2(D and Francisco Castro Rego !

1 Centre for Applied Ecology “Professor Baeta Neves” (CEABN), InBIO, School of Agriculture,
University of Lisbon, Tapada da Ajuda, 1349-017 Lisbon, Portugal; catarinasequeira@isa.ulisboa.pt (A.C.S.);
vascosilva@isa.ulisboa.pt (V.S.); frego@isa.ulisboa.pt (F.C.R.)
2 Department of Physics, NOVA School of Science and Technology, NOVA University Lisbon,
2829-516 Caparica, Portugal; pmv@fct.unl.pt
Subdireccién General de Politica Forestal y Lucha Contra la Desertificacion, Ministerio para la Transicion
Ecolégica y el Reto Demografico, 28071 Madrid, Spain; mdpasalodos@miteco.es
INIA, CSIC, Departamento Selvicultura y Gestion de Sistemas Forestales, Ctra. La Corufia, Km. 7.5,
28040 Madrid, Spain; alberdi.iciar@inia.es
Centro de Investigacion Forestal de Lourizan, Estrada Pontevedra-Marin, Km. 4, 36153 Pontevedra, Spain;
jalvh@hotmail.es
*  Correspondence: Inunes@isa.ulisboa.pt; Tel.: +351-213-653-333

Abstract: Bulk density for shrubs and tree crowns is an important variable, useful for many purposes,
namely estimations for biomass and carbon sequestration and potential fire behavior prediction. In the
latter case, bulk density is required to predict the rate of spread and intensity of crown fires. However,
bulk density information is scarce. The estimation of bulk density is crucial to help choosing proper
pyrosilviculture options to decrease fire susceptibility. Due to the similar environmental conditions
and fuel characteristics in Portugal and Spain, we modelled bulk density for the most common
woody species in all the Iberian Peninsula. We used 10 different shrub type formations and a set of
tree species or groups common to both countries. Equations for bulk density, in both forest canopy
and understory layers, were fitted as a function of biometric variables commonly used in forest
inventories for the selected species. Standardized estimates of bulk density can be associated with
data from the National Forest Inventories from Portugal and Spain, to estimate biomass of the forest
ecosystems and to evaluate potential fire behavior involving tree canopies and shrubs.

Keywords: bulk density equations; trees; shrubs; fire behavior; Portugal; Spain

1. Introduction

Forest structure has an important influence on the rate of spread and intensity of
wildfires. National forest inventories (NFIs) are essential sources of forest information,
providing thorough and accurate information on forest stands characteristics over large
areas. NFIs in Portugal and Spain started in 1965 and periodically cover their entire territory.
These instruments provide information on the species composition of different vegetation
layers (vertical structure) including understory characteristics [1]. This information is
key for characterizing fuel in each vegetation type and for predicting the behavior of a
wildfire. Vertical structure is also essential for classifying and identifying forest types [2],
evaluating ecosystem services and assisting on the estimation of the chemical components
of the system, including volatile organic compounds. It is therefore important to have
information on forest vertical structure for specific variables such as species biomass, leaf
area index and bulk density.

The Iberian Peninsula faces a major problem every year due to wildfires; they affect
not only the economy and social sectors but also biodiversity, conservation and ecological
aspects due to their severity, frequency and extent [3-6]. Wildfires have become in the last

Forests 2022, 13, 555. https:/ /doi.org/10.3390/£13040555

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f13040555
https://doi.org/10.3390/f13040555
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-2617-0468
https://orcid.org/0000-0003-1338-8465
https://orcid.org/0000-0002-5269-0643
https://orcid.org/0000-0003-2729-1824
https://orcid.org/0000-0002-3823-1184
https://doi.org/10.3390/f13040555
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13040555?type=check_update&version=2

Forests 2022, 13, 555

2 of 27

decades one of the main environmental problems and one of the most important natural
hazards in Spain and Portugal [7]. The necessity of improving national fire management
systems is apparent in both countries in order to reduce the high severity area burned in
the Iberian Peninsula [7,8]. The burn probability of these countries’ forests is expected
to be influenced by forest composition and structure [9,10]. Characterization of the struc-
tural vegetation components and fuel loading is essential for fire hazard assessment [11]
and for potential fire behavior models implemented in decision support systems for fire
management [12-14]. To predict the behavior of a potential fire burning through different
plant communities it is important to know the mass of fuel per unit volume, or the bulk
density of the various vegetation components, from tree canopies to understory layers.
Despite this, Botequim et al. [13] pointed out that the consideration of shrub biomass in
forest planning has been hindered by the inability to predict its growth and accumulation,
which is information that could assist in forecasting biomass and carbon storage dynam-
ics. Changing this situation is imperative because shrubs are an important component of
Mediterranean ecosystems and should be considered in forest management, particularly in
fire risk mitigation plans. In Portugal shrublands comprise about 31% [15] of the land and
in Spain around 19% [16].

The estimation of bulk densities is applied in several fields, such as in biomass esti-
mations for energy use, carbon sequestration estimations or potential fire behavior pre-
dictions [17,18], allowing, for e.g., the prediction of the rate of spread and intensity of a
surface or crown fire, fuel consumption or carbon emissions. Generically, the bulk density
of a canopy layer is the mass of canopy fuel per unit of canopy volume [17,19], including
empty spaces. Canopy fuel is the fine fuel which would be consumed in the flaming front
of a fully active crown fire; the same applies to the shrub layer.

The importance of the Canopy Layer Bulk Density (CLBD) in determining the possi-
bility and spread of crown fires was first highlighted by Van Wagner [17] for pine forests in
Canada. He established the concept of a critical mass flow rate, under which the fire is too
slow or the canopy insufficiently dense to allow the fire to spread through the crowns. The
critical mass flow rate was estimated by Van Wagner [17] to be around 0.05 kg m =2 s~ !,
a value close to those estimated by Thomas [20] in experimental fuel beds. This concept
shows that crown fires depend on fire rate of spread (determined mostly by wind) but
also on the CLBD. On an operational approach, Alexander et al. [21] suggested that above
a value of 0.1 kg m~3, active crowning is likely if crowns are ignited. The relevance of
these findings is in their possible operational use in forest management, particularly in
thinning [22], reducing the proximity of the crowns and thus the risk of active crown fires.
The same rationale can be applied for fire propagation in the shrub layer [23-25].

Quantitative information on bulk density variables and on how to estimate them is
lacking [12]. Direct measurement is difficult and time consuming [11,26-28] because it
requires destructive sampling of the vertical distribution of fuel. Bulk density is usually
estimated from instrument based optical techniques [29] or from inventory-based meth-
ods [12] and, more recently, with other methods such as air-borne lidar [30-35], radar
remote sensing [36] or spectral indexes from remote sensing [37].

Due to similar environmental conditions and fuel characteristics in Portugal and Spain,
standardized estimation of bulk densities for Iberian Peninsula would be helpful to support
forest and fire management and planning. The development of allometric equations for
bulk density estimation, both for understory shrubs and for tree canopies, can support the
assessment of fuel hazard and fire behavior characteristics in the Iberian Peninsula forests.

Assessing bulk density of tree canopies and understory shrubs requires data that are
possible to obtain or derive from NFIs, and other data that complement NFIs information.
The first data group refers to the vertical structure or the volume of the different fuels for the
various strata. From NFIs we can directly assess or estimate mean stand structural variables
such as Crown Length (CL), Shrub Height (SH), Fraction Cover of the Canopy Layer (FCCL)
and Fraction Cover of the Shrub Layer (FCSL). However, these variables are not sufficient
for many applications involving biomass and fuels, therefore requiring supplementary
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information on bulk densities of tree canopies and shrub stands [12,38]. The second data
group is only possible to obtain through specific research work or literature review.

In this study, we developed allometric equations for predicting the bulk density of
individual shrubs and tree crowns from easily measurable descriptors. The equations were
based on the most representative vegetation types (including trees and shrubs) and common
groups of the Iberian Peninsula. With this information, we provide a simple approach to
estimate bulk densities for forest canopies and for shrub layers to use in stands with tree
and shrub species commonly associated with the NFIs data in the Iberian Peninsula.

2. Materials and Methods
2.1. Establishing Common Groups of Trees and Shrub Species for the Iberian Peninsula

The dataset used for this study consist of observations for 57,550 sample plots from
the Third Spanish National Forest Inventory (SNFI3) covering all forest of the mainland
and the Baleares islands [39], and 4875 sample plots from the Fifth Portuguese National
Forest Inventory (PTNFI5) which covers the entire mainland territory [40]. These sample
plots are distributed throughout the Iberian Peninsula.

The SNFI3 has established permanent sample plots at the nodes of a 1-km x 1-km
grid and was conducted between 1997 and 2007 [1]. Shrub attributes were measured for
circular, 10 m radius, sample plots. The SNFI3 visually assesses mean height (h) and cover
for each shrub species using a percentage scale with 1% interval widths. The Spanish NFI
shrub assessment is based on shrub taxa lists defined using criteria based mainly on shrub
dominance in the defined NFI forest stratum [1]. However, there are also minor species
selected as bioindicators or key species (Table S1). The PTNFI5 has established permanent
location plots at the nodes of a 2-km x 2-km grid and was conducted between 2005 and
2006. Shrub attributes were measured for circular, 10 m radius, sample plots.

A common designation of species or group of species in the Iberian Peninsula was
developed by comparing tree and shrub species (or group of species) present in Portuguese
and Spanish NFIs.

For trees, this process resulted in a final set of 12 types of canopies based on the
dominant tree species or group of species (Table S2): Pinus pinaster Aiton, Pinus pinea L.,
Pinus halepensis Mill., Pinus sylvestris L., other conifers, Eucalyptus spp., Quercus suber L.,
Quercus ilex L. s.1.,, Quercus pyrenaica Willd., other oaks, Castanea sativa Mill. and other
broadleaves. The nomenclature of species follows Flora Iberica [41].

A similar process was taken for shrub (and grass) species, based on previous works [42],
and consistent with the PTNFI5 [43] and the SNFI3 and Spanish Forest Map (SEM25) [42]
hierarchical categorization. The SFM25 data model is hierarchical, disaggregating the
different forestry land uses according to the Spanish NFI, classifying the structural type
and percentage cover of the dominant vegetation. The spatial unit used is the tessella, in
which the territory is an ecological homogeneous space occupied by its specific natural
vegetation [44,45]. The matching of species from both NFIs led to the definition of 14 grass
and shrub types identified by codes according to the SFM25 species categorization. Overall,
the shrub species or group of species present in the two countries NFIs are representa-
tive of the Mediterranean flora. Species such as Pterospartum tridentatum and gorse (Ulex
spp.) shrublands are particularly important for fire management activities due to their
fuel characteristics, and have been addressed within fuel and fire behavior modelling in
Portugal [25] and Spain [46]. Some shrub types, such as “Kermes oak, thicket of mastic
trees” and “Big size Cistaceae shrubs”, include the same plant species in both countries.
However, species within other shrub types are specified in more detail in the Spanish
NFI than in the Portuguese NFI, e.g., “Heathers, Ericaceae shrubs and related groups”
and “Mixture of broom leguminous shrubs”. Considering the shrub classes proposed by
Pasalodos-Tato et al. [27], we adopted 10 shrub types common to both countries (Table S1).
The 10 shrub types are (i) Machias, terebinths, garrigues (140, 150 and 160); (ii) Quercus
coccifera and Pistacia lentiscus (170 and 180); (iii) Heathers, Ericaceae shrubs and related
groups (210); (iv) Small size Cistaceae shrubs (220a); (v) Big size Cistaceae shrubs (220b);
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(vi) Mixture of broom leguminous shrubs (230); (vii) Ulex spp. shrubs and related groups
(240); (viii) Rosmarinus officinalis (250a); (ix) Lavandula spp., Rosmarinus officinalis, Thymus
spp. shrubland and Phlomis purpurea (250b); (x) Ampelodesmos spp. and other grasses (34).

2.2. Methods for Estimating Bulk Densities from Individual Shrubs and Trees to Shrubs
Formations and Forest Canopies

The biomass of individual shrubs or individual tree crowns divided by their occupied
volume is their bulk density, here termed Shrub Bulk Density (SBD) or tree Crown Bulk
Density (CBD), respectively. SBD and CBD are specific for given species or group of
similar species. However, bulk density can also be defined at the plot or stand levels. The
stand level is generally defined at the plot scale where individual plots are measured for
percentage vegetation cover by layer. For the two layers, this results in the estimation of
a Shrub Layer Bulk Density (SLBD) and a Canopy Layer Bulk Density (CLBD). SBD and
SLBD are only equal if shrub cover is total, i.e., when the Fraction Cover of the Shrub Layer
(FCSL) is 1. Similarly, CBD and CLBD are only equal when the forest canopy cover is total,
or the Fraction Cover of the Canopy Layer (FCCL) is 1. This terminology is not always
clear, as CBD is often used for both tree and canopy bulk densities. In this study, we used
the variables according to Figure 1, as follows: Tree Crown Bulk Density (CBD) and Shrub
Bulk Density (SBD) are properties of specific species or group of species. Tree Canopy
Layer Bulk Density (CLBD) and Shrub Layer Bulk Density (SLBD) are stand properties that
depend on bulk densities of tree crowns and the vegetation growing under the tree canopy
forming the understory layer, respectively. In Mediterranean climates, the understory is
commonly composed of woody shrub vegetation (shrubs). Finally, both bulk densities at
stand level also depend on their respective Fraction Cover in the stand (FCCL and FCSL).

Fraction Cover Canopy Layer

FCCL
< H ..... M .................. M)
// \
L
. ( | 'Y )
B
)o CLBD
CBD /
N S -
Shrub Bulk Density Shrub Layer Bulk Density
SBD SLBD
k ...... < > ...... ‘ } ...................................... >I
Fraction Cover Shrub Layer
FCSL

Figure 1. Schematic representation of a two-layer forest, including a tree canopy layer with height or
length (CL) and a shrub layer with height (SH).

2.3. Estimating Bulk Densities for Shrubs and Shrub Layers

Pasalodos-Tato et al. [27] fitted the following equation to estimate fuel load (W) from
shrub height (SH) and fraction cover of the shrub layer (FCSL) in Spain:

In(W) = ag + a1 In(SH) + ap In(arcsin(sqrt(FCSL))) 1)

where W is in units of ton ha~! and ay, a1, and a, are coefficients of the model.



Forests 2022, 13, 555

5of 27

Equation (1) does not allow a straightforward calculation of bulk density. However, the
very extensive database based on 709 plots subdivided in 10 different shrub formations [27]
is ideal to provide estimates of bulk density using other equation forms.

We used the database and the results of [27] to develop simpler equations to estimate
bulk density for the 10 shrub types indicated in Table S1. For each measured plot, the
database includes the biomass dry weight per unit area (W), the fraction of shrub cover
(FCSL) and shrub height (SH). The first model used was based on the simple assumption
that the fuel load, or biomass per unit area (W) of a certain shrub layer was only dependent
on the product of its cover (FCSL) by its height (SH). The fitted equation was a simple
multiplication model:

W

= SBD-SH-FCSL D=—FrFr——+
W = SBD-SH-FCSL, or SB (FCSL-SH)

@

where W = fuel load (kg m~2), SBD = Shrub Bulk Density (kg m~3), FCSL = fraction cover
of the shrub layer (proportion), SH = shrub height (m).

This first approach is too simplistic, as we know that allometric scaling laws character-
ize all organisms [47] and the relations between biological variables are typically nonlinear.
In particular, the relation between biomass and height is expected to follow an allometric
equation, as the rate of accumulation of biomass through time is not necessarily the same
as the rate of height growth. Therefore, a more general equation was used:

W = b-FCSL-SH* 3)

The values of b and ¢ were then adjusted for each of the 10 shrub types. The coefficient
c allows for the flexibility of the model. When ¢ = 1, Equation (3) reduces to Equation (2),
and b = SBD is therefore an estimate of SBD.

However, when ¢ # 1, the fitted value of b cannot be simply interpreted as an
estimate of the mean bulk density. Therefore, we may modify the equation to generate
a more interpretable model. We can then rewrite Equation (3) and, as from Equation (2),
SBD = (FTVZ-SH)’ we can derive Equation (4):

W

Y . c—1
FCSL-SH b-SH @

W = b-FCSL-SH-SH*™!, or SBD =
We can now use Equation (4) to estimate a reference value for mean Shrub Bulk Density
(SBD) associated to a mean observed Shrub Height (SH). This is simply calculated as:

SBD = b-SH ' ®)

where SBD = estimated mean Shrub Bulk Density (kg m~3), SH = observed mean height
of shrubs measured in the plots (cm).
Combining and rearranging Equations (4) and (5), we obtain:

c—1
SBD = SBD($> (6)

This shows the dependency of SBD on SH. As gzg is dimensionless, the units of height

(SH) should be the same as those of SH.

Equation (6) is based on parameters that are easily computed or understandable:
SBD is a mean value for SBD (corresponding to mean Shrub Height SH) and ¢ — 1 is the
exponent related to the dependency of SBD on SH.

If c —1 = 0, there is no dependency and mean Shrub Bulk Density (SBD) can be
applied to all shrub heights;

if c — 1 > 0, shrub heights (SH) above the mean height SH have higher values of bulk
density SBD than average shrubs;
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and if c — 1 < 0, lower shrubs have higher bulk density.
The Shrub Layer Bulk Density (SLBD) can then be easily computed (7) as the product
of Shrub Bulk Density (SBD) and the Fraction Cover of the Shrub Layer (FCSL):

SLBD = SBD-FCSL @)

Figure 2 presents a scheme of how the estimated SLBD relates to the different variables.

Fraction
Shrub Height Cover of
SH Shrub Layer
FCSL
L ® Lo
Shrub Layer
Shrub Bulk Density ) Bulk
SBD Density
SLBD
N\ (6)
I I I
Average Average
Shrub Shrub Bulk Exponent
Height Density c—1
SH,, SBD,,

Figure 2. Dependency of Shrub Layer Bulk Density (SLBD) on the different independent variables.
Numbers indicate the corresponding equations. Green boxes represent variables from National Forest
Inventories. Blue boxes are ancillary variables and parameters from supplementary work estimated
for each shrub type. White boxes are intermediate results. The yellow box represents the final output
for fire behavior simulations.

2.4. Estimating Bulk Densities for Tree Crowns and Canopies

There are several important geometric characteristics of tree crowns that are related
with the possibility of initiation and spread of crown fires. Some of these characteristics
are related with tree crown geometry (Figure 3) that is often approximated by a cylinder
characterized by a horizontal circular section with a Crown Diameter (CD) and a vertical
height termed Crown Length (CL), going from the Crown Base Height (CBH) to the top
of the tree. These variables are often related through allometric equations to the stem
Diameter at Breast Height (DBH).
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Crown Diameter

CD
>
A A
Crown Length
CL
Total Tree Height
HT
Y
A
Breast height Crown Base Height
(1.30m >
: CBH

A4 \ 4

Diameter at Breast Height
DBH

Figure 3. Schematic representation of the geometry of a tree, showing the variables associated.

We developed models to estimate the geometry of individual tree crowns using
information from four sample trees systematically selected on each sample plot of the
Second Spanish NFI (SNFI2). This database includes more than 255 thousand trees (Table S3)
covering the distribution area of all the forest species and all the combinations of age, stand
density and site qualities [48].

The volume of the crown (CV) of an individual tree represented by Figure 3 can then
be calculated as a cylinder with a certain diameter (CD) and a certain length (CL). We have
therefore for each individual tree:

CV = (g)CDZ-CL ®)

where CV is in units of m3, CD is in units of m and CL is in units of m.

Often it is more practical to measure total Tree Height (HT) and CBH. In that case, the
length of the crown is generally measured as the difference between total tree height and
the crown base height:

CL=HT-CBH )

where HT is in units of m and CBH is in units of m.

Other characteristics of the forest stand can also be important in determining the
geometry of the tree crowns. In this study, we included a variable related to the density
of the stand, as competition for space limits the growth of individual canopies and crown
length and crown diameter decrease when stands are dense. This variable, reflecting
competition for space, was defined here as a reference distance (DIST), representing the
distance of each tree to its four neighbors in a regular square distribution of trees (Figure 4).
In fact, if the distribution is completely regular in a square grid, each tree will have an
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available square area to grow that is the inverse of the tree density, and the square root of
that area is the distance between each tree and its four closest neighbors:

10000 95

=100-NHA?? (10)

where DIST is in units of m and NHA = density of trees in the stand (number of trees ha™1).

Figure 4. Stand geometry based on the mean distance between trees considering a squared grid.

The reference distance calculated by Equation (10) is also twice the distance to the
nearest neighbor tree in randomly distributed forests.

CBH, or the gap between the shrub layer and the canopy layer, is one of the most
important characteristics governing the probability of crown fire initiation [49]. In fact, as
the height of the base of the crown increases the more difficult it is for a surface fire to ignite
the crown layer. The estimation of CBH is like that of CL as the sum of the two is total HT,
which results in the following equation:

CBH=HT-CL, orCL=HT-CBH (11)

For Crown Length (CL) estimation, a logistic model was fitted for each species or
group of species, assuming tree height as an asymptotic value and using the reference
distance as independent variable (Equation (12)). It is clear from Equation (11) that when
tree density increases the value of the DIST tends to zero and the crown ratio, i.e.,, CL as a
fraction of total height, tends to the expression on Equation (13):

HT CL 1
ch= [1+age-aDIST]” © HT ~ [1+ agel-1DIST)] (12)
_(CL 1
min(57) = e )

where % = crown ratio and a4y and a; are coefficients to be estimated.
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Coefficient ay can be interpreted as related to the self-pruning characteristics of the tree
species. Small values of 4 indicate low self-pruning resulting in deep canopies. Coefficient
a1 represents the effect of competition and is associated with a negative sign, as when the
distance between trees increases the denominator of the equation decreases, resulting in
the increase of the estimated CL for a given HT. Smaller a; values (closer to zero) indicate
smaller effects of distance to neighbor trees. A zero value for a; would indicate that
competition with neighbor trees has no effect on CL. The characteristics of the sample trees
of each species used to fit the CL Equation (12) are presented on Table S4.

If we were interested directly in Crown Base Height (CBH), we could use the alternative

equation:
1

For the estimation of Crown Diameter (CD), we used a similar approach as in CL. In
this case, as we were dealing with a variable related to the horizontal structure, the tree
variable used to estimate CD was the Diameter at Breast Height (DBH) of the stem, as this
is the most common measure taken in forest inventories [50]. The effect of competition
by neighbor trees was included based on the DIST. The expression of the equation that
provided the best interpretable fit was of the form as follows:

CD = by-DBH".DIST" (15)

where DBH is in units of cm. Coefficient by accounts for the crown tendency to extend
horizontally. Coefficients b; and b, are both positive as they relate with the positive
relationship between stem and crown diameters and between inter-tree spacing and CD.
The characteristics of the sample trees of each species used to fit the CD Equation (15) are
presented on Table S5.

The biomass equations developed by Montero et al. [51] for Spain, supplemented
with those developed by other authors for Portugal [52,53] and other studies for the
Mediterranean regions [54,55], allow estimating leaf (or needle) biomass of the crown (CLB)
from stem diameter (DBH). Since foliage is the main aerial fuel consumed during a crown
fire [17,56], crown fuel properties are based on the quantification of live needle foliage. The
allometric equation is of the form:

= CO. 1
CLB DBH¢ (16)

where CLB is the dry weight biomass of crown leaves or needles, in units of kg.

Finally, we can calculate the tree Crown Bulk Density (CBD), a variable influencing the
rate of spread of a crown fire. CBD is expressed in dry weight of leaves in the tree crown
per unit volume of the crown [17] (Equation (17)):

CLB
CBD = v (17)
where CBD is in units of kg m~3,

We can now use the equations for Crown Leaf Biomass (CLB) and those for Crown
Length (CL) and Crown Diameter (CD) to calculate the bulk density of the crown (CBD)
from simple variables at the tree level (DBH and HT) and at the stand level (NHA or DIST),
as follows:

CLB {1 + go.e(—al-DIST)}

= = = (¢° 1.
0= ey PP (T DBREE D2

(18)
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Eh)
a

a

(12)
—

As with the shrub layer, it is possible to calculate a tree Canopy Layer Bulk Density
(CLBD) from the CBD and the Fraction Cover of the Canopy Layer (FCCL). FCCL can be
measured directly, or it can be estimated from the stand density (NHA) and their mean CD:

FCCL = (g)CDZNHA/lOOOO (19)

CLBD = CBD-FCCL (20)

Figure 5 presents a scheme of how the estimated CLBD relates to the different variables.

Number of Fraction Cover
Trees per of the Canopy
Hectare Layer
NHA FCCL
(10)
Di t
Reference  (15) Crown  (15) at“g?:a:tr (16) C{Z;‘;n (20)
Distance @~ ——>  Diameter <&— Height —_— g
DIST CD DBH CLB
\L(IZ), (13) \L(S) \L(U)
- Cano
Crown 8) Crown 17) Crown .Bulk (20) Layer Fg)glk
Length —>  Volume —> Density Density
CL Ccv CBD CLBD
|12), a3) |a
. Crown Base
Tree}]l—'llflght Height
CBH

Figure 5. Dependency of Canopy Layer Bulk Density (CLBD) on the different independent variables.
Numbers indicate the corresponding equations. Green boxes represent variables from Forest Invento-
ries. Blue boxes are ancillary variables and parameters from supplementary work estimated for each
forest type. White boxes are intermediate results. The yellow box represents the final output for fire
behavior simulations.

3. Results
3.1. Shrub Bulk Densities

According to Equation (6), Shrub Bulk Densities (SBD) were estimated for each one
of the 10 shrub types defined in Pasalodos-Tato et al. [27], and the coefficient for the
dependency on height (c — 1) and the coefficient of determination (R?) are presented on
Table 1. The type “Big size Cistaceae shrubs” has more plots (20% in total) that any other,
followed by “Lavandula spp., Rosmarinus officinalis, Thymus spp. shrubland and Phlomis
purpurea”. “Quercus coccifera and Pistacia lentiscus” and “Heathers, Ericaceae shrubs and
related groups” are the type with higher values of mean Bulk Density (SBD) (Figure 6).
Figure 7 shows the graphical representation of results based on Equation (6).
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Table 1. Parameters of Equation (6) to estimate Shrub Bulk Density (SBD) for each of the 10 shrub
types defined by Pasalodos-Tato et al. [27] (the second column contains the codes for each of the 10
shrub types), including foliage and small branches, from mean Shrub Height (SH) and mean Shrub

Bulk Density (SBD).
o Coefficient for the
Shrub Types Codes [27] Number of Plots SH (cm) SBD (kg m~3) Dependency on Height R?
(c-1)
Machias, terebinthus, garrigues 140, 150 and 160 52 114 1.68 —0.358 0.61
Quercus coccifera and Pistacia lentiscus 170 and 180 92 128 3.23 —0.343 0.51
Heathers, Ericaceae shrubs and 210 el 134 3.08 0166 0.74
related groups
Small size Cistaceae shrubs 220a 27 85 2.25 —1.030 0.52
Big size Cistaceae shrubs 220b 144 141 2.53 0.079 0.62
Mixture of broom leguminous shrubs 230 48 128 1.88 0.324 0.58
Ulex spp. shrubs and related groups 240 69 129 2.20 —0.201 0.48
Rosmarinus officinalis 250a 75 127 1.86 0.769 0.66
Lavandula spp., Rosmarinus officinalis,
Thymus spp. shrubland 250b 105 52 2.26 -0.777 0.36
and Phlomis purpurea
Ampelodesmos spp. and other grasses 34 25 89 1.46 —0.791 0.45
3.5
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Figure 6. Mean Shrub Bulk Density (SBD, in kg m~3) for the 10 shrub types in the Iberian Peninsula.
The numbers on the x-axis correspond to the codes of each shrub type (140, 150, 160 = Machias,
terebinthus, garrigues; 170, 180 = Quercus coccifera and Pistacia lentiscus; 210 = Heathers, Ericaceae
shrubs and related groups; 220a = Small size Cistaceae shrubs; 220b = Big size Cistaceae shrubs;
230 = Mixture of broom leguminous shrubs; 240 = Ulex spp. shrubs and related groups;
250a = Rosmarinus officinalis; 250 = Lavandula spp., Rosmarinus officinalis, Thymus spp. shrubland and
Phlomis purpurea; 34 = Ampelodesmos spp. and other grasses).
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Figure 7. The variation of Shrub Bulk Density (SBD) for the 10 shrub types depending on shrub
height (SH) (a—d). The numbers on the legend correspond to the codes of each shrub type (140, 150,
160 = Machias, terebinthus, garrigues; 170, 180 = Quercus coccifera and Pistacia lentiscus; 210 = Heathers,
Ericaceae shrubs and related groups; 220a = Small size Cistaceae shrubs; 220b = Big size Cistaceae

shrubs; 230 = Mixture of broom leguminous shrubs; 240 = Ulex spp. shrubs and related groups;
250a = Rosmarinus officinalis; 250 = Lavandula spp., Rosmarinus officinalis, Thymus spp. shrubland and
Phlomis purpurea; 34 = Ampelodesmos spp. and other grasses).
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From the observation of the Figure 7, it is possible to conclude that there is a general
pattern showing that bulk density decreases with shrub height. This is evident for the
seven shrub types analyzed.

In one shrub type (“Big size Cistaceae shrubs”), bulk density is almost independent
of height and there are only two types where shrub bulk density increases with height.
It is also clear that, under the same general pattern, there are formations that tend to
be much denser than others: “Quercus coccifera and Pistacia lentiscus” are denser than
“Machias, terebinths or garrigues”; “Heathers and Ericaceae shrubs” are denser than “Ulex
spp. shrubs and related groups”; and “small size Cistaceae” are denser than “Lavandula spp.,
Rosmarinus officinalis, Thymus spp. shrubland and Phlomis purpurea” or “ Ampelodesmos spp.
and other grasses”.

3.2. Bulk Density for Tree Crowns and Canopies

The database collected for sample trees (Table S3) in the framework of the Second
Spanish National Forest Inventory [48] allowed for the development of simple equations
where crown length was possible to correlate with total tree height and the reference
distance. Equation (12) was fitted for all tree species or group of species. The results for
the ay and a; parameters for the species or group of species considered for the Iberian
Peninsula (Table S1) are shown in Table 2.

Table 2. Parameter estimates and coefficients of determination for the tree species or group of
species obtained fitting Equation (12) to model Crown Length (CL) as a function of a reference
distance (DIST).

Species/Group Sample Size ay ay R?
Pinus pinaster 4382 0.589 0.051 0.377
Pinus pinea 1273 0.626 0.024 0.416
Pinus halepensis 5662 0.455 0.059 0.588
Pinus sylvestris 4657 0.451 0.090 0.489
Other conifers 4956 0.369 0.061 0.556
Eucalypts 1263 0.662 0.039 0.258
Quercus suber 46 0.490 0.014 0.874
Quercus ilex s.1. 621 0.478 0.064 0.724
Quercus pyrenaica 1204 0.379 0.034 0.691
Other oaks 1431 0.384 0.026 0.724
Castanea sativa 122 0.357 0.027 0.798
Other broadleaves 302 0.267 0.026 0.742

We can illustrate the behavior of the Crown Length (CL) equation by plotting the
estimated crown length of 10 m tall trees of different species or group of species as a
function of the distance to the closest trees, expressed by the reference distance (DIST), as
shown in the Figure 8.

Table 2 and Figure 8 show that the behavior of conifers and eucalypts is very different
from that of oaks and other broadleaves. While Figure 8a shows a clear dependence of CL
on the distance to the closest trees (DIST), the species in Figure 8b, except for Quercus ilex
s.l., seem very little dependent on competition from neighbors (low a; values). Figure 8
also shows large differences between crown lengths of different species. In Figure 8a,
Pinus sylvestris and other conifers show larger CL, whereas Pinus pinea and Eucalypts spp.
show smaller CL. In Figure 8b, the smaller CL is from Quercus suber, possibly related to
management for cork extraction, whereas other broadleaves show the larger values.
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Figure 8. Crown Length (CL) of a 10 m tall tree (HT = 10 m) as a function of reference distance to

neighbor tree (DIST): conifers and eucalypts (a), and oaks and other broadleaves (b).

The fitted equation for all species or group of species for Crown Diameter (CD) shows
the relations between the Diameter at Breast Height (DBH) and the DIST as in Equation (15).
The results for the coefficients of by, by and b, for the species or group of species considered
for the Iberian Peninsula are shown in the Table 3.

Table 3. Parameter estimates and coefficients of determination for the species of trees or groups of
species obtained fitting Equation (15) to estimate Crown Diameter (CD) from stem Diameter at Breast
Height (DBH) and reference Distance (DIST).

Species/Group Sample Size bo by by R?
Pinus pinaster 38,311 0.225 0.851 0.078 0.725
Pinus pinea 9147 0.277 0.859 0.043 0.808
Pinus halepensis 35,194 0.421 0.731 0.052 0.675
Pinus sylvestris 27,961 0.527 0.650 0.047 0.627
Other conifers 35,542 0.416 0.705 0.035 0.649
Eucalypts 9359 0.256 0.843 0.078 0.719
Quercus suber 8715 0.362 0.758 0.088 0.700
Quercus ilex s.l. 38,424 0.579 0.640 0.078 0.742
Quercus pyrenaica 11,660 0.608 0.638 0.039 0.629
Other oaks 19,904 0.679 0.634 0.036 0.651
Castanea sativa 4563 1.236 0.455 0.060 0.592
Other broadleaves 12,336 0.585 0.690 0.051 0.644

We can illustrate the differences between the different species (or group of species)
by plotting estimated Crown Diameter (CD) as a function of stem diameter (DBH) for a
constant value of the reference distance (DIST). In this case, we illustrate this situation for a
DIST = 5 m, equivalent to a regular stand with a density of 400 trees per hectare (Figure 9).
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Figure 9. Crown diameter (CD) as a function of Diameter at Breast Height (DBH) for a reference
distance (DIST) of 5 m: conifers and eucalypts (a), and oaks and other broadleaves (b).

It is apparent that, for a reference distance DIST = 5 m, the group of conifers and
eucalypts represented in Figure 9a tends to have smaller CD than the group of oaks and
other broadleaves. In Figure 9b Castanea sativa shows a different behavior with much
larger CD for smaller DBH values, but with similar values for larger DBH. Quercus suber,
Quercus ilex s.1. and Quercus pyrenaica have smaller CD for the same DBH than other oaks
or other broadleaves.

We can now illustrate the effect of competitor neighbors by plotting CD against
distance to neighbors (DIST) for a fixed stem diameter (DBH = 20 cm) (Figure 10).
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Figure 10. Crown diameter (CD) of a tree with 20 cm of Diameter at Breast Height (DBH) as a
function of a reference distance (DIST) to neighbor trees: conifers and eucalypts (a), and oaks and
other broadleaves (b).

Figure 10 shows important differences between conifers with eucalypts (smaller CD
for DBH = 20 ¢cm) and oaks and other broadleaves (larger CD). On the one hand, from
Figure 10a it is apparent that the effect of competition is stronger in the two fastest growing
species (Eucalyptus spp. and Pinus pinaster) with the higher values for the coefficient
by (Table 3). On the other hand, Figure 10b shows that two of the species with lower
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CD (Quercus suber and Quercus ilex s.l.) have the highest values for by, indicating that
competition from neighbors is an important factor. Quercus pyrenaica and other oaks show
very little effect of neighbors (low b, values) whereas Castanea sativa and other broadleaves
have the larger crowns but intermediate effects of neighbors.

Crown Leaf Biomass (CLB) is a major fuel component of tree crowns and Equation (16)
expresses its allometric relation with the Diameter at Breast Height (DBH). The results for
the coefficients of ¢y and c; and the coefficient of determination (R?) are shown in Table 4
for the tree species or group of species considered for the Iberian Peninsula.

Table 4. Parameter estimates and coefficients of determination for the tree species or groups of
species, obtained fitting Equation (16), relating Crown Leaf Biomass (CLB) and Diameter at Breast
Height (DBH).

Species/Group co 1 R? Source of Data
Pinus pinaster 0.0197 2.130 0.760 Lopes [52]
Pinus pinea 0.0184 2.159 0.937 Montero et al. [51]

Mitsopoulos and

Pinus halepensis 0.0254 1.811 0.843 Dimitrakopoulos [54]
Pinus sylvestris 0.1081 1.510 0.625 Montero et al. [51]
. Pinus radiata in
Other conifers 0.0078 2.058 0.739 Montero et al. [51]
Eucalypts 0.1349 1.618 0.859 Montero et al. [51]
Quercus suber 0.0033 2.145 0.648 Montero et al. [51]
Quercus ilex s.1. 0.0176 1.973 0.850 Montero et al. [51]
Quercus pyrenaica 0.0040 1.888 0.830 Mendes et al. [53]
Quercus faginea in
Other oaks 0.0197 1.968 0.884 Montero et al. [51]
Castanea sativa 0.0040 2.296 0.856 Leonardi et al. [55]
Populus euroamericana
Other broadleaves 0.0386 1.596 0.727 in Montero et al. [51]
For a visual understanding of the relationships between Crown Leaf Biomass (CLB)
and Diameter at Breast Height (DBH), and to observe the diversity of relationships between
the different species, we plot Equation (16) in Figure 11.
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Figure 11. Crown Leaf Biomass (CLB, in kg) as a function of diameter at breast height (DBH): conifers
and eucalypts (a), and oaks and other broadleaves (b).
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3.3. Application of Bulk Density Results to the National Forest Inventories of the Iberian Peninsula

The results of this study allow for a global vision of the forests in the Iberian Peninsula
from the perspective of bulk density. As an example of the application of results to the
tree component, we used standardized data from the Portuguese NFI (PTNFI5, 2005-2006)
and the Spanish NFI (SNFI3, 1997-2007), for the tree species or group of species in the
mainland and Baleares, concerning stand level information of Diameter at Breast Height
(DBH, in cm), Total Height (HT, in m), number of trees per hectare (NHA, in n.ha=!) and
plot coverage (FCCL). A total of 4875 and 57,550 plots from Portugal and Spain NFIs,
respectively (Table 5), were used for the estimation of tree Crown Bulk Density (CBD) and
Canopy Layer Bulk Density (CLBD) for all those plots in the Iberian Peninsula (Figure 12).
Values of CLBD are estimated, as for the shrub layer, considering the properties of the
species involved by their CBD but also the characteristics of the stand measured by the
Fraction Cover of the Canopy Layer (FCCL).

Table 5. Tree species or group of species used for the estimation of the tree Crown Bulk Density (CBD,
in kg m~3) and Canopy Layer Bulk Density (CLBD, in kg m~3), with the indication of the sample size
and stand variables in the Iberian Peninsula (mean values and standard deviation in parenthesis).
DBH = tree diameter; G = stand basal area.

Species/Group b Sample Size ) DBH HT NHA B , G B CBD_3 CLBl_)3

ortugal Spain (cm) (m) (Treesha—1) (m?ha-1) (kgm™3)  (kgm3)
Pinus pinaster 1423 7369 19.2 (10.1) 11.1 (4.2) 739 (806) 18.2 (13.3) (8(1);;) (8828)
Pinus pinea 165 2152 22.2(11.8) 8.3 (2.9) 406 (460) 11.9 (8.7) (8(1)22) (8828)
Pinus halepensis 8 9264  185(7.3)  78(25)  422(420)  9.5(7.6) (818{3) (8:87128)
Pinus sylvestris 14 6053 18.5(7.7) 10.2 (3.6) 909 (796) 22.5(14.2) (8(1);)2) (88;;’)
Other conifers 22 6312 19.4 (9.7) 10.2 (5.1) 744 (686) 18.6 (13.8) (88;12) (88%2)
Eucalyptus globulus 1059 2816  133(68) 143(49)  881(%4) 129 (113) (8,?(1){) (8:857;3)
Quercus suber 1051 2927 24.6 (16.2) 6.5 (2.7) 244 (461) 7.1(7.2) (8822) (882;)
Quercus ilex s.1. 828 10,768 25.9 (17.2) 6.3 (1.7) 356 (555) 6.7 (6.0) (ggfé) (885;
Quercus pyrenaica 144 3201 17.6 (12.5) 8.7 (2.9) 686 (720) 11.3 (9.9) (88(1)(3)) (8882)
Other oaks 58 3431 20.4 (15.9) 8.9 (4.1) 584 (669) 11.8 (10.5) (883?) (8852)
Castanea sativa 36 758 28.4 (25.9) 11.0 (3.4) 689 (923) 20.7 (17.4) (88;2) (8853)
Other broadleaves 67 2499 27.2 (15.9) 15.1 (5.4) 584 (606) 23.1(13.0) (gggé) (88(1);)

Species such as Eucalyptus globulus Labill., Pinus pinea, Pinus pinaster and Pinus sylvestris
have the highest values of CBD and CLBD. Broadleaves have lower values, with Quercus
ilex s.1. as the species with high value of CBD, but low CLBD because of low tree density,
and other oaks as the group of species with higher value of CLBD because they generally
form dense stands.

The differences found between CBD and CLBD are in accordance with previous
results on percentage cover by each vertical layer for the tree species/groups in the Iberian
Peninsula [2].
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Figure 12. Mean values of tree Crown Bulk Density (CBD, in kg m~3) and Canopy Layer Bulk Density
(CLBD, in kg m~3) for the tree species/groups in the Iberian Peninsula.

The three most important tree species in Portugal, by area of occupation, are Pinus
pinaster, widely spread in the north of the Tagus River, Eucalyptus globulus, distributed in
the coastal part and Quercus suber mostly located in the south. According to the Spanish
NFI, the most important tree species are Quercus ilex s.1., Pinus halepensis, Pinus sylvestris,
Quercus pyrenaica and Pinus pinaster. In order to have a better visualization of the species
distribution, some species were aggregated in the same group: Pinus halepensis and Pinus
sylvestris were included in other conifers; Quercus pyrenaica was included in other oaks; and
Castanea sativa was included in other broadleaves. Figure 13 presents the distribution of the
tree species/groups in the Iberian Peninsula according with NFIs data.
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Figure 13. Geographical distribution of the tree species/groups in the Iberian Peninsula according to
NFIs data.

The estimated CBD values per plot are plotted for the Iberian Peninsula in Figure 14a.
Higher values of CBD are mostly located in the north and Atlantic coast of the Iberian
Peninsula, which is an area with dominance of pines and eucalypts (Figure 13). The
estimated CLBD values per plot are shown in Figure 14b. Larger CLBD values are also in
areas dominated by Pinus pinaster and Eucalyptus globulus in central and northern Portugal
and Pinus pinea in central Spain. In southern Spain areas with high CBD with Quercus ilex
s.l. (Figure 13) have lower CLBD values because of the small tree densities in the typical
agroforestry “dehesa” type systems.
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Figure 14. Values of (a) tree Crown bulk density (CBD) and (b) Canopy Layer Bulk Density (CLBD)
per NFIs plots in the Iberian Peninsula.
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4. Discussion

The ability to predict fire propagation through shrub canopy and fire intensity is
necessary to manage fire risk in Mediterranean areas [57].

Fuel loading is an indicator of the maximum quantity of fuel that can be burned in
a fire with maximum intensity [11]. Therefore, if other factors are constant, shrub types
with higher values of Shrub Bulk Density (SBD) are likely to burn with higher intensity
according to Byram’s equation [58]. The shrub types with higher SBD are “Quercus coccifera
and Pistacia lentiscus”, “Heathers, Ericaceae shrubs and related groups” and “Big size
Cistaceae shrubs”. These formations are generally composed of taller individuals than
the other formations, which according to Papi6é and Trabaud [11] results in a higher level
of combustibility and may lead both to a great increase in temperature in the first 5 cm
below the soil surface, and to a greater potential for destroying the below-ground plant
organs. The high values of SBD found in Quercus coccifera fuel strata, and their decrease
with shrub height, are consistent with the dynamics model of garrigues ecosystems from
Pimont et al. [59].

Papi6 and Trabaud [11] studied the structural vegetation components that influence
flammability and fire behavior of five Mediterranean mature, well-developed shrub species
and found different fire hazard per species. Rosmarinus officinalis is one of the species with
the lowest fire hazard, which is in line with the lower value of SBD for this species in
this study.

The fuel to feed a fire is dependent on the fuel load dimensions, thus it is important
to categorize fuel by their size classes [11]. In this study, we considered the fuel loading
foliage and small branches (10 h fuels) for shrubs [26] and only leaf biomass for trees for a
better comparison with other studies.

The mean Shrub Bulk Densities (SBD) reported in our study are in general agreement
with results from previous studies. Scott and Burgan [60] reported SBD values between
1.05 and 1.76 kg m~3 (except for one fuel type) for shrubs in arid to semiarid climate in
North America, while Countryman and Philpot [61] measured a range of 0.2-2.1 kg m~3 in
chaparral. Our results for the shrub types “Machias, terebinthus, garrigues” and “Rosmari-
nus officinalis” (1.68 and 1.86 kg m~3, respectively) are similar to those found by Fernandes
and Pereira [26] in a study conducted in Serra da Arrdbida, in Portugal for Phyllirea angus-
tifolia, Phyllirea latifolia, Arbutus unedo, Rhamnus alaternus and Rosmarinus officinalis (1.41,
1.71,1.28,1.30 and 2.18 kg m3, respectively). However, the same authors observed sub-
stantially lower SBD values for the species Pistacia lentiscus and Quercus coccifera (1.42
and 1.61 kg m~3, respectively) and Erica arborea (1.88 kg m~3) than the ones obtained in
our study for types “Quercus coccifera and Pistacia lentiscus” (3.23 kg m~3) and “Heathers,
Ericaceae shrubs and related groups” (3.08 kg m~3). Other study in Portugal [62] reported a
mean SBD value of 1.94 kg m~—3 for Phyllirea angustifolia, Phillyrea angustifolia, Ilex aquifolium
and Rhamnus alaternus, slightly higher than that obtained in our study for “Machias, tere-
binthus, garrigues” (1.68 kg m~3). Another study in central-west Portugal [63], in the
Candeeiros mountain, indicated bulk densities of 2.16 kg m 3 for Ulex europaeus, which is
similar to the ones we obtained for the shrub type “Ulex spp. shrubs and related groups”
(2.20 kg m~3), whereas in more Mediterranean climates, SBD values as high as 9.5 kg m 3
have been measured in Ulex densus in S Portugal [26] and 2.6-9.6 kg m~3 in Ulex parvi-
florus [64—66]. In Galicia (NW Spain), Arellano et al. [67] measured values of Shrub Layer
Bulk Density (SLBD) for the fine fraction (<6 mm) ranging 1.8-3.5 kg m~3, for Ulex spp.,
2-3 kg m~3 for heathers alone or mixed with leguminous species, whereas broom shrub-
lands showed lower values (1.1-1.5 kg m~3), depending on the dominant species. Many
factors could explain the differences found in studies using the same species. Among them
are the different plant sizes and fuel particles range sampled, different environmental or
management conditions, as grazing pressure or fuel hazard reduction treatments [68,69],
and phenotypic variability. For e.g., SBD values between 6% and 53% lower for the biomass
of fine portions of shrubs (diameter < 6 mm), compared to the whole plant has been re-
ported in scrublands of NW Spain and N Portugal [26,70-72]. This decrease was smaller



Forests 2022, 13, 555

22 of 27

(21% less) when comparing biomass <2 mm with <6 mm [73] in similar heathland fuel
complex in NW Spain. In addition, plant age has a strong influence on the structural
distribution of its biomass and therefore on its SBD [64]. Initial increases with age in SBD
for the late building stage and later decreases in the mature and senescent stage have been
reported for different Iberian communities [74,75] and also frequently found in other shrub
ecosystems [76-78].

Overall, our results demonstrate a decrease in SBD as shrub height increases that seems
consistent with the decrease detected with age in different shrub ecosystems [68,74,78-80].
This is important because fire rate of spread is expected to change with changes in bulk
density [81]. Moreover, Pimont et al. [59] pointed out that bulk density has a complex effect
on fire behavior since fire intensity is proportional to fuel load and to the rate of fire spread.
Nonetheless, fire characteristics are related to the Shrub Layer Bulk Density (SLBD), which
depends not only on the SBD but also on the Fraction Cover of the Shrub Layer (FCSL).
The reduction of the horizontal continuity of shrub fuels is an important component of fuel
management of shrublands to avoid easy wildfire propagation.

Forest canopy characteristics have an important impact on the spread of
wildfires [12,28,57]. Higher Crown Bulk Density (CBD) also influences the surface fire
because average crown fuel temperature increases and ignition occurs at higher bulk den-
sity [57]. In this study, we found higher values of CBD in trees species such as Pinus pinaster
and Eucalyptus globulus. These are species with high probability to burn [2], and have been
the most affected by wildfires in the Iberian Peninsula [82,83].

Differences in tree crown fuel characteristics generally lead to a difference in the un-
steady interaction between the surface fire and crown fuel [57]. Several studies demonstrate
the importance of the bulk density of the crowns and canopies on fire propagation as a cru-
cial variable to evaluate the fuel structure effect on vegetation [84]. However, whereas CBD
is determinant for crown fire initiation, it is the Canopy Layer Bulk Density (CLBD) that
controls the likelihood and the speed of active crown fires, as shown for conifer stands [19].

The CLBD results obtained in this study are lower than those from several other
studies (see Table S6; [85-94]). One reason for that difference could be that the NFI plots
include many stands with low tree cover whereas studies planned to obtain CLBD values
typically focused on stands with more trees per hectare, larger basal areas (Table S6) and
therefore closer canopies. While this bias can affect studies with a low number of plots,
other studies based on a high number of plots with a broad range of conditions (e.g., [95])
or based on NFIs data offer also higher values (e.g., [12,96]). Other possible explanation can
be the different approach applied in this study and that used in other studies. Apparent
variation in CLBD obtained by different methods is not unusual [29,97]. In fact, remote
sensed canopy bulk density estimates frequently show appreciable deviations from ground-
based CLBD values [32,33,36] (see other studies in Table S6). The mean CLBD values
presented are therefore representative of the stands included in the NFIs. However, the
models adjusted are applicable to any forest stand with available data.

It should be noted that these results apply for the whole crown and whole canopy layer.
However, previous results in North America [22] and in the Iberian Peninsula [2] showed
that bulk density varies with height within the canopy indicating that the maximum value
of CLBD can be almost twice than the mean CLBD value. This should be considered when
simulating crown fire propagation.

It is worth highlighting the structural differences between shrub and tree canopy
fuels. Fine fuel in the shrub layer generally encompasses more dead fuel than in the tree
canopy layer [23], resulting in a lower moisture content of their respective canopy fuels,
whereas canopy height is dramatically lower in shrubs than in forest stands. However,
bulk density is frequently 10-50 times higher in shrubs. Tachajapong et al. [57] have noted
these conditions make it easier the ignition of pyrolizates under lower heat fluxes than
those that occur in conifer forests. In terms of application of crown fire initiation theory
of Van Wagner [17] to shrubs [98,99], this explains the remarkably higher propensity to
crown fire in the understory layer, compared to the tree canopy layer. It is important to
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note that there is feedback between the two fuel layers. On the one hand, competition for
light and water availability reduces the moisture content of understory fuels and decreases
their bulk density, and on the other hand, the more flammable and less compact understory
fuel facilitates a higher linear fire intensity, which is necessary to ignite the canopy fuels
and maintain an active fire in the canopy.

5. Summary

The role of bulk density on fire behavior is known, but operational information to be
used in simulations and predictions is often difficult to obtain. In the case of the Iberian
Peninsula, structural information from the National Forest Inventories is useful but it must
be complemented with auxiliary information from measures or estimates of bulk density to
be used in fire behavior simulations.

We propose in this study a simple way to estimate the values of the bulk densities of
the shrub and the canopy layer based on the association of NFI data with research results in
the Iberian Peninsula on bulk densities of shrubs and tree crowns. Bulk density equations
were adjusted for 10 shrub types of selected shrub species and for 12 tree species or groups
of species. The equations developed can be used, in association with the fraction cover of
the corresponding layer, to parametrize models that predict fire behavior (e.g., Behave) or
to analyze the probability of a fire to spread. We show how bulk density data for individual
shrub or tree crown types can be associated with structural data from the NFIs to estimate
biomass of the forest ecosystems and to evaluate potential fire behavior involving shrubs
and tree crowns.

The estimations of bulk density for a specific ecosystem could also be used to evaluate
the number of chemical components of the system including volatile organic compounds
which can contribute to extreme forest fire behavior.

In general, Canopy Layer Bulk Density (CLBD) values are relatively small in compari-
son with thresholds for active crown fire propagation and, in comparison, with Shrub Layer
Bulk Density (SLBD) values. This suggests that most fire management actions dedicated to
reducing fire propagation might prioritize on reducing the load and continuity of the shrub
layer in the understory.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f13040555/s1, Table S1: Common groups of shrub formations
in the Portuguese NFI and Spanish NFI. Codes of the formations: (a) according to SFM25 [42];
(b) used by Pasalodos-Tato et al. [27] based on the SFM25 codes. For each formation there are the
corresponding species in Portugal and Spain NFIs, Table S2: Common groups of tree species in
the Portuguese NFI and Spanish NFI, Table S3: Species and group of species considered for the
adjustments of the equations, with the number of trees sampled in the study with information of
crown diameter and crown length in the SNFI2 [48], Table S4: Characteristics of the sample trees
used in the development of the crown length Equation (12), Table S5: Characteristics of the sample
trees used in the development of the crown diameter Equation (15), Table S6: Examples of studies for
estimation of Crown Bulk Density (CBD) at stand level in forest ecosystems in the Iberian Peninsula
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