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Abstract

Biomass tends to accumulate both in overstorey and understorey layers of forests
growing in productive areas. The rapid growth of forest plantations established in
productive areas can thus also lead to the creation of fire-prone landscapes. In this
study, we assessed the extent to which overstorey stand density determines current
values of the fine shrub fuel load (Wsn- 1) in the understorey and also two major canopy
fuel characteristics related to crown fire activity -canopy base height (CBH) and canopy
bulk density (CBD)- and the temporal dynamics of these. For this purpose, we
developed two types of models for the three fuel complex variables: 1) extreme response
models, to define the upper limit of Wsn- g1 and CBD and the lower limit of CBH, the
values of which may depend on stand density; and ii) dynamic models, to estimate the
probability of increasing fuel loads and rate of change when a more hazardous situation
is predicted. Data were obtained from 8087 plots, measured in the third, fourth and fifth
Spanish National Forest Inventories, in plantations dominated by the major commercial
species in northern Spain (Pinus pinaster, Pinus radiata, Pinus sylvestris and
Eucalyptus globulus).

The extreme response models generally explain more than 60% of the observed
variability in the three fuel complex variables. According to these models, maximum
shrub fuel load and CBD and minimum CBH in stands of the four tree species were
limited by stand basal area, with different responses by different species.

The dynamics of the fuel complex variables were determined by canopy cover,
estimated as a proxy for stand density. The use of a two-step regression approach
enabled realistic modelling of the dynamics of the fuel complex variables, allowing for
a decrease in the shrub fuel biomass and in CBD between two time points. The dynamic

models developed are age-independent and are therefore useful for practical
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applications because they can be applied to any stand without the need to know the
stand age.

Overall, the study findings provide insights into the complex relationship between both
understorey and overstorey fuels and stand density in commercial plantations. As
assessment of forest fuel complex variables is a prerequisite for most fire management
activities, the study findings have important implications for forest and fuel

management and planning in the region.

Keywords: fuel complex variables, extreme response models, fuel dynamics, fuel

management, wildfires
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1. INTRODUCTION

Wildfire activity depends on the availability of biomass, which is regulated by land
productivity (Pausas and Paula, 2012). Northern Spain is a highly productive forest area
owing to the suitability of conditions for tree growth (Aguirre et al., 2022) and it is by
far the most important region in Spain in terms of timber production (Gémez-Garcia,
2020). It is also considered a highly productive forest region in the European (Verkerk
et al., 2015) and global (Del Grosso et al., 2008) contexts. Forest plantations have been
widely established throughout the north of Spain since the middle of the 20th century to
meet increasing demands for timber and other forest products. These commercial
plantations primarily consist of four species: Pinus pinaster Ait (maritime pine), Pinus
radiata D. Don (Monterey pine), Pinus sylvestris L. (Scots pine) and Eucalyptus
globulus Labill. (blue gum). In the last two decades, Eucalyptus nitens (Deane and
Maiden) Maiden has also been added to this group of highly productive species.
Plantations of the above-mentioned five major species currently cover more than 40%
of the total wooded area (i.e. 1M ha of 2.5 Mha), according to the fourth Spanish Forest
Inventory (MARM, 2011; MAGRAMA, 2012a, 2012b, 2013). These plantations also
play a key role in the Spanish forestry sector, representing circa 75% of the average
annual timber volume harvested in the whole of Spain (MAPA, 2019a). Moreover, the
existence of these plantations has led to northern Spain being one of the regions in
Europe with the highest intensity of forest harvesting (Levers et al., 2014).

Northern Spain is also one of the areas with the highest wildfire frequency at national
and continental scales (Oliveira et al., 2012; San-Miguel-Ayanz et al., 2018; MAPA,
2019b). This can be explained by three concurrent factors: the high ignition rate, usually
directly or indirectly related to human activities; the existence of periods of drought

throughout the year, which increases fuel flammability; and the high vegetation
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productivity, which promotes biomass accumulation both in the overstorey and
understorey (Légaré et al., 2001). Hence, while commercial forest plantations contribute
to the local economy and provide timber resources, they also bring about challenges
related to the creation of fire-prone landscapes (Cruz et al., 2008).

Forest structure and fuel loads strongly influence the rate of spread and intensity of
wildfire (e.g. Pyne et al., 1996; Graham, et al. 2004; Rego et al., 2021), and
characterization of the structural vegetation components is therefore essential for fire
risk assessment (e.g. Calkin et al., 2010; Scott et al., 2013; Thompson et al., 2015;
Chuvieco et al., 2023). In forest ecosystems, the fuel bed is usually structured in ground,
surface and canopy fuel layers, each of which exhibits vertical stratification (Keane,
2015). In temperate forests, the understorey comprises one of the main components of
the surface fuel layer. Forest understorey refers to vegetation that grows beneath the
forest canopy, and it includes a variety of species, including shrubs, herbaceous plants
and ferns (Helms, 1998). Accumulation of understorey fuel in general, and shrub fuel in
particular, can lead to a higher fireline intensity of surface fire (Byram, 1959; Fernandes
et al., 2004, 2009), greater crown fire hazard (Agee and Skinner, 2005) and therefore an
increased probability of tree damage and mortality (Scott and Reinhardt, 2001). High
shrub fuel loads can also increase the probability of forest stands being affected by
wildfire, as observed in the Iberian Peninsula (Botequim et al., 2013; Nunes et al.,
2019).

Forest overstorey refers to the uppermost layer of vegetation in a forest, and in
commercial plantations it is typically composed of trees planted in rows or grids with a
consistent spacing pattern to optimize ground occupancy. Canopy fuels comprise the
biomass of the overstorey layer and can be roughly characterized by two structural

variables: canopy base height (CBH) and canopy bulk density (CBD). Both of these
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variables affect the initiation and spread of crown fires (van Wagner, 1977; Cruz et al.,
2004, 2006; Alexander and Cruz, 2011), and they are therefore critical for predicting
fire behaviour (Cruz et al., 2005, 2008).

In commercial plantations, both overstorey and understorey layers are usually involved
in the propagation phase of wildfires. Moreover, complex interactions between the
overstorey and understorey layers are known to occur (Balandier et al., 2022).
Overstorey trees play a crucial role in shaping the structure and function of the forest
ecosystem dynamics, mainly due to light interception (Messier et al., 1998; Ameztegui
and Coll, 2013). Other mechanisms whereby the overstorey controls understorey
development are also important, including direct competition via the accumulation of a
dense litter layer (White et al., 1991), competition for water and nutrients (e.g. Uresk
and Severson, 1989) and allelopathy, the latter particularly in non-woody species (e.g.
da Silva et al., 2015).

The practical quantification of both understorey fuel loads and canopy fuel
characteristics requires the use of indirect estimation methods such as allometric
equations (e.g. Keane et al., 2005; Vega et al., 2022a; Vega et al., 2022b).

Fernandes et al. (2002) developed a model for estimating the understorey fine fuel load
(diameter <0.6 cm, hereafter G1) in P. pinaster stands in northern Spain, using
phytovolume as a predictor. Nevertheless, application of the model is limited to
situations where species of the genera Cytisus or Cistus do not dominate the
understorey. More recently, Vega et al. (2022a) developed two equation systems for the
major pine species in NW Spain (P. pinaster, P. radiata and P. sylvestris), one of which
uses understorey and overstorey variables as regressors for estimating understorey fuel
components by size and condition (live and dead) and the other of which only uses

overstorey variables. The suitability of a system of allometric equations that enables
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prediction of understorey fuel loads using only understorey area-based attributes, which
allows rapid estimation of shrub loads without requiring a tree inventory, remains to be
explored. Of all the understorey fuel load components, fine shrub fuel load (Wsn- 61) is
particularly important as it contributes most to fire spread (Rothermel, 1972; Pyne et al.,
1996; Scott and Reinhardt, 2001).

This system of allometric equations would benefit from being able to be used with data
from large-scale sources of information such as the Spanish National Forest Inventories
(SNFIs), in which understorey area-based attributes (the composition of woody shrub
layer, the percent cover and the mean height) are measured (Alberdi et al., 2017;
Sanchez-Pinillos et al., 2021). As tree species, diameter at breast height and total height
are also measured in all trees in the plots in SNFIs, species-specific equations can be
used to estimate the canopy fuel structural characteristics (CBH and CBD) at plot level.
In a database as extensive as that provided by the SNFI, and considering the vast
geographical area comprising northern Spain, many factors other than the overstorey
species and density can modulate the understorey fuel load and canopy fuel
characteristics: the plant species composition of the understorey community, the time
since the last disturbance of the understorey, management of the overstorey, the
plantation age and site quality (e.g. Parresol et al., 2012). Indeed, preliminary analysis
of SNFI data has shown that, at plot level, the calculated values of the fuel complex
descriptors Wsir g1, CBH and CBD vary widely in an increasing gradient of stand
density. In this type of data distribution, the so-called extreme response models will
represent the potential effects of overstorey stand density on understorey shrub fuel load
and canopy fuel characteristics. Extreme response models have been used successfully
to quantify thresholds or limits, and the extent to which a predictor constrains a

response variable (McKenzie et al., 2000). From the point of view of fire risk
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assessment, these models can be used to represent the worst-case-scenarios in wildfire
simulations, and they are therefore can be preferred over the mean response models
because the latter do not fully capture the fire risk potential.

One shortcoming of the extreme response models is that they represent a static
approach, and therefore they fail to predict rates of change. In other words, they do not
consider the dynamics of the fuel complex associated with stand growth and the related
effects of stand density management. As models that quantitatively describe the
dynamics of the forest fuel complex over time are suitable for permanent updating of
fire risk assessment to assist fuel management decisions (Bilgili and Methven, 1994;
Bilgili, 2003; Fernandes and Rigolot 2007), development of dynamic models for
projecting Wsnr 1, CBH and CBD over time is advisable.

Few studies have conducted detailed evaluations of the dynamics of fuel complex
characteristics in forest plantations (Bilgili and Methven, 1994; Ruiz-Gonzalez et al.,
2015; Botequim et al., 2015, the latter for western Iberian Peninsula). Botequim et al.
(2015) developed two models from Portuguese NFI data to describe the temporal
dynamics of shrub biomass in the forest understorey in forests in Portugal. These
models assume that shrub biomass tends to increase with time since disturbance until
reaching an asymptote, which represents the maximum (steady-state) shrub biomass for
a given site. Thus, the models developed by Botequim et al. (2015) do not consider the
alternative that the shrub load may decrease over time due to shrub mortality, driven by
overstorey competition. On the other hand, Ruiz-Gonzalez et al. (2015) developed
models that enable prediction of the rates of change in CBH and CBD in maritime pine
stands. Although these models take thinning effects into consideration, the overstorey
stand age must be known, and this information is not always readily available.

Therefore, development of new models for fuel complex variables that are more
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biologically realistic (e.g. assuming the possibility of a decrease in the shrub load due to
mortality, driven by overstorey competition) and also age-independent (i.e. more
generalizable, without the need to know stand age) is advisable.

SNFIs collect information from each permanent plot over a period of approximately 10
years, enabling quantification of rates of change of the fuel complex variables between
successive inventories. Moreover, the measurement of both overstorey and understorey
attributes in each inventory enables the potential influence of stand density to be
considered in the explanatory ability of the dynamic models.

Consequently, the objectives of the study were as follows: (i) to construct additive shrub
fuel biomass equations from area-based understorey metrics; (ii) to develop extreme
response models of Wsir g1, CBD and CBH using a proxy for overstorey stand density;
and (iii) to develop models to estimate the changes in these variables towards higher fire
hazard conditions during a certain time interval, including the potential effect of stand
density. As the effect of stand density may mainly depend on how much light the
overstorey species intercept according to their architectural structure (e.g. Balandier et
al., 2022), in addition to a general model for all species, different models were fitted for
each species for the latter two objectives.

All of these models are expected to be helpful for supporting forest and fire

management and planning in fire prone commercial plantations.

2. MATERIAL AND METHODS

2.1. Study area, overstorey species and inventory plots

The study area corresponds to the Atlantic area of northern Spain, including the regions
of Galicia, Asturias, Cantabria and the two coastal provinces of the Basque Country

(Vizcaya and Guipuzcoa). Most of the area occupied by these regions is included in the
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Eurosiberian biogeographic region, roughly characterized by mild climate and less than
two months of dryness (Moreno et al., 1990). These mild climate conditions, in terms of
thermal regime and water availability, favour high site productivity.

The data used were obtained from the third Spanish National Forest Inventory (SNFI-3),
the fourth Spanish National Forest Inventory (SNFI-4) and the Forest Inventory of
productive species in the north of Spain (SNFI-5). The inventories were carried out in
the study area between 1997 and 2006 (SNFI-3), between 2009 and 2011 (SNFI-4) and
during 2018 (SNFI-5). The SNFI project maintains a systematic network of sample
plots established at the intersections of a 1-km % 1-km UTM grid throughout Spain to
provide continuously updated information regarding the status of forest resources
nationwide (Alberdi Asensio et al., 2010).

The present study focuses on the most productive commercial species in the region, and
the forests measured in the SNFI therefore included four pure, even-aged forest types:
maritime pine (P. pinaster), radiata pine (P. radiata), Scots pine (P. sylvestris) and blue
gum (E. globulus). Shining gum (E. nitens) was not included because of the low
availability of SNFI plots for this species. Sample plots in which the basal area of one of
the four selected species was lower than 90% were rejected. Additionally, SNFI plots
with explicit signs (as judged by forest surveyors) of recent human activity in the
understorey (e.g. bush clearing) or fire occurrence were excluded from the analysis. A
total of 8087 sample plots (3439 from SNFI-3; 3545 from SNFI-4 and 1103 from SNFI-
5) were finally selected (Figure 1).

The most common vegetation in the forest understorey is composed of evergreen woody
species communities dominated by the genera Ulex and Erica, followed by Daboecia,
Calluna, Cistus, Pterospartum, Cytisus and Halimium. Of the non-woody shrubs

species, bracken fern (Pteridium aquilinum L.) and brambles (Rubus spp.) are
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particularly common, especially in humid and more productive sites. However, the
SNFIs do not include ferns, as the characteristics of these plants are difficult to assess
owing to the different physiological states in which they can be found throughout the

year.

SNFI plots
E. globulus
P. pinaster
P. radiata
P. sylvestris

[ Regional boundaries
4

0 50 100 km /\g
| |

Figure 1. Spatial distribution of the SNFI plots in the study area where E. globulus, P.
pinaster, P. radiata and P. sylvestris dominate the overstorey (stand basal area,

G > 90%). The map is based on the distribution of the plots in SNFI-4.

2.2. Overstorey variables

The sample plots each consist of four circular concentric subplots of radii 5, 10, 15 and
25 m. Diameter at breast height (dbh) and total height were measured in trees selected
on the basis of diameter and distance from the plot centre (dbh > 42.5 cm for plot radius
25 m; dbh > 22.5 cm for plot radius 15m; dbh > 12.5 cm for plot radius 10 m and dbh >

7.5 cm for plot radius 5m). Diameters were measured with a graduated tree caliper, to
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the nearest 0.1 cm, in two perpendicular directions. Tree height was measured with a
hypsometer, to the nearest 0.1 m. The number of stems per hectare (), basal area (G),
mean diameter (d), mean height (h) and dominant height (/, defined as the mean height
of the 100 thickest trees per hectare) were calculated from the tree variable
measurements, taking into account the number of trees per hectare that each selected
tree represents in the inventory, according to the subplot radius.

Crown diameter (cd) and crown length (c/) of each tree were estimated using the
species-specific equations proposed by Nunes et al. (2020) and fitted using information
from four sample trees systematically selected in each sample plot of the SNFI-2 to
complete a database with more than 255,000 sample trees covering the distribution area
of all the forest species in Spain and all combinations of age, stand density and site
qualities.

Canopy Cover (CC) and Canopy Base Height (CBH), the latter defined as the mean
value of the crown base height of each tree, were estimated for each sample plot from
the cd and ¢/ estimates, respectively, for each tree.

The Canopy Fuel Load (CFL), defined here as the biomass of needles and fine twigs of
diameter less than 0.5 cm, was estimated by aggregation of the dry weight of these
fractions of each tree. The dry weights were estimated using the compatible systems of
tree biomass equations developed for maritime pine, radiata pine and blue gum in
Galicia (Diéguez-Aranda et al. 2009) and the equations proposed for Scots pine by
Montero et al. (2005), with the corrections for fine biomass proposed by Fernandez-
Alonso et al. (2013). Individual trees of another species were observed in the sample
plots and represented 0.62 % of the selected trees. Surrogate species selected on the
basis of similarities in crown structure were used to estimate crown variables and fine

fuel biomass of these species. Canopy Bulk Density (CBD) was estimated as the ratio
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between CFL and canopy length, which is defined as the difference between the mean
height (h) and CBH.

2.3. Understorey variables

The percent cover and the mean height of each species or group of species of the
understorey were recorded in the 10 m radius subplot in each sample plot (Alberdi et al.,
2017). Percent cover was assessed visually, and mean height was measured with
graduated pole, to the nearest 0.1 m.

Total shrub cover (Covsir) was estimated in each sample plot by summing the percent
cover of the individual species (or group of species) in the sample plot. Mean shrub
height (hgp,, ) was calculated as the weighted (by cover) average of the species (or group
of species) height measurements.

In the study area, systems of compatible equations have been developed that allow
estimation of the fuel load of understorey in stands of the three pine species studied
(Vega et al., 2022a). However, both shrub variables and stand variables such as h and N
are required as input variables. As the objective of this study was to assess the effect of
the overstorey on the development and evolution of the understorey, we decided to fit a
compatible system of equations to estimate understorey fuel loads based exclusively on
shrub variables (Covsir and hgp,) and using the same database as in Vega et al. (2022a),
but excluding those plots in which ferns and brambles dominate the understorey or
where understorey is absent. The description of the database used to fit these equations,
the models and methodology used, the results obtained, and their discussion are
provided as Supplementary material.

The mean, maximum, minimum values and standard deviations for the main stand,

canopy and understorey variables are shown in Table 1.



300 Table 1. Mean value and standard deviation of the main overstorey and understorey
301  variables distinguished by overstorey species. Values of Wsnr 61 were estimated using

302 the equations described in Supplementary material.

P. pinaster P. radiata P. sylvestris E. globulus
Variable Statistic n = 2756 n=2030 n =441 n = 2860

d Mean 22.32 26.58 18.96 15.63
(cm) St dev. 8.95 11.49 6.80 6.20
h Mean 12.82 17.45 9.80 16.28
(m) St dev. 4.90 6.91 3.99 4.84
N Mean 56277  563.80 863.68 879.44
(stems/ha)  St. dev. 49870  407.96 619.00 594.45
G Mean 20.83 27.76 23.54 18.07
(m¥ha)  St.dev. 15.62 16.96 16.30 13.77
H Mean 15.50 20.48 11.07 21.09
(m) St dev. 5.98 7.73 427 7.53
CC  Mean 46.47 69.61 85.89 50.26
(%) St dev. 33.06 35.77 54.66 35.46
CBH  Mean 3.74 5.70 1.81 5.11
(m) St dev. 1.30 3.83 0.52 1.07
CFL  Mean 0.56 0.80 1.02 0.65
(kg/m?)  St.dev. 0.4 0.47 0.67 0.49
CBD  Mean 0.058 0.067 0.130 0.056
(kg/m®)  St. dev. 0.039 0.035 0.079 0.036
Covsir  Mean 80.43 75.66 72.36 74.22
(%) St dev. 46.73 44.34 43.35 43.96
heonr  Mean 77.76 81.49 74.08 89.21
(cm) St dev. 41.13 47.35 39.36 47.42
War i Mean 1.01 0.96 0.92 1.01
(kg/m?)  St.dev. 0.71 0.72 0.70 0.77

303

304 2.4. Modelling approaches

305  2.4.1 Models including the effect of stand density for estimating surface and canopy

306  fuel-related variables

307 Two types of models were developed to assess the effect of stand density on the three
308 fuel complex variables considered here (Wsir 61, CBH and CBD): 1) extreme response
309 models, which are static models; and 2) dynamic models, to estimate the probability that

310 these variables will evolve towards conditions implying a greater risk of surface and/or
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crown fires and also the rate of change of the variables when a more hazardous situation
is predicted.

These two types of models were fitted independently to each of the four species
analyzed and for all species together.

Extreme response models

To fit the extreme response curves (i.e. to model an upper limit of Wi 61 and CBD and
a lower limit of CBH whose value is regulated by stand density), the stand basal area
(G) was included as a predictor variable as it has produced better results than other
stand density surrogates (N, SDI and CC) in terms of goodness-of-fit (minimizing the
sum of squares of the errors, results not shown) and it is easy to measure in the field.
The values corresponding to the 99 percentile of the distribution of W 61 and CBD
and those corresponding to the 1% percentile for CBH were determined at intervals of 2
m?/ha within the observed range of values of G. A weighted Multivariate Adaptive
Regression Splines (MARS) approach was used to fit the model to the percentile data as
a function of G values for each species. The ratios between the observations used to
obtain each of the percentiles and the total number of observations were assigned as
weights. The nonparametric MARS technique (Friedman, 1991) constructs a non-linear
regression model by fitting piecewise linear regressions in distinct intervals of the
independent variable space.

Dynamic models

A two-step regression approach was used to model the dynamics of the fuel complex
associated with stand growth and the potential modulating effects of stand density.

In the first step, equations for predicting the probability of Wi g1 and CBD increasing
between consecutive inventories were fitted (CBH values are assumed to be maintained

or to increase over time as recruitment is irrelevant in these pure and even-aged stands).
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In the second step, transition functions were developed in order to estimate the rate of
change of W g1, CBD and CBH between inventories. In the second step, we only
considered those plots in which a change in fuel complex variables towards greater fire
risk between inventories was detected.

The fit of the dynamic models requires data from two measurements of the same sample
plot. We only included those plots in which the species was maintained between
successive SNFIs and in which the dominant height increased in order to take into
account the dynamics of the fuel complex associated with stand growth. In total, 1817
pairs of measures on the same sample plot (680 from P. pinaster, 456 from P. radiata,
132 from P. sylvestris and 543 from E. globulus) were finally fitted to the dynamic
models.

As a result of stand development in the time elapsed between inventories, Wsir G1 and
CBD values may increase (1, higher fire hazard) or decrease (0, lower fire hazard).
Therefore, a logistic model (e.g. Monserud, 1976; Hosmer and Lemeshow, 2000) that
provides estimates of probability of fire hazard increment was fitted for Wsn- 61 and

CBD:

exp(d, + d; X;) A

= 1
p 1+ exp(do + di Xl) ( )

where p represents the probability that fire hazard will increase (increment in Wsnr 61
and CBD values) over a time interval of Az years, do and d; are the parameters to be
estimated and X;are the explanatory variables which characterize the stand density.

In equation (1), the probability decreases as the time interval increases and it gradually
approaches zero. This assumption is biologically consistent in the case of Wsnr 1,
because canopy cover increases as these pure and even-aged stands gradually develop,
negatively affecting understorey growth. However, in the case of CBD it seems more

plausible to assume the opposite effect, as stand growth implies an increase in the
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values of CFL as well as less variation in canopy length (e.g. Crecente-Campo et al.,
2009; Ruiz-Gonzalez et al., 2015); therefore, the exponent of equation (1) was replaced
with 1/At for this variable.

Three different alternatives were tested as independent variables of the logistic model,
consisting of the value of the variable of interest in the first measurement, combined
with one of the four density-related variables that are easiest to measure in the field (&,
SDI and G) or estimate from field measurements (CC), and the combination that yielded
the highest values for the classification accuracy was selected.

Once each logistic regression model was fitted, the threshold for deciding whether the
estimated probability indicates higher fire risk was obtained by maximizing both the
sensitivity and specificity of the model for the complete database of each species.

The transition functions were derived from the base model proposed by Bertalanffy-
Richards (Bertalanffy, 1957; Richards 1959):

Y = fo (1 —exp (—f1 1)) 2
where Y is the independent variable analyzed (Wi 61, CBD and CBH), t is the stand age
(years) and f; are the parameters to be estimated. This is a sigmoidal growth function
with a horizontal asymptote equal to parameter fi.

The first step in developing the transition function involves definition of a difference
form of the base model considering two different measures of the same plot: (Y1, #t1) and
(Y2, 2). As both measurements correspond to the same sample plot, the f; parameters are
the same. The first expression can therefore be solved for #1 and then substituted in the
second expression, considering that t, = t; + At, to obtain the transition function (e.g.

Tomé et al., 2006; Burkhart and Tomé, 2012) (equation 3):

| 1 Yl 1/f,
Y1 =fo(1—exp(—f t1))f2}:>_n< } ]TO] >=t
Y, = fo (1 —exp (—f; )2 fi !
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f2

1/f;
,=f|1- I1 — [%] lexp (—f, At) 3)

Only those pairs of measurements from the same plot in which an increase in the
variable of interest (Wsn 61, CBD and CBH) were observed were used to fit equation 3.
2.5. Statistical analysis

The dynamic models of change in W 61, CBH and CBD (equation 3) were fitted by
Ordinary Least Squares (OLS) using the MODEL procedure of SAS/ETS® (SAS
Institute Inc., 2004). For extreme response of Wi 61, CBH and CBD, the weighted
MARS (Multivariate Adaptive Regression Splines) models were fitted using the “earth”
package (Milborrow, 2023) in R software (R Core Team, 2022).

Two goodness-of fit statistics were used to check the accuracy of estimates: model

efficiency (ME) and root mean square error (RMSE).

~\2
ME =1 — M 4)
(Y —Y)?
(Y, _y.)z
RMSE = |S=0— )
n —

where Y;, ¥, and Y are the observed, predicted and mean values of the dependent
variable and 7 is the number of observations used to fit the equation.

The parameters of the logistic models were estimated using the “optim” function of R
(R Core Team, 2022) to maximize the logarithm of the likelihood function of equation
(1). The best set of independent variables was obtained by using the stepwise procedure
with the “step” function in R (R Core Team, 2022). The performance of the logistic

models was evaluated in terms of percentage of concordant pairs.



401 3. RESULTS
402  3.1. Models including the effect of stand density for estimating surface and canopy
403  fuel-related variables

404  Extreme response models

405  The mathematical expressions of the MARS models fitted to estimate the extreme
406  response of Wsnr g1, CBH and CBD as a function of G for each of the four overstorey
407  species and for all species together, as well as the values of the goodness-of-fit

408  statistics, are shown in Table 2. The corresponding scatter plots and the lines

409  representing the extreme response MARS model are shown in Figure 2.

410

411  Table 2. Mathematical expressions of the MARS models fitted to characterize the
412 extreme response models of W g1 (99™ percentile); CBD (99" percentile) and CBH

413 (1% percentile) as a function of G.

Fine shrub fuel load (W 61, kg/m?)

Species Equation ME RMSE
P. pinaster Y = 2.2932 4 0.0132(42 — G) — 0.0366(G — 42) 0.6791 0.1915
P. radiata Y = 2.6356 — 0.0157(G — 30) 0.2726 0.2789
P. sylvestris 'Y = 2.3402 — 0.0390(G — 18) 0.7214 0.3099

E. globulus Y = 2.2268 + 0.0155(52 — G) — 0.0670(G — 52)  0.5818 0.2234
All species ¥ = 2.1397 + 0.0107(76 — G) — 0.0747(G —76)  0.6109 0.2476

Canopy bulk density (CBD, kg/m?)

Species Equation ME RMSE
P. pinaster 'Y =0.0970 4 0.0023(G — 18) — 0.0052(18 — G) 0.9586 0.0104
P. radiata 'Y = 0.1252 4 0.0017(G — 30) — 0.0044(24 — G) 0.8877 0.0143
P. sylvestris 'Y = 0.3204 — 0.0083(30 — G) 0.6513 0.0609
E. globulus 'Y =0.0980 4 0.0020(G — 16) — 0.0056(16 — G) 0.9616 0.0086
All species Y =0.1790 4+ 0.0014(G — 16) — 0.0101(16 — G) 0.8660 0.0242

Canopy base height (CBH, m)

Species Equation ME RMSE
P. pinaster Y = 2.5828 + 0.0283(G — 30) — 0.0551(30 — G) 0.9238 0.2029
P.radiata Y =1.5746 4+ 0.0662(G — 24) — 0.0433(24 - G) 0.8735 0.3858
P. sylvestris 'Y = 1.2806 + 0.0269(G — 30) — 0.0432(18 — G) 0.8321 0.1737
E. globulus 'Y = 3.6626 + 0.0243(G — 16) — 0.1429(16 — G) 0.8955 0.3040
All species ¥V = 3.3251 + 0.2298(G — 82) — 0.0316(82 — G) 0.8434 0.2231

414
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As expected, the models show that the Wsn- 61 values tend to decrease and CBD and

CBH values to increase as G increases (Figure 2). Overall, the best results were obtained

for CBH and CBD, and the observed variability explained by the extreme response

models was 84% and 86%, respectively, for all of the species considered together.

The Wsnr 61 extreme response models generally yielded poorer goodness-of-fit statistics,

with percentages of explained observed variability varying between 58 and 72%, except

for P. radiata, for which the percentage was much lower (27%).
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Figure 2. Plots of observed values of Win- 61, CBH and CBD versus stand basal area
(G) for each of the four overstorey species considered in this study and for all species

together. The red dashed line represents the extreme response MARS model fit.

Dynamic models. Step 1: logistic models

The mathematical expressions of the logistic models fitted to estimate the probability of

fire hazard increment (increment of Wsn- g1 or CBD values) in the time interval Az based
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on current values of the variable of interest (Wsn_G1_1 or CBD:, respectively) and a stand
density proxy for each of the four tree species considered and for all species together are

shown in Table 3.

Table 3. Mathematical expression and statistical measures of performance of the
logistic models for estimating the probability that Wi 61 and CBD will increase in the
time interval Az (years) based on current values of the variable of interest (Wi 61 1 or
CBD:, respectively) and a stand density proxy for each of the four tree species

considered and for all species together.

Probability of increase in fine shrub fuel load (Wsnr 1)
Species Equation

B [ exp(3.7340 — 0.6301 CC; — 0.8985 Wypy g1 1) l“
|1+ exp(3.7340 — 0.6301 CC; — 0.8985 W, .)

P. pinaster hrgy
Concordant pairs = 73.21%. Threshold (p =0.51)
(Sensitivity = 67.83%; Specificity = 67.21%; Accuracy = 67.50%)
_ [ exp(3.7376 = 0.6137 CC; — 1.0057 Wy 61 1) At
P. radiata |1+ exp(3.7376 — 0.6137 CC; — 1.0057 Wy g1 1)

Concordant pairs = 72.94%. Threshold (p = 0.56)
(Sensitivity = 68.86%; Specificity = 66.67%; Accuracy = 67.76%)

B [ exp(3.8033 — 0.4913 CC; — 0.9063 Wy, 61 1) A

|1+ exp(3.8033 — 0.4913 CC; — 0.9063 Wy g1 1)
Concordant pairs = 73.01%. Threshold (p = 0.45)
(Sensitivity = 68.52%; Specificity = 65.387%; Accuracy = 66.67%)
l exp(3.9650 — 0.3910 CC; — 1.0513 Wy, ) |

1+ exp(3.9650 — 0.3910 CC; — 1.0513 Wypy g1 1)
Concordant pairs = 73.36%. Threshold (p = 0.43)
(Sensitivity = 76.49%; Specificity = 58.53%; Accuracy = 67.96%)
[ exp(3.8312 — 0.5686 CC; — 0.9776 Wy, ) A

1+ exp(3.8312 — 0.5686 CC; — 0.9776 Wypy ¢11)
Concordant pairs = 72.86%. Threshold (p = 0.53)
(Sensitivity = 69.24%; Specificity = 65.16%; Accuracy = 67.14%)
Probability of increase in canopy bulk density (CBD)
Species Equation
[ exp(4.9026 — 11.6799 CBD,)

1+ exp(4.9026 — 11.6799 CBD,)
Concordant pairs = 76.21%. Threshold (p = 0.56)
(Sensitivity = 89.27%; Specificity = 43.55%; Accuracy = 76.77%)

P. sylvestris

E. globulus

All species

1/At

P. pinaster
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exp(4.4065 — 9.0972 CBD;) |/*

P radiata |1+ exp(4.4065 — 9.0972 CBD;)
Concordant pairs = 60.15%. Threshold (p = 0.62)
(Sensitivity = 96.82%; Specificity = 7.59%; Accuracy = 81.36%)
[ exp(4.9818 — 11.8918 ¢BD,) |/
P = |1+ exp(4.9818 — 11.8918 CBD,)
Concordant pairs = 83.49%. Threshold (p =0.56)
(Sensitivity = 83.12%; Specificity = 70.91%; Accuracy = 78.03%)
exp(5.3380 — 0.0270 CC, — 14.0987 CBD,) |"/*
1+ exp(5.3380 — 0.0270 CC; — 14.0987 CBD;)
Concordant pairs = 77.72%. Threshold (p = 0.63)
(Sensitivity = 96.93%; Specificity = 20.69%; Accuracy = 84.71%)
exp(4.9550 — 0.4922 CC, — 9.2701 CBD,) 1
P = |1+ exp(4.9550 — 0.4922 CC, — 9.2701 CBD,)

Concordant pairs = 75.66%. Threshold (p = 0.57)
(Sensitivity = 94.66%; Specificity = 31.70%; Accuracy = 80.51%)

P. sylvestris

E. globulus

All species

The value of concordant pairs was around 73% in the five logistic models fitted for
Wshr 1 but varied depending on the species for the CBD models, ranging from 60% for
P. radiata to 83% for P. sylvestris (76% for all the species together). The logistic CBD
models were more accurate than the Wi 61 models, with sensitivity varying between
83% for P. sylvestris and 97% for P. radiata and E. globulus. Moreover, in these
models, stand density, characterized by the initial values of N, SDI, CC or G was not
significant for any of the species, except E. globulus and all species together, while in
the shrub fine fuel load models, density, characterized by the current canopy cover
(CCh), was always significant.

Dynamic models. Step 2: transition functions

The mathematical expressions of the transition functions fitted to estimate the rate
change of Wi 61, CBH and CBD during the time interval A¢ (years) based on current
values of the variable of interest (Wi 61 1, CBD1 or CBH1, respectively) and a stand
density proxy for each of the four species analyzed and for all species together are

shown in Table 4. All parameters were significant (o = 0.05), and graphical inspection



455

456

457

458

459

460

461

462

of the studentized residuals showed random patterns of residuals around zero with

homogeneous variance and no discernible trends.

Table 4. Mathematical expression and goodness-of-fit statistics of the transition
functions used to estimate the change of Wi 61, CBH and CBD during the time interval
At (years) based on current values of the variable of interest (Wi 61 1, CBD1 or CBH1,
respectively) and a stand density proxy for each of the four tree species considered and

for all species together.

Fine shrub fuel load (Wsn 1, kg/m?) transition function

Species Equation
Y 080 -0.014 At o
P. pinaster Y, = (542 - 2.03CC) (1 B [1 B [542——203CC1] ]eXp ' )
ME =0.6364 RMSE = 0.4231 kg/m?
0.41 243
P. radiata Y, =295 (1 B [1 B [%] ]eXp_O'OSS At)

P. sylvestris

ME =0.5531 RMSE = 0.4955 kg/m?

Yl 0.44 2.26
1-— —0.026 At
[4.003 - 1.001CC1] ] P

Y, = (4.003 — 1.001CC,) (1 - [

ME =0.8201 RMSE = 0.3348 kg/m?
r i Y, 10.457 221
. | L . . 1_ ]
ME =0.5229 RMSE =0.5311 kg/m?
r _ Y, 10.347 2.96
All species 12 = (3:26=069CC,) (1 ol i oz A M)
ME =0.5717 RMSE = 0.4826 kg/m? '
Canopy bulk density (CBD, kg/m?) transition function
Species Equation
Yl 0.57 1.76
= — _ —0.063 At
P. pinaster Y2 = (0:104+00404CC,) (1 [1 [0.104 + 0.0404CC1] ]EXp )
ME =0.5771 RMSE = 0.0218 kg/m’
v, =038(1-|1- [i " exprooomsac -
P. radiata 2T 0.38 P

P. sylvestris

ME =0.8105 RMSE =0.0152 kg/m®

1.29
—0.025 At

[ Y. 0.787
Y, = 0.28(1— 1- [0218
ME =0.5712 RMSE = 0.0394 kg/m*

exp



1.48
Y.

0.68
= - —0.053 At
E. globulus Y2 = (0:11+0.039¢C) (1 [1 [0.11 + 0.039CC1] ]eXp )
ME =0.6006 RMSE =0.0211 kg/m3

= — N P —0.017 At
All species = 0'24<1 [1 [0.24] ]eXp )

ME =0.6626 RMSE = 0.0212 kg/m?

Canopy base height (CBH, m) transition function

Species Equation

Yl 0.94 1.06
Y, = (7.005 + 0.57¢ccH|{1-[1 - |———MM —0.030 At
2= (7005 1)( [ [7.005+0.57ccl] ]eXp )

ME =0.7555 RMSE =0.7351 m

y, 1054
= —11 = —0.010 At
Y, =59.53 (1 [1 59.53) ] exp )

ME =0.8639 RMSE =1.1351 m

P. pinaster

1.85

P. radiata

1.09

r Y]_ 0.92
1— —0.025 At
[2.65 + 0.54001] ] exp )

Y, = (2.65 + 0.54CC,) (1 -
ME =0.8121 RMSE = 0.4641 m

P. sylvestris

1.04

[ Y1 0.967
= — - —0.074 At
E. globulus Y, =667 (1 _1 [6.67 | P )
ME =0.3104 RMSE =0.8263 m
- Yl 0.737 1.37
= — — —0.019 At
All species Y, =929 (1 _1 [9.29 | P )
ME =0.7526 RMSE =1.1004 m
463
464

465 4. DISCUSSION

466  4.1. Data characterization

467  The fuel loads of total understorey vegetation (Wsnr) and fine understorey vegetation
468  (Wsnr_g1) estimated in this study are within the range observed by other authors under
469  site conditions characterized by similar climatic, physiographical and edaphic

470  conditions (e.g. Gonzéalez-Hernandez et al., 1998; Vega, 2001; Fernandes et al., 2002,
471 2009; Fernandes and Rigolot, 2007; Cruz et al., 2011; Castedo-Dorado et al., 2012;

472  Botequim et al., 2015; Arellano et al., 2017; Vega 2022a).
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Regarding canopy variables, the mean CBD values are similar to those reported by
Nunes et al. (2022) for P. pinaster, P. sylvestris and Eucalyptus spp., estimated using
data from National Forest Inventories in Portugal and Spain, but lower than those
reported by Fernandez-Alonso et al. (2013) for P. pinaster, P. radiata and P. sylvestris
stands in Galicia and estimated using SNFI-4 data. These discrepancies are probably
due to the much wider geographical and temporal scope of the present study, with
greater variability in site qualities and silvicultural treatments resulting in e.g. a wider
range of canopy lengths that affect CBD values. Mean canopy lengths were 45% higher
for P. pinaster and P. radiata and 35% higher for P. sylvestris in this study than those
reported by Fernandez-Alonso et al. (2013).

4.2. Extreme response models

A noticeable limit at maximum levels of the response variables is indicated by the
analysis of the two-dimensional plots of both Wsi» g1 and CBD relative to G (Figure 2).
The same rationale applies to the minimum levels of CBH. These distributions suggest
that fuel complex characteristics in these commercial plantations are strongly limited by
overstorey stand density, expressed in terms of stand basal area (G).

These results suggest that the maximum fine shrub fuel loads that can be accumulated
by certain overstorey species depend on the availability of site resources (light, water,
nutrients). In a region such as the study area where rainfall is not usually highly
limiting, competition for light, which is closely linked to stand density (e.g. Wagner et
al., 2011; Valladares et al., 2016; Balandier et al., 2022), can be assumed to be a major
driver of understorey development. Data points in the interior of these distributions
indicate that shrub development is reduced by environmental factors (e.g. climate) or by
the management history of the plots (shrubby vegetation clearing, past wildfires, etc.)

(Suchar and Crookston, 2010; Botequim et al., 2015; Johnson et al., 2017; Landuyt et
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al., 2019). The management history is particularly important in commercial plantations
in northern Spain, where the establishment and development of shrubby vegetation are
strongly affected by human activities (e.g. shrub clearing when trees are planted or
during the rotation cycle) (e.g. Tomé et al., 2021; Rodriguez-Soalleiro and Madrigal,
2008). In addition, even when the same amount of light is transmitted by the overstorey,
development of the understorey can vary substantially between shrub species (e.g.
Gaudio et al., 2008; Balandier et al., 2022). Moreover, the understorey communities in
the present study varied widely below the same dominant overstorey tree species, and
therefore the points in the interior of the distribution may also reflect the diversity of
light requirements by shrub communities.

The highest predicted values of W 61 according to the extreme response models (99™
percentile) were obtained for P. pinaster and E. globulus when G is close to zero, which
usually corresponds with the early stages of stand development. At these stages, trees
and shrubs engage in a balanced competition, resulting in understorey loads that closely
resemble those found in treeless shrublands within the same ecosystem (Arellano et al.,
2017; Vega et al., 2022a). Shrub clearing and land preparation for tree planting produce
perturbed areas prone to being colonized by generalist and shade-intolerant species such
as those of the genera Erica and Ulex. The biomass of these species can increase greatly
after disturbance, due to the high resprouting capacity (Fernandez et al., 2013; Montero
et al., 2020).

Interestingly, there seems to be an initial range of stand basal area below which the
decline in Wsnr g1 load is slight, and above which it is more pronounced. This threshold
is species-specific, varying between 20 m?/ha for P. sylvestris, 50 m*/ha for E. globulus
and 40 m?/ha for P. pinaster. Additionally, an extinction point for the fine shrub fuel

load can be inferred for these three species, corresponding to a value of 80 m?/ha for P.
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sylvestris, and reaching circa 100 m*/ha for E. globulus and P. pinaster. The former
segment can roughly define the period when shrubs reach their adult size, and biomass
tends to stabilize, whereas the latter defines the senescence period of shrubby plants,
mainly mediated by light availability. The eucalyptus stands can sustain a shrub fuel
load higher than 2.2 kg/m? at a higher G (50 m?/ha) than pine species (except for P.
radiata), which is probably due to the particular crown architecture of blue gum trees,
in which canopy cover (LAI) is relatively smaller for similar G (e.g. Sands and
Landsberg, 2002; Bakker et al., 2009; Lopes et al., 2016).

The difference in performance of P. sylvestris and the other two species may be related
to the comparatively lower light transmittance in P. sylvestris (Silva-Pando et al., 2002;
Balandier et al., 2022) than in P. pinaster (Gonzalez et al., 2013; Balandier et al., 2022)
and E. globulus (Ruiz et al., 2008). A slightly different pattern emerged for P. radiata,
with W1 above 2 kg/m? constrained for the entire range of G considered, suggesting
that the maximum shrub fuel load for this tree species is less dependent on the stand
density. Although confirming previous findings (Castedo-Dorado et al., 2012; Vega et
al., 2022a), this result apparently contradicts the lower light transmission in stands of
this species, at least in comparison with that of P. pinaster (Castedo-Dorado et al.,
2011). In radiata pine stands, the understorey communities can be dominated by species
that take advantage of fresh soil moisture conditions (Onaindia et al., 2013). Some of
these species can develop even under the low levels of light transmitted through the
overstorey to the understorey (Gaudio et al., 2008; Harmer et al., 2012; Balandier et al.,
2022), which could explain the low sensitivity of the fine shrub fuel load to variations in
stand density. In addition, P. radiata is frequently planted in former agricultural and
pasture lands (Pérez-Cruzado, 2011), where availability of soil and nutrients can

enhance shrub development.
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A tendency for the variables that describe the canopy fuel layer (CBD and CBH) to
increase with increasing G can be seen in the two-dimensional plots (Figure 2),
particularly in the case of CBD. This latter result is expected as G is a measure of stand
occupancy, which results in denser stands with a large amount of canopy biomass. This
supports previous reports indicating that G is the most important variable correlated
with available canopy fuel (Cruz et al., 2003; Gémez-Vazquez et al., 2013; Fernandez-
Alonso et al., 2013; Mitsopoulos and Dimitrakopoulos, 2014; Mitsopoulos and
Xanthopoulos, 2016). For all species except P. sylvestris, the extreme response models
relate the CBD and G in a general linear relationship. For P. sylvestris, the trend is not
as clear, probably due to the scarcity of observations for stands of this species, with G
values greater than 40 m?/ha and the large variability in the limited observations (Figure
2).

The minimum response models for CBH describe the tendency for the 1% percentile of
this variable to be linearly related to G in P. radiata and P. pinaster, whereas in P.
sylvestris and E. globulus, the relationship is not linear. A steeper regression slope may
be expected for maritime pine stands than for radiata pine stands, because maritime pine
ranks intermediate in a scale of self-pruning (Keeley and Zedler, 1998), whereas radiata
pine is characterised by very poor self-pruning, even in limited light-conditions (e.g.
Alonso-Rego et al., 2022). For stands dominated by E. globulus, CBH increases rapidly,
but the slope moderates when G is greater than circa 20 m?/ha. This trend can be
attributed to more active self-pruning at younger ages (Mirra et al., 2017).

Adequate results were obtained by modelling minimum CBH with G as a regressor. In
mean response models, CBH is usually highly correlated with stand height, because the
base of the canopy moves vertically along the stem as stand height increases (Cruz et

al., 2003). Stand density therefore usually has little influence on CBH development
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(Fernandez-Alonso et al., 2013; Gémez-Vazquez et al., 2013). Overall, our results
suggest that stand density may modulate the minimum values of CBH reached in a plot
for a certain stand height.

Basal area has previously been found to be a limiting factor in understorey fuel load, in
both mean response models (e.g. Kerns and Ohmann, 2004; Botequeim et al., 2015;
Mitsopoulos and Xanthopoulos, 2016; Vega et al., 2022a) and extreme response models
(Coll et al., 2011; Castedo-Dorado et al., 2012; Russell et al., 2014; Mitsopoulos and
Xanthopoulos, 2016). Some authors have found that other measures of stand density
such as the stand density index (McKenzie et al., 2000), relative spacing index (Fonseca
and Duarte, 2017) and canopy cover (Knowles et al., 1999; Cole et al., 2010) were
better stand predictors than G; however, this was not the case with our experimental
data. G can be considered a proxy for the overstorey leaf area index (Balandier et al.,
2022), and also a surrogate for the relative availability of nutrients or water in the soil.
Basal area has the additional advantage that future projection from growth and yield
models is relatively simple (see Diéguez-Aranda et al., 2009 and Garcia Villabrille,
2015 for pine species and blue gum, respectively, in northern Spain).

The extreme response models developed here have a relatively high predictive capacity,
especially for canopy fuel characteristics. The poorer predictions regarding shrub fine
fuel load understorey add evidence to the inherent difficulty in making predictions
about understorey vegetation characteristics (Suchar and Crookston, 2010; Coll et al.,
2011; Russell et al., 2014; Botequim et al., 2015; Sanchez-Pinillos et al. 2021).

4.3. Dynamic models

The present research extends the two previous studies on the dynamics of fuel complex
variables in the study region (Ruiz-Gonzalez et al., 2015; Botequim et al., 2015) in

different ways. First, the two-step regression approach used allows more realistic
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modelling of the dynamics of the fuel complex associated with both stand growth and
the potential modulation effects of stand density. Thus, the probability that Wsn- 61 and
CBD will increase can be predicted using logistic equations, and if the value falls below
a certain threshold, a decrease in the shrub fuel biomass or in CBD can be expected to
occur. The negative sign of the parameter estimates for the current values of these
variables (Wsn 1 1 and CBD1) seems realistic, because the levels suggest that the
probability of an increase in the values will decrease when the current values are large.
The same rationale applies to the negative sign of the parameters estimates for the
current overstorey canopy cover (CC1) in the fine shrub biomass equation, indicating
that decrease in the latter variable is more likely when the overstorey competition
increases.

In the second step, the transition functions enable the future values of Wi 61, CBD and
CBH to be estimated on the basis of an initial known quantity of these variables, the
projection length (At, years), and, for some species, the current overstorey canopy cover
(CCh). Note that in developing the transition functions we only considered the plots in
which a change in fire-related variables towards higher fire hazard conditions between
inventories was estimated in the first step by the logistic equations. This helps to explain
why the initial value of the dependent variables (Wi 61 1, CBD1 and CBH)1) in this
system of equations has a positive effect on the projected value. Additionally, the sign
of the parameter estimates corresponding to initial canopy cover (CC1) seems realistic:
negative for Wi 61 transition functions and positive for CBH and CBD transition
functions. This implies that, if the remaining explanatory variables are equal, for larger
current canopy cover, the increase in Wsnr g1 will be smaller and the increase in CBD

and CBH will be larger.
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The dynamic models developed here are age-independent and they are therefore more
useful for practical applications. Moreover, if information on initial shrub biomass is
not available, the fuel load models from area-based shrub metrics developed here (see
Supplementary material) can be used for initialization. The initial values of the
remaining overstorey variables (CC, CBH and CBD) can be easily calculated from data
obtained from a common forest inventory in which both db/ and 4 are measured.

An additional valuable characteristic of the dynamic models developed here is that they
were constructed using data from a national forest inventory, which thus cover a wide
spatio-temporal scale. The plots considered cover the most common combinations of
stand ages, stand densities and sites for major commercial plantations in northern Spain,
which extends the applicability of the developed models to most of the wooded area in
the region. This is considered an advantage relative to site-specific models, which have
limited extrapolation capacity. We also assessed the variation in fuel complex
characteristics throughout the period covered by the SNFI in northern Spain. Thus, for
comparable plots, the time interval between SNF2 and SNFI4 is 30 years (1997-2018).
Although for many plots the time interval between inventories is shorter, it is
considered long enough to describe the dynamics of the fuel complex in the medium
and long term (Sanchez-Pinillos et al., 2021).

4.4. Limitations of the extreme and dynamic models

Several limitations of the proposed models can also be highlighted. First, the model
developed for estimating fine shrub fuel load was fitted using data obtained from
destructively sampled plots dominated by the three pine species and was not only
applied to pine-dominated plots but also to eucalyptus-dominated plots. Although
previous studies in the study region (Botequim et al., 2015) found that forest

composition does not contribute significantly to explaining the variation in shrub
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biomass, some differences can be expected because of the different interception in light
according to the architectural structure of the tree (Balandier et al, 2022). Based on
these differences, some authors state that certain shrub species display a special affinity
for a particular overstorey type (Bartels and Chen, 2010; Bonari et al., 2017).
Nevertheless, such affinity refers to native forest stands. By contrast, the plantations
under study here were established on previous treeless shrubland communities without
any apparent association with the tree species established. Moreover, an understorey
species that often dominates the plantation understorey in high quality sites (the bracken
fern Pteridium aquilinum (L.) Kuhn in Kerst.) was not evaluated in the SNFI surveys.
However, the implication for fire risk is expected to be minor, as the mean values of
total fuel loads for this species represents less than 30% of the mean values of Wsnr in
understorey shrub formations in the stands of the three pines (Vega et al., 2022a) and, in
addition, their peak flammability occurs in autumn (Fernandes and Rigolot, 2007).
Second, only the fuel layers corresponding to understorey vegetation and canopy were
considered here; other main components of the fuel complex such as forest floor or
some ladder fuels, especially suspended needles and twigs in the lower canopy, which
can be important in maritime pine and radiata pine stands (Fernandes and Rigolot, 2007;
Alonso-Rego et al., 2022), were not considered. In highly stocked stands, ladder fuels
may contribute substantial amounts of fuel, thus significantly increasing the risk of
crown fire (de Ronde et al., 1990; Cruz et al., 2017). Nevertheless, the SNFI does not
provide data on this type of fuels, and estimation via stand variables is not
straightforward. Regarding the forest floor, although the SNFI provides a combined
assessment of the depth of soil organic layers, i.e. L (fresh litter), F (partially
decomposed litter) and H (raw humus), the level of detail of these data source is not

sufficient for robust modelling (Lopez-Senespleda et al., 2021). The forest floor is
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critical in fire management due to its flammability in a broad sense (Burton et al.,
2021), as well as the central role played in soil burn severity generation through
smouldering combustion (Vega et al., 2013). Litter and fine woody debris can account
for 33% (Vega et al., 2022a), 52% (Arellano et al., 2017) or 64% (Arellano et al., 2020)
of the average fuel load of G1 (<6 mm) in the forest stands in the region, representing a
significant proportion of the fuel hazard.

Although speculatively, it can be hypothesized that models describing the extreme
distribution and temporal dynamics of forest floor in the study area will also depend on
some stand density proxy. Thus, previous research on pine forests in the region (Vega et
al., 2022b) revealed a significant relationship between total litter and duff load and the
overstorey basal area in a mean response model. In addition, Fernandes et al. (2002)
developed a litter load model for P. pinaster as a function of basal area and stand age, in
an adjacent region of the Iberian Peninsula.

Third, although plots with explicit signs of recent human activity in the understorey
(e.g. bush clearing) were excluded from analysis, we have no detailed information on
previous disturbance, which was found to be an important variable for predicting
surface fuel loads in other regions (e.g. Parresol et al., 2012; Botequim et al., 2015). In
addition, the history of the use of the plots prior to plantation establishment is not
known. In this way, human pressure has been exerted over millennia throughout the
region, including periodic burning, slashing, grazing and temporary cultivation (e.g.
Valbuena-Carabaiia et al., 2010), probably relative uniformly in most plots.

Finally, our modelling approach focused only on including the effect of stand density on
the equations developed. The inclusion of other factors such as physiographic, edaphic
and climatic variables (Suchar and Crookston, 2010; Botequim et al., 2015; Sénchez-

Pinillos et al., 2021) would probably improve the accuracy of the estimates, although
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hindering practical use of the models. This question should be considered in future
research.

4.5. Conclusions and implications for fuel hazard and fire management

Although the understorey has an important impact on fire risk, with obvious
implications for fire and forest planning in commercial plantations (e.g. Botequim et al.,
2013; Nunes et al., 2019), modelling the understorey biomass and the effects of
overstorey on understorey biomass has received less attention (Fernandes et al., 2002,
2009; Castedo-Dorado et al., 2012; Botequim et al., 2015; Vega et al., 2022a).

The models developed here add knowledge to this subject in different ways. We
developed robust models for estimating understorey fuel loads from area-based
understorey metrics. These models can be generalized to the stands where one of the
four tree species considered dominate the overstorey. These models can also be used to
estimate shrub fuel accumulation at a specific point in time, and to initialize the value in
the dynamic Wshr 1 model.

The extreme response models quantify the maximum shrub fine fuel biomass and CBD
and the minimum CBH that a stand dominated by one of the four overstorey species can
sustain for a specific value of overstorey density. Therefore, these models can be used
as the basis for worst-case-scenarios in wildfire simulations to characterize the potential
fire behaviour in a given stand (Suchar and Crookston, 2010), as well as to assess the
thresholds at which G could constrain fire behaviour.

One example of the direct implication of these extreme response models in fuel hazard
assessment involves planting density. The silviculture of commercial species in northern
Spain (particularly pines) usually includes establishing high initial densities to control
shrub fuel development and to prevent high intensity surface fires and crowning

(Crecente-Campo et al., 2009; Serrada et al., 2011). The presents findings suggest that
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this overstorey management does not prevent shrub growth, at least in young (low G)
stands, and that a very high G would be necessary for early effective control of the
understorey vegetation. Moreover, these high G values may be associated with high
CBD values. Thus, according to the extreme response models fitted here, the threshold
of 0.1 kg/m* empirically deduced by Agee (1996) as the approximate value necessary to
support active crowning can be exceeded for G greater than 20 m?/ha.

Our findings also suggest that both the shrub and canopy layers are responsive to stand
density management practices through thinning, and that these practices can result in
trade-offs between the three fuel complex variables analysed. This is especially
important for pine species where managed-induced changes in G (usually, 1 to 3
thinning from below are carried out up to the rotation age) occur. With the aim of
reducing fire risk, forest managers must find a balance between decreasing canopy bulk
density and maintaining shrub fuel loads.

The dynamic models allow estimation of whether fire hazard will increase in the future
owing to an increase in the fuel complex characteristics Wsn 61 and CBD. If the values
of these fuel complex variables increase, the future values can be estimated from the
current values and the overstorey canopy cover.

The surface fire behaviour and its subsequent transition to the canopy and propagation
as a crown fire depends on topographic, meteorological, fuel structure and fuel moisture
factors. Among the fuel structural variables, Wsnr 61, CBH and CBD are common
explanatory variables in wildfire behaviour simulations (Alexander and Cruz, 2016).
Assessment of the likelihood of fire initiation and the rate of spread of crown fires is
recommended prior to the implementation of fuel management programmes aimed at
mitigating the occurrence of high-intensity fires. Accordingly, the models developed

here can be useful to support optimal forest management decisions (e.g. Piqué et al.,
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2022). Specifically, they enable proposal of better-suited density prescriptions to the
overstorey tree species in order to minimize both the probability of crown fire initiation
(related to the fine fuel load of understorey vegetation and the height where CBH
occurs) and spread (related to the bulk density of canopy fuels, CBD). This strategic
adaptive measure would assist in reducing the vulnerability of commercial plantations

to wildfire.
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Supplementary material
Models for estimating understorey fuel loads from understorey metrics

The database comprised 177 destructive understorey sampling plots established in pure
and even-aged stands of the three pine species (112 of P. pinaster, 32 of P. radiata and 33
of P. sylvestris) covering a relatively wide range of the main attributes of these type of
forests in Galicia. A complete description of the database used and the measurements
made can be found in Vega et al. (2022a). The mean value and standard deviation of the
main overstorey and understorey variables of the 177 sample plots used to fit the systems
of equations for estimating understorey shrub fuel loads are shown in Table S1.

Table S1. Mean values and standard deviations (in brackets) of the main overstorey and
understorey variables of the 177 sample plots used to fit the systems of equations for

estimating understorey shrub fuel loads distinguished by pine species.

Variable Pinus pinaster Pinus radiata  Pinus sylvestris
n=112 n =32 n =33
d (cm) 18.44 (4.69) 20.34 (8.35) 18.70 (5.00)
h (m) 12.25 (3.43) 14.14 (5.78) 12.28 (2.71)
N (stems/ha) 1455.00 (1071.07)  849.04 (420.15) 998.70 (352.27)
G (m?*/ha) 36.55 (10.67) 37.47 (18.22) 38.91 (15.55)
CC (%) 63.92 (11.03) 49.39 (17.08) 58.95 (11.18)
Covshr (%) 61.75 (28.79) 82.84 (21.32) 75.59 (19.54)
hgpy (cm) 77.47 (38.44) 75.62 (39.77) 65.10 (20.74)
Wen(kg/m?) 0.9042 (0.6079) 1.6486 (1.0136) 1.4255 (0.8633)
Wir 623 (kg/m?) 0.2954 (0.3103) 0.4915 (0.3561) 0.5108 (0.3292)
Wi 1 (kg/m?) 0.6089 (0.4080) 1.1571 (0.7496) 0.9148 (0.6094)
Wir G1_dead (kg/m?) 0.3794 (0.2681) 0.7240 (0.5101) 0.5466 (0.3628)
Wi G1_iive (kg/m?) 0.2295 (0.1801) 0.4331 (0.2695) 0.3682 (0.2595)

The system used to estimate the total shrub load (W) is composed of five compatible
equations for the following: the coarse shrub fuel load (Wsir 623; 0.6 cm < diameter < 7.5
cm); the fine shrub fuel load (Wsir 61, diameter < 0.6 cm); and the dead fine and live fine
shrub loads (Wshr G1_dead and Wsnr_G1_iive, respectively). The equations must satisfy the
additivity property, i.e. the sum of the fuel loads estimated for each fraction separately
must equal the biomass estimated by the total fuel load equation; the same is true for the
fine load fractions relative to the total fine load. To ensure additivity, the system was fitted
simultaneously and consists of the following equations (Tang et al., 2000, 2001):

Wenr = aohsh‘r'a1 Covg}fr_bliss 5D
Wshr
W _ s S2
shr_G23 1+ exp[bo + b, ll’l(h;hr) + b, 1n(C0vshr_BliSS)] 52
. _ Waw - explbo + by ln@r) + bz In(Covipr puiss)] (S3)
shr61 = exp|bo + by In(hgp,) + by In(Covpyr piiss)]
Wshr G1
W _ g S4
shr-Gl.dead = 4 | exp[co + ¢; In(Covepy puiss)] .
Wenr 61 €xp|co + ¢; In(Cov -
Werr or e = shr_G1 p[ oTC ( shr_BllSS)] (S5)

1+ exp[co + ¢ ln(CovShr_Bliss)]



where Wi and W giare the total and component shrub fuel loads (kg/m?), respectively,
hgpy is the mean shrub height (cm), “In” is the natural logarithm; Covsnr siiss is an arcsine-
square root transformation of the shrub cover (Covsir, %) to stabilize the variance and
improve normality (Bliss, 1938) and a;, b: and c¢i are parameters to be estimated.

The systems of equations (S1 to S5) were fitted simultaneously by nonlinear seemingly
unrelated regression (NLSUR), which considers the cross-equation correlations. Model
fitting was carried out using the MODEL procedure of SAS/ETS® (SAS Institute Inc.,
2004). Two goodness-of fit statistics were used to check the accuracy of estimates: model
efficiency (ME) and root mean square error (RMSE).

N2
ME =1— M (S6)
(Y, = Y)?
n _V 2
RMSE :\/Llyl) (S7)
n —

where ¥;, ¥, and Y are the observed, predicted and mean values of the dependent variable
and # is the number of observations used to fit the equation.

The mathematical expressions of the compatible equations fitted for the understorey fuel
loads as well as with the values of the goodness-of-fit statistics are shown in Table S2.
All parameters were significant (a = 0.05), and no multicollinearity problems were
observed. The values and signs of all the parameters were biologically consistent, and
graphical inspection of the studentized residuals showed random patterns of residuals
around zero with homogeneous variance and no discernible trends.

Table S2. Mathematical expressions of the compatible equations fitted to estimate
understorey fuel loads by fuel fractions based on understorey metrics. Wi = total shrub
fuel load, Wsnr_G23 = coarse shrub fuel load, Wsnr 1 = fine shrub fuel load, Wi 61_dead =
dead fine shrub fuel load and Wsn_G1_iive=live fine shrub fuel load.

Equation system for estimating understorey fuel loads

based on understorey metrics

e —0.6268
— 1.4818
Wshr = 0.0734 - hshr - C shr_Bliss

ME =0.5676 RMSE = 0.5290 kg/m?

Wshr

1 + exp[1.9440 — 0.3027 In(hgy, ) + 0.6449 In(Covgpy piiss)]
ME=03848 RMSE=0.2633kg/m>
W = Wgnr exp[1.9440 — 0.3027 In(hgp,) + 0.6449 In(Covgp, piiss)]

T ¢ exp[1.9440 — 0.3027 In(hgy,) + 0.6449 In(CoVpy piss)]
ME =0.5175 RMSE = 0.3924 kg/m?

Wshr_Gl

1+ exp[1.5582 ln(CovShr_Buss)]
ME =0.3798 RMSE = 0.1808 kg/m?
Wnr g1 €xp[1.5582 In(Covgp, puiss )]

1+ exp[1.5582 ln(Covshr_B”SS)]
ME =0.4219 RMSE = 0.2774 kg/m?

Wshr_G23 =

Wshr_Gl_dead =

Wshr_Gl_lwe -




The fitted equations explained between 38% and 57% of the observed variability in
Wsir G1_dead and Winr, respectively. The equation used to estimate Wi 61 explained 52%
of the observed variability. These values are within the ranges found in other studies of
understorey fuel load quantification at stand level (e.g. Hough and Albini, 1978;
Fernandes and Rego, 1998; Porte et al., 2009; Russell et al., 2014; Pasalodos-Tato et al.,
2015; Nolan et al., 2022). The results are somewhat less accurate than those reported by
Vega et al. (2022a) for the same database and using both understorey and overstorey
variables as regressors. The poorer results obtained in the present study were, to a certain
extent, predictable, since the overstorey variables are known to explain a large part of the
observed variability in the understorey fuels (e.g., Kerns and Ohmann, 2004; Mitsopoulos
and Xanthopoulos, 2016).

The system of shrub fuel load equations depends only on one or two regressors
characterizing the understorey layer (hgp,,- and Covsir siiss). These two variables were the
only ones available regarding the shrub species in the SNFI database and have been
widely used in models for understorey load estimation as individual variables or as
phytovolume (defined as the combined understory cover times height; e.g., Olson and
Martin, 1981; Fernandes et al., 2002; Xanthopoluos and Manasi, 2002; Heinrichs et al.,
2010; Pearce et al., 2010; Gonzalez et al., 2013; Ruiz-Peinado et al., 2015). Moreover,
the use of individual plant variables such as crown area (Huff et al., 2017; De Caceres et
al., 2019) and shrub stem diameter (Nolan et al., 2022) would not be feasible for shrubland
formations in the study area, because the understorey is frequently composed of multi-
stemmed plants with intermingled crowns, so that measurement of individual plant
variables would be unfeasible or very costly.



References cited in Supplementary material:

Bliss, C., 1938. The transformation of percentages for use in the analysis of variance.
Ohio J. Sci. 38, 9—12.

De Caceres, M., Casals, P., Gabriel, E., Castro, X., 2019. Scaling-up individual-level
allometric equations to predict stand-level fuel loading in Mediterranean
shrublands. Ann. For. Sci. 76, 87. https://doi.org/10.1007/s13595-019-0873-4

Fernandes, P., Loureiro, C., Botelho, H., Ferreira, A., Fernandes, M., 2002. Avaliagao
indirecta de carga de combustivel em Pinhal Bravo. Silva Lusit., 10, 73-90.

Fernandes, P.M., Rego, F.C., 1998. Equations for estimating fuel load in shrub
communities dominated by Chamaespartium tridentatum and Erica umbellata, in:
Viegas, D.X. (Ed.), Proceedings of the 3rd International Conference on Forest Fire
Research and 14th Fire and Forest Meteorology Conference, Coimbra, pp. 16-20.

Gonzalez, M., Augusto, L., Gallet-Budynek, A., Xue, J., Yauschew-Raguenes, N., Guyon,
D., Trichet, P., Delerue, F., Niollet, S., Andreasson, F., Achat, D.L., Bakker, M.R.,
2013. Contribution of understory species to total ecosystem aboveground and
belowground biomass in temperate Pinus pinaster Ait. forests. For. Ecol. Manage.
289, 38—47. https://doi.org/10.1016/j.foreco.2012.10.026

Heinrichs, S., Bernhardt-Roemermann, M., Schmidt, W., 2010. The estimation of
aboveground biomass and nutrient pools of understorey plants in closed Norway
spruce forests and on clearcuts. Eur. J. For. Res. 129, 613-624.
https://doi.org/10.1007/s10342-010-0362-7

Hough, W.A., Albini, F.A., 1978. Predicting fire behavior in palmetto-gallberry fuel
complexes. Research Paper SE-RP-174. Asheville, NC: USDA-Forest Service,
Southeastern Forest Experiment Station. 48 p., 174, 1-48.

Huff, S., Ritchie, M., Temesgen, H., 2017. Allometric equations for estimating
aboveground biomass for common shrubs in northeastern California. For. Ecol.
Manage. 398, 48-63. https://doi.org/10.1016/j.foreco.2017.04.027

Kerns, B.K., Ohmann, J.L., 2004. Evaluation and prediction of shrub cover in coastal
Oregon forests (USA). Ecol. Indic. 4, 83-98.
https://doi.org/10.1016/j.ecolind.2003.12.002

Mitsopoulos, I., Xanthopoulos, G., 2016. Effect of stand, topographic, and climatic
factors on the fuel complex characteristics of Aleppo (Pinus halepensis Mill.) and
Calabrian (Pinus brutia Ten.) pine forests of Greece. For. Ecol. Manage. 360, 110-
121. https://doi.org/10.1016/j.foreco.2015.10.027

Nolan, R.H., Price, O.F., Samson, S.A., Jenkins, M.E., Rahmani, S., Boer, M.M., 2022.
Framework for assessing live fine fuel loads and biomass consumption during fire.
For. Ecol. Manage. 504, 119830. https://doi.org/10.1016/j.foreco.2021.119830

Nolan, R.H., Price, O.F., Samson, S.A., Jenkins, M.E., Rahmani, S., Boer, M.M., 2022.
Framework for assessing live fine fuel loads and biomass consumption during fire.
For. Ecol. Manage. 504, 119830. https://doi.org/10.1016/j.foreco.2021.119830

Olson, C.M., Martin, R.E., 1981. Estimating biomass of shrubs and forbs in central
Washington Douglas-fir stands. Res. Note PNW-RN-380. Portland, OR: USDA
Forest Service, Pacific Northwest Forest and Range Experiment Station.

Pasalodos-Tato, M.; Ruiz-Peinado, R., del Rio, M., Montero, G., 2015. Shrub biomass
accumulation and growth rate models to quantify carbon stocks and fluxes for the
Mediterranean region. Eur. J. For. Res. 134, 537-553.
https://doi.org/10.1007/s10342-015-0870-6

Pearce, H.G., Anderson, W.R., Fogarty, L.G., Todoroki, C.L., Anderson, S.A.J., 2010.
Linear mixed-effects models for estimating biomass and fuel loads in shrublands.
Can. J. For. Res. 40, 2015-2026. https://doi.org/10.1139/X10-139



Porté, A.J., Samalens, J-C., Dulhoste, R., Teissier Du Cros, R., Bosc, A., Meredieu, C.,
2009. Using cover measurements to estimate aboveground understorey biomass in
Maritime pine stands. Ann. For. Sci. 66, 307.
https://doi.org/10.1051/forest/2009005

Ruiz-Peinado, Moreno, G., Juarez, E., Montero, G., Roig, S., 2015. The contribution of
two common shrub species to aboveground and belowground carbon stock in
Iberian dehesas. J. Arid. Environ. 91, 22-30.
https://doi.org/10.1016/j.jaridenv.2012.11.002

Russell, M.B., D’Amato, A.W., Schulz, B.K., Woodall, C.W., Domke, G.M., Bradford,
J.B., 2014. Quantifying understorey vegetation in the US Lake States: a proposed
framework to inform regional forest carbon stocks. Forestry 87, 629-638.
https://doi.org/10.1093/forestry/cpu023

SAS Institute Inc. 2004. SAS/ETS© 9.1 User’s Guide. Cary, NC: SAS Institute Inc.

Tang, S., Li, Y., Wang, Y., 2001. Simultaneous equations, error-in-variable models, and
model integration in systems ecology. Ecol. Model. 142, 285-294.
https://doi.org/10.1016/S0304-3800(01)00326-X

Tang, S., Zhang, H., Xu, H., 2000. Study on establish and estimate method of compatible
biomass model. Sci. Silv. Sin. 36(Suppl.1):19 —27 (in Chinese with English
abstract).

Vega, J.A., Arellano-Pérez, S., Alvarez-Gonzalez, J.G., Fernandez, C., Jiménez, E.,
Cuinas, P., Fernandez-Alonso, J.M., Vega-Nieva, D.J., Castedo-Dorado, F., Alonso-
Rego, C., Fonturbel, T., Ruiz-Gonzalez, A.D., 2022a. Modelling fuel loads of
understorey vegetation and forest floor components in pine stands in NW Spain.
For. Ecosyst. 9, 100074. https://doi.org/10.1016/].fecs.2022.100074

Xanthopoulos, G., Manasi, M.A., 2002. Practical Methodology for the Development of
Shrub Fuel Models for Fire Behavior Prediction, in: Viegas, D.X. (Ed.),
Proceedings of the IV International Conference on Forest Fire Research 2002,
Wildland Fire Safety Summit, Millpress, Rotterdam, pp. 1-12.




	2024_Use_of_national_forest_inventory1
	2024_Use_of_national_forest_inventory2

