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The availability of fuel and climate are major factors responsible for forest ﬁre activity over time. Here, we
tested the hypothesis that forest ecosystems containing a high shrub biomass, which constitutes a fuel
load, and affected by a warmer climate, which is associated with drier conditions and a longer ﬁre season,
are more prone to ﬁre. Fire occurrence and woody vegetation histories were reconstructed for a subalpine site (Lago di Colbricon Inferiore) in the Dolomites, part of the eastern Italian Alps, for the past
13,000 years. The modern wet climate prevents ﬁre in this area, in spite of the warm summers and an
abundant biomass of dwarf pine (Pinus mugo) and three other conifer tree species (Pinus cembra, Picea
abies, and Larix decidua). Past ﬁre history reconstructed from sedimentary charcoal showed a median ﬁre
return interval of 140 years (30e735 yr ﬁre1), with a high variability (SD  170 years) throughout the
Holocene, suggesting that the past environment was more favourable to ﬁre than the modern one,
probably due to a drier climate or to different fuel availability. The subalpine community containing
P. mugo remained stable for the past 9000 years, despite the variability of the ﬁre return interval.
Interestingly, the ﬁre frequency is higher at Lago di Colbricon than at sites in the western Alps that lack
P. mugo, suggesting that this species tolerates ﬁre disturbance. In fact, it probably favours the spread of
ﬁre due to its ﬂammable biomass, prostrated form, and dense layering canopy, thus offsetting the inﬂuence of the wet climate. Since the 19th century, the removal of dwarf pine to promote subalpine
grasslands may have suppressed ﬁres in this region.
Ó 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The functional role of ﬁre in determining the composition and
dynamics of vegetation is a key issue; it has been hypothesised that
ﬁre is the main global disturbance controlling terrestrial plant
cover (Bond and Keeley, 2005). However, in the European mountains, although ﬁre is a historical and modern process both in
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montane and subalpine belts (e.g. Carcaillet, 1998; Tinner et al.,
1998; Zumbrunnen et al., 2012), the range of its effects on plant
communities and their resistance to ﬁre remain to be elucidated.
Moreover, subalpine forests are classiﬁed as key habitats (European
Commission DG Environment, 2007) and they will be threatened if
global warming favours an increase in the number or intensity of
ﬁres (Schumacher and Bugmann, 2006). This is a real possibility, as
future climate scenarios predict that the climate of the southern
European mountains will become warmer and drier (Schar et al.,
2004; Lehner et al., 2006; Im et al., 2010). Furthermore, since the
19th century, the abandonment of land use in the Alps (e.g. Motta
et al., 2006; Risch et al., 2008) has reduced open areas, increasing
forest connectivity and the accumulation of standing fuel loads
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Fig. 1. The study site. (a) Localisation map of Lago di Colbricon Inferiore, Trento, Italy, in the eastern Alps. (b) Topographic map with contour elevations each 20 m a.s.l. labelled each
50 m.

(Kulakowski et al., 2011). The abandonment of land use also causes
structural and compositional changes in vegetation (Tasser and
Tappeiner, 2002; Motta and Lingua, 2005; Tappeiner et al., 2008;
Chauchard et al., 2013). Consequently, the increase in drought
conditions and the increase in the amount of standing fuel may
enhance the risk of wildﬁre in southern European mountains (Ryan,
2000).
Notably, the composition of the subalpine forest differs greatly
between the western and the eastern Alps due to the growth of a
dwarf pine species in the eastern region, Pinus mugo ssp. mugo
(hereafter P. mugo). Because of its life history traits, P. mugo may
play a key role in ﬁre ecology. This pine, which grows in the subalpine forest or forms large, dense shrublands, shows a prostrated
growth pattern. It has a high requirement for light and therefore is a
poor competitor with other tree species, such as cembra pine (Pinus
cembra). However, the prostrated structure of its canopy allows
snow accumulation and moisture retention, resulting in a high
resistance to drought. This growth pattern could be an advantage if
the predicted climate shift to warmer and drier conditions takes
place, but does not favour P. mugo under current conditions that
promote the expansion of P. cembra (Lingua et al., 2009).
The capacity to retain snow implies late occurrence of snowmelt
and the persistence of wet conditions under P. mugo canopies.
These canopies could act as natural ﬁre breaks or ﬁre inhibitors.
When dwarf pine is abundant in the landscape, its features could
create longer ﬁre return intervals (FRIs), a concept called the ‘moistcanopy hypothesis.’ In contrast, the ‘fuel hypothesis’ holds that the
dense and connected structure of the species’ population could
promote higher fuel connectivity within subalpine woodlands,
enhancing the spread of wildﬁre. Thus, under extremely dry
climate conditions, the presence of P. mugo would lead to a shorter
FRI. The dwarf pine-dominated ecosystem in the eastern Alps can
be used to evaluate the relative importance of ﬂammable vegetation and climate in regulating the ﬁre regime.
Few records are available to reconstruct how the frequency of
ﬁre has changed in subalpine ecosystems in the Alps over time. This
lack of insight makes it difﬁcult to predict how ﬁre regimes may
change in the future in response to changes in climate and land use.
Ecological processes relating ﬁre regimes to tree species history act
on multi-decadal to multi-millennial timescales. The present study

aimed to test the functional interaction between ﬁre and vegetation
characterised by P. mugo (evaluating the moist canopy and the fuel
hypotheses), using the record of the past 13,000 years from a
subalpine lake. High-resolution analyses of charcoal and plant
macroremains were used to disentangle the long-term relationship
between the forest community and ﬁre frequency.
2. Study site
The study site is in the Dolomites massif near the Rolle pass,
within the Paneveggio-Pale di San Martino Natural Park (Fig. 1a).
Lago di Colbricon Inferiore (46170100 N, 11450 5600 E, 1914 m a.s.l.,
surface area 1.3 ha, 8 m maximum depth, Fig. 1b) is an ancient
glacial cirque with bedrock of quartziferous porphyry and sandstone. The surrounding soils are podsols or rankers. The lake is
situated within the subalpine vegetation belt, which is characterised by a mixed canopy of cembra pine (P. cembra), European
larch (Larix decidua), common spruce (Picea abies), and dwarf pine
(Pinus mugo ssp. mugo). The understorey is characterized by
P. mugo, Rhododendron ferrugineum, Vaccinium myrtillus, Vaccinium
uliginosum, and Juniperus sibirica, with an herbaceous stratum
dominated by Cyperaceae and Calamagrostis sp. (Festi and Prosser,
2000). The mountain climate at Paneveggio (Castagneri et al., 2008)
is wet and cold, with mean annual precipitation of 1160 mm at
2002 m a.s.l. at the Rolle Pass weather station and 1100 mm at
1508 m a.s.l. at the Paneveggio forest station. In the subalpine belt,
the snow cover remains for ﬁve to six months, from December to
May. Annual mean temperature is 2.7  C at 2002 m a.s.l. and 3.7  C
at 1508 m a.s.l.
3. Material and methods
3.1. Sampling, dating, and ageedepth modelling
A sedimentary sequence measuring 361 cm was extracted from
the bottom of a lake in the region, 6.3 m below the surface, in
September 2010. The cores were collected using a Russian-type
corer (1000  75 mm), and the soft wateresediment interfaces
were sampled using a Kajak-Brinkhurst gravity corer equipped with
an 80-cm PVC liner.
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Table 1
Accelerator mass spectrometry radiocarbon dating of macroremains (SE ¼ seeds, NE ¼ needles, FC ¼ Female cones, La ¼ Larix decidua, Pm ¼ Pinus mugo, Pc ¼ Pinus cembra, and
Pa ¼ Picea abies) and of bulk sediments.
Depth (cm)

Lab code

14

36e37
66e76
100e102
126e136
166e176
212e213
250e252
318e319
344e345
358e361

SacA-27190
SacA-25573
SacA-27191
SacA-25572
SacA-25571
SacA-25570
SacA-27192
SacA-25569
SacA-25568
SacA-27193

1935
710
3060
3110
3925
7940
6645
8045
9230
11,800

a

C years BP











30
35
30
40
40
45
35
50
50
50

Calibrated age range,
cal yr BP (2s)a

Dated material

1820e1948
638e704
3206e3359
3214e3401
4240e4443
8637e8983
7463e7581
8721e9035
10,251e10,521
13,537e13,749

Bulk sediment
NE Pm, La, Pa, and Pc;
Bulk sediment
NE Pm, La, Pa, and Pc;
NE Pm, La, Pa, and Pc;
NE Pm and La; FC Pm
Bulk sediment
NE Pm, La, Pa, and Pc;
NE Pc and Pm; SE Pm
Bulk sediment

SE La
SE Pm
SE Pm

FC Pm; SE Pa

Calibration via Calib 7.0 (IntCal13; last accessed 05 February 2014).

The dating of sediments was based on 210Pb and 137Cs measurements performed at the University of Liverpool, UK. In addition, 10 accelerated mass spectrometry (AMS) 14C measurements
were carried out at the LMC14 lab, France (Table 1) and calibrated
from the IntCal13 dataset (Reimer et al., 2013). The ageedepth
model (Fig. 2a) was based on both 14C and 210Pb measurements and
the results were expressed in years before the present, set at AD
1950 by convention (hereafter ‘cal BP’), and was estimated with a
smoothing spline using CLAM R package (Blaauw, 2010).
Because materials used for 14C measurements may have been
affected by pollution or mixing in the lake basin, it may be necessary to reconstruct a change in the sedimentation rate that does not
correspond with the actual lake sedimentation. The loss-onignition (LOI, Fig. 2d) record is a good proxy for patterning the
sedimentation rate that helps us to determine the best ageedepth
model. For testing the robustness of the ageedepth model, LOI was
determined at 550  C for 1 h (Heiri et al., 2001) at 1-cm intervals
along the core and was expressed as a percentage of sediment dry
weight (%dw).
3.2. Charcoal analysis and ﬁre reconstruction
The optimal sampling interval for detecting local ﬁre episodes
using macroscopic charcoal records is <0.1e0.2 times the mean FRI
(Higuera et al., 2007), which is approximately 30 yr using the
current estimated FRI of 200 years (Kaltenrieder et al., 2010). For
the ﬁre reconstruction, 722 contiguous samples of 1 cm3 of

Depth (cm)

(a)

sediment were extracted every 0.5 cm along the 361-cm-long core
in order to reach a time resolution <30-yr sample1. Area covered
by charcoal was preferred as a measurement to amount of charcoal,
which could be affected by fragmentation; furthermore, reconstructions inferred from charcoal area appear more realistic
than those based on amount or volumes (Leys et al., 2013). Measurements of charcoal particles sieved from a 160-mm mesh were
reported as area concentration (mm2 cm3). The charcoal accumulation rate (CHAR) was assessed using the numerical ageedepth
model (CHARarea: mm2 cm2 yr1, Fig. 3a).
To identify local ﬁre events, we divided the CHAR series into
CHAR-background and CHAR-peak components using the CharAnalysis program version 0.9 (Higuera et al., 2007). The CHARbackground was distinguished from CHAR-peak using ﬁve successive regressions methods: a locally weighted scatterplot smoother
(LOWESS), a polynomial LOWESS that was robust to outliers, a
moving mean, a moving median, and a moving mode (Blarquez
et al., 2013). For each method we used time windows ranging
from 100 to 1500 years by 100-year steps, for a total of 15 reconstructions. Through these variations in regressions and time
windows parameters, 75 different reconstructions of ﬁre history
were generated.
A Signal-to-Noise Index (SNI) for local threshold values at each
interpolated sample was estimated in order to assess whether
CHAR-peaks were well delineated from CHAR-background. For
each reconstruction, we estimated the global SNI distribution from
local SNI values. For accuracy reasons, the ﬁre reconstructions were
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Fig. 2. Chronology and sedimentation of the core studied for vegetation and ﬁre history reconstruction. (a) Ageedepth model of Lago di Colbricon computed with the CLAM
program (Blaauw, 2010); red dots correspond to 14C dates not taken into account in the ageedepth model. (b) The sedimentation rate expressed in cm yr1. (c) The resolution time
expressed in yr sample1 (here, one sample ¼ 1 cm of sediment). (d) The dry matter inferred from loss-on-ignition (% of dry weight matter). (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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Fig. 3. From area of charcoal accumulation over time to the main trajectory of the ﬁre history of Lago di Colbricon. (a) Charcoal accumulation rate over time (CHARarea) expressed in
mm2 cm2 yr1. (b) 42 ﬁre event reconstructions for which the 99% percentile of Signal-to-Noise Index distribution is above the threshold value of 3. The boxes with dark grey
crosses correspond to ﬁre events reconstructed from the ﬁve different regression methods (locally weighted scatterplot smoother, polynomial LOWESS robust to outliers, moving
mean, moving median, and moving mode), in which each line is a time window of analysis (from 100 to 1500 yr). The mean number of ﬁres reconstructed (mFires) and the mean
ﬁre return interval (mFRI, expressed as years between two ﬁres) are indicated on the right. (c) Robust ﬁre events reconstructed (black crosses ¼ ﬁres identiﬁed by 75% of the 42
reconstructions) and the FRI distribution smoothed on a 1500-year moving average, surrounded by conﬁdence intervals of 90%.

retained for further analysis only if the 99th percentile of the SNI
distribution was above the threshold value of 3 (Kelly et al., 2011);
42 reconstructions were retained (Fig. 3b). A robust reconstructed
ﬁre event must be identiﬁed by at least 75% of reconstructions in
order to be considered a signiﬁcant ﬁre event. All these signiﬁcant
ﬁre events were used to calculate the FRIs, deﬁned as the time
between two consecutive ﬁres (expressed in yr ﬁre1). FRI trends
were illustrated using a 1500-yr LOWESS, bootstrapped 1000 times
to estimate the 90% conﬁdence intervals (CI) around the ﬁt (Fig. 3c).

3.3. Terrestrial plant macroremains and vegetation reconstruction
Plant macroremains, which are the best bioproxy of stand-tolocal scale vegetation (Birks and Birks, 2000), were extracted by
water-sieving through a 250-mm mesh from the 361 continuous 1cm thick samples of the core that were already used for the ﬁre
reconstruction. The vegetation history corresponded to the inﬂux of
plant remains [i.e. fragments per cm2 per year (#cm2 yr1)] and
was calculated from the volume of each sample (mean of 14 cm3),
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Fig. 4. Vegetation and ﬁre history of Lago di Colbricon. (a) Inﬂux of coniferous taxa macroremains expressed in log (#cm3 yr1) þ0.1, and other taxa are illustrated in presence
(black dots); arrows represent the main decrease of coniferous macroremain inﬂuxes following a change in the ﬁre return interval. (b) Fire return interval distribution smoothed on
1500-year moving average and surrounded by conﬁdence intervals of 90%. Vertical dotted lines are drawn at 2000-year intervals.

which was measured by water displacement and the ageedepth
model.
Plant remains were identiﬁed under a stereomicroscope (6.3e
50), with the aid of a reference collection and seed atlases (Martin
and Barkley, 1973; Cappers et al., 2006). Particular attention was

paid to remains of diploxylon pines (i.e. P. mugo, Pinus uncinata, or
Pinus sylvestris) that might have been deposited since the last
glaciation. At this altitude, the presence of P. sylvestris was unlikely.
P. mugo and P. uncinata were distinguished on the basis of the
morphology of mature female cones, which present hook-shape
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apophyses in P. uncinata. The likelihood that P. uncinata occurred in
the area during the Holocene at all was rather low, as this subspecies does not grow in the Dolomites massif but is found further
west in the central and western Alps (Ozenda, 1985).
Canonical correspondence analysis (CCA) (Ter Braak, 1986) was
carried out with Canoco 4.5 (Ter Braak and Smilauer, 2002) to
allocate an explicative percentage of environmental variables, here
FRI, to plant assemblages.
4. Results and discussion
4.1. Ageedepth model and chronology
The LOI (Fig. 2d) revealed a stable record of 41  3%dw
(mean  SE) from 335 to 0 cm, indicating a regular rate of sedimentation (Fig. 2b). The LOI increase from 9 to 40%dw from 360 to
335 cm corresponded to a rise in biological productivity in the
lacustrine sediment after the deglaciation. Of the 10 14C measurements, two were not used to compute the ageedepth model
because they contained obvious age anomalies according to the
sampling depth (Table 1). Therefore, the ageedepth model was
based on eight 14C and 21 210Pb measurements (Fig. 2a), providing a
realistic pattern of chronology covering the last 13,200 years.
The pattern of deposition time of the top-most 361 cm
(13,200 cal BP) is monotonic with a mean (SE) value of
40  30 yr cm1, and the ageedepth model is associated with a
small CI throughout time (Fig. 2a). From 361 to 335 cm in depth (i.e.
the portion that is older than 8500 cal BP), the deposition rate is
high, 86  25 yr cm1, and from 335 to 0 cm in depth (i.e. from
8500 cal BP to the present day), the deposition rate decreased to
28  13 yr cm1 in average (Fig. 2c). The mean (SE) sedimentation
rate is 0.54  0.04 mm yr1 from 13,200 to 0 cal BP.
4.2. Synchronous establishment of trees and ﬁres
Altogether, 59 local ﬁres were recorded, with the ﬁrst one
occurring during the Late Dryas, at 12,180 cal BP (Fig. 3c). The ﬁrst
record of a conifer occurred at 12,440 cal BP and corresponded to
macroremains of P. abies. Three other conifer species were recorded
during the early Holocene: P. mugo at 11,240 cal BP; P. cembra at
11,030 cal BP; and ﬁnally, L. decidua at 10,920 cal BP (Fig. 4a,
Appendix 1). Partial remains of a P. mugo female cone were recorded from 11,030 cal BP to the present day (cf Appendix 1), and none
of these presented hook-shape apophysis. This lack of a hook-shape
apophysis is consistent with the morphology of female cones of
P. mugo, allowing us to assume that the type of P. mugo recorded at
this site was the same P. mugo for the entire period studied.
The ﬁrst ﬁre event appeared shortly after the afforestation,
indicating that ﬁre required woody fuel in order to ignite and
spread. The occurrence of the ﬁrst ﬁre event a few decades or a few
centuries after the ﬁrst appearance of trees is common in the Alps
(e.g. Tinner et al., 2000; Wick and Môhl, 2006), as well as in the
European boreal (Carcaillet et al., 2012; Brown and Giesecke, 2014)
and in the North American boreal (e.g. Higuera et al., 2008; Genries
et al., 2012). In the Mediterranean mountains, the ﬁrst ﬁre events
may be associated with the domination of herbs in the landscape,
but the continuous charcoal records showing ﬁre frequency are
correlated with the occurrence of woody species (Leys et al., 2013).
This similitude of processes in different regions and continents
support the ecological rule that, whatever the climate, the occurrence of ﬁre originates with woody plants and closely follows
afforestation (Marlon et al., 2009).
The afforestation of this site occurred during the Late Dryas,
when spruce became common in the region, and the ﬁrst two
millennia of the Holocene were marked by a continuous record of

Fig. 5. Statistical relationships between ﬁre return interval and distribution of coniferous species. Canonical correspondence analysis was conducted on the percentage of
conifer macroremains with the ﬁre return interval (bold arrow) as the explicative
variable.

tree remains. This ﬁnding is consistent with studies in the Alps on
plant macroremains in lacustrine sediments (Tinner and
Kaltenrieder, 2005; Carcaillet et al., 2009; Blarquez et al., 2010)
and plant imprints in travertine (Ali et al., 2003) showing that trees
expanded in the modern subalpine belt much earlier than generally
assumed on the basis of pollen data. The common understanding is
that P. cembra and L. decidua were present at the forefront of the
afforestation wave and were generally associated with Betula. But at
Lago di Colbricon, Picea and P. mugo were also present. Interestingly, Betula remains were not recorded at the site, although the
climate of the Dolomites is wet and should thus favour the birches.
4.3. Evidence for a 9000-year-old mixed woodland
Macrofossil assemblages do not fully reﬂect plant communities
because macrofossils are produced and preserved at different rates
(macrofossils of evergreen woody taxa are often overrepresented
compared with macrofossils of deciduous and herbaceous plants)
and because the chance of ﬁnding macrofossils strongly depends
on the population size (Jackson and Booth, 2007; Blarquez et al.,
2012). In spite of these potential biases, our results clearly show
the constant record of tree macroremains from 9000 cal BP
(Fig. 4a), suggesting that the establishment of these four sporadic
trees in the landscape gave way to a mixed woodland around
9000 cal BP. Moreover, the absence of any shifts or turnover in plant
assemblages throughout the Holocene indicates that the present
mixed subalpine forest surrounding the lake originated at that time
and that the region has supported the same plant community for
the past 9000 years.
According to pollen records from sites in the eastern Alps at
similar elevations (1800e2000 m a.s.l.), mixed woodlands developed later, generally around 7500 cal BP, with the westward
expansion of Picea sp. sometimes replacing that of P. cembra
(Ravazzi, 2002; Heiss et al., 2005; Joannin et al., 2012). The development of woodlands containing P. cembra and Larix after the onset
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of the Holocene is consistent with a warmer climate that provided
more favourable conditions than during the Younger Dryas. The late
development of Picea is generally attributed to moisture conditions
and its sensitivity to competition with Abies at lower elevations
(Burga, 1988; Ravazzi, 2002). Between 10,000 and 9000 cal BP,
depending on slope exposition, both P. cembra and L. decidua
expanded their ranges, and woodlands composed of these two
species developed after 8500 cal BP. The development of Picea in
the eastern Alps after 9000 cal BP was likely allowed because humidity increased at upper elevations and because there was little
competition with Abies (reviews in Burga, 1988; Ravazzi, 2002).
The absence of Abies in our macroremain records, as well as the
synchronous development of P. abies and Larix, P. cembra, and
P. mugo, match results of pollen records from three sites in the
Panneveggio valley (Braggio Morucchio et al., 1986). This vegetation
dynamic is consistent with a Picea refugium that might be situated
in the Dolomites, as suggested by Ravazzi (2002). Moreover, a study
of the macroremains and pollen records in the Swiss Alps reported
a 7000-year vegetation history, in which Abies was absent and
conifer assemblages were composed of larch, cembra pine, mugotype pine, and spruce (Stahli et al., 2006). But these authors
found that P. mugo was the dominant taxon only since 6000 cal BP,
and Picea increased its range mainly from 4000 cal BP. The macroremain assemblages at Colbricon thus constitute one of the ﬁrst
records revealing such continuous assemblages of mixed conifers,
characterised by dwarf pine from the initial afforestation to the
present day.
4.4. Fire and vegetation history: driving force of climate and
anthropogenic use
The Holocene median FRI was 142  167 yr ﬁre1, with a large
range of values from 30 to 735 yr ﬁre1 (Fig. 4d). This median and
range changed during the Holocene. Three distinct periods are
clearly evident in Fig. 4d. The ﬁrst period, 12,200e8300 cal BP,
experienced the longest FRI, 360  206 yr ﬁre1 (75e735), median
SE (minimumemaximum). During the second period, 8300e
2200 cal BP, the FRI decreased from 300 to 90 yr ﬁre1 and displayed a smaller FRI, 120  113 yr ﬁre1 (30e525). The third period,
from 2200 cal BP to the present day, was characterised by an increase in FRI, with a median of 270  168 yr ﬁre1 (570e105).
The continuous record of the mixed coniferous forest parallelled
this FRI and was marked by three episodes of clear decrease in
macroremain inﬂuxes, from 8500 to 7400 cal BP; at 4200 cal BP;
and at 2700 cal BP (Fig. 4a). Taking into account the standard deviation of 14C dating methods, the ﬁrst decrease in both the macroremains and FRI follows the well-known 8.2-ka event that was
characterised by a cooler climate in northwestern Europe, but the
800-years duration of this event (until 7400 cal BP) renders this
interpretation delicate. This ﬁrst shift may be related to this climate
change, which would have favoured ﬁres (short mean FRI
w100 yr ﬁre1) and also temporary altered the resistance to ﬁre of
the subalpine community. This decrease in macroremains inﬂuxes
indicates diminished plant cover resulting from climate change and
ﬁre mortality and is not associated with a loss of diversity or a
species turnover.
The second and third decreases in macroremain inﬂuxes
(around 4200 cal BP and 2700 cal BP) are concomitant with an
increase in the FRI (Fig. 4a and b). This change in ﬁre frequency, well
as the change that occurred around 8200 cal BP, is not correlated
with a change in plant composition and occurred during the second
part of the Holocene that is generally more affected by anthropogenic land use. Although it is not possible to objectively prove the
case, human changes to the landscape could explain the changes in
ﬁre frequency since 3900 cal BP at Colbricon. Indeed, archaeological

studies reveal the presence of humans in the Dolomites since the
Mesolithic (Mussi and Peresani, 2011), and humans probably
engaged in pasturing of animals according to palynological records
from the Italian Alps above 1800 m a.s.l. during the Bronze Age
(Moe et al., 2007; Marzatico, 2009). The late Neolithic and the early
Bronze Ages (ca 5000e4000 cal BP) coincide with an alteration in
the ﬁre frequency in the Alps i.e. an increase in Tinner et al. (1999,
2005) or a suppression of ﬁres (Carcaillet et al., 2009). Unfortunately, human presence does not indicate human abundance or
human-induced burned forest, and this intuitive relation must
remain a hypothesis.
These three changes in macroremains inﬂuxes coincide with
changes in FRI. During the last 9000 years, several other changes in
macroremains inﬂuxes are also recorded but in the absence of
changes in FRI. These results indicate that ﬁre history is not
correlated with changes in the composition of vegetation.
Furthermore, CCA indicates that FRI explains only 2% of the
terrestrial plant macroremain assemblages (4% of the total variance
of taxa; p ¼ 0.006, Fig. 5). The increasing ﬁre frequency (ca 8000
and ca 3900 cal BP, from 465 to 120 yr ﬁre1, Fig. 2c) obviously does
not change the composition of the plant community, and vice versa,
any change in tree cover would explain the new FRI. The environment since ca 12,000 cal BP offered appropriate conditions for
woodland establishment with spruce, larch, cembra pine, and
dwarf pine in the subalpine Dolomites, whereas only cembra pine
and larch-dominated subalpine woodlands during the Holocene in
the other regions of the central and western Alps (i.e. Gobet et al.,
2003; Genries et al., 2009; Vescovi et al., 2010).
During the past 500 years, the interval between ﬁres is estimated to be around 200 years, and the macroremain inﬂuxes have
increased greatly (Fig. 4). The large amplitude of the FRI range
suggests a certain stochasticity of the system that is consistent with
the expected hazard of ﬁre ignition, but the narrower amplitude
indicates that the ﬁre occurrences could be determined by a nonstochastic process, an abrupt change due to changes in climate or
human activities, for example. The large increase in macroremain
inﬂuxes could result from the method of computing the age on the
basis of 210Pb measurements and may thus suggest misleading
dynamics, contrary to the ﬁre history reconstruction, which is
computed from the interpolated CHARarea and FRI smoothed on
1500-yr windows.
4.5. Is P. mugo a functional species in ﬁre ecology?
The working hypothesis expected longer Holocene FRIs at Colbricon due to the wetter climate of the Dolomites, compared with
the drier subalpine belt in the Alps, for which the ﬁre history is
available (Stahli et al., 2006; Carcaillet et al., 2009; Colombaroli
et al., 2010). Moreover, the continuous and essentially stable record of assemblages suggests that ﬁre and vegetation are independent. Fire obviously does not control the woody cover, and any
change in vegetation is associated with ﬁre frequency modiﬁcation,
except during the afforestation period. This ﬁnding supports the
hypothesis that external processes controlled ﬁre history, and that
the vegetation was resistant to these processes, whether they
occurred due to the climate or to anthropogenic activities.
The particular physiognomy of the dwarf pine P. mugo that
keeps moisture under its prostrated branches did not prevent the
spread of ﬁre at all. Fires were frequent (ca 120  113 yr ﬁre1)
between 8200 and 2200 cal yr BP, suggesting that dwarf pine favoured the spread of ﬁre due to its layering effect and the resinous
fuel load it provided. Our observations thus support the ‘fuel hypothesis’ concerning the relationship between ﬁre frequency and
the occurrence of dwarf pine, and our ﬁndings reject the ‘moistcanopy hypothesis’ that would limit ignition and the spread of ﬁre.
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This mixed subalpine forest appears to be tolerant to ﬁres when the
FRI ranges between 30 and 735 yr ﬁre1 (median of 140 years).
However, it has been shown that short repetitive ﬁres can alter the
forest cover, particularly for species with delayed sexual maturity,
such as the cembra pine (Genries et al., 2009). The short FRI at
Colbricon was possible because intervals between ﬁre events were
sufﬁciently long to allow tree reproduction, thus preserving the
resilience of the ecosystem.
5. Conclusion
During the last 13,000 years, three species of conifer trees grew
in the watershed around Colbricon, P. cembra, P. abies, and
L. decidua, as well as a shrubby conifer, P. mugo. This woodland
developed after 9500 cal BP, and these species have been continuously present since that time. A total of 59 ﬁres were reconstructed, with three FRI periods since 12,200 cal BP. The FRI changes
might be explained by natural climatic processes at ca 8200 cal BP
and potentially by a mixture of climate and human activities after
3900 cal BP. Despite the changes in FRI, vegetation remained quite
stable over the past 9000 years. This lack of a ﬁreevegetation
relationship suggests that the vegetation is strongly resistant to ﬁre
and that the ﬁre regime does not control the vegetation.
The moist climate of the Dolomites, with its tendency to restrict
ﬁres, was offset by the presence of dwarf pine, a species that promotes more ﬁres than the subalpine vegetation without this pine in
the driest central and western Alps. Vegetation appeared to fall
within the range of tolerance of climate and ﬁre regime variations
for the past 9000 years. Major anthropogenic changes to the
landscape since the 19th century (i.e. the removal of dwarf pine and
promotion of subalpine grasslands) might have suppressed ﬁres.
Current abandonment of historic land uses favours the spread of
dwarf pine (Dullinger et al., 2003), and global warming, which is
associated with a regional increase in the occurrence of drought
(Lehner et al., 2006; Im et al., 2010), should stimulate a rise in the
occurrence of ﬁre.
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