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by the Forest Fire Weather Index

Marc SolerMartin1
& José Antonio Bonet1,2 & JuanMartínez De Aragón2

& Jordi Voltas1 &

Lluís Coll2,3,4 & Víctor Resco De Dios1

Received: 17 March 2017 /Accepted: 9 June 2017 /Published online: 28 June 2017
# INRA and Springer-Verlag France SAS 2017

Abstract
& Key message No temporal change was recorded during
summer in fuel availability in Pinus pinaster stands, con-
trary to predictions from the Forest Fire Weather Index.
Also, thinning had no mid-term effect on fuel moisture or
canopy structure.
& Context Forest fires are a major problem in Mediterranean
countries. Management actions, such as fuel reductions, are
one of the main tools to diminish fire risk, but the midterm

efficacy of such tools remains largely untested with empirical
data.
& Aims Here, we test for midterm effects of thinning on fuel
moisture and crown bulk density in P. pinaster stands and
whether temporal variations in fuel moisture correlated with
predictions from the Fire Weather Index, a commonly used
index on fire risk, and its components.
& Methods We compared fuel moisture over a fire season and
crown bulk density in nine pairs of thinned/unthinned plots
7 years after treatments were applied.
& Results We observed that fuel moisture remained stable dur-
ing a fire season, as a likely result of drought-induced physi-
ological adjustments, including stomatal regulation and
others, which allow leaves to maintain a large humidity even
during drought, and that thinning had no midterm effect on
fuel moisture or crown bulk density. Moreover, the Fire
Weather Index and its components displayed different tempo-
ral dynamics than those observed in fuel moisture.
& Conclusion These results are important as they indicate
that thinning may only have a limited, short-term impact
towards diminishing the potential for crown fire spread in
these stands and that current indices to evaluate fire risk
may require a re-evaluation.
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1 Introduction

Forest fires are a major environmental problem in many areas
worldwide, including Southern Europe. The average number
of forest fires in EU Mediterranean countries is of
50,000 year−1, which annually burn around 0.5 Mha (San-
Miguel and Camia 2009; Moreno et al. 2013). Forest fires
depend upon the concurrence of four factors, with markedly
different temporal dynamics (Bradstock 2010): (i) fuel load,
which results from plant growth and changes at inter-annual or
decadal scales; (ii) fuel availability, which depends mostly
upon its moisture and changes during and across seasons;
(iii) fire weather, which provides the conditions necessary
for fire spread and varies within days; and (iv) ignition
sources, which occur at very short and irregular intervals
and often involve human action (arson or negligence) or
lightning.

Within the different forest fire types, crown fires are the
most problematic from an operational point of view because
they burn at very high intensity and often beyond extinction
capacity (Rothermel 1983; Alexander and Cruz 2011; Alvarez
et al. 2012). In turn, the likelihood of a crown fire depends
upon complex interactions between surface and understory
fuel load and characteristics, height of the crown base, and
crown bulk density (CBD), which jointly determine the fuel
load, and by the moisture of thin particles (<3-mm width),
which determines fuel availability (van Wagner 1977;
Alexander 1988; van Wagner 1993). Once a crown fire has
initiated, CBD and fuel moisture (FM) will be amongst the
most critical parameters determining its spread (van Wagner
1977).

Given the importance of fuel load for determining fire
spread probabilities, it has been proposed that fuel reduction
treatments could diminish fire spread (Agee and Skinner
2005; Piñol et al. 2007) and fire severity, amongst other ben-
efits (McIver et al. 2013). This is because fuel reduction treat-
ments diminish fuel continuity. The efficacy of these fuel re-
duction treatments is currently discussed, given the large area
needed and limited leverage, but a full review of this topic is
beyond the scope of this study (Fernandes et al. 2013; Moritz
et al. 2014; Boer et al. 2015; North et al. 2015).

It is trivial that CBD will diminish immediately after thin-
ning. For how long will that effect be sustained is less clear. It
is currently assumed that fuel reduction treatments in
Mediterranean forests need to be performed, roughly, every
15–20 years, implying that this is the period of time that it
should take for fuel loads to reach the same accumulation as
before the thinning (Agee and Skinner 2005; Vélez 2010;

Stephens et al. 2012). Moreover, thinning decreases tree den-
sity and often leads to higher soil water availability, which
should additionally lower the probability of a crown fire by
increasing FM although, in some cases, less water may be
available after increases in the exposure of bare soil enhance
soil evaporation (Pretzsch 2009; Alfaro-Sánchez et al. 2016;
Resco de Dios 2016). However, as for CBD, these effects may
be limited in time if the canopy of the remaining trees quickly
occupies the gap left by removed trees.

There is currently a paucity of data on the midterm effects
of thinning on CBD and fuel moisture (FM). Some studies
have examined the responses of shrubs (Potts et al. 2010;
Kreye et al. 2014) and others the responses to prescribed fire
(Fernandes 2009). However, the midterm effects of thinning
to reduce crown fire potential in Mediterranean pine forests
have only seldom been considered (Jiménez et al. 2016).

Fire risk is often considered to increase as the intensity of
the summer water deficit, characteristic of Mediterranean en-
vironments, advances (Viegas et al. 1999; Bedia et al. 2015).
This is reflected in the temporal variation of the different fire
risk indices, amongst which the Fire Weather Index (FWI) is
particularly widespread amongst regional and local meteoro-
logical agencies worldwide (vanWagner 1987). In short, FWI
could be considered as a drought index, in that it relies on a
basic water budget that predicts higher fire risk as water scar-
city increases (note that FWI has also additional components
to calculate fire risk, such as wind speed and other character-
istics of fire weather, which will be explained in further detail
in the methods). However, while FWI often increases as the
summer advances, whether or not the probability of a crown
fire actually increases depends not only upon meteorological
factors, but also upon the physiological adjustments made by
the trees and the shrubs, including stomatal regulation, osmot-
ic and elastic adjustments, capacitance, and other mechanisms
which allow leaves to maintain a large humidity even during
drought.

One of the most widespread vegetation types in the
Mediterranean is pine forests. Pine species are known to be
isohydric, meaning that they display feedforward stomatal
control of transpiration and leaf moisture remains relatively
constant as drought advances (Klein 2014). Additionally, oth-
er adjustments such as osmotic and elastic adjustments and
stem capacitance could also decouple leaf moisture from at-
mospheric drought for a period of time (although leaf moisture
will eventually decline during an extreme drought). Amongst
Mediterranean pine species, Pinus pinaster Ait. has the
broadest ecological niche in Spain (from sea level to 1900 m
and in different soil types) and is often subjected to prolonged
summer drought (Gil et al. 1990). For an isohydric pine such
as P. pinaster, we could therefore expect that, regardless of
water availability, foliage moisture will remain stable through-
out the fire season. Since shoot growth can be considered
negligible during a fire season, crown fire risk should
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therefore remain stable throughout, indicating a constant fire
risk during the growing season, except in those days where
fire weather conditions (e.g., windy days) could enhance fire
propagation.

Here, we test whether thinning has any legacy effects on
FM and CBD 7 years after the treatment and whether seasonal
dynamics of FM are appropriately captured by FWI and its
components. Thinning leads to major structural changes in the
canopy and in the understory, but here, we solely focused on
FM and CBD as key canopy characteristics involved in crown
fire propagation. We studied different stands of planted
P. pinaster, as it is the dominant species within the 5 Mha of
planted forests that occur in Spain (Vadell et al. 2016), and
about a third of all forest fires in Spain occur in P. pinaster
stands (MAGRAMA 2012). We hypothesized that (i) thinned
stands would show lower CBD than unthinned stands and (ii)
also higher moisture and that (iii) foliage moisture would re-
main stable throughout the summer and the components of
FWI relating to fuel availability would show limited predic-
tive accuracy.

2 Materials and methods

We studied different stands of P. pinaster planted around
60 years ago. The experiment was conducted at the Natural
Park of Poblet, in Tarragona, NE Spain (41° 21′ 6.4728″ lat-
itude and 1° 2 ′ 5.7496″ longitude). The climate is
Mediterranean with a mean annual temperature of 13.2 °C
and a mean annual precipitation of 600 mm (Bonet et al.
2012). The soil is loamy-sandy and well drained and originat-
ed from decomposed granite (Bonet et al. 2012).We used nine
pairs of plots (18 plots in total) distributed across 2.3 km in
distance. The plots were selected to represent a wide range of
aspects, altitudes (from 609 to 903 m a.s.l.), and slopes (3–
23%; Table 1). The original planting density was ~2500 trees
ha−1, but there were marked differences in density (688–2657
tree ha−1) and basal area (31.5–61.1 m2 ha−1) across plots at
the time of starting the experiment due to mortality and other
factors. Each pair of plots contained a thinned and an
unthinned 40 m × 40 m plot, separated by ~100 m, which
together represented a complete block for a randomized com-
plete block experimental design with nine replicates. Different
thinning intensities were conducted across plots, ranging from
8 to 57% of the basal area, during 2009 (Table 1). We con-
ducted a systematic thinning (based on the position of the
trees) manually in August 2009. The cut trees were removed
from the plots with a winch and only the understory was
masticated, with the residues being left in an area adjacent to
the plot

Understory composition was heterogeneous and dependent
on altitude. Quercus ilex L. occurred at highest altitudes,
Cistus spp., Ilex aquifolium L., and Arbutus unedo L. T

ab
le
1

S
ta
nd

ch
ar
ac
te
ri
st
ic
s
an
d
si
lv
ic
ul
tu
ra
la
ttr
ib
ut
es

of
th
e
ni
ne

pa
ir
s
of

pl
ot
s
(1
8
to
ta
l)
st
ud
ie
d

Pl
ot

A
lti
tu
de

(m
)
A
sp
ec
t(
°)

Sl
op
e
(%

)
H
un
th
in
ne
d
(m

)
H
th
in
ne
d
(m

)
G
un
th
in
ne
d
(m

2
ha

−1
)
G
th
in
ne
d
(m

2
ha

−1
)
N
un
th
in
ne
d
(h
a−

1
)
N
th
in
ne
d
(h
a−

1
)
D
q
un
th
in
ne
d
(c
m
)
D
q
th
in
ne
d
(c
m
)

1
90
3

20
19

11
.4

11
.8

49
.8

32
.5

11
69

76
4

23
.3

16
.6

2
87
9

36
0

22
12

11
.5

35
.3

26
.6

71
7

57
3

25
.0

17
.2

3
74
4

90
18

11
.8

11
.3

61
.1

41
.7

26
57

15
28

17
.1

15
.1

4
75
9

40
23

11
.8

11
.2

59
.8

25
.5

18
08

70
0

20
.5

12
.8

5
79
6

60
18

11
10
.8

36
.1

21
.2

11
49

66
8

20
.0

17
.1

6
83
5

65
15

11
.6

11
32
.4

21
.4

77
6

66
8

23
.1

16
.3

7
85
2

20
13

11
11
.9

31
.5

16
.5

86
1

35
0

21
.6

12
.7

8
60
9

34
0

5
13
.8

13
.5

42
.7

29
.3

95
7

66
8

23
.8

14
.0

9
64
4

30
3

13
.2

15
34

31
.4

68
8

50
9

25
.1

16
.5

H
,G

,N
,a
nd

D
q
in
di
ca
te
he
ig
ht
,b
as
al
ar
ea
,d
en
si
ty
,a
nd

qu
ad
ra
tic

di
am

et
er
,r
es
pe
ct
iv
el
y

Annals of Forest Science (2017) 74: 51 Page 3 of 11 51



appeared at intermediate altitudes, and in lower altitudes and
near ravines occurred A. unedo L., Cistus spp., Ruscus
aculeatus L., Juniperus communis L., I. aquifolium,
Viburnum tinus L., Cytisus scoparius L., amongst others.
Further details on site location and characteristics may be
found elsewhere (Bonet et al. 2012).

2.1 Crown bulk density sampling

We estimated crown bulk density (CBD), from the approach
of Keane et al. (2005):

CBD ¼ 2

SLA
∑n

i¼1

−ln g sinθ cosθ
z

ð1Þ

where SLA, g, θ, and z are the specific leaf area (m2 kg−1), gap
fraction, zenith angle, and height (m), respectively. SLAwas
measured after determining the area in scanned leaves using
ImageJ (Schneider et al. 2012) from a composite sample ob-
tained from five trees across each plot and dividing the area by
their dry weight. g was measured from pictures taken at θ of
1°, 30°, 60°, 89°, 120°, 150°, and 179° zenith angles using the
R package canopyphoto (Duursma 2013), with two replicates
(two pictures at each zenith angle taken at opposite ends of
each plot) at 2 m high.

However, we observed problems with this approach. In
particular, no recommendation on either n or θ was provided
by Keane et al. (2005) and the right-hand side of the equation
is not bounded in that it presents a summation, not an average.
The value of CBD was therefore highly variable depending
uponwhich combination of θwas taken (and on the n chosen),
and higher values occurred with more data points (data not
shown). Therefore, for the benefit of parsimony, we chose to
calculate a proxy for CBD (pCBD) instead as follows:

pCBD ¼ 2

SLA

−ln g
z

ð2Þ

where g is the average gap fraction measured at 90° (that is,
vertically up). It is well established that CBD correlates with
photographic estimates of g so, although Eq. 2 will not pro-
vide quantitative estimates of CBD, it will provide values of
pCBD that will be strongly correlated with actual CBD
(Welles and Cohen 1996; Keane et al. 2005).

2.2 Fuel moisture sampling

We collected data from the different live and dead fuel types
occurring at the site. Live fuel was collected from particles
smaller than 3 mm in crown trees and also in shrubs. We
collected five tins with ~100 g of each fuel type per plot by
using a composite of different trees (for crown fuel) and

shrubs (for shrub fuel). Crown fuel was collected using a pole
pruner from the upper half of the crown, in sunlit leaves. We
attempted to sample also the herbaceous layer, but it was non-
existent in most plots.

In half the plots, we additionally collected dead fuel parti-
cles that were classified depending on their size as 1 h (<6mm)
or 10 h (6–25.4 mm), and we collected 1- and 10-h particles
suspended and also on the surface. For each of these four fuel
types, we also collected five tins of fuel per plot. Sampling
effort was reduced, relative to that of live FM, such that only
five pairs of plots (instead of the nine pairs used in live fuel
assessments) remained because previous work has identified a
chief influence of vapor pressure deficit (VPD) over dead fine
FM, and VPD was expected to be high during the summer
collection period such that dead fine FM would be uniformly
low throughout the summer (Resco de Dios et al, 2015).

Measurements that would later be used in statistical analy-
ses were conducted fortnightly between the second half of
June and September (that is, during the fire season).
Additionally, the study was initiated in late May, where bi-
weekly sampling was conducted at one additional plot within
the same area but different from the others, providing a “base-
line” measurement (see Fig. A1; Online Appendix). These
baseline measurements were conducted in weeks alternative
to those in the rest of the plots, such that at least a sample was
collected in every week. All samples were collected around
noon (10:00–15:00 h).

After collection, samples were stored immediately in tins
within a cooler, and sealed with Parafilm and transported to
the laboratory. In the laboratory, samples were freshly
weighed and then placed in an oven at 105 °C for 48 h. FM
was calculated as the difference in fresh minus dry weight,
relative to dry weight.

2.3 Fire Weather Index

FWI (van Wagner 1987) was calculated as in using the R
package fireDanger (Bedia et al. 2015). In brief, the FWI
contains five modules:

1. Fine Fuel Moisture Code indicates the availability of dead
fine surface fuel from air temperature (Tair), relative hu-
midity (RH), wind speed (u), and rainfall (P).

2. Duff Moisture Code indicates the moisture in the soil
located under the organic material layer of moderate
depth, dependent on Tair, RH, and P.

3. Drought Code indicates the moisture content of the soil
deeper layer and depends on Tair and P.

4. Initial Spread Index describes the speed of propagation of
fire, dependent on Fine Fuel Moisture Code (FFMC) and
u.

5. Buildup Index indicates the amount of fuel available for
combustion, dependent on no. 2 and no. 3.
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Meteorological data were obtained from the closest
meteorological station available from the Catalan
Service of Meteorology, which was about 5 km from
the plots (Fig. 1). One of the approaches used by me-
teorological agencies to provide spatially explicit FWI
estimates over regions is to use the value of a meteo-
rological station to inform on FWI for the surrounding
area, which often encompasses a few kilometers. We
note that there could be some differences in microcli-
mate between the meteorological station and the plots
and also some differences across plots (which are spread
over 2.3 km), but microsite differences are not taken
into account by current meteorological agencies (and
those differences would not impact temporal patterns,

which is what we are assessing here). Overall, our base-
line FM measurements captured the part of the year
where the water balance was negative (when potential
evapotranspiration is larger than precipitation, May–
September, Fig. 1). The year of measurements (2016)
followed a trend in precipitation similar to the long-
term average, albeit with a more pronounced summer
drought, which allowed for testing under a wider gradi-
ent of water scarcity than would usually occur (Fig. 1).

2.4 Statistical analyses

Statistical analyses were performed within the R software (R
Core Team 2016). We estimated whether there was any sig-
nificant effect of thinning on FM (FM) by the linear mixed
model:

FMijkl ¼ Bi þ T j þ TBð Þij þ Sk þ STð Þjk þ STBð Þijk
þ εijkl ð3Þ

where B, T, and S refer to the fixed effects of block, thinning,
and sampling day error, respectively, and TB, STB, and ɛ are
the random effects including the residual error term. Because
thinning varied in intensity with plots (Table 1), we addition-
ally calculated ΔFM, the average difference in FM between
unthinned and thinned plots, and regressed it against the basal
area (G) and the density (N) removed in the nine pairs of plots.
Additionally, because of the differences in G and N across
plots before experiment inception, we additionally sought to
correlate average FM with G and with N in the 18 plots.

We further analyzed differences across thinning treatments
in structural crown components (pCBD, g, and SLA) with the
model:

Y ij ¼ T j þ εij ð4Þ

where Y stands for pCBD, g, or SLA and T is defined as
above, and ɛ are random effects including the residual error
term. As for FM, we calculated ΔpCBD as the difference in
pCBD between unthinned and thinned plots and regressed it
against G and N removed in the nine pairs of plots. Also, to
test for the effects of differences in basal area and stand den-
sity, we regressed pCBD against G and N over the 18 plots.
We assessed that normality assumption was met during
analyses.

Finally, to test for relationships between FWI and
components with FM across fuel types, we conducted
linear regression analyses between the FMs in each fuel
type and each of the FWI components separately for
each dataset (e.g., unthinned stands, thinned stands,
and baseline measurements).
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3 Results

There was no effect of thinning or stand structure on pCBD.
We did not observe any difference in gap fraction (P = 0.196),
SLA (P = 0.81), or pCBD (P = 0.33) between thinned and
unthinned stands (Fig. 2), and there was no significant corre-
lation betweenΔpCBD and %G or %N removed (Fig. 3c, d).
Additionally, there was no significant correlation (P > 0.05)
between pCBD and G and N (Fig. 3a, b).

Thinning had no significant impact on crown FM, and the
interaction between thinning and sampling day was not sig-
nificant (Fig. 4, Table 1). Given such lack of effect for thin-
ning, we did not observe any significant correlation between
ΔFM and %G or %N removed (Fig. 5c, d). There was also no
significant relationship (P > 0.05) between average FM andG
and N (Fig. 5a, b). The baseline measurements provided ad-
ditional (albeit qualitative) support for a lack of temporal dif-
ference in crown FM during a more extended period of the
year (Fig. A1).

There was no temporal difference in FM in crown, surface,
or suspended fuels (Fig. 4, Table 2). There was only signifi-
cant temporal variation in the FM of the shrubs, which showed
a significant interaction with thinning, such that FM was
higher in unthinned (than in thinned) stands at the beginning
of the season, but lower towards the middle and the end of the
season (Fig. 4, Table 2). Despite the general lack of temporal
variability in FM, FWI and some of its components showed
marked temporal variability. Drought Code and DuffMoisture
Code increased markedly throughout the sampling period
(Fig. 6), which led to marked increases in Buildup Index.
The continuous increase in Drought Code, Duff Moisture
Code, and Buildup Index was only momentarily counteracted
by intermittent rain pulses (Fig. 6). Only Fine Fuel Moisture

Code showed an overall lack of temporal variability. With the
exception of rainy periods, Fine Fuel Moisture Code was high
and stable through the fire season (Fig. 6), which matched the
pattern previously documented for dead FM (Fig. 4). As a
consequence of this pattern of temporal variation (and of
Initial Spread Index, not shown), FWI varied by 40% over
the sampling season, from 39.3 at the beginning to 65.0 to-
wards the end (except for briefly after rains, when FWI
dropped to 0). However, such a marked increase in FWI
(Fig. 6) was not mirrored by a similar increase in FM
(Fig. 4, Table 2).

We regressed FM across all fuel types against all FWI
components for further analyses on the suitability of FWI.
This analysis formally corroborated that live FM was not ef-
fectively tracked by FWI, Drought Code, or any other com-
ponents of FWI: regressions were either nonsignificant or with
very limited predictive power (R2 < 0.3, Table 3). However,
there were some significant regressions with high predictive
power (R2 > 0.5, Table 3) for some of the dead fuel compo-
nents (especially for surface 10 h and suspended 10 h,
Table 3).

4 Discussion

Here, we examine the effects of thinning on some aspects
related to crown fire risk in P. pinaster forest stands, based
on the availability of fuel and on its canopy structure, 7 years
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after the thinning was performed. We do not observe any
difference in pCBD or FMwith thinning across different types
of live and dead fuels, indicating no medium-term effects of
silvicultural treatments and of stand structure over these fire
risk parameters. Furthermore, the temporal dynamics of FWI
and its components do not reflect temporal changes in live
FM. Overall, these results have important implications for
the management of forest fire risk in Mediterranean
pinewoods.

CBD analyses indicate no structural changes in the capac-
ity to carry fires through the crown (i.e., same rate of spread,
cf. van Wagner 1977), since differences between thinned and
unthinned plots were not significant. This is likely due to a
rapid colonization of the airspace by the remaining canopy of
the uncut trees. Basal area removed ranged from 8 to 57% (or
from 3 to 34m2 ha−1). Even towards the high end of this range
in basal area reductions, we found no effect 7 years after
thinning (Fig. 2c, d). It could be argued that any potential
effects of thinning could be masked by the high natural vari-
ability in basal area (G) and density (N) before experimental
inception. However, our results indicate that canopy closure at
these stands in the 7 years after thinning precludes any effects
of G or N regardless of whether pCBD is compared against
variability in G and N (Fig. 2a, b) or if ΔpCBD is compared
against the thinning-induced change in G and N (Fig. 2c, d)

These results contrast with previous studies on medium-
term effects of thinning on CBD. Jiménez et al. (2016) found
that CBD was significantly lower 3 and 5 years after thinning
in P. pinaster stands of northern central Spain. While N after
thinning in that experiment (700–300 trees ha−1) was similar
to those reported here (Table 1), G was much lower (5.7–
3.3 m2 ha−1) and initial tree density in that experiment
(~4600–4800 trees ha−1), which examined a stand naturally
established after a fire, was much higher than here (Table 1).
The stand was also younger (46 years old), and the high tree
density in Jiménez et al. (2016) would have imposed a much
higher competitive stress prethinning, partly explaining why a
longer legacy of the thinning treatment would be expected at
that site. We note that thinning could have affected other fac-
tors of understory vegetation of relevance for behavior that we
did not measure. For instance, some studies have observed
differences in understory fuel parameters 10 and 13 years after
prescribed burning (Fernandes et al. 2004; Fernandes 2009),
and such understory composition is of paramount importance
to fully understand potential fire behavior (Madrigal et al.
2016). Our goal, however, was to understand changes in the
CBD and FM as key parameters that determine the potential
for crown fire spread, once the flame has reached the crown
(van Wagner 1977; Alexander 1988; van Wagner 1993).

The lack of an effect over CBD, g, or SLA partly explains
why FM also did not differ between thinned and unthinned
stands, further emphasizing the transient nature of any effects
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of forest thinning. The lack of temporal variation in FM is also
remarkable. Relationships between live FM and fire occur-
rence in the literature report rapid increases with area burned
when FM drops below 140–100% (Jurdao and Chuvieco
2012; Nolan et al. 2016) and below 15% for dead FM
(Nolan et al. 2016). Our measured values always fell within
this range, indicating that live and dead fuels would be readily
available for burning in the area, provided an ignition source
and fire weather. The month with highest burned area in Spain
is August (MAGRAMA 2012). Our results would indicate
that such pattern is not driven by a higher availability of fuel
during that period. Instead, we hypothesize that the temporal
pattern of burned area in pine forests would be more driven by
processes like the number of windy days or the number of
ignitions, than by fuel availability. In fact, the temporal pattern
of ignitions is highly correlated with burned area

(MAGRAMA 2012). Future studies could address this hy-
pothesis in more depth across different forest types.

Although FM was temporally stable, Drought Code, Duff
Moisture Code, Buildup Index, and FWI all predicted an in-
crease in the availability of fuel during the summer. Only the
pattern of FFMC, which remained stable through the fire sea-
son, was consistent with data on dead FM, and only the mois-
ture in surface 10 h and in suspended 10 h fuels was highly
correlated (R2 > 0.5) with either FWI or some of its compo-
nents. This is important because FWI is currently in wide use
globally. FWI was developed for boreal forests, and although
some studies indicate its validity for Mediterranean environ-
ments (Viegas et al. 1999; Dimitrakopoulos et al. 2011), our
results indicate that its applicability may not be universal.

FWI makes a simple water balance and ignores the physi-
ological behavior of the trees in the stand. The reason why this
index showed limited predictive capacity in our study case
may be related to the isohydric stomatal regulation of the ge-
nus Pinus, as stomata operate to maintain a constant water
potential (and hence FM) through the year (Klein 2014).
Other physiological mechanisms such as elastic and osmotic
adjustments and capacitance, to name a few, may have also
decoupled leaf moisture from atmospheric conditions
(Ramírez et al. 2012; Blackman et al. 2016). In fact, constant
FM is often reported to remain stable in other pine species and,
overall, in evergreen trees in the Mediterranean (Viegas et al.
2001). The fact that fuel availability remained constant during
the summer period in the study area challenges the wide ap-
plication of this index for species with isohydric stomatal be-
havior.Moreover, our results point towards the need for a more
mechanistic development of fire risk indices and that more
fully encapsulate physiological responses of leaf moisture

Another difference between our results and previous work
is that, while we observed FM to remain stable in the shrubby
layer, other studies have observed seasonal oscillations in FM
at least in some shrub species (Viegas et al. 2001; Castro et al.
2003; Dimitrakopoulos and Bemmerzouk 2003; Pellizzaro
et al. 2007). These differences may be explained by the fact
that FM often varies in a species-specific manner, and while
FM in some species may be reflected by FWI variations,

Table 2 Results of LMMs testing the effects of block, sampling day, thinning treatment, and the interaction of the latter two on the different types of
existing fuel

Fixed factors Crown Shrub Surface 1 h Surface 10 h Suspended 1 h Suspended 10 h

df χ2 P df χ2 P df χ2 P df χ2 P df χ2 P df χ2 P

Sampling 1 1.01 0.315 1 5.46 0.019 1 0.35 0.552 1 1.21 0.271 1 0.20 0.652 1 0.27 0.605

Thinning 1 1.09 0.297 1 1.99 0.158 1 0.87 0.352 1 1.12 0.290 1 1.18 0.276 1 0.01 0.961

Block 8 8.97 0.345 9 54.25 <0.0001 4 4.88 0.300 4 2.93 0.570 4 5.76 0.218 4 8.34 0.008

Sampling × thinning 1 0.19 0.664 1 4.06 0.043 1 1.77 0.674 1 0.01 0.951 1 0.01 0.948 1 0.62 0.432

The model included block crossed to thinning treatment and block crossed to thinning and sampling day as random factors as described in Eq. 3
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different FM patterns in each species may have canceled in
this joint examination of FM across the shrub stratum.

We note that fire risk is not only dependent on FM. Fire risk
also depends on the interplay with fuel load, which remains
reasonably stable through a growing season, and also on igni-
tions and fire weather (e.g., windy days). Since dead and live
fuels were available throughout the summer, it is tempting to
hypothesize that the meteorological aspect of fire risk indices
in Mediterranean pine forests during the dry summer could,
perhaps, be simplified to just taking into account wind speed
and other parameters that may enhance fire spread.
Nonetheless, further research needs also include modeling ex-
ercises of two- and three-dimensional fire spread across dif-
ferent stand structures (Pimont et al. 2016).

One of the major knowledge gaps in forest behavior
modeling lies in predicting when a surface fire will be-
come a crown fire. We are currently using a heuristic
approach, based upon the interaction between understory
composition and structure with canopy height and density,
but we are lacking a mechanistic understanding of fire
propagation to and through the canopy (Alexander and
Cruz 2011; Scott et al. 2014), although important progress
has been made in recent years (Finney et al. 2015; Pimont

et al. 2016). Future research efforts should be directed
towards addressing mechanistically the transition between
surface fire, local torching, and active or independent
crown fires. Such mechanistic understanding will be cru-
cial for designing the most effective strategy for shrub
clearing and tree thinning that will diminish fire intensity
and provide an opportunity for an effective attack.
Moreover, this research needs to be encompassed at mul-
tiple scales, as any effective forest fire prevention plan
needs to take into account landscape and regional per-
spectives (Moreira et al. 2011). We therefore need a stron-
ger coordination between detailed, plot-level studies such
as this one, with physical-based models and also with
studies considering broader spatial scales.

Our results serve to point towards another important
research gap on the potential changes in fire risk in
Mediterranean pine forests under climate change. We
have shown how FM does not change seasonally re-
gardless of meteorological conditions. The increase in
temperatures and water scarcity predicted for the
Mediterranean Basin under climate change would thus
not lead to lower FM in isohydric pine species.
However, it has been documented how increasing water

Table 3 Results of least squares
fitting fuel moisture for different
types of fuel against FWI and its
components

Fuel FWI DMC DC FFMC ISI BUI

Unthinned

Crown NS NS NS NS NS NS

Shrub NS 0.0142· 0.080*** NS 0.028* 0.017·

Surface 1 h NS NS NS 0.049* 0.070** NS

Surface 10 h NS NS NS 0.077** 0.081** NS

Suspended 1 h NS NS NS NS NS NS

Suspended 10 h 0.069· 0.046* NS 0.099** 0.080** 0.032·

Thinned

Crown 0.017· 0.016· NS 0.028* 0.025* NS

Shrub NS NS NS NS NS NS

Surface 1 h 0.109*** 0.068** NS 0.205*** 0.179*** 0.039*

Surface 10 h 0.036* NS NS 0.116*** 0.125*** NS

Suspended 1 h NS NS NS 0.036* 0.041* NS

Suspended 10 h NS NS NS NS NS NS

Baseline

Crown NS 0.259** 0.227** NS NS 0.260**

Shrub NS 0.127* 0.099* NS NS 0.126*

Surface 1 h 0.166** NS NS NS 0.267*** NS

Surface 10 h 0.600*** 0.162* 0.138* 0.27** 0.731*** 0.169*

Suspended 1 h NS 0.270** 0.215** NS NS 0.266**

Suspended 10 h 0.247** NS NS 0.27** 0.476*** NS

The values given are the R2 when significant (or NS elsewhere), and significance levels ·, *, **, and *** indicate,
respectively, P < 0.01, P < 0.05, P < 0.01, and P < 0.0001. FWI, DMC, DC, FFMC, ISI, and BUI indicate Fire
Weather Index, Duff Moisture Code, Drought Code, Fine Fuel Moisture Code, Initial Spread Index, and Buildup
Index, respectively. Analyses were performed separately for data from the unthinned stands, from the thinned
stands and from the baseline measurements
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scarcity in the area has led to widespread defoliation
(Carnicer et al. 2011), and if continued, it could lead
to significant growth reductions and mortality (Allen
et al. 2010; Voltas et al. 2013; Shestakova et al.
2016). Therefore, if FM does not change with global
warming, but if defoliation and mortality do increase,
we could encounter how the flammability of pine for-
ests diminishes under climate change. Such potential
decline in summer flammability could be counteracted
by a lengthening of the fire season, amongst other pro-
cesses, and leads to complex dynamics. Understanding
how plant physiology mediates in expected responses to
fire under climate change remains as an important
knowledge gap from which to move on.

5 Conclusions

While it is commonly assumed that thinning reduces CBD for
15–20 years in pine forests, we observed no midterm differ-
ences in CBD between thinned and unthinned stands. While
FM is often thought to decline as water scarcity increases
during Mediterranean summers, we observed homeostasis in
foliage moisture, as a likely result of the isohydric behavior of
stomata in P. pinaster. Finally, we observed that FWI did not
mirror the dynamics of canopy and shrub FM, limiting its
predictive capacity on fuel availability for these forests.
Further studies to confirm these findings in more species and
sites are necessary, but overall, they indicate the need to revise
commonly held assumptions on forest fire management.
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