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A B S T R A C T   

Mediterranean forests are prone to fire and highly diverse in environmental conditions, species composition, and 
forest structure. While much is known about fire hazard and forest responses to fire in Mediterranean climate 
regions, our understanding of the spatial distribution of fuel characteristics and their dynamics remains 
incomplete. We hypothesized that fire hazard in heterogeneous Mediterranean regions is primarily explained by 
the variation in fuel loading and flammability characteristics of the understory layer across the landscape and 
over time. We used the Spanish National Forest Inventory data to estimate overstory and understory fuel 
characteristics, compare their spatial and temporal variations across Catalonia (NE Spain) over the last 25 years, 
and assess the role of climate conditions in explaining spatial distribution and dynamics of fuel characteristics. 
Our results showed that fuel characteristics strongly depend on the species composition of the overstory and 
understory layers. Fuel characteristics of both vegetation layers were significantly different and poorly correlated 
with each other. Although both strata showed significantly different rates of change in most fuel characteristics, 
the average changes were, in general, very small for the time window considered. Forests in the warmest and 
driest environments showed the highest flammability characteristics in both overstory and understory layers in 
contrast to mountain communities. We did not find, however, a remarkable effect of climatic conditions on the 
rates of change of fuel characteristics during the study period. Altogether, these findings confirm the importance 
of considering the spatial variation of fuel characteristics of different vegetation strata separately and provide 
critical information on forest vulnerability to develop appropriate fire mitigation policies in Mediterranean 
ecosystems.   

1. Introduction 

In recent decades, the intensification of drought periods and the 
changes at the landscape scale are promoting fire-regime changes, 
leading to a generalized increase of the frequency, severity, and burned 
area in many forest ecosystems (Pausas and Keeley, 2014; Pausas and 
Paula, 2012; San-Miguel-Ayanz et al., 2018; Westerling et al., 2011). 
Under this context, unraveling the determinants that make forests more 
vulnerable to high-intensity crown fires has emerged as a research and 

technical issue of utmost importance (Alvarez et al., 2013; Sande Silva 
et al., 2010). Among factors influencing fire behavior – weather, 
topography, and vegetation – a major effort must be done to understand 
the role of spatial and temporal variations of fuel characteristics (Keane, 
2016; Simeoni et al., 2011). Indeed, the distribution and characteristics 
of plant biomass are the factors that mostly govern the combustion 
processes (Weise and Wright, 2014) and fire hazard (i.e. “a fuel complex, 
defined by volume, type, condition, arrangement, and location, that 
determines the degree of ease of ignition and of fire suppression 
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difficulty”, (FAO, 2005)). Besides, vegetation is the only factor that can 
be modified through adequate management strategies to anticipate po
tential catastrophic shifts driven by extreme wildfires (Stephens et al., 
2009). 

In Mediterranean forests, many plant species have morphological 
and physiological traits that make them highly flammable (Keeley et al., 
2011; Saura-Mas et al., 2010). Species-specific characteristics such as 
live fuel moisture, the distribution, and size of live and dead organs, or 
the presence of volatile chemical compounds are all known to contribute 
to plant flammability (Pausas et al., 2017). In addition to species 
composition, the stand structure plays an essential role in fire behavior, 
determining the arrangement of fuels in the stand, and therefore, gov
erning the spreading and crowning potential of fire (Alvarez et al., 2012; 
Nunes et al., 2019). Once a fire starts in a surface fuel, its intensity and 
the distance to the overstory will determine the probability that fire 
spreads to tree crowns (Agee and Skinner, 2005; Cruz et al., 2004; Van 
Wagner, 1987). Then, sustained crown-to-crown fire spread will depend 
on the existence of continuous cover of canopy fuels and wind condi
tions but requires additional energy from the understory (Scott and 
Reinhardt, 2001; Van Wagner, 1977; Werth et al., 2011). Although 
many Mediterranean forests are prone to crown fires, they are highly 
diverse in terms of fuel loading, condition, and structure (Alvarez et al., 
2012; Fernandes, 2009). In this sense, the combined effects of species 
composition and structure in all forest strata and their variations over 
time and space determine important differences in fire hazard across 
forest communities (Dimitrakopoulos, 2002; Nunes et al., 2019). 

At the landscape scale, the spatial distribution of fuel characteristics 
across heterogeneous Mediterranean regions responds to the variability 
of overstory-understory species assemblages and structures. On the one 
hand, species composition is constrained by climate and other envi
ronmental factors, and the understory layer may be influenced by the 
structure and composition of the overstory, which regulates microen
vironmental conditions and light availability (Ameztegui and Coll, 
2013; Majasalmi and Rautiainen, 2020; Messier et al., 1998). On the 
other hand, Mediterranean forests have been modulated by natural 
disturbances and long and intense human activity since historical times 
(Keeley et al., 2012; Nocentini and Coll, 2013). Consequently, multiple 
overstory-understory combinations of heterogeneous landscapes may 
result in even greater variability of forest fuel characteristics and fire 
behavior at the stand level (Baeza et al., 2002; Curt et al., 2011; Fer
nandes et al., 2008; Santana et al., 2011). Besides, the effects of forest 
dynamics together with climate and land-use changes may influence the 
rate of variation of fuel characteristics in vegetation strata depending on 
species composition or environmental conditions (Keane, 2016; 
Sánchez-Pinillos et al., 2019). 

At the stand scale, the effects of forest composition and structure on 
fire hazard have been addressed for different shrublands (Baeza et al., 
2002; Castagneri et al., 2013; De Luis et al., 2004) and forest types 
(Alvarez et al., 2012; Fernandes et al., 2004; Molina et al., 2011). 
However, few studies have evaluated in detail the factors involved in the 
geographic or temporal variation of fuel characteristics across large 
Mediterranean regions and over relatively long periods (Fernandes, 
2009; Keane, 2013; Sánchez-Pinillos et al., 2019). Moreover, the degree 
of correlation between fuel characteristics of the overstory and under
story layers is often ignored, overlooking the influence that different 
combinations of vegetation strata may have on fire hazard (Coll et al., 
2011; Keane, 2016) and their potential use to generate fuel cartography 
from the overstory species (Keane, 2013). 

In this study, we assess the spatial and temporal variation of wildland 
fuels in the understory (i.e. woody vegetation stratum up to 2 m height, 
excluding floor fuels) and overstory (i.e. woody vegetation stratum 
above 2 m height) layers for common Mediterranean forests. In partic
ular, we aimed to answer the following questions: (1) Are fuel charac
teristics in the understory and overstory layers correlated? (2) Does the 
temporal and spatial variation of fuel characteristics differ between the 
understory and overstory layers? (3) To what extent the differences in 

climate conditions explain the observed variation of fuel characteristics 
(hence fire hazard) and their change over time? We considered forests 
without recent evidence of natural and anthropic disturbances in Cata
lonia (NE of Spain) as a case study to answer these questions. We hy
pothesized that the variation in fire hazard was primarily explained by 
differences in loading and flammability properties of the understory 
layer. Besides, we expected that these differences were mainly driven by 
climate conditions determining differences in species composition. 

2. Methods 

2.1. Study area 

Our study area covers the forested area of Catalonia (NE of Spain), 
which occupies about 13,080 km2 (42% of the region). This region is 
characterized by a long human history and encompasses great envi
ronmental variability due to its contrasting topography, varied edaphic 
conditions, and strong climatic gradients resulting from the complex 
relief and its variable distance to the coast (Fig. 1, Appendices C.2). The 
climate is predominantly Mediterranean; rainfall peaks in autumn and 
spring and it is relatively low during summer and winter. Mean annual 
temperature ranges between 2 and 17 ◦C (average 11.6 ◦C) and annual 
rainfall varies between 350 and 1600 mm (average 680 mm) (Ninyerola 
et al., 2005). Spatial heterogeneity in environmental conditions results 
in a range of forest ecosystems representative of the western Mediter
ranean Basin. According to the Third Spanish National Forest Inventory 
(Ministerio de Medio Ambiente, 2007), the most abundant tree species 
in lowland forests of Catalonia are Aleppo pine (Pinus halepensis Mill.) 
and holm oak (Quercus ilex L.) forming forests of different stand struc
tures and degree of mixture. Cork oak (Quercus suber L.) forests are 
restricted to siliceous areas of the northeastern coast. At mid altitudes, 
forests are often dominated or co-dominated by holm oak, downy oak 
(Q. pubescens Willd.), Portuguese oak (Q. faginea Lam.), black pine 
(P. nigra ssp. salzmannii (Dunal) Franco), and Scots pine (P. sylvestris L.), 
whereas European beech (Fagus sylvatica L.) is restricted to the most 
humid sites and mountain pine (P. uncinata Mill.) to the highest alti
tudes. Common Mediterranean understory woody species in lowlands 
include evergreen species such as mastic tree (Pistacia lentiscus L.), 
kermes oak (Q. coccifera L.), laurustinus (Viburnum tinus L.), heathers 
(Erica sp. pl.), and a wide range of shrubs, many of them from the 
Lamiaceae and Cistaceae families. Junipers (Juniperus communis L.), box 
(Buxus sempervirens L.), and deciduous species such as snowy mespilus 
(Amelanchier ovalis Medik.), common dogwood (Cornus sanguinea L.), or 
wayfaring tree (V. lantana L.) are common at mid-elevations. Woody 
understory in Pyrenean high mountains is dominated by alpenrose 
(Rhododendron ferrugineum L.) in the north-facing forests and Cytisus 
oromediterraneus Rivas Mart. et al. in the southern slopes. 

2.2. Forest inventory data 

We used the Spanish National Forest Inventory (SNFI; Ministerio de 
Agricultura Alimentación y Medio Ambiente, 2019; Ministerio de Medio 
Ambiente, 2007, 1996) as the data source to assess the variation in forest 
fuel characteristics across space and over time. The SNFI in Catalonia 
comprises three repeated surveys (SNFI2 1990, SNFI3 2001, and SNFI4 
2014) carried out in permanent circular plots located at the intersections 
of a 1× 1 km2 UTM grid covering all forested areas. Each circular plot 
includes four nested subplots of 5–25 m radii in which different trees 
were inventoried depending on the species and size. Species identity, 
height, and diameter at breast height (dbh) were recorded for each 
living tree with a dbh larger than 7.5 cm. For trees with dbh lower than 
7.5 cm, the SNFI provides the number of saplings (dbh between 2.5 and 
7.5 cm) per species and average height, and the abundance of seedlings 
(dbh < 2.5 cm) per species in ranges of density and height. For each 
shrub species, percent cover and average height are recorded in the 10- 
m-radius subplot. 
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We selected a total number of 6,633 plots sampled in the SNFI3 
(Fig. 1) to assess spatial patterns. We discarded the plots burned in forest 
fires during the period covered by the SNFI (1990–2014) and those with 
evidence of intense forest management or disturbances (percentage of 
stumps or dead trees higher than 50%) to avoid abrupt changes in fuel 
characteristics and focus on the effects of forest succession and devel
opment after the abandonment of past intensive management. Besides, 
we only considered the plots with a measurable understory-overstory 
gap (see definition below). Further, standing dead trees were also 
excluded and fine fuels were assumed to fall soon after tree death. We 
considered 278 woody plant taxa, mostly at the species level. To assess 
the temporal variation of fuel characteristics, we only considered the 
common subset of plots among the three surveys (n = 2,856, Fig. 1). 

2.3. Understory and canopy fuel characteristics 

We defined understory and overstory as the vegetation layers below 
and above 2 m height, respectively (Rothermel, 1972; Sandberg et al., 
2001). For each plot and stratum, we estimated the following fuel 
characteristics: (i) fine fuel loading (w; kg⋅m− 2 of dry weight); (ii) bulk 
density (bd, kg⋅m− 3); (iii) surface area-to-volume ratio (σ; m2⋅m− 3); (iv) 
high heat content (h; kJ⋅kg− 1); (v) minimum fuel moisture content (FMC; 
% of dry weight); and (vi) the gap between the understory and overstory 
layers (uo gap; m) as a measure of vertical fuel continuity. 

We only considered fine fuels (i.e. leaves and branches of diameter 
up to 6.35 mm) because they are the most relevant for fire behavior and 
propagation (Fernandes and Loureiro, 2013; Rothermel, 1972; Scott and 
Reinhardt, 2002). We estimated fine fuel loading (w) in forest plots 
following the same procedures described in Sánchez-Pinillos et al., 2019 
(see Appendix A for details). Tree fine fuel loading was computed as the 
product of foliar biomass, tree density, and a species-specific ratio 
relating the dry weight of leaves plus small branches (<6.35 mm) to the 
weight of leaves alone. The foliar biomass of each measured tree was 
calculated from an allometric equation relating foliar dry weight to dbh 
and a measure of competition in the plot. For shrub species, fine fuel 
loading was calculated by multiplying an estimate of the fine fuel 
loading for an average individual (obtained by allometric equations 

from the shrub height) by an estimate of shrub density (De Cáceres et al., 
2019a). For any measured tree, we estimated its crown base heights 
using a model of tree crown ratio (Weiskittel et al., 2011) and divided its 
crown length and fine fuel loading between the understory and the 
overstory layers. The understory and overstory fine fuel loadings were 
obtained by adding tree/shrub loadings in each layer. Then, we calcu
lated fuel depth (m) in each layer as the difference in height between the 
maximum crown top and minimum crown base, considering a threshold 
of 2 m to differentiate both strata. By dividing fuel loading by fuel depth 
in each layer, we calculated the average fine fuel bulk density (bd, 
kg⋅m− 3). The gap between understory and overstory fuels was estimated 
by analyzing the stand’s fuel bulk density profile (Reinhardt et al., 
2006). Specifically, the understory-overstory gap (uo gap) was defined as 
the difference between canopy base height (the minimum height equal 
to or above 2 m with a bulk density larger than 0.04 kg⋅m− 3) and un
derstory top height (the maximum height lower or equal to 2 m with a 
bulk density larger than 0.04 kg⋅m− 3) (Mitsopoulos and Dimi
trakopoulos, 2007). Note that the definitions of canopy base height and 
understory top height differed between the calculation of uo gap (which 
focused on vertical continuity of fuel density beyond a threshold) and 
that of layer bulk density (which focused on the overall fuel density 
within layer). 

Surface area-to-volume ratio (σ) describes the amount of surface 
available for exchanging heat. Thus, it is related to fire intensity and 
spread rate. Similarly, high heat content (h) is also associated with the 
energy provided by fuel. Species-specific values for these two charac
teristics were obtained from bibliographic sources. Minimum fuel 
moisture content (FMC) values for living understory and overstory 
species were obtained from the bibliography, complemented with 
additional field sampling carried out in summer for some species to get 
typical summer values. When compiling trait data, we prioritized 
attribute values referred to the fraction including both leaves and 
branches up to 6.35 mm, but we took values that referred to smaller 
branches or only leaves when this information was lacking. We defined 
species groups to provide parameter values for species without data 
(Appendix B). Average understory and overstory attribute values were 
calculated using tree/shrub loadings as weights (Fernandes, 2009). 

Fig. 1. Distribution of permanent plots of the Spanish National Forest Inventories (SNFI) in Catalonia (NE Spain) used to assess the variation of fuel characteristics 
across space (6,633 plots; SNFI3) and over the last 25 years (2,859 plots; SNFI 2–3-4). 
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Although some chemical compounds of fuels can also be a source of 
flammable gasses that increase fire intensity, their concentration is not 
well established in the bibliography and we decided not to include them. 
Similarly, we did not consider the fuel dead fraction in the analyses 
because the information compiled from bibliographic sources could not 
be representative for each plot, as this variable highly depends on local 
environmental conditions (Keane, 2015). Calculations of fuel charac
teristics were conducted using functions available in the ‘medfate’ R 
package, ver. 1.1.6 (De Cáceres et al., 2015). 

2.4. Forest categories and climate factors 

SNFI3 forest plots were independently classified according to the 
species composition in their overstory or understory to facilitate the 
interpretation of the spatial and temporal variation of species compo
sition in both layers. To identify plots according to their overstory we 
defined dominance-based forest types. A given plot was considered 
dominated by one tree species when both the relative basal area (BA) 
and density of adult trees (dbh > 7.5 cm) for the target species were 
higher than 80%. Similarly, a stand was considered co-dominated by 
two species if: (1) the relative BA and the relative density of adult trees 
belonging to each species i and j were between 20% and 80%; (2) the 
relative BA and the relative density of the sum of all adult trees 
belonging to both species i and j were higher than 80% (De Cáceres et al., 
2019b). We identified 51 overstory types, of which 12 corresponded to 
stands dominated by one species, but only eight classes presented more 
than 50 plots (P. uncinata, P. sylvestris, P. nigra, P. halepensis, F. sylvatica, 
Q. pubescens, Q. suber, Q. ilex; Appendices C.3). 

To classify plots according to their understory, we applied a cluster 
analysis based on the dissimilarity of species composition and abun
dance between each pair of plots. For that, we generated a squared 
symmetric matrix containing the percentage difference (i.e. Bray-Curtis 
dissimilarity) between each pair of plots. Using the dissimilarity matrix, 
we generated an initial partition by cutting the dendrogram generated 
by Ward’s hierarchical clustering and refined this initial partition with 
the non-hierarchical clustering Partition Around Medoids (PAM). We 
considered partitions of different numbers of clusters (2 to 12) that were 
evaluated through the Silhouette analysis. The clustering procedure 
resulted in a classification of understory communities into nine classes 
(Appendices C.4): subalpine low scrubs and heaths understory (subal
pine), mesophile sub-Mediterranean understory with evergreen and de
ciduous shrubs (sub-Mediterranean), xerophile continental (xerophile 
continental) and Mediterranean (xerophile Mediterranean) calcicolous 
understories with evergreen and small-leaved scrubs, xero-mesophile 
continental (xero-mesophile continental) and Mediterranean (xero-meso
phile Mediterranean) understories, mesophile Mediterranean understory 
with evergreen and deciduous shrubs (mesophile), silicicolous Mediter
ranean understory with evergreen and ericoid shrubs (silicicolous eri
coids), and a mixed group including eurosiberian and Mediterranean 
species (mixed group). 

The low value (0.198) of the adjusted Rand index calculated for the 
overstory and understory types indicated a low level of correspondence 
between the two partitions. In general, every overstory type was asso
ciated with multiple understory classes and vice versa. Only the stands 
dominated by Q. suber showed silicicolous ericoids predominating over 
other classes, while this understory class was uncommon under other 
canopies (Appendices C.5). 

Among the climate variables considered to explain the spatial and 
temporal variation of fuel characteristics, we included the average 
monthly temperature, the average annual precipitation, and the mois
ture index (calculated as the ratio between annual precipitation and 
annual potential evapotranspiration). Climatic data averages corre
sponded to the 1961–1990 period and were obtained from Ninyerola 
et al. (2005). 

2.5. Spatial and temporal analyses of fuel characteristics 

Values of fuel characteristics in the canopy and understory layers of 
all 6,633 SNFI3 plots were used to test the relationship between fuel 
characteristics in both overstory and understory layers, as well as be
tween fuel characteristics and climate. For that, we used the non- 
parametric Wilcoxon test and Spearman’s correlation analysis. We 
additionally used the same data to produce maps displaying the spatial 
distribution of fuel characteristics (Appendices D). 

The subset of 6,561 plots presenting understory stratum (i.e. wund 
greater than 0) was used to assess the correlations between fuel char
acteristics within the same vegetation layer (either overstory or under
story) and across both layers (e.g. between wove and wund). For that, we 
used principal component analysis (PCA) to summarize fuel data esti
mated for the SNFI3 survey. The influence of climate in fuel character
istics for both vegetation layers was investigated using redundancy 
analysis (RDA) following the two-step procedure described in (Legendre 
and Legendre, 1998). Specifically, we first fitted linear mixed models 
considering each fuel characteristic as the response variable and all 
climatic variables as fixed effects, with a previous standardization of all 
of them. We included administrative subdivisions (counties, n = 42) as 
random effects to account for the spatial autocorrelation. Given the high 
correlation of the moisture index with both temperature and precipita
tion, it was discarded from the models. The fitted values of the resulting 
models were then represented in an ordination space through PCA and 
the correlations of environmental variables with principal components 
were displayed using the envfit() function in the ‘vegan’ R package 
(Oksanen et al., 2017). 

Finally, to assess the variation of fuel characteristics along the 25 
years encompassed by the SNFI, we calculated the rate of change of each 
fuel variable in the 2,856 plots comparable between the SNFI2 and the 
SNFI4 for both overstory and understory layers. Analogous PCA and 
RDA analyses to those described above were applied to the matrix 
compiling the annual rate of change of fuel characteristics between 
surveys. Besides the multivariate analyses, we used Spearman correla
tion analyses to assess the relationships between fuel characteristics 
within and among canopy and understory classes in terms of temporal 
change and the influence of climate variables. 

3. Results 

3.1. Spatial variation of fuel characteristics in canopy and understory 
layers 

The non-parametric Wilcoxon test indicated that all fuel character
istics were significantly different between the overstory and understory 
strata (Table 1; Appendices D.2). Fine fuel loading (w) and bulk density 
(bd) were negatively correlated between the understory and the over
story (Spearman’s r = -0.28 and p < 0.001, r = -0.02, respectively, 
Fig. 2). The heat content (h) was the fuel property with the highest inter- 
layer correlation (Spearman’s r = 0.42, p < 0.001). However, almost 
72% of plots had higher values for the understory than the overstory, 
given the general high heat content of many Mediterranean shrub spe
cies. The variable with more contrasted values between the overstory 
and the understory was minimum FMC, with most forest plots (94.1%) 
presenting lower values of minimum FMC in the understory. 

The first and second axes of the PCA summarizing the variation in 
fuel characteristics explained 28.1% and 24.3% of the variation, 
respectively (Fig. 3a). Fuel characteristics were generally correlated 
within each vegetation layer, but different patterns were observed in 
each stratum (Fig. 3a; Table D.1). In contrast to the understory layer in 
which fine fuel loading correlates positively with most fuel character
istics, fine fuel loading in the overstory was negatively correlated with 
any other fuel characteristics, except the bulk density, which was highly 
correlated with fine fuel loadings in both strata. Thus, Q. ilex forests 
were characterized by high overstory bulk density and fine fuels while 
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P. halepensis and Q. suber forests were characterized by high overstory 
heat content and understory fuel load, bulk density, heat content, and σ 
(Figs. 2 and 3a). FMC was negatively correlated with most fuel variables 
in the understory, indicating that some communities could be highly 
flammable and present a great potential to facilitate the spread of 
intense fires, depending on their combined values of low FMC and high 
w, σ, and h. In particular, silicicolous ericoids and xerophile understory 
types were the ones that better satisfied these flammability character
istics. Regarding the gap between the overstory and understory, it was 
positively related to overstory FMC (Table D.1). In this sense, forests 
dominated by mountain pines (P. uncinata and P. sylvestris) showed 
larger interlayer gaps and higher FMC than most forests, specifically 
those dominated by Q. suber, with high understory fine fuel loadings and 
continuous vertical structure (Fig. 2). 

The first and second axes of the RDA explained 45.0% and 30.3% of 
the variation fitted by fixed factors in the mixed linear models, respec
tively (Fig. 3b). The overstory fine fuel loading (wove) and bulk density 
(bdove) were associated with high temperatures (non-significant for 
bdove) and precipitation. In the understory, temperature and precipita
tion had similar positive and negative effects, respectively, for both fine 
fuel loading and bulk density. The overstory surface area-to-volume 
ratio (σove) and the heat content in both understory and overstory 
layers (hund, hove) were significantly associated with low precipitation 
and low temperature in the overstory variables (σove, hove). The 

temperature had a significant negative effect, together with precipita
tion, in FMCove and uo gap, reinforcing the effect of warm conditions on 
forest flammability (Tables D.4 and D.6). 

3.2. Temporal variation of fuel characteristics in canopy and understory 
layers 

In general, overstory and understory layers showed similar patterns 
of change for all fuel characteristics over the period between SNFI2 and 
SNFI4 (Table 2; Appendices D.2). In both strata, there was a significant 
but slight increase of fine fuel loading with time (p-value < 0.001), with 
higher values in the overstory than in the understory. Although signif
icantly different from zero, increases in bulk density (bd) in the over
story and understory layers, respectively, were very small. The 
understory surface area-to-volume ratio (σund) and the overstory heat 
content (hove) significantly increased and decreased, respectively. 
However, it is important to note that the magnitude of the rate of change 
in these variables was very small if one accounts for the units (variations 
of − 0.1% and − 0.01% in relation to mean h and σ, respectively). FMC 
and uo gap slightly decreased and increased, respectively. Regarding the 
comparison between the overstory and understory layers, although the 
rate of change of all fuel characteristics (except FMC) was significantly 
different according to the two-sample Wilcoxon test, these differences 
were relatively small (Table 2) and the correlation between the rate of 

Table 1 
Comparison of fuel characteristics between the overstory and understory, considering the values for plots in the SNFI3. For each variable and vegetation stratum, the 
table shows average, standard deviation, percentiles 5% and 95%, and the percentage of plots for which the value in the understory layer is larger than in the overstory; 
non-parametric Spearman’s correlation for each fuel variable between layers (rho, * p-value < 0.001) is also shown. The Two-sample Wilcoxon test between layers was 
significant for all fuel characteristics (α = 0.001).    

Overstory (O) Understory (U) U > O rho  

Units Mean (sd) P05 P95 Mean (sd) P05 P95   

Fine fuel loading (w) kg⋅m− 2 0.66 (0.32) 0.23 1.28 0.46 (0.32) 0.05 1.07 32.7% − 0.28* 
Bulk density (bd) kg⋅m− 3 0.06 (0.04) 0.03 0.14 0.23 (0.17) 0.03 0.55 87.7% − 0.02* 
Surface area-to-volume ratio (σ) m2⋅m− 3 5210.3 (705.3) 4050.0 6050.0 5138.1 (759.6) 4128.9 6460.6 42.8% 0.30* 
Heat content (h) kJ⋅kg− 1 20343.8 (828.5) 19317.3 22150.0 20840.4 (794.9) 19783.1 22266.5 71.8% 0.42* 
Min. fuel moisture content (FMC) % dw 86.38 (15.31) 65.74 110.33 64.2 (10.53) 50.43 86.1 5.86% 0.22* 
Understory-overstory gap (uo gap) m 1.20 (2.07) 0.00 5.6       

Fig. 2. Variation of understory fine fuel loading (wund, kg⋅m− 2) and understory-overstory gap (UO gap, m) in relation to the overstory fine fuel loadings (wove, 
kg⋅m− 2). Both panels show predicted values of wove from generalized linear models using gamma distribution functions and wund and UO gap as explanatory variables. 
Colors represent different overstory types (PIUN: Pinus uncinata, PISY: P. sylvestris, PINI: P. nigra, PIHA: P. halepensis, FASY: Fagus sylvatica, QUPU: Quercus pubescens, 
QUSU: Q. suber, QUIL: Q. ilex). 
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change in both layers was very weak for all characteristics. 
The first and second axes of the PCA applied to the matrix of changes 

in fuel characteristics explained 21.2% and 17.2% of the variation, 
respectively (Fig. 4a). Most understory communities showed a gradual 
increase in flammable characteristics parallel with a decrease in FMC, 
which only increased in silicicolous ericoids and xero-mesophile Medi
terranean communities. In contrast to the result of static analyses, the 
change in fine fuel loading was poorly correlated between both strata 
(Table 2). 

The mixed models used to construct the RDA associating the rate of 
change of fuel characteristics between SNFI2 and SNFI4 with climate 
indicated a weak power of these variables to predict the rate of change of 
fuel characteristics (Fig. 4b, Table D.7). Only the rates of change in bdove, 
σove, σund and hove were significantly related to climate variables (bdove, 
σove, hove: low temperature and precipitation, σund: low precipitation; 
Table D.7). 

4. Discussion 

4.1. Spatial distribution of overstory and understory fuel characteristics 

Our analyses revealed that the overall forest vulnerability to fire is 
highly dependent on the species assembling each stratum, i.e., the 
overstory and the understory. In agreement with our hypothesis, the 

variation of fire hazard was primarily explained by fuel characteristics in 
the understory. In general, the understory showed higher bulk density, 
high heat content, and lower fuel moisture content than the overstory. 
These fire-promoting characteristics of the understory are strengthened 
by positive (bd, h, σ) and negative (FMC) correlations with the fine fuel 
understory loading. Moreover, the relationships between this latter 
variable and shorter interlayer gaps emphasize the role of the understory 
in promoting crown fires (Nunes et al., 2019), and therefore, driving the 
overall fire hazard. 

In addition to the differences in fuel characteristics between strata, 
our assessments revealed remarkable spatial variations driven by 
climate characteristics. Forests in the warmest and driest regions of our 
study area were the most flammable. The low water availability and the 
relatively warm temperatures generate open structures that promote 
shrubby understories of shade-intolerant species well adapted to 
drought (Coll et al., 2011). That is the case of P. halepensis stands rich in 
species such as Salvia rosmarinus, Quercus coccifera, Erica multiflora, Ulex 
parviflorus or Cistus spp, which are drought-tolerant, but also highly 
flammable species (Pausas et al., 2012). The low moisture content of 
many of these shrubs facilitates fire ignitions, while the small leaves and 
thin twigs characteristic of these species contribute to increasing the fine 
fuel loadings and the surface area-to-volume ratios (Bowman et al., 
2014; Saura-Mas and Lloret, 2007). These characteristics, together with 
the high heat contents of xerophile understory communities, facilitate 

Fig. 3. (a) Principal Component Analysis summarizing overstory (Ove, solid arrows) and understory (Und, dashed arrows) fuel characteristics: loading (w), bulk 
density (bd), surface area-to-volume ratio (σ), heat content (h), minimum moisture content (FMC), and understory-overstory gap (UOgap). (b) Redundancy analysis 
relating fuel characteristics in both vegetation layers to environmental factors: temperature (T), precipitation (P). Grey dots indicate individual forest plots. Colored 
triangles and dots indicate the mean values of each forest type. 

Table 2 
Comparison of the rate of change of fuel characteristics between the SNFI2 and SNFI4 and overstory (O) and understory (U). For each variable and vegetation stratum, 
the table shows the average, standard deviation, percentiles 5% and 95%, and the percentage of plots for which the value in the understory is larger than in the 
overstory; non-parametric Spearman’s correlation for each fuel variable between layers (rho, * p-value < 0.001) is also shown. Wilcoxon test was performed to test 
average differences from zero for each variable and layer (significance values: ** α = 0.001; * α = 0.01). The two-sample Wilcoxon test between layers was significant 
for all fuel characteristics (α = 0.001) except FMC.    

Overstory (O) Understory (U) U > O rho  

Units Mean (sd) P05 P95 Mean (sd) P05 P95   

Fine fuel loading (w) kg⋅m− 2⋅year− 1 0.01 (0.012) ** − 0.01 0.03 0.005 (0.012) ** − 0.01 0.02 41.76% − 0.03 
Bulk density (bd) kg⋅m− 3 5⋅10-4 (0.002) ** − 0.002 0.002 0.002 (0.007) ** − 0.01 0.01 66.77% 0.06* 
Surface area-to-volume ratio (σ) m2⋅m− 3⋅year− 1 1.40 (16.925) –22.41 31.70 5.92 (37.163)** − 55.11 66.85 55.51% 0.15** 

Heat content (h) kJ⋅kg− 1⋅year− 1 − 3.08 (13.922) ** − 27.80 13.57 − 2.45 (31.799) − 57.72 45.81 54.07% 0.12** 

Min. fuel moisture content (FMC) % dw⋅year− 1 − 0.02 (0.252) ** − 0.42 0.35 − 0.06 (0.461)** − 0.96 0.55 49.67% 0.01 
Understory-overstory gap (uo gap) m⋅year− 1 0.01 (0.085) ** − 0.12 0.16       
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the spread of high-intensity fires. In addition, although the low fuel 
loadings, bulk density, and the generally low cover of canopy trees in 
dry environments suggest a relatively reduced risk of crown-to-crown 
fire (Alvarez et al., 2012), the higher speed of surface wind in these 
open stands further facilitates the fire spread in the surface. The rela
tively elevated fire hazard of these drought-driven open stands with fire- 
prone understories agrees with previous studies on the spatial distri
bution of historical wildfires in the study area (Díaz-Delgado et al., 
2004; González and Pukkala, 2007; Lecina-Diaz et al., 2014). 

Mesic lowland areas dominated by Q. suber and Q.ilex showed lower 
canopy flammability than P. halepensis stands with xerophile understory 
communities. However, the fire hazard of these forests highly depended 
on the understory. Whereas Q. ilex forests may present a highly variable 
understory depending on the past management and their environmental 
conditions, Q. suber often coexists with silicicolous understories domi
nated by Erica arborea, Cistus, and genistoid species. The strong corre
lation between Q. suber and silicicolous ericoids is explained by the 
common ecological requirements and their ability to occupy poor soils, 
reinforced by the intense human management focused on cork extrac
tion and the intentional promotion of species as E. arborea in the un
derstory to supplement yields through secondary products (Guitart 
et al., 2020; Mundet et al., 2018). The species characterizing the sili
cicolous understory are, in general, extremely flammable because of 
their high heat content, high surface area-to-volume ratio, and low FMC 
(Dehane et al., 2017). Besides, the abundance of the multi-stemmed 
shrub E. arborea substantially increases the understory flammability 
through its small leaves, high fuel loading, bulk density, and relatively 
high height that reduces the gap with the overstory (Curt et al., 2011). In 
contrast to dry P. halepensis stands, forests dominated by Q. suber and 
silicicolous ericoid understories have not been stricken by large wildfires 
recently. Nevertheless, despite being a highly resilient system (Pausas, 
1997), our results indicate a greater vulnerability of these forests to fire 
under potential drier conditions. 

High precipitations and low temperatures were associated with high 
canopy fuel loadings and bulk density, low understory fuel loadings and 
bulk density, and high minimum understory fuel moisture content. 
Whereas in the temperate and relatively wet regions of the Pyrenees and 
Pre-Pyrenees, many forests are dominated or co-dominated by multi- 

stemmed oak stands resulting from past anthropic disturbances 
(mainly thinning for firewood and charcoal production), at higher alti
tudes, monospecific coniferous forests (P. uncinata, P. sylvestris, Abies 
alba Mill.) are more frequent. These differences in the stand composition 
and structure imply notable differences in forest flammability, mainly 
explained by the large interlayer gaps in many even-aged coniferous 
stands (Sánchez-Pinillos et al., 2019) and the highly-compacted litter 
composed of short thin needles. Accordingly, fire incidence has been 
much lower at the highest altitudes, affected by small surface or litter 
fires (González et al., 2007). 

4.2. Overstory and understory fuel characteristics over time 

Overstory and understory layers had significantly different rates of 
change in all fuel properties. However, our results showed that the 
annual variation of most fuel characteristics was very small during the 
time window considered. Fine fuel loadings and bulk density in both 
layers slightly increased over time as expected due to forest growth in 
absence of disturbances and silvicultural treatments. In this sense, the 
gradual increase in the abundance of broadleaf species in some Medi
terranean and sub-Mediterranean pine forests during the last decades 
(Carnicer et al., 2013; Vayreda et al., 2013) contributed to a significant 
increase in fine fuel loadings and ladder fuels. This is explained by the 
combination of species with complementary light ecology which in
creases canopy space-filling (Pretzsch, 2014; Sánchez-Pinillos et al., 
2019). Besides, the greater presence of broadleaf species generally 
reduced overstory high heat contents. The relatively higher rate of 
change of fine fuel loadings in the overstory than in the understory can 
be explained by the interception of light by the upper strata, limiting its 
availability, and therefore, development of lower strata (Rodríguez- 
Calcerrada et al., 2008; Valladares and Guzmán, 2006). These results 
may also be accentuated by the working definition of the understory 
layer in this study, which was considered up to a height of 2 m. Simi
larly, the overall increase in the gap between overstory and understory 
layers, particularly in mountain forests, can be explained by the primary 
growth of trees in relatively young forests and the reduction in the un
derstory growth due to the shading effect and the ontogenetic growth 
reduction as individuals become senescent. This trend, however, is 

Fig. 4. (a) Principal Component Analysis summarizing the rate of change of fuel characteristics in the overstory (Ove, solid arrows) and understory (Und, dashed 
arrows) layers: change in loading (w), bulk density (bd), change in surface area-to-volume ratio (σ), change in heat content (h), change in minimum moisture content 
(FMC), and change in understory-overstory gap (uogap). (b) Redundancy analysis relating the rate of change of fuel characteristics in both vegetation layers to 
environmental variables: temperature (T), precipitation (P). Grey dots indicate individual forest plots. Colored triangles and dots indicate the mean values of each 
forest type. (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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expected to slow down or even reverse in the long term, as trees reach 
their maximum height or successional dynamics promote diversification 
and the growth of saplings in the understory (Sánchez-Pinillos et al., 
2019). 

In contrast to the static analyses, the rate of change of fuel charac
teristics in our study area was rather small and weakly related to 
climate. We cannot reject, however, future differences among regions as 
climate warming rises. In this sense, our study suggests increasing forest 
flammability as annual precipitation decreases, promoting the devel
opment of understories dominated by xerophilous species with lower 
FMC. 

4.3. Limitations and potential applications 

Our study aimed to shed light on the spatial and temporal variation 
of fuel characteristics across a climatically diverse Mediterranean re
gion. Still, some caveats to our approach need to be acknowledged. First, 
we excluded from our analyses the plots with evidence of intense forest 
management or disturbances in the past three decades through the 
percentage of stumps and dead trees. We could not control, however, 
silvicultural practices on the understory for not being registered in the 
SNFI. Although the large dataset used in our analyses could partially 
mitigate such effects, we strongly recommend future studies in smaller 
study areas or with smaller data sets to account for potential treatments 
of the understory. Second, we focused on climatic variables as general 
predictors of the distribution of fuel characteristics across space. 
Whereas our results showed the great complexity of fuel distribution at 
the stand and landscape scales, they cannot be used as a proxy to predict 
fire behavior as a function of fire hazard. Assessing fire behavior would 
require running realistic fire behavior models at the stand scale (e.g. 
Parsons et al., 2011) under a set of environmental conditions (Ager et al., 
2011). The information provided in this study may be highly valuable to 
develop future custom fuel models adapted to Mediterranean forests and 
reproduce wildfire spread patterns (Salis et al., 2016). Nevertheless, 
additional effort is still necessary to characterize the dead fuel fraction in 
the understory and fuel properties of litter and downed dead wood, 
whose effects could either increase or decrease the understory influence 
on fire behavior (Keane, 2015). 

4.4. Conclusions and management implications 

Our study supports the hypotheses that living fuels in forests are 
significantly different across vegetation layers and at large spatial scales, 
highlighting the importance of understory fuels in the overall flamma
bility of Mediterranean forests. While some commonly used fuel classi
fications benefit of well-known vegetation and environmental categories 
(e.g. Scott and Burgan, 2005), our findings agreed with the limitations 
provided by Keane (2013) for these ‘association’ approaches and 
remarked the necessity of considering the spatial variability of fuel 
characteristics across different vegetation strata. The support of our 
hypothesis emphasizes the need to complement canopy structural 
characteristics (e.g. canopy base height or bulk density) with understory 
fuel characteristics when assessing fire risk or defining fire mitigation 
policies. 

Moreover, although forest management widely recognizes the role of 
the understory on the vulnerability of the whole stand, our results 
stressed the need to distinguish between understory communities and 
dominant tree species in the overstory (Keane, 2013). In this sense, 
management guides promoting different treatments based on species 
composition of vegetation layers entail valuable tools to guide forest 
owners and managers to reduce forest vulnerability to fire (Piqué et al., 
2017). Selective and low-intensity thinning should be prioritized over 
clearcutting and high-intensity thinning to avoid the development of 
dense, shade-intolerant, and flammable understories. These practices 
can be also complemented with pruning and the removal of the under
story through mechanical treatments, prescribed fires, or prescribed 

grazing (Agee and Skinner, 2005; Casals et al., 2016, 2009), particularly 
in warm regions with high fire hazard where we found the highest 
sensitivity to fire. Altogether, our findings constitute critical information 
on forest vulnerability to fire under different climatic conditions and 
highlight the urgent need of developing fuel management policies ac
counting for the fuel characteristics of different vegetation strata by 
incorporating species-specific information. 
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D., Maianti, P., Artés-Vivancos, T., Costa, H., Lana, F., Löffler, P., Nuijten, D., 
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