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ARTICLE INFO ABSTRACT
Keywords: In this study, 310 destructively sampled plots were used to develop two equation systems for the three main pine
Area-based approach species in NW Spain (P. pinaster; P. radiata and P. sylvestris): one for estimating loads of understorey fuel com-
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ponents by size and condition (live and dead) and another one for forest floor fuels. Additive systems of equations
were simultaneously fitted for estimating fuel loads using overstorey, understorey and forest floor variables as
regressors. The systems of equations included both the effect of pine species and the effect of understorey
compositions dominated by ferns-brambles or by woody species, due to their obvious structural and physiological
differences. In general, the goodness-of-fit statistics indicated that the estimates were reasonably robust and
accurate for all of the fuel fractions. The best results were obtained for total understorey vegetation, total forest
floor and raw humus fuel loads, with more than 76% of the observed variability explained, whereas the poorest
results were obtained for coarse fuel loads of understory vegetation with a 53% of observed variability explained.

To reduce the overall costs associated with the field inventories necessary for operational use of the models, the
additive systems were fitted again using only overstorey variables as potential regressors. Only relationships for
fine (<6 mm) and total understorey vegetation and total forest floor fuel loads were obtained, indicating the
complexity of the forest overstorey-understorey and overstorey-forest floor relationships. Nevertheless, these
models explained around 52% of the observed variability.

Finally, equations estimating the total understorey vegetation and the total forest floor fuel loads based only on
canopy cover were fitted. These models explained only 26%-32% of the observed variability; however, their main
advantage is that although understorey vegetation in forested landscapes is largely invisible to remote sensing,
canopy cover can be estimated with moderate accuracy, allowing for landscape-scale estimates of total fuel loads.

The equations represent an appreciable advance in understorey and forest floor fuel load assessment in the
region and areas with similar characteristics and may be instrumental in generating fuel maps, fire management
improvement and better C storage assessment by vegetation type, among many other uses.

1. Introduction the functioning of temperate forest ecosystems (Landuyt et al., 2019a).
For example, it is involved in regulating numerous processes related to

The understorey stratum, typically defined as all forest vegetation water and nutrient cycling, and it is responsible for a substantial part of
growing under an overstorey (Helms, 1998), plays an important role in the forest C stock (Gonzalez et al., 2013; Johnson et al., 2017) and net
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carbon and nitrogen fluxes in forests (Moore et al., 2007; Powell et al.,
2008). It also affects the establishment and development of tree species at
seedling stage as a result of facilitation and competition for essential
resources (e.g., George and Bazzaz, 2014; Giuggiola et al., 2018; Helluy
et al., 2021) or providing soil protection against erosion (see Levia and
Frost, 2003 for a review). It also provides shelter and food for micro and
macro fauna (e.g., Boch et al., 2013; Russell et al., 2017), and partly
conditions litter quality and decomposition (Sigurdsson et al., 2005; Qiao
et al., 2014), affecting the capacity of forest soils to sequester carbon. In
addition, the understorey stratum is an important reservoir of biodiver-
sity in temperate forests, containing, on average, more than 80% of
vascular plant diversity (Gilliam, 2007). Diversity and species abundance
are used as indicators of forest ecosystem health (Suchar and Crookston,
2010; Tkacz et al., 2013) and to evaluate the level of anthropogenic
disturbance (Dale et al., 2002).

However, in addition to the beneficial effects of the understorey
stratum on the persistence and stability of forest ecosystem, accumula-
tion of fuels in the understorey is an important factor affecting the risk of
wildfire (Fernandes and Rigolot, 2007; Coll et al., 2011). Greater accu-
mulation of fuel load in the understorey 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, un-
desirable ecological and economic consequences by increasing the
probability of tree damage and mortality (Scott and Reinhardt, 2001). On
the other hand, it also affects the effectiveness of fire suppression oper-
ations and the danger to firefighters (Scott and Reinhardt, 2001; Alex-
ander and Cruz, 2011). Accumulation of fine fuels is particularly
important as this fraction contributes most to fire spread, especially the
dead fine fraction due to its lower moisture content and higher flam-
mability during the maximum hazard season (Rothermel, 1972; Pyne
et al.,, 1996; Madrigal et al., 2012). This scenario is frequent in the
fire-prone landscape of pine stands in the NW of the Iberian Peninsula,
where the overlapping of Mediterranean and Atlantic climatic influences
cause periods of summer drought coexisting with high forest productiv-
ity. During the last decade (2012-2021), on average, more than 16,100
ha have been burned annually in this region, 41.36% of which were
mainly pine and eucalyptus stands (Xunta de Galicia, 2022). The devel-
opment of robust models for estimating understorey fuel loads that allow
differentiation by fractions (fine and coarse fuels) and by physiological
state (live and dead) in this type of stands is therefore important and
necessary.

On the other hand, estimating the organic mass of the forest floor
(including litter and duff) is also essential because of its fundamental role
in the functioning of forest ecosystems, affecting water and nutrient cy-
cles (e.g., Geddes and Dunkerley, 1999; Boeken and Orenstein, 2001;
Vega et al., 2005), seedling regeneration and survival (e.g., Eckstein and
Donath, 2005) and understorey herbaceous vegetation richness and
composition (e.g., Casado et al., 2004). Moreover, the forest floor is
critical in fire management and fire ecology, 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) and substantial contribution to C emissions (Russell-Smith et al.,
2009).

Overall, and as for the shrubland communities, two different ap-
proaches have been used to develop biomass estimation equations for
understorey vegetation fuel load: the individual-level and the stand-level
(area-based level) approaches. In the first approach, destructive sampling
of individual plants is used and equations relating individual biomass to
physical attributes such as basal diameter, height, crown area or phyto-
mass are fitted. The biomass at a certain spatial scale (fuel load) is then
obtained by aggregating the biomass of each individual. This method has
been the most frequently used (e.g., Perala and Alban, 1993; Rue-Johns
et al.,, 2021; Nolan et al., 2022) and is more appropriate for sparse
understorey, typical of dense or overmature native stands.

In the stand-level approach, destructive sampling of all understorey
vegetation is performed on sample plots of a certain area, and the
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allometric fuel load equations refer to the unit area, using understorey
area-based attributes such as cover, mean height and phytovolume
directly as predictors. This methodology has been considerably less well
explored (e.g., Fernandes et al., 2002; Pimont et al., 2018) and could
theoretically be more suitable for denser, relatively more homogeneous
understories, such as in forests in NW Spain. In these stands, the under-
storey is frequently composed of multi-stemmed plants with inter-
mingled crowns (Arellano et al., 2017), and measurement of individual
plant variables is unfeasible or very costly and also requires the estima-
tion of plant density for aggregation of individual biomass (Vega et al.,
2022).

The influence of overstorey on understorey vegetation biomass is
another factor to be considered in understorey fuel load modelling. At
landscape-scale, understorey-overstorey interactions seem to be mainly
dependent on abiotic restraints, disturbance regime, forest type and age,
pre-closure vegetation type and species life-history traits, particularly
shade and drought tolerance (e.g., Halpern and Lutz, 2013; Jin et al.,
2022). At stand level, the overstorey structure and composition, which
affect the availability of light, water, nutrients and space in the under-
storey, exert an overwhelming influence on the understorey vegetation
(see reviews from Augusto et al., 2003 and Barbier et al., 2008), while the
effects of overstorey on soil can also play a role (Landuyt et al., 2019a;
Lopez-Marcos et al., 2019).

Most studies assessing the effects of overstorey on understorey have
focused on biodiversity attributes or structural parameters, such as cover
or height, in different ecosystems (Coll et al., 2011; Fonseca and Duarte,
2017; Krebs et al., 2019; Lopez-Marcos et al., 2019). Modelling the ef-
fects of overstorey on understorey biomass has received less attention
(Gonzalez-Hernandez et al., 1998; Halpern and Lutz, 2013; Johnson
et al., 2017; Jin et al., 2022), even though biomass is an important in-
dicator of understorey functionality (Landuyt et al., 2019b). From the fire
hazard standpoint, the scarcity of efforts in fuel load modelling at
stand-level for understorey vegetation is remarkable (Fernandes et al.,
2002, 2009; Castedo-Dorado et al., 2012; Parresol et al., 2012; Botequim
et al., 2015; Mitsopoulos and Xanthopoulos, 2016). Furthermore, the
scarcity of models breaking down load for size range fractions and
vegetative state (live or dead) is even more remarkable, as there are
almost no stand-level models, except for a very few ecosystems (Fer-
nandes and Rego, 1998). Regarding forest floor, relationships between
fuel loading and overstorey structural and compositional variables have
been observed in some ecosystems (Hough and Albini, 1978; Lydersen
et al., 2015), while the equivalent information for South European pine
forests is scarce (Fernandes et al., 2002; Lopez-Senespleda et al., 2021).

Accordingly, given the important modulating role of overstorey on
understorey, it seems necessary to consider its potential influence and
explore the possible explanatory ability of overstorey attributes in
understorey fuel loading modelling. Consequently, the objectives of this
study were to construct additive allometric biomass equations from
biometric variables, using the stand-level approach and evaluating their
performance to estimate the following: i) the total fuel load of the
understorey vegetation, ii) the fuel component loads of the understorey
vegetation (differentiated by size range and condition “live/dead”) and
iii) the total fuel load of the soil organic layer and its components for the
three most representative pine species in Galicia (NW Spain).

2. Material and methods
2.1. Study area and data used

The study was carried out in Galicia. This region occupies the NW
Spain, between 41°40’ and 43°48' N and 6°44’ and 9°18’ W. Pine forests
cover more than 346,000 ha, which represents 24.4% of the forest area of
the region (MARM, 2011). The dominant species are Pinus pinaster Ait.
(~217,000 ha), Pinus radiata D. Don (~96,000 ha) and Pinus sylvestris L.
(~33,000 ha) in these stands. The climate of Galicia is transitional, with a
larger western zone under temperate oceanic influence and the eastern
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side under Mediterranean dominance. The mean annual precipitation is
1,200 mm, varying spatially widely, between 500 and 1,800 mm, and the
mean annual temperature is 13.3 °C, with a seasonal range of 8.5-19.0 °C
(Martinez-Cortizas and Pérez-Alberti, 1999). The relief of the territory is
quite irregular, with a predominance of mountains with moderate slopes.

The most common dominant vegetation in pine forest understorey is
largely composed of evergreen woody species communities dominated
by the genera Ulex and Erica. Other species of the genera Calluna,
Daboecia, Cistus, Pterospartum, Cytisus and Halimium are commonly pre-
sent in these communities, whereas others such as the deciduous Vacci-
nium myrtillus L. show a more localized occurrence. Non woody species,
especially bracken fern (Pteridium aquilinum L.) and brambles (Rubus sp.),
are very frequent and dominate large areas in the pine understorey,
especially in humid and more productive sites, forming dense stands,
alone or more frequently, mixed with woody species, forbs and grasses.
Hereafter, the communities dominated by these species will be generi-
cally referred to as ferns-brambles or fern-bramble communities.

The data originate from a network of 346 temporary sampling plots
established in pure and even-aged stands of the three most frequent pine
species in the study area (P. pinaster, P. radiata and P. sylvestris),
comprising a relatively wide quantitative range of the main attributes of
these forests in Galicia (Fig. 1). Stands at early stages of development
were not considered because in these cases there is symmetrical
competition between trees and shrubs, so that the understorey load is
often very similar to that found in treeless shrubs of the same formation.
Thus, the final database consisted of data from 283 plots (180 of
P. pinaster, 56 of P. radiata and 47 of P. sylvestris used to fit the systems of
equations for estimating understorey shrub fuel loads and data from 310
plots (190 of P. pinaster, 67 of P. radiata and 53 of P. sylvestris) used to fit
the systems of equations for estimating fuel loads of the soil organic
layers, including in the latter case sample plots in forests without the
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understorey vegetation layer.

A circular sample plot of radius 8-15 m, depending on the stand
density, was established in each selected stand, to include a minimum of
30 trees. For each tree, diameter at breast height (d) was measured to the
nearest 0.1 cm, at two perpendicular angles, with a graduated caliper;
total tree height (h) was measured to the nearest 0.1 m with a digital
hypsometer and maximum crown diameter (D.) was measured to the
nearest 0.01 m with a tape.

Stand density (N, trees-ha 1), stand basal area (G, m>ha!), mean
diameter (d , cm), mean height (h, m), canopy cover (CC, %), mean
distance between trees, considering a theoretical square grid (5 =
100/ VN, m), relative spacing index, defined as the ratio between mean
distance between trees and mean height (RSI = §/h) and stand density

index (SDI = N x (25/d) %%, trees-ha™!) were directly calculated for
the three field-measured tree variables. Additionally, canopy bulk den-
sity (CBD, kg-m’3) was obtained using the equations proposed for the
three pine species in Galicia by Fernandez-Alonso et al. (2013) with G
and N as regressors.

The understorey fuels were destructively sampled by randomly
selecting two perpendicular diameters in the sampling plot and placing
four sampling squares in the centre of each radius. The side of the sam-
pling square was 1 m for herbaceous or woody vegetation lower than 0.5
m in height and 2 m for heights greater than 0.5 m.

A sampling transect consisting of the sampling square perimeter plus
one diagonal was delimited. The horizontal lengths of the intercepted
shrub species (cm) were measured along this linear transect, to estimate
the linear shrub cover by species according to the method proposed by
Canfield (1941). Total shrub height (cm) was also measured every 50 cm.
These measurements were used to calculate total shrub cover (Covgpy, %)

and mean shrub height (hg,, cm).
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Fig. 1. Geographical location of the 310 inventory plots in Galicia (left). Coordinate system ETRS89, Zone 29 N (EPGS: 25829). Layout of inventory plot showing
transects and location of four destructive sampling subplots (quadrats m, in green) in each inventory plot (middle right). (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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All of the shrub layer in the vertical projection of the sampling square
area were carefully harvested at ground level and placed in bags, which
were labelled appropriately and transported to the laboratory. After
removal of the shrub layer, the woody debris was also sampled, although
the information obtained was not included in this study because it was
only observed in a limited number of sample plots. Soil organic layers (L
(fresh litter), F (partially decomposed litter) and H (raw humus)) were
then inventoried, separating each from top to bottom. The depth of the L
and F layers was measured at ten points along the perimeter and diagonal
of the sampling square (mm), and these fractions were collected sepa-
rately. The next step was to randomly locate a 30 cm x 30 cm wood frame
inside the sampling square and extract the H layer until the mineral soil is
reached. Once extracted, the H depth (mm) was measured at 10 points
along the perimeter of the wood frame. The measurements of the
thickness of each layer were averaged to determine the average depth of
each layer and of the total (diry, cm). All of this material was also placed
in labelled bags for transfer to the laboratory.

Once in the laboratory, the shrub samples were classified into three
size ranges according to their thickness: fine fuels (diameter <0.6 cm,
hereafter G1), medium fuels (0.6 cm < diameter <2.5 cm, hereafter G2)
and coarse fuels (2.5 cm < diameter <7.5 c¢m, hereafter G3) by using a
go-no go gauge (Brown et al., 1982). The fine fuels were further sub-
divided by condition (live and dead), determined by visual inspection.
The size categories facilitate the construction of custom-built fuel models
for predicting fire behaviour (Burgan and Rothermel, 1984; Finney,
1998; Scott and Burgan, 2005). The classified material was weighed and
dried in forced air-drying chambers (105 °C for 24 h for fine fuels and 48
h for coarse fuels) for determination of the dry biomass of each fraction.
For the duff organic layer, samples were oven-dried for 48 h to 105 °C
and one oven-dried subsample of layer H was combusted in a muffle
furnace at 550 °C for 4 h (Federer, 1982) to determine the loss on igni-
tion. This value was applied to the oven-dried duff samples mass to
obtain an H layer load value free of mineral soil contamination.

Thus, eight different loads of the respective biomass fractions were
computed. The five loads related to the shrub stratum were Wshr g1 dead
= dead fine shrub load, Wshr g1 1ive = live fine shrub load, Wsp, g1 = fine
shrub load (dead + live), Wshr 23 = coarse shrub load and Wsy, = total

Table 1
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shrub load or AGB at stand-level (Wspr g1 + Wshr 23). Biomass fractions
G2 and G3 were grouped to prevent loss of data, as fraction G3 is infre-
quent in many of the communities. In addition, the following three loads
corresponding to the soil organic layer were calculated: Wypy = total soil
organic layers load, Wiy = L and F layers load and Wy = H layer load. The
whole sampling process is described in greater detail in Vega et al. (2022)
and Arellano et al. (2017).

The mean value and standard deviation of the main overstorey and
understorey variables of the 283 sample plots used to fit the systems of
equations for estimating understorey shrub fuel loads are shown in
Table 1. We distinguished between understorey formations dominated by
ferns-brambles (“Pa™) and by woody species (“shrubs™) due to their
obvious structural and physiological differences. The mean value and
standard deviation of the main overstorey, understorey and forest floor
layer variables of the 310 sample plots used to fit the systems of equations
to estimate fuel loads of the soil organic layers are shown in Table 2. As
previously mentioned, this database included sample plots with absence
of understorey (“Au”).

2.2. Statistical analysis

2.2.1. Models for estimating shrub fuel loads

As the sample was not large enough to fit specific models for each
understorey community within each of the three pine species, we initially
fitted a single system of estimating equations for the total data set. In a
first step, allometric models (y = aoX{") were fitted to estimate the
biomass loads for each of the fuel fractions considered separately. The
allometric models were linearized using logarithmic transformations,
and the stepwise method was used to select the best set of independent
variables for each fraction (X;) considering both overstorey variables ,
h, N, G, CCgiiss, CBD, RSI and SDI) and understorey variables (hs,, and
Covghr pliss).- The variables CCgjiss and Covgpy pliss Were obtained by
arcsine-square root transformation of the canopy cover (CC, %) and total
shrub cover (Covgp,, %), respectively, to stabilize the variance and
improve normality (Bliss, 1938).

The proposed allometric equations must satisfy the additivity prop-
erty, i.e., the sum of the biomasses estimated for each fraction separately

Mean value and standard deviation of the main overstorey and understorey variables distinguished by pine species and by dominant understorey species (Pa, fern-

bramble communities; shrubs, woody species; n, number of sample plots).

Variable Statistic Pinus pinaster Pinus radiata Pinus sylvestris
Pa shrubs Pa shrubs Pa shrubs
n==68 n=112 n=24 n=32 n=14 n=33
d (cm) Mean 22.96 18.44 23.43 20.34 23.05 18.70
St. dev. 4.96 4.69 5.72 8.35 3.76 5.00
h (m) Mean 17.16 12.25 17.49 14.14 16.16 12.28
St. dev. 4.01 3.43 4.84 5.78 2.39 2.71
N (stems-ha™1) Mean 997.95 1455.00 884.99 849.04 1080.93 998.70
St. dev. 598.21 1071.07 321.87 420.15 382.27 352.27
G (m*ha™) Mean 39.96 36.55 41.74 37.47 43.43 38.91
St. dev. 10.48 10.67 19.30 18.22 9.71 15.55
CC (%) Mean 65.89 63.92 63.98 49.39 70.93 58.95
St. dev. 8.90 11.03 12.85 17.08 5.22 11.18
Covgp (%) Mean 72.59 61.75 74.46 82.84 77.86 75.59
St. dev. 21.17 28.79 23.52 21.32 9.83 19.54
hsne (cm) Mean 65.93 77.47 60.99 75.62 62.35 65.10
St. dev. 21.42 38.44 30.25 39.77 15.73 20.74
Wt (kg-m™2) Mean 0.2666 0.9042 0.4428 1.6486 0.3874 1.4255
St. dev. 0.1597 0.6079 0.3363 1.0136 0.1465 0.8633
Wehr Go3 (kg-m™2) Mean 0.0580 0.2954 0.0898 0.4915 0.1114 0.5108
St. dev. 0.0554 0.3103 0.0778 0.3561 0.0692 0.3292
Whe 61 (kgm™2) Mean 0.2085 0.6089 0.3530 1.1571 0.2759 0.9148
St. dev. 0.1407 0.4080 0.3348 0.7496 0.0892 0.6094
Wshr 1 dead (kg-m™2) Mean 0.1221 0.3794 0.2291 0.7240 0.1944 0.5466
St. dev. 0.0751 0.2681 0.2878 0.5101 0.0603 0.3628
Wshr 61 live (kg-m™~2) Mean 0.0864 0.2295 0.1238 0.4331 0.0815 0.3682
St. dev. 0.1204 0.1801 0.1266 0.2695 0.0448 0.2595
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Table 2
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Mean value and standard deviation of the main overstorey, understorey and forest floor variables distinguished by pine species and by absence of understorey ("Au") or
dominant communities (Pa, ferns-brambles; shrubs, woody species; n, number of sample plots).

Variable Statistic Pinus pinaster Pinus radiata Pinus sylvestris
Au Pa shrubs Au Pa Shrubs Au Pa shrubs
n=20 n=64 n=106 n=14 n=22 n=31 n=6 n=14 n=33
d (cm) Mean 22.14 23.06 18.54 24.52 24.21 20.60 23.07 23.05 18.70
St. dev. 5.41 4.99 4.69 8.38 5.14 8.22 4.07 3.63 4.92
h (m) Mean 16.34 17.47 12.34 16.09 18.34 14.27 14.94 16.16 12.28
St. dev. 3.84 3.75 3.43 2.82 3.96 5.74 3.92 2.31 2.67
N (stems-ha™') Mean 1389.42 1011.56 1480.54 829.88 910.03 866.33 1630.33 1080.93 998.70
St. dev. 1088.04 609.04 1087.52 451.92 315.87 408.61 899.77 368.37 346.89
G (m*ha™) Mean 41.72 40.34 36.92 41.21 44.50 38.46 49.61 43.43 38.91
St. dev. 13.39 10.01 10.51 12.83 17.26 17.34 15.94 9.35 15.32
CC (%) Mean 62.11 65.77 64.57 62.14 65.98 50.40 62.97 70.93 58.95
St. dev. 13.26 8.89 10.47 16.64 10.21 16.09 21.00 5.03 11.01
CoVspy (%) Mean - 71.41 61.59 - 72.76 82.60 - 77.86 75.59
St. dev. - 20.91 28.94 - 23.32 21.28 - 9.47 19.24
hsne (cm) Mean - 66.60 78.28 - 63.65 73.16 - 62.35 65.10
St. dev. - 20.74 39.02 - 29.48 37.25 - 15.16 20.42
dirn (cm) Mean 8.61 8.56 7.83 6.57 9.39 8.12 10.27 11.58 9.69
St. dev. 2.15 3.51 2.97 2.07 291 3.30 2.14 1.97 3.28
dir (cm) Mean 4.45 4.60 4.37 3.18 4.47 3.71 4.57 4.01 3.70
St. dev. 2.27 2.51 2.26 1.66 1.49 2.11 0.83 1.16 1.59
dy (cm) Mean 4.16 3.96 3.47 3.39 4.92 4.41 5.70 7.56 5.99
St. dev. 1.44 1.94 1.54 1.53 2.02 2.06 2.27 1.65 2.18
Wien (kgm=?) Mean 3.27 3.38 3.21 3.01 4.09 3.38 5.44 5.86 4.97
St. dev. 0.97 1.05 0.93 0.86 1.43 1.64 1.31 1.17 2.00
Wir (kg-mfz) Mean 1.19 1.19 1.21 0.98 1.34 1.10 1.18 1.27 1.19
St. dev. 0.50 0.55 0.44 0.30 0.47 0.60 0.23 0.30 0.59
Wy (kg-m %) Mean 2.08 2.19 2.00 2.03 2.75 2.29 4.26 4.58 3.79
St. dev. 0.73 0.82 0.69 0.83 1.25 1.25 1.46 1.14 1.63

must equal the biomass estimated by the total load equation; the same is
true for the fine load fractions relative to the total fine load. To ensure
additivity, the system composed of five equations was fitted simulta-
neously and consists of the following equations:

1) An allometric equation to estimate the total understorey vegetation
fuel load (Ws\hr)

Wt = aoX?" ¢8)
2) Two equations discriminated between fine (W;:Gl) and coarse fuel
loads (Wsnr_g23) by disaggregating equation (1):

Wenr 623 =exp[bog,, + bigy, log(Xy)]

WS/htG] =6Xp[b0m + biul IOg(Xi)]

— —

Wsir_as _ Wsne_c23 _ 1
Wi (Wsnr_c2s + Wsne_g1) 1+ (Wse_c1 / Wsnr_c23)

The equation for estimating the coarse fuel loads was then obtained as
follows:

_
— Wane

W, hr_t =
Shr-G23 7 explbo + b; log(X;)]

(2)

with b; = big1 — big23;
and, therefore, the equation for estimating the fine fuel load was as
follows:

_ _ —
Wsne_gt = Wsne — Wsne_cas =

Wanexplby + b; log(X;)] 3)
]

1 + exp[by + b; log(X;)

3) Finally, two equations discriminated between dead fine (Wsnr_c1_dead)
and live fine fuel loads (WSh:CTl_livc) loads by disaggregating equation

3):

Wshr_G1_dead = €XP {C[]Gl_dcm t Cigi _geus lOg(Xi)]

WSh:;_live =exp [COGl_me + dicl_lwe IOg(Xi)]

— —

vVShr,Gl,dead _ WShr,G],dead 1

Wshr_c1 (Wshr_G1_dead + Wsne_ci_tve) 1+ (Wshe_c1_tive / Wshr_G1_dead)

The equation for estimating the fine dead fuel loads was then ob-
tained:

_
— Wshe_c1

W, T ead —
Shr-Gl-dead 7 explco + ¢i log(X;)]

(€3]

with ¢; = €iG1 live — CiG1_deads
and the equation for estimating the fine live fuel load was as follows:

— — — Wanr_c1explco + ¢; log(X;)]
Wshr ive = Wsnr_G1 — Wshr_G1_dead =
Shr_GI_1 Shr_G1 Shr_G1_dead 1 n eXp[C() + ¢ log(X,)}

(5)

Due to the particular biology of fern-bramble communities (Pa) and
their wide structural and physiological variability throughout the year,
the effect of these species on the system of equations was analyzed by
expanding the ag parameters (ag, bg and cp) by including a new parameter
affected by a dummy variable (Ip,) taking the value 1 for ferns-brambles
and 0 otherwise. Likewise, to assess the effect of the different dominant
pine species, another two parameters were included with their associated
dummy variables Ips and Ip;, which take values of 1 if the dominant pine
species is P. sylvestris (Ps) or P. radiata (Pr), respectively and O otherwise.
Therefore, the parameters ay were finally established as follows:

Ay = oo + Apalpa + Apslps + Apclp;
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2.2.2. Models for estimating forest floor layer loads

A system of three equations was developed for estimating the total
forest floor loads, the fresh and partially decomposed litter and the raw
humus layers (Wypy, Wir and Wy). This system was fitted independently
from the system of equations to estimate the fuel loads of the understorey
vegetation layer due to differences in the database used as there were
sample plots without the understorey vegetation layer but with the
presence of litter and duff layers.

A similar approach was used and the system consists of a first equa-

tion for estimating the total forest floor load (L, F and H layers, Wirn):

Wi = doX% 6)

Another two equations were obtained by disaggregating the previous
one to produce the fuel loads of the L and F layers (V/VL\F) and, on the other
hand, the fuel load of the H layer (W;):

u//L\F =exp [ﬁ)LF + ﬁLF lOg(Xl)]
Wit =explfo, + fin log(X:)]

Wee W 1

Wi (Wir + Wa) 1+ (Wi /Wir)

Therefore, the equation for estimating the fuel load of the L and F
layers was obtained as follows:

WLFH

1+ exp[fy + f: log(X;)]

with f; = fiur - fur.
Accordingly, the equation for estimating the fuel load of the H layer
was expressed as follows:

—
WLF =

)

—  —~ —  Wimexplfy +f; log(X))]
WH = WLFH - WLF = 1 ¥ exp[fo +f; log(X,)] (8)

In this system of equations, the independent variables (X;) analyzed
include, in addition to all of those mentioned for the system to estimate
understorey vegetation fuel loads, the total depth of the forest floor and
the depth of LF and H layers (d fy, dir and dy).

Again, in this system, the effect of the dominance of fern-bramble
communities on the understorey and the different pine species was
analyzed by expanding the ag parameters (dy and fp) by including dummy
variables (Ip,, Ips and Ip.).

Moreover, we explored the possibility of providing systems that
enable estimation of the fuel loads without sampling understorey or
forest floor characteristics. Thus, the same two equation systems
described above were fitted using only overstorey attributes as regressors
XD.

The four systems were fitted using the generalized method of mo-
ments (GMM) of the MODEL procedure of the SAS/ETS program (SAS
Institute Inc, 2004). This approach yields efficient estimators of the pa-
rameters in the presence of heteroscedastic errors. To evaluate the
presence of multicollinearity, the condition number was used and,
following the criterion of Myers (1990), variables with values greater
than /1000 were excluded from the models.

Finally, to evaluate the accuracy of the estimates of the fitted models,
two goodness-of-fit statistics were used: the model efficiency (ME),
calculated as the square of the correlation coefficient between the
observed and predicted values, and the root mean squared error (RMSE).

ME=p’~ ©

Yiyi
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(10)

where Y; and Y; are the observed and the predicted value of the depen-
dent variable, respectively, and n is the number of sample plots used to fit
the models.

3. Results
3.1. Equations based on overstorey, understorey and forest floor variables

The mathematical expressions of the models finally fitted for the
shrub fuel loads and for the forest floor fuel loads as well as with the
values of the goodness-of-fit statistics are shown in Table 3. All param-
eters were found to be significant (¢ = 0.05), and no multicollinearity
problems were observed.

Regarding the system of equations for estimating understorey fuel
loads, the independent variables finally included in the models were the
mean shrub height (hgy,,, cm), the transformed total shrub cover (Cov-
shr Bliss) and the stand density index (SDI). In addition, in the allometric
model for estimating the total understorey fuel load (Eq. 1), the effects of
the presence of ferns-brambles as the dominant community in the
understorey and P. sylvestris and P. radiata as dominant species in the
overstorey were significant. The dominance of ferns-brambles resulted in
a reduction in the total fuel load relative to woody shrubs, and the
dominance of P. sylvestris and P. radiata implied an increase in the total
fuel load relative to P. pinaster. Moreover, these effects were also signif-
icant in parameter by, affecting the disaggregation of the total under-
storey fuel load in group 2-3 and group 1 fuel loads (Egs. 2 and 3),
respectively), although in this case there were no significant differences
between stands with P. radiata and P. pinaster dominance. In the latter
case, the dominance of ferns-brambles in the understorey resulted in an
increase in the ratio of fine fuels (Wsh: g1/ Wsh) relative to woody shrub
types, and the dominance of P. sylvestris implied a reduction in the ratio of
fine fuels relative to the other two pine species. There were no significant
differences between shrub types or between pine species in the ratio of
dead fine fuel (Wshr 1 dead/ Wshr G1), with the stand density index being
the only variable apparently influencing this ratio.

As previously mentioned, the particular structural and physiological
characteristics of the ferns-brambles and their variations throughout the
year require measurement of the input variables (hsnr and CoVshr Bliss)
when the ferns are fully developed and the fronds are alive.

On the other hand, in the case of the system for estimating forest floor
layer loads, the independent variables finally included in the models
were the total depth of the L, F and H layers (dir), the depth of the L and
F layers considered together (dip) and the stand basal area (G). In this
case, the parameter associated with the dummy variable analysing the
effect of P. sylvestris as dominant tree species was the only significant
parameter affecting both dy and f parameters, increasing the fuel loads
relative to P. pinaster and P. radiata.

Figs. 2 and 3 show the plots of observed versus predicted values ob-
tained with the fitted equation systems for understorey vegetation and
forest floor fuel loads, respectively.

3.2. Equations only based on overstorey variables

The results obtained in the simultaneous fitting of the understorey
and forest floor fuel load equation systems including only overstorey
variables as regressors yielded estimates for the extreme values of the
dependent variable with a strong tendency towards its mean, precluding
obtaining robust and additive models for both systems of equations.
Therefore, only allometric models were proposed for those fuel fractions
showing acceptable goodness-of-fit statistics and good graphical repre-
sentations of studentized residuals versus predicted values and of



J.A. Vega et al.

Table 3
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Mathematical expressions of fitted models and values of goodness-of-fit statistics with overstorey, understorey and forest floor variables considered potentially inde-

pendent variables.

Equation system for estimating understorey fuel loads based on overstorey and understorey variables

Eq. Mathematical expression ME RMSE (kg-m~2)
1 Wen = (0.7733 — 0.57691p, + 0.2147Ip, + 0.1236)Aigs Covi19LL SDI-03273 0.7647 0.3691
2 _ Wone 0.5268 0.2108
W = -

S0 T exp[2.0276 + 0.4313Ip, — 0.29211p; — 0.3049 log(Rs) + 0.5108 log(Covsmr piis) ]
3 W Wenrexp[2.0276 + 0.43131p, — 0.29211p, — 0.3049 log(Rsh:) + 0.5108 log(Covsn_piiss)] 0.7322 0.2736

SOl ] Y exp[2.0276 + 0.43131p, — 0.29211p, — 0.3049 log(Tisnr) + 0.5108 log(Covsur_piss)]
4 _ Wem o1 0.6073 0.1365

WShr,Gl,dcad =_—
1 + exp[0.0740 log(SDI)]

5 . Witr_c1xp[0.0740 log(SDI)] 0.6806 0.1939

Shr-Gl-live = T exp[0.0740 log(SDI)]
Equation system for estimating forest floor fuel loads based on overstorey and forest floor variables
Eq. Mathematical expression ME RMSE (kg-m~2)
6 MTI;H = (0.3825 + 0_091SIPS)TLFHO'HMGO.ZOM 0.7829 0.7182
7 _ Wi 0.5465 0.3480

Wi = =
1+ exp[ — 0.8259 + 0.3625Ip, + 0.2494 log(G) — 0.7579 log (L)}
dLFlI
0.7819 0.6092

8 - Wirnexp|—0.8259 + 0.3625Ip, + 0.2494 log(G) — 0.7579 log(dvr/dirm )]
-

1+ exp[—0.8259 + 0.3625Ip, + 0.2494 log(G) — 0.7579 log(dyr /dien )]

observed values versus predicted values when the equations were fitted
independently. Finally, models were obtained for the total understorey

fuel load (Ws\hr), for the fine understorey load (Ws/h;(;l) and for the total

forest floor layer fuel load (VV;H) (see Table 4). All parameters were
significant (¢ = 0.05) and no multicollinearity problems were observed.
However, heteroscedasticity was observed in the equation for estimating
the total litter and duff layer fuel load and, therefore, a weighting factor
of 1/G%4052 was included to correct this, according to the method pro-
posed by Harvey (1976).

In the understorey loading equations, the independent variables
included in the models were the transformed canopy cover fraction
(CCaliss), stand basal area (G) and stand density index (SDI). Parameters
ap and by were again expanded to include significant parameters
addressing the effect of ferns-brambles as the dominant community of the
understorey vegetation and the effect of the dominance of different pine
species in the canopy. The dominance of ferns-brambles resulted in a

reduction of the estimated Ws\hr and W;;Gl fuel loads, whereas the

dominance of P. radiata and P. sylvestris resulted in an increment in Wstr
fuel load relative to P. pinaster.

Regarding the total litter and duff load equation, the only indepen-
dent variable was the stand basal area (G) and the parameter addressing
the effect of P. sylvestris as the dominant species was the only significant
one, resulting in an increase in the total forest floor load relative to the
other two pine species. Fig. 4 shows the plots of observed versus pre-
dicted values obtained with the 3 fitted equations.

Finally, another two equations were fitted independently to estimate
the total and fine fuel load of the understorey (Wsp, and Wgnr 1) as a
function only of the overstorey variable that yielded the best goodness-
of-fit statistics, which in both cases was the transformed canopy cover
fraction (CCpiiss), for both understorey dominated by ferns-brambles or
woody species. These equations can therefore be used for landscape-scale
estimates in remote sensing that can accurately estimate canopy cover
(LiDAR, UAV or high-resolution satellite imagery). All parameters were
significant (¢ = 0.05) and in both cases the effect of P. radiata and
P. sylvestris dominance resulted in a significant increase in fuel loads
(Table 5).

4. Discussion

The loads of total understorey vegetation (Wsp,) and forest floor
(Wirn) fuel layers observed in this study are within the range of values
obtained for understorey of these pine species under site conditions
characterized by similar climatic, physiographical and edaphic condi-
tions to those in the study area (e.g., Gonzalez-Hernandez et al., 1998;
Vega, 2001; Fernandes et al., 2002, 2009; Fernandes and Rigolot, 2007;
Cruz et al., 2011; Castedo-Dorado et al., 2012; Botequim et al., 2015;
Arellano et al., 2017).

The mean value of Wap, (0.831 kg-m~2) was consistently higher than
observed in most of the equivalent pine forests in temperate or boreal
climate (e.g., Fernandes et al., 2004; Merila et al., 2014) and comparable
to productive forest from the South-East of north America (Hough and
Albini, 1978; Parresol et al., 2012) and cold temperate forest in China
(Jin et al., 2022).

The high live biomass of the understorey vegetation in pine stands in
north-western Spain, despite the restrictive values of overstorey attri-
butes (Table 1), suggests a considerable potential for competitive
endurance of the understorey vegetation. Several factors may affect the
outcome. First, these relatively young stands originated from afforesta-
tion on land with a long history of human use and covered by robust and
dense shrub communities. Hence, insufficient time has probably passed
for a balance to be reached between the biomass of the two layers of
vegetation involved, as the understorey response can typically lag
considerably after disturbance (Kerns and Ohmann, 2004). In addition,
most understorey communities in the study area have a high potential for
resilience to disturbance, owing to their rich seed banks and high
resprouting capacity (Reyes and Casal, 2008; Fernandez et al., 2013).
Second, these forest stands grow under fairly favourable climatic con-
ditions that result in high forest productivity (Moreno-Fernandez et al.,
2018) and that also can promote development of the understorey (Légaré
et al., 2001). These climatic conditions may likewise help to counteract
the strong light limitation imposed by these dense stands (basically
managed with low thinning without understorey clearing), stimulating
partial compensation (Holmgren et al., 1997) and thus allowing rela-
tively high levels of live biomass to remain in the understorey. Third and
most importantly, the complex trade-off between plant shade tolerance
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System for estimating understorey fuel loads based on overstorey and understorey variables
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Fig. 2. Observed versus predicted values for each of the understorey fuel fractions differentiating between plots in which fern-bramble is the dominant understorey

community and the other shrub-dominated communities. The red line represents the straight line fitted to the data and the dotted line represents the diagonal. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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System for estimating forest floor fuel loads based on overstorey and forest floor variables
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Fig. 3. Observed versus predicted values for each of the forest floor fuel fractions. The red line represents the straight line fitted to the data and the dotted line
represents the diagonal. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Mathematical expressions of fitted models and values of goodness-of-fit statistics
when only overstorey variables were considered potential independent variables.

Equations for estimating understorey fuel loads based only on overstorey
variables

Eq. Mathematical expression ME RMSE
(kgm™?)
1 Wene = o GO4021 CCGL 28445 DI—0-3886 ith gy = 0.5367  0.5203
2.4433 — 1.8075Ip, + 0.7029(Ips + Ip;)
3 Wenrc1 = (1.7818 — 0.5213  0.3690

1 -09291Pa )G0.4007 CC§11“3240 SDI—0.3942

Equations for estimating forest floor fuel loads based only on overstorey
variables

Eq. Mathematical expression ME RMSE (kg-m~2)

0.5157  1.0503

6 Wirn = (0.3916 + 0.2045I5,)GO5878

and drought tolerance, modulated by the plasticity to light and other
plant functional traits, can play a critical role in maintaining understorey
plant functionality and may have been actively operating (Holmgren
et al,, 2012; Delerue et al.,, 2013). Together with changes in the
competition and facilitation process with age, and pressure due to

gradients of abiotic factors (Holmgren et al., 1997; Halpern and Lutz,
2013), this defines a complex scenario regulating overstorey-understorey
interactions. It is ultimately the interplay between these factors (Landuyt
et al., 2019a; Lopez-Marcos et al., 2019; Jin et al., 2022) that likely may
best help to understand how shade-intolerant shrub species can persist
and maintain considerable biomass under a wide range of environmental
conditions like in other ecosystems (Kerns and Ohmann, 2004; Halpern
and Lutz, 2013).

As expected, the observed Wgy, values are much lower than those
observed in shrublands mainly dominated by the same species as those of
understorey in the study area (Vega et al., 2022). For woody vegetation
in the pine forest understorey, the average total fuel load (Wg,,) observed
was 1.136 kg~m_2 (s.d. 0.802 kg-m_z), with a maximum value of 3.520
kg-m~2, whereas in similar shrublands, values of 2.719 kg:m~2 (s.d.
1.479 kg-m~2) and 7.316 kg-m~2 were obtained using the same sampling
approach (Vega et al., 2022). The same result was obtained when
comparing the average Wgy, of the pine understorey dominated by the
fern-bramble community (0.322 kg-m 2, with a maximum value of
1.791 kg-m’2 and a standard deviation of 0.222 kg~m’2) versus treeless
fern-dominated areas (1.053 kg~m_2, with a maximum value of 1.994
kg-m~2 and a standard deviation of 0.516 kg-m~2). Although these
samples are not strictly comparable, because environmental and land-use
history factors may be very different, they can provide initial information
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Equations for estimating understorey fuel loads based only on overstorey variables
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Equation for estimating total forest floor fuel load based only on overstorey variables
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Fig. 4. Observed versus predicted values for each of the three equations fitted using only overstorey variables as regressors. For understorey fuel load equations (upper
row), differentiation between sample plots in which the fern-bramble community is the dominant understorey community and the rest of the shrub-dominated
communities is included. The red line represents the straight line fitted to the data and the dotted line represents the diagonal line. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 5

Mathematical expressions of fitted models and values of goodness-of-fit statistics
when only the transformed canopy cover fraction (CCgjiss) Was considered as
independent variable.

Equations for estimating understorey fuel loads based only on CCpiss

Eq. Mathematical expression ME RMSE
(kg-m™?)

1 Way = [0.6004 + 0.2752(Ip, + Ip,)|CC15%¢  0.2626  0.6552

3 W = [0.4106 + 0.1609(Ip, + 0.3209  0.4533

Ip: )]chl 7357

liss

on the main differences in fuel load.

Overall, the use of the equations fitted for shrublands in the study
area (Vega et al., 2022) to estimate Wgy, of similar understorey forma-
tions in pine forest resulted in a mean overestimation of 0.70 kg-m™2
(84.20% of the observed average value), with an RMSE value of 0.99
kg~m_2 (119.34% of the observed average Wgp,). However, the use of the

10

models fitted for shrublands to estimate the Wiy tended to underesti-
mate with a bias of 1.17 kg~m’2 (32.57% of the observed average value)
and an RMSE value of 1.59 kg-m 2, which represents underestimation of
44.29% relative to the average Wypy observed. In addition, the shrub
bulk densities (Wsp;/ hsy,) are also very different, with values of 0.56 and
1.65 kgm™> for understorey in fern-bramble dominated and
shrub-dominated communities, and values of 1.13 and 3.62 kg-m™>,
respectively, in similar shrublands. These findings confirm the impor-
tance of fitting specific fuel load estimation models for these pine stand
fuel layers and advocate against extending shrubland-based results to
forest understorey.

Considering the mean values of overstorey biomass of the pine species
analyzed in the study area (Castedo-Dorado et al., 2012), the Wgp, load
represented between 6% and 9% of the total aboveground biomass. The
values were similar to the 6.8% reported by Gonzalez et al. (2013) for
P. pinaster plantations in the southwest of France with understorey
dominated by species also present in the Galician forests. The values
observed in our study were somewhat higher than 4.7%, the mean value
reported for the USA (Smith et al., 2013), while for boreal forest, values
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in the range 1%-13% have been reported (e.g., Merila et al., 2014). When
considering only sample plots of fern-bramble dominated understorey,
shrub loads accounted for 2%-3% of the total aboveground biomass of
these pine forests, which is closer to (although still higher than) the less
than 1% reported by Gilliam (2007) for herbaceous understorey in the
northern hemisphere.

4.1. Equations based on overstorey, understorey and forest floor variables

The observed variability explained by the system of equations for
estimating shrub fuel loads from understorey and overstorey variables
ranged from 53% for Wgpr g23 to 76% for Wsp,. These values are within
the ranges found in other studies of understorey fuel load quantification
at stand level (e.g., Kuusipalo, 1983; Porté et al., 2009; Russell et al.,
2014; Nolan et al., 2022). The results are also similar to those reported by
Vega et al. (2022) for treeless shrubland formations dominated by the
same species as those analyzed in this study, with the exception of the
coarse fuel load equation (Wsp g23) for which the estimates are some-
what less accurate in the present study. As fine fuels play an important
role in the active flame phase of the fire (Rothermel, 1972; Burrows and
McCaw, 1990; Fernandes et al., 2002; Fraser et al., 2016), the accuracy of
the estimates obtained with the equations proposed for this fraction and
its disaggregation for physiological state (live and dead) is remarkable.
So far, very few studies (Hough and Albini, 1978; Fernandes and Rego,
1998; Nolan et al., 2022) have modelled understorey fine fuel load at
stand-level, and we are not aware of any modelling studies of load of fine
live and dead fuel fractions for the understorey vegetation.

The system of understorey fuel load equations depends on three in-
dependent variables, two characterizing the understorey layer (hsy,, and
Covsghr pliss), and one characterizing the overstorey (SDI). The first two
have been widely used in models for understorey load estimation, as
separate variables or as phytovolume, defined as the combined variable
hgne X Covgpy pliss (€.8., Fernandes et al., 2002; Heinrichs et al., 2010;
Pearce et al., 2010; Gonzalez et al., 2013). The stand density index (SDI)
is a widely used measure of relative density in silvicultural practice for
defining management density schedules and has also been included in
models for estimating shrub biomass (e.g., Moore and Deiter, 1992; Sabo
et al., 2009) and for assessing the effect of canopy on understorey
development (e.g., Nakajima and Tatsuhara, 2012; Fonseca and Duarte,
2017). This variable regulates the disaggregation of the fine fuel load by
physiological status (live and dead), i.e., it drives the dead ratio
(Wshr G1_dead/ Wshr G1), probably due to the importance of the influence of
this variable on light interception and, therefore, on understorey struc-
tural characteristics (Lochhead and Comeau, 2012; Parker, 2014).

As expected, the parameters associated with the presence of fern-
bramble dominated understories in the Wspy, Wshrg1 and Wshe gos
models (Egs. 1-3) were negative and significant, which implies that the
fuel load estimates for these formations are lower than those for the
shrub communities, assuming the same values for the independent var-
iables of each model.

Regarding the dominance of different pine species in the overstorey,
the parameters associated with the dominance of P. sylvestris and
P. radiata in the total understorey fuel load model (Eq. 1) were positive
and significant. This implies that, if the independent variables are
considered equal, the total shrub fuel load estimates for these species are
higher than those estimated for P. pinaster stands. That result was not
expected due to the known high light transmittance in P. pinaster (Gon-
zalez et al., 2013), which is greater than that of P. sylvestris in the region
(Silva-Pando et al., 2002). However, factors such as provenance, age and
sylvicultural management, which affect crown structure and LA, influ-
ence the effects of light transmittance (e.g., Sonohat et al., 2004). The
differences in understorey biomass that depend on the overstorey
composition may be partly due to differences in average understorey bulk
density. The distribution of the observed values of bulk density for the
three species is shown in Fig. 5. The t-test for comparison of means
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Fig. 5. Box-plot of observed shrub bulk density (kg-m~>) by pine species (Pp =
Pinus pinaster; Pr = Pinus radiata and Ps = Pinus sylvestris). Different letters
indicate significant differences between mean values (¢ = 0.05). Grey dots
represent mean values.
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Fig. 6. (Upper figure) Scatter plot of observed SDI (trees-ha ') versus observed
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CC (%) versus observed Wgy,. The red dashed line represents the loess regression
(span = 0.9) fitted to the 95th percentile values of Wgy,. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

indicated a significantly lower value for P. pinaster with no significant
differences between the other two species. On the other hand, there were
also differences in the relationship between the SDI value and the CC
percentage (Fig. 6a), so that for CC values below 65%, the same SDI value
corresponds to lower CC percentages in P. sylvestris and specially in
P. radiata than in P. pinaster and, therefore, lower light interception,
favouring development of the understorey. For CC values higher than
65%, the curves show the same behaviour for both P. radiata and
P. pinaster, with slightly higher values for P. sylvestris; however, the effect
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on understorey growth was not very pronounced, as values above a
threshold of 60%-70% cover showed a large reduction in understorey
biomass (Fig. 6b). Similar results were reported by Ahmad et al. (2019)
for larch plantations in China, suggesting an optimal value of 70% CC to
reach high levels of overstorey biomass and adequate levels of under-
storey biomass maintaining numerous other forest ecosystem services.

The dominance of P. sylvestris in the overstorey also showed a sig-
nificant effect on the equations for disaggregation of the total fuel load
(Wshy) on coarse (Wshr g23, Eq. 2) and fine fuel loads (Wsir 1, Eq. 3).
Thus, considering the remaining independent variables to be equal, the
coarse load is increased in P. sylvestris-dominated stands. The main
reason is the difference in the shrub fine fuel ratio (Wshr g1/Wshr)
observed in the sample plots of the three species (Fig. 7), with a signif-
icantly lower value in the case of P. sylvestris according to the mean
comparison analysis (@ = 0.05). This response seems to be related to the
greater presence of Erica australis L.-dominated understorey in
P. sylvestris, as the observed fine fuel ratio of this community was
significantly lower (0.620; s.d. 0.15) than in the Ulex sp.-dominated
communities (0.732; s.d. 0.16), the latter more frequent in P. pinaster
and P. radiata stands.

Regarding the forest floor layers equations, the independent variables
included in the models were the depth of the total of the three layers
(dign), the ratio between the depth of the LH layers and the total depth of
the three layers (dir/dirn), and the stand basal area (G). The depth of
these layers has shown to be a good predictor variable in pine stands
(e.g., Fernandes et al., 2002; Stephens et al., 2004; Arellano-Pérez, 2011;
DiMario et al., 2018). Stand basal area has also been included as a pre-
dictor variable in forest floor load estimation models owing to its effect
on the amount of annual needle litterfall in pine ecosystems (e.g., Berg
et al., 1999; Fernandes et al., 2002; Starr et al., 2005) and its spatial
distribution (e.g., Penne et al., 2010; Lado-Monserrat et al., 2016;
Lopez-Senespleda et al., 2021) finally affecting the forest floor fuel load.
Our models also show the significant effect of P. sylvestris dominance in
the overstorey on the total forest floor layer (Wygy) relative to the other
two pine species, with a mean value of the total fuel load of 49.81
Mg-ha™! (s.d. 2.00 Mg-ha™!) versus 32.54 Mg-ha™! (s.d. 0.99 Mg-ha™})
for P. pinaster and 34.07 Mgha™! (s.d. 1.56 Mg-ha™!) for P. radiata.
Similar results were reported by Lopez-Senespleda et al. (2021) for pine
species in peninsular Spain, although with somewhat lower values for
P. pinaster. This probably reflects the higher productivity of maritime
pine stands in NW Spain and seems consistent with the influence of
annual precipitation and latitude on Wypy, detected by those authors,
both larger in Galicia stands than most of Iberian Peninsula. In our case
the differences due to overstorey species were expected given that the
fuel load in the litter layer is strongly affected by the amount of above-
ground biomass and the litter decomposition rates. The amount of
aboveground biomass include understorey and overstorey biomass; the
first is significantly higher in P. sylvestris and P. radiata stands than in
P. pinaster stands (see Table 1); regarding the overstorey biomass, ac-
cording to Fernandez-Alonso et al. (2013), in the study area the canopy
fuel load (CFL, defined as the fuel load of needles and fine twigs) is
significantly higher in P. sylvestris stands (CFL mean value of 10.4
Mg~ha’1) than in P. radiata (CFL mean value of 7.2 Mg~ha’1) and
P. pinaster stands (CFL mean value of 6.1 Mg-ha™?). Litter layer decom-
position rates are driven by the nature of the microbial community and
other parameters, mainly litter quality and climatic conditions (Berg
et al., 1999; Zhang et al., 2008). The P. sylvestris stands in the study area
are located at significantly higher mean altitude (1,026 m a.s.l.; s.d. 265
m a.s.l.) than those of the other two pine species (P. pinaster 478 m a.s.l.;
s.d. 294 m a.s.l.) and P. radiata (475 m a.s.l.; s.d. 190 m a.s.l.), and with
significantly lower average annual temperature (9.7 °C; s.d. 1.1 °C) for
P. sylvestris than for P. pinaster (12.3 °C; s.d. 1.4 °C) and P. radiata (11.9
°C; s.d. 1.2 °C). This is likely to result in lower litter decomposition rates
(Dawud et al., 2017) and therefore a greater litter depth dirn), especially
on the H layer (dy) in this species (see Table 2).
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Fig. 7. Box-plot of observed shrub fine fuel ratio by pine species (Pp = Pinus
pinaster; Pr = Pinus radiata and Ps = Pinus sylvestris). Different letters indicate
significant differences between mean values (a = 0.05). Grey dots represent
mean values.

4.2. Equations only based on overstorey variables

Prediction of understorey community biomass based only on over-
storey variables is inherently difficult, as these communities are hetero-
geneous aggregates, in various seral states and strongly influenced by
their location and historical disturbances, both natural and anthropo-
genic (Suchar and Crookston, 2010; Botequim et al., 2015; Johnson et al.,
2017; Landuyt et al., 2019b). The latter is especially important in pine
stands in NW Spain, in which establishment, composition and structure
are strongly affected by human action, and with a high level of variability
of understorey communities for the same dominant pine species (Bote-
quim et al., 2015). This difficulty is reflected in the fact that it was not
possible to fit equation systems for the understorey and the forest floor
loads, and only separate equations were fitted for the total (Wgp,) and
fine shrub fuels (Wsp g1) and for the total forest floor load (Wign). The
three equations explain slightly more than 50% of the observed vari-
ability and the independent variables included in the models were SDI,
CC and G for the understorey fuel load models and G for the total forest
floor fuel load model (Wigy). These three variables are strongly related to
competition for resources such as light, nutrients, space and soil water
between understorey and overstorey and, therefore, an increase in the
overstorey competition will usually leads to a reduction in the under-
storey biomass (e.g., Gonzalez-Hernandez et al., 1998; Sabo et al., 2009;
Ares et al., 2010; Pimont et al., 2018).

Basal area (G) has been shown to be a limiting factor in understorey
shrub biomass (e.g., Coll et al., 2011; Castedo-Dorado et al., 2012; Russell
et al., 2014; Botequim et al., 2015; Mitsopoulos and Xanthopoulos,
2016), although sometimes weak (Halpern and Lutz, 2013) or even no
relationships are detected (Porté et al., 2009; Gonzalez et al., 2013);
however, its effect on the Wgy, and Wshr g1 estimating equations is
apparently contradictory (positive exponent). This is due to the com-
bined effect of the three independent variables (G, SDI and CC), with a
fuel load reduction effect by increasing the canopy cover and the relative
spacing index, so that when these two variables (CC and SDI) are equal, a
greater basal area probably implies a higher site quality and therefore
more resources available for growth of vegetation (Krebs et al., 2019).

Regarding the total forest floor fuel load equation, G was the only
independent variable that had a positive effect on estimates, i.e., an in-
crease in G values implies an increase in fuel load, mainly due to a higher
biomass in the overstorey, the main fuel sources for the litter layer, in line
with previous findings (Hough and Albini, 1978; Fernandes et al., 2002;
Parresol et al., 2012; Lydersen et al., 2015). The dominance of
ferns-brambles in the understorey community and the dominance of
different pine species in the overstorey also affected the estimates of
these equations in the same way as previously discussed for the systems
of equations dependent on understorey and overstorey variables.

Finally, the two models fitted for total and fine understorey
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vegetation fuel loads based only on canopy cover (CCgjiss) explained 26%
and 32% of the observed variability, respectively (Table 5). These models
therefore have a low predictive capacity, like other models obtained in
similar studies (Russell et al., 2014; Botequim et al., 2015). These models
suggest that light availability, closely linked to overstorey cover, may be
the most limiting factor for the understorey biomass in the dense stands
of the study area. This seems to be consistent with the prevailing mild
climate conditions in NW Spain, particularly in terms of thermal regime
and water availability, which favour high site productivity. In any case,
the main advantage of those models is that in forested landscapes,
understorey vegetation is largely invisible to remote sensing, in contrast
to some structural features of the canopy, which can be estimated with
moderate accuracy. At present, the development of broad spatial scales
mapping of understorey fuel loads depends on inferences about their
relationships with remotely observable features (McKenzie et al., 2009)
and the proposed models for Wsp and Wsyr g1 based only on canopy
cover fulfil this requirement. Therefore, maps of the spatial distribution
of these understory variables could be generated by estimating canopy
cover from information derived from the Spanish national coverage of
small-footprint ALS data (0.5-2.0 first return-m2).

5. Conclusions

Fuel reduction operations should be a key element in the manage-
ment of forest stands, especially in the case of the pine forests analyzed
here, which are prone to suffering intense wildfires. As wildfire protec-
tion resources are not unlimited, it is essential to optimize decision
making to focus fuel management on strategic locations to minimize fire
hazard at landscape scale. For this purpose, it is central to have tools that
allow detailed, accurate characterization of forest fuel complexes. This
requirement will be even more critical in the future, as predicted climate
change scenarios include drier conditions with a consequent increase in
fire hazard.

In this study, two additive systems of equations that allow estimation
of the fuel load of the understorey vegetation and forest floor layers were
developed for the three main pine species in NW of Spain from variables
that are easy to measure in the field. The novel systems distinguish be-
tween understories dominated by woody shrub and fern-bramble com-
munities, providing accurate estimates differentiated by fuel size and, in
the case of fine fuels, by physiological state (dead or alive), contributing
to filling a large knowledge gap. These models, together with those
previously developed for canopy fuels for the same species in the same
geographical area, will enable accurate structural characterization of
understorey and overstorey fuels in the region and from a practical point
of view will be very useful for evaluating fire behaviour and defining fuel
management prescriptions. These equations may also be of great benefit
in other areas given the ecological importance of the understorey and the
effect of its biomass on, for example, biodiversity, competitive interac-
tion with tree species regeneration or energy flows and water and
nutrient cycles. Moreover, the independent variables included in the
proposed equations are commonly measured in the Spanish National
Forest Inventory to evaluate different ecosystem services, so that,
without additional costs, they would allow estimating additional infor-
mation of great utility for forest managers.

The proposed equation systems based on combining overstorey var-
iables with understorey or forest floor variables present robust and ac-
curate estimates, despite the inherent problem of modelling in a highly
variable landscape with strong stochasticity of site conditions, a long
history of land use and disturbances. This variability may explain the
modest results for estimating fuel fractions based only on overstorey
variables, emphasizing that forest overstorey-understorey and
overstorey-soil organic layers relationships are very complex and that
other variables not available in this study may improve predictions.
Nevertheless, the present results are encouraging because they illustrate
the feasibility of the stand-level approach to developing operational
models of understorey and forest floor layer fuel loads.
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