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Abstract
One of the main objectives of forest stand management in Mediterranean areas of Europe is the mitigation
of crown fire hazard. Effective silvicultural strategies for reducing the likelihood and intensity of crown fires
include reducing surface fuels, increasing canopy base height (CBH) and reducing canopy bulk density
(CBD). All these fuel variables depend to a certain degree on stand structure and are therefore responsive to
stand density management through thinning treatments. It is well known that canopy fuel load (CFL) and
CBD diminish and CBH increases immediately after thinning from below. Nevertheless, for how long the
thinning effect be sustained and whether it could be species-specific is less clear. We examined how different
levels of thinning intensity altered canopy fuel variables in the mid-term in Pinus pinaster and Pinus radiata
stands. We used data from 41 thinning trial locations installed in pure, even-aged stands of P. pinaster (22
locations) and P. radiata (19 locations). At each location, three rectangular plots were established and a
different treatment was applied to each plot: control (unthinned), low thinning (20% of the basal area
removed), and heavy thinning (40% of the basal area removed). Six years after treatments, CBD and CFL in
treated plots were still significantly lower than in untreated plots for both species. Moreover, for radiata pine,
CBD values were even lower than in the pre-thinning situation. On the other hand, CBH did not show any
change following thinning in P. pinaster, whereas for P. radiata, heavy thinning resulted in significantly
lower CBH values since four years after the treatment. The results highlight that thinning may only have a
limited impact towards diminising the potential for crown initation, especially in maritime pine stands,
altough they could significantly influence the crown fire rate of spread in stands of both species.
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Mediterranean pine stands without proper fuel management are prone to high-intensity crown fires.
Effective silvicultural strategies for reducing the likelihood and intensity of crown fires are aimed to
decrease quantity and continuity of forest fuels. The initiation and spread of crown fires in pine stands
are strongly influenced by three canopy fuel stand variables: canopy base height (CBH), canopy fuel
load (CFL) and canopy bulk density (CBD) (Van Wagner, 1977). These variables are responsive to
stand density management, i.e., thinning treatments (Ruiz-González et al., 2015; Hevia et al., 2018).
Although it is well known that both CFL and CBD diminish and CBH increase immediately after
thinning from below, for how long that effect will be sustained is less clear. The main objective of this
work was to evaluate the mid-term effects of thinning on these variables in pine stands.
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The study area was located in the North-west of Spain. The dataset corresponds to 41 thinning trial
locations installed in pure, even-aged stands of Pinus pinaster (22 locations) and P. radiata
(19locations). At each location, three rectangular plots (1000 m2 in size) were established and a
different treatment was applied to each plot: control (unthinned), low thinning (20% of the basal area
removed) and heavy thinning (40% of the basal area removed). The plots were thinned from below
immediately after plot establishment in 2009-10 and were re-measured in winter 2011-12, winter 201314 and winter 2015-16.
The values of CBH, CFL and CBD were estimated from tree diameter, height and height to the base
of live crown measurements. The ‘load over depth’ method’, proposed by Van Wagner (1977), was
used to define these variables. According to this method, CBH was calculated as the vertical distance
between the ground surface and the mean crown base height; CFL was calculated as the biomass of
needles and fine twigs (up to 5 mm at the thick end) which were considered as the fuel that is assumed
to be consumed within the flaming front of a crown fire; and CBD was calculated by dividing CFL by
the canopy length, estimated as the difference between the mean stand height and CBH.
Species-specific equations were used to estimate the biomass of needles and fine twigs (DiéguezAranda et al., 2009).
Analyses of variance (ANOVA) were conducted to assess the influence of the thinning intensity on
the canopy variables of each inventory. Differences between mean values were evaluated with the
Tukey’s HSD test (α = 5%). The value of the canopy variable analysed measured on the previous
inventory was included in the ANOVA as a covariate for all post-treatment comparisons.

Box-plots of each canopy fuel variable, differentiating by species, thinning intensity and inventory
are shown in Figure 1. The results indicate that the values of the three canopy fuel variables on both
species before thinning treatments (BT, 2009-10) were not significantly different between plots
assigned with different thinning intensities.
Significant differences between thinning intensities were found for CFL and CBD for both species
in the first post-thinning remeasurement (2011-12). Moreover, the differences were maintained along
the 6-year period analyzed with a similar pattern for both species. The observed CBD values in the
thinning plots at the end of the study period (2015-16) reached the values before thinning for maritime
pine but not for radiata pine. The response of P. pinaster CBD and CFL agreed with previous results
(Jiménez et al., 2016) in a 5 years study, but contradicts the results of Soler et al. (2017) who did not
find change in CDB seven years after thinning. It must be noted that the latter study was carried out in
older stands and under Mediterranean climate with less precipitation. Fuel management to reduce CBD
below the empirical threshold value of 0.10 kg/ m3 has been recommended since the likelihood of
active crown fire is strongly reduced (e.g. Scott and Reinhardt, 2001). Six year after treatments only
the mean value of the radiata pine trials with heavy thinning remains below this threshold (Figure 1,
red dotted line for CBD).
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Figure 1 - Box-plots of the canopy variables for each species, inventory and thinning intensity: Control (C), Low
thinning (LW) and Heavy thinning (HT). Different letters indicate significant differences between mean values
(Tukey’s HSD test. α = 5%). Black points correspond to mean values.

Significant differences between thinning intensities were found for CFL and CBD for both species
in the first post-thinning remeasurement (2011-12). Moreover, the differences were maintained along
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the 6-year period analyzed with a similar pattern for both species. The observed CBD values in the
thinning plots at the end of the study period (2015-16) reached the values before thinning for maritime
pine but not for radiata pine. The response of P. pinaster CBD and CFL agreed with previous results
(Jiménez et al., 2016) in a 5 years study, but contradicts the results of Soler et al. (2017) who did not
find change in CDB seven years after thinning. It must be noted that the latter study was carried out in
older stands and under Mediterranean climate with less precipitation. Fuel management to reduce CBD
below the empirical threshold value of 0.10 kg/ m3 has been recommended since the likelihood of
active crown fire is strongly reduced (e.g. Scott and Reinhardt, 2001). Six year after treatments only
the mean value of the radiata pine trials with heavy thinning remains below this threshold (Figure 1,
red dotted line for CBD).
On the other hand, CBH did not show any change following thinning in P. pinaster, a species with
marked self-pruning. Jiménez et al. (2016) found significantly higher CBH values in treated plots,
probably due to its high pre-treatment stocking. For P. radiata, heavy thinning resulted in significantly
lower CBH values since four years after the treatment, likely caused by enhanced lower branch
elongation linked to increased light availability.
Since CBH strongly influences the likelihood of crown fire initiation, and CBD the crown fire rate
of spread, the results highlight that thinning treatments: (i) may only have a limited impact towards
limiting crown fire occurrence, especially in maritime pine stands; and (ii) can have substantial impact
in the crown fire rate of spread and in discriminating the type of crown fire, especially in radiata pine
stands.
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