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Summary

1. This study investigated the fire-vegetation relationship by reconstructing the long-term fire and vegetation
dynamics around a small lake in the Mediterranean montane belt on Corsica Island. The vegetation is character-
ised by forests dominated by Pinus nigra ssp. laricio, an endemic subspecies that is currently threatened. Popu-
lations of this taxon are geographically restricted, and their ranges are decreasing, possibly because of
disturbance, that is, fire and logging.
2. Here, we examine the role of fire in vegetation dynamics and its effect on diversity since the lateglacial at a
montane site using sedimentary plant macrofossils and charcoal to reconstruct local vegetation and fire
frequency, respectively.
3. Macrofossils of P. laricio provide evidence for its growth around the Lac de Creno since 13 200 cal. years
BP, which is consistent with its natural origin in Corsica. The onset of the Holocene (~11 700 cal. years BP)
was marked by a rapid shift in the treeline, the establishment of P. laricio-dominated woodlands with low spe-
cies turnover, and a long-term increase in taxa richness as a result of successive expansions of broadleaved
deciduous trees. In spite of fire-return intervals (FRIs) fluctuating between 30 and 490 years during the Holo-
cene, P. laricio-dominated woodlands persisted for several millennia, and fires likely played an ecological role
in the functioning of these woodlands. The 12 000 year record of mean FRI (80 years between fires; i.e. fre-
quency of 12.5 fires 1000 year�1) can be used to define a baseline for the management and conservation of
P. laricio montane forests. Our findings demonstrate that P. laricio has a long history, a natural origin in Corsica,
and that Corsican pine forests have survived to a wide range of burning conditions over the last 13 200 years.
4. Synthesis: We present multimillennial fire and vegetation histories of a Mediterranean montane site. Pinus
nigra ssp. laricio has been present near the study site since approximately 13 200 cal. years BP, demonstrating
that this pine was present on the island prior to the arrival of pre-historic humans. The long-term records also
show that P. laricio woodlands were mixed with deciduous broadleaf trees (Betula sp. and Fagus sylvatica),
and other needleleaf trees (Abies alba), at least, and were not influenced by changes in fire frequency. We con-
clude that (i) fire is a natural component of the ecosystem and (ii) fires likely played an important ecological
role in the functioning of the Corsican black pine woodland ecosystem.
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Introduction

Due to the seasonal warm and dry climate that leads to a
summer drought, the Mediterranean basin is well known for
being a fire-prone region with an annual season of fire risk
(Keeley et al. 2011b). As a result of changes in both climate
and land use, relationships between vegetation, climate and
disturbances in the Mediterranean basin are likely to change
in the near future (Pausas 2004; Parry et al. 2007). On one
hand, climate models forecast that the late 21st century is

likely to be warmer and drier than was the 20th century, with
longer summers and winter dry spells (Pal, Giorgi & Bi 2004;
Giorgi & Lionello 2008). On the other hand, the ongoing
abandonment of agro-pastoral land uses in mountainous and
hilly areas may lead to higher forest connectivity (Debussche,
Lepart & Dervieux 1999; Sheffer 2012), higher amounts of
biomass and greater fuel loads (Fournier et al. 2012; Chau-
chard, Guibal & Carcaillet 2013), which in turn could facili-
tate more frequent ignition and the spread of fire, increasing
both the burned area and the fire risk (Cary et al. 2006; Dury
et al. 2011).
Current knowledge about post-fire-vegetation dynamics

is mostly based on short-term studies, that is, < 100 years*Correspondence author. E-mail: berangere.leys@univ-montp2.fr
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(Retana et al. 2002; Capitanio & Carcaillet 2008; Millington
et al. 2009) that use models of vegetation dynamics (Mouil-
lot, Rambal & Joffre 2002; Pausas & Fern�andez-Mu~noz
2011). Therefore, we are unable to predict ecosystem
responses to environmental conditions that are different to
those that have occurred in recent decades. In addition,
because Mediterranean land cover has been modified by pre-
vious human activities (Millennium Ecosystem Assessment
2005), 100-year observations of fire-vegetation relationships
are potentially biased due to multisecular human-driven
processes, for example landscape fragmentation, logging, agri-
culture and fire ignition. As a result, the natural vegetation
dynamics with regard to fire disturbance are poorly under-
stood. Spatially and temporally precise fire and vegetation
records are needed to identify the mechanisms linking vegeta-
tion composition and fire regimes at time scales greater than
100 years. Current ecosystem management rarely takes into
account baseline data about the ecosystem processes and dis-
turbances, as fire frequency or grazing must be maintained to
preserve biodiversity. This is even more important in the case
of island ecosystems, where the risk of species loss may be
exaggerated due to relatively small population sizes, large
proportions of endemic taxa and a lack of potentially suitable
habitats under future climate conditions (Whittaker & Fern�an-
dez-Palacios 2007).
Corsica harbours several endemic taxa, including the Corsi-

can black pine (Pinus nigra laricio (Poir.) Maire, hereafter
P. laricio), which forms ~16 000 ha of pure woodlands in the
montane belt (Barbet-Massin & Jiguet 2011). These wood-
lands are currently considered a priority habitat by the Coun-
cil Directive 92/43/EEC and include protected and managed
areas in the Natura 2000 network targeting the Corsican nut-
hatch (Sitta whiteheadi). Forestry in the area has focused on
increasing P. laricio timber productivity. Model-based studies
(Barbet-Massin & Jiguet 2011) suggest that the natural area
of P. laricio is altered by natural disturbance (wildfires) and
by human activities (logging and fires). Moreover, its future
distribution is possibly threatened by logging and increased
climate- and human-induced fire risk. However, several chal-
lenging questions remain unanswered in spite of research
efforts focusing on P. laricio (Reille et al. 1997; Barbet-
.Massin & Jiguet 2011; Pimont, Prodon & Rigolot 2011) such
as when and how did P. laricio-dominated woodlands emerge
on the island? How did fire regimes and climatic changes
affect the composition of the woodlands? What was the natu-
ral range of variability in fire-return intervals? Palaeoecologi-
cal studies allow the assessment of long-term relationships
between plant assemblages and fire regimes (Willis & Bhag-
wat 2010) and are therefore useful to address these questions.
By collecting sediment cores from Lac de Creno (Corsica),

which is surrounded by a montane forest of P. laricio, and
extracting charcoals and plant macrofossils (e.g. needles,
seeds or buds), we established a time-series that we compared
to the published pollen records (Reille et al. 1997, 1999) and
thus investigated the relationship between endemic vegetation
dynamics and fire frequency during the past 18 000 years.
This lake is a key paleobotanical study site on Corsica and in

the western Mediterranean basin due to (i) the length of the
chronology (18 000 years), (ii) its nearly constant rate of sed-
imentation over the past 18 000 years (Reille et al. (1997,
1999)) and due to (iii) its small lake surface, which is well
suited to the reconstruction of local fire episodes and vegeta-
tion composition because of the small charcoal source area
(Peters & Higuera 2007), the short transport distance for
macrofossils and the relatively small pollen source area
(Sugita 1994).
The long history of sedimentation allows for the reconstruc-

tion of vegetation and fire-regime changes from ca.
18 000 cal. years BP up to the present, which are associated
with a number of different climatic conditions. Since the Last
Glacial to present day, several climatic oscillations are known:
colder conditions in the lateglacial (18 000–14 700 cal. years
BP) and the Younger Dryas (12 700–11 700 cal. years BP) con-
trast with warmer conditions during the Bølling/Allerød
(14 700–12 700 cal. years BP) and the Holocene (the last
11 700 years) (Lotter et al. 2012; Shuman 2012). We hypoth-
esised a higher fire frequency related to warmer climatic condi-
tions, possibly correlated with changes of vegetation dynamics
(i.e. composition and/or abundance) as it was demonstrated in
Northern America (Marlon, Bartlein & Whitlock 2006), South-
ern Europe (Pi~nol, Terradas & Lloret 1998) or at the global
scale (Marlon et al. 2008; Daniau et al. 2012). Moreover,
land-use activities in more recent times could have modified
the vegetation composition and the fire frequency by pastoral
activities, human-induced fires and/or forest management
(Pi~nol, Terradas & Lloret 1998; Carcaillet et al. 2009).
Earlier palynological investigations from Lac de Creno

(Reille et al. 1997, 1999) indicated that Pinus pollen
increased in abundance at the onset of the Holocene and that
Pinus, Fagus, Betula and deciduous Quercus dominated
regional vegetation during most of the Holocene. The authors
assumed that the fluctuations of pollen percentage of all taxa
were due to changes in climate and possibly fire. But, particu-
larly in mountain regions, pollen records are not unambiguous
to infer the local occurrence of plant taxa contrary to plant
macroremains (Lang 1994; Birks & Birks 2000). Moreover, a
charcoal record was urgently needed to address vegetation-fire
relationships at Lac de Creno. Our new high-resolution plant
macroremains and charcoal records allow us to test the role
of fire frequency on the vegetation and to determine when
P. laricio arrived and expanded in the lake catchment area.

Materials and methods

STUDY AREA AND CORE LOCATIONS

Lac de Creno (1310 m a.s.l.; 42°12′17″N, 08°56′45″E) is located in
the south-eastern part of the Rotondo massif (western Corsica, west
Mediterranean basin). The lake is part of a Regional Natural Park
established in 1972. The 6.5-m deep, 1.5-ha area lake is situated on a
narrow crest. It has no permanent inflow and receives water from a
small catchment (~25 ha) with a bedrock of monzonitic granite. Eco-
logically, the lake is situated in the lower montane belt, which is
characterised by mixed conifer forests of P. laricio, Fagus sylvatica
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L. (beech), and Abies alba Mill. (white fir) with an understorey of
Genista corsica DC and tall heather species from Ericaceae (mainly
Erica arborea L.) (Gamisans & Jeanmonod 1993; Gamisans, Badia
& Rafols 2000). Today, the vegetation surrounding the lake and
within the lakes’ watershed is dominated by P. laricio with scattered
F. sylvatica trees and patches dwarf shrubs (G. Corsica).

The supra-Mediterranean belt, which lies below the montane belt,
is characterized by mixedwoods with Corsican pine (Pinus nigra lari-
cio (Poir.) Maire), maritime pine (P. pinaster Aiton), deciduous oaks
(Q. petraea (Matt.) Liebl., Q. pubescens, Wild.) and chestnut (Casta-
nea sativa Mill.). At lower elevation, the meso-Mediterranean belt is
dominated by evergreen broadleaved oak (Quercus ilex L.) woodlands
or tall shrublands (Arbutus unedo L.) with maritime pine. In all of
these three belts, pyrogenic tall shrubs, such as Erica arborea, E.
scoparia L., Cistus mospeliensis L. or C. salvifolius L., dominate the
understorey.

AGE-DEPTH MODEL

Parallel overlapping cores were extracted in 2009 from the lake centre
at a water depth of ~6 m using a Russian corer (diameter = 7.5 cm,
length = 100 cm) and a Kajak–Brinkhurst corer (diameter = 8.0 cm),
which allowed us to sample the uppermost water-saturated sediments.
The longest sedimentary sequence, measuring 700 cm in length, was
used for the analyses of charcoal and terrestrial plant macrofossils.

210Pb and 137Cs measurements were used to build an accurate age-
depth model for the upper sediments. The depositional model was
extended down the core using 11 14C dates measured by accelerator
mass spectrometry (AMS) on plant macrofossils or on the total
organic matter of bulk sediments when macrofossils were not suffi-
ciently abundant (Table 1). Radiocarbon ages were calibrated in cal-
endar years before present (hereafter cal. year BP) using CALIB v6.1
(Stuiver & Reimer 1993) with the Intcal09 data set (Reimer et al.
2009). The age-depth model was established using a smoothing spline
(span = 0.1) with the MCAGEDEPTH program (Higuera 2008), which
applies a Monte Carlo resampling technique to assess median ages
and generate confidence intervals (CI) for the model based on the
probability distribution of each date.

To test the robustness of the age-depth model for periods of wide-
spread large climate variations, such as the Younger Dryas–Holocene
transition (11 700 cal. years BP), we estimated sediment composition
changes using loss-on-ignition (LOI). LOI was determined at 550 °C
for 1 h (Heiri, Lotter & Lemcke 2001) at 1-cm intervals along the

core to estimate the relative abundance of organic matter and ignition
residue, principally minerogenic sediment components. LOI was not
measured in the top 20 cm of the core sequence because the sediment
volume was too small.

CHARCOAL ANALYSIS AND LOCAL F IRE-EPISODES

RECONSTRUCTION

Local fire episodes were inferred from the macrocharcoal record using
the decomposition approach (Lynch, Clark & Stocks 2004), which sep-
arates the charcoal peaks (CHARpeak), indicative for local fire epi-
sodes, and the charcoal background (CHARbackground) component, that
is indicative for regional area burned (Whitlock & Anderson 2003).
The optimal sampling interval for detecting local fire episodes using
macroscopic charcoal records is < 0.1–0.2 times the mFRI (Higuera
et al. 2007), which is approximately 15 years based on the current
estimated fire frequency on Corsica (Mouillot, Rambal & Joffre 2002).
To determine the sampling resolution of our new sediment core before
obtaining 14C measurements, we estimated the deposition time using
14C dates from core labelled Creno 8 (Reille et al. 1999) that were fit-
ted with a smoothing spline (span = 0.1) with MCAgeDepth. Based on
this age-depth model, the sediments were sampled at 0.5-cm intervals
(1290 samples) to obtain a sampling resolution < 20-year sample�1.

Sediment samples (1 cm3) were first treated with NaClO and then
sieved (160-lm mesh size) under a gentle water spray (Carcaillet
et al. 2001). Subsequently, charcoal particles > 250 lm2 were identi-
fied and tallied, and their size was measured using digital image-
analysis software (WinSeedle 2007, © Regent Instruments Inc., QC,
Canada). Charcoal measurements were reported as charcoal concentra-
tions per area (mm2 cm�3) and as charcoal accumulation rates
(CHARarea: mm2 cm�2 year�1) according to the robustness measure-
ments and methods, for processing and quantifying charcoal samples,
especially in a Mediterranean context (Leys et al. 2013).

To decompose the CHARarea series, we first interpolated the
CHARarea record to equal sampling resolution using the median of
the sediment-accumulation rate (i.e. 14 years) and then separated the
CHARbackground and CHARpeak components using a locally weighted
polynomial regression (LOWESS) with a locally defined threshold
type. A moving time window of 600 year was used to maximise the
signal-to-noise index SNI (Kelly et al. 2011) and the goodness-of-fit
between the empirical data and the CHARbackground data. Although
we cannot rule out the possibility of charcoal pieces larger than
160 lm to extraordinarily be transported on long distances (Pisaric

Table 1. Accelerator mass spectrometry (AMS) radiocarbon dating. Terrestrial plant macrofossils are needles of Pinus laricio or seeds of Betula
sp. Measurements on bulk sediments were carried out on the total organic matter

Depth (cm) Lab code 14C years BP

Calibrated age range,
cal. years BP (2 r)* Dated material

90–95 Poz-36753 1415 � 30 1287–1365 Plant macrofossils
175–180 Poz-36754 3360 � 35 3483–3689 Plant macrofossils
240–245 Poz-36755 4705 � 35 5321–5580 Plant macrofossils
355–360 Poz-38609 7740 � 60 8410–8627 Plant macrofossils
370–375 Poz-36803 8150 � 50 9004–9257 Bulk sediment
385–390 Poz-38612 8350 � 60 9140–9491 Plant macrofossils
435–440 Poz-36758 9630 � 50 10 774–11 180 Plant macrofossils
495–500 Poz-36759 11 250 � 60 12 954–13 297 Plant macrofossils
526–531 Poz-36802 12 850 � 80 14 928–16 053 Bulk sediment
580–585 Poz-36760 13 130 � 70 15 242–16 506 Bulk sediment
670–675 Poz-38611 14 430 � 90 17 180–17 891 Bulk sediment

*Calibration via Calib 6.0 (INTCAL09; last accessed 17 August 2013).
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2002; Tinner et al. 2006), empirical and modelling studies indicate
that peaks of CHAR are indicative of fire occurrence within a dis-
tance of 1.0–3.0 km from the lake shore (Higuera et al. 2007; Higu-
era, Whitlock & Gage 2011) and that more than 90% of charcoal
particles are transported over just a few metres (Clark et al. 1998;
Ohlson & Tryterud 2000; Lynch, Clark & Stocks 2004) in the
absence of run-off transportation within the catchment area (Carcaillet
et al. 2007).

The ages of the reconstructed local fire episodes were used to cal-
culate the fire-return interval (FRI: years between two consecutive
fires, year fire�1) and the fire frequency (FF: number of fires per unit
of time, smoothed over a 1000-year smoothing window,
fires kyear�1). Mean FRI (mFRI) values were estimated by fitting a
two-parameter Weibull model, which passed a Kolmogorov–Smirnov
goodness-of-fit test (P > 0.10), to the FRI distribution. Reconstruc-
tions of FRI and FF were performed using the CHARANALYSIS, v.1.1
program (Higuera et al. 2009).

The statistical analyses of the charcoal record resulted in the esti-
mation of two among the three complementary components of the fire
regime i.e., temporal component, spatial component and fire behav-
iour (Whelan 1995; H�ely & Alleaume 2006). The FRI and FF
describe the temporal component of the fire regime, whereas the fire
severity characterises the fire behaviour by the degree of burned bio-
mass, for example tree mortality, depth of burned litter and fire size.
Although we do not have a direct estimate of fire severity, we used
CHARbackground as a proxy for the regional burned area, which is cor-
related with fire size in a rolling landscape (Higuera et al. 2010), with
gentler slopes compared with those surrounding the Lac de Creno.

PLANT MACROFOSSIL ANALYSES AND VEGETAT ION

HISTORY RECONSTRUCTION

To estimate plant macrofossil concentrations, the 700-cm-long core
was sliced into 695 contiguous 1-cm-thick slices, and the volume
(~12 cm3) of each slice was measured by water displacement. The
macrofossils were extracted by water-sieving (250-lm mesh size) and
identified under a stereomicroscope (x6.3-50) with the aid of a refer-
ence collection and macrofossil atlases (Martin & Barkley 1973; Cap-
pers, Bekker & Jans 2006). Abundances of macrofossils were
expressed as accumulation rates based on deposition time as com-
puted by the age~depth model (number of fragments cm�2 year�1).
The macrofossil record was compared with published pollen percent-
ages for most abundant pollen taxa from the same site (Reille et al.
1997, 1999) to illustrate relationships between local macrofossil-
inferred vegetation changes, that is, the local vegetation changes in
the watershed, and pollen-derived regional vegetation changes. The
pollen diagrams were digitised using IMAGEJ software, v 1.45 s
(Abr�amoff, Magalh~aes & Ram 2004).

QUANTITAT IVE ANALYSES

To reduce noise in the data set, the macrofossils record was smoothed
using a moving average (window width of 100 year) prior to the sub-
sequent quantitative analyses. Taxonomic richness of macrofossils
was estimated as the number of taxa per sample (S) to compare the
richness of the macrofossils over time. Macrofossil assemblages do
not fully reflect plant communities because of the differential produc-
tion of macrofossils, differences in their preservation (macrofossils of
evergreen woody taxa are often overrepresented relative to macrofos-
sils of deciduous and herbaceous plants) and because the chance of
finding macrofossils strongly depends on the population size (Jackson

& Booth 2007; Blarquez et al. 2012). Therefore, this richness esti-
mated differs from alpha diversity (i.e. the floristic richness in a sin-
gle locality) and may be indicative, within the limits of resolution of
macrofossil records, of taxa richness of macrofossils’ assemblages
(Blarquez, Finsinger & Carcaillet 2013). Based on the richness val-
ues, we performed a constrained hierarchical clustering (CONISS)
analysis using a distance matrix, with the clusters constrained by sam-
ple order (Gordon & Birks 1972; Grimm 1987). We compared the
distribution of the hierarchical classification obtained from a broken
stick model (Bennett 1996) to determine the number of significant
zone boundaries. Zonation was performed using the Rioja package in
R (Juggins 2012).

The compositional turnover of plant macrofossil assemblages based
on b-diversity, a turnover index (Hill & Gauch 1980), was estimated
by a detrended canonical correspondence analysis DCCA (Ter Braak
1986) constrained by age. As for the richness index, the composi-
tional turnover reflects changes to the macrofossils assemblage com-
position. The DCCA was performed with square-root-transformed
percentages, detrended by segments, nonlinear rescaled, and without
down weighting of rare taxa. DCCA directly scales the first ordination
axis in standard deviation units (SD-units) to estimate compositional
turnover over time (Birks 2007). A turnover ≥ 4 SD-units would
mean that the assemblages experienced a complete turnover, that is, a
given assemblage shares no species with the previous assemblage
(Hill & Gauch 1980).

Principal component analyses (PCA), standardised by taxa with
log-transformed concentration data (Ammann et al. 2000), were used
to visualise the relationships among taxa inferred from macrofossils
accumulation rates. We carried out two PCA analyses: one included
all samples, and the second used only the samples that contained at
least two taxa. Samples younger than 500 cal. years BP were excluded
from all of the PCAs due to potential bias from high sediment-accu-
mulation rates in that section of the core. To visualise the relation-
ships between the local fire-episodes regime and the local vegetation
inferred from macrofossil assemblages, CHARbackground (proxy of the
burning area) and FRI (proxy of local fire episodes) were added
passively in the PCA ordination plots. All ordinations were carried
out in CANOCO v4.5 (Ter Braak & Smilauer 2002).

Results

AGE-DEPTH MODEL, SAMPLING RESOLUTION AND

SEDIMENT COMPOSIT ION

Sediment-accumulation rates showed little variation between
500 cm and 50 cm depth, corresponding to the Holocene.
The top 50 cm, corresponding to the last 500 years, displays
the poorly compacted sediments and, at the opposite end, sed-
iments below 500 cm, corresponding to the lateglacial, were
characterised by the lowest sediment-accumulation rates
(Fig. 1a). The estimated last glacial sedimentation rates
(18 000–14 700 cal. years BP) showed a large degree of
uncertainty, with confidence intervals (CI) ranging from 0.2
to 0.8 mm year�1 (Fig. 1c). The median deposition time for
the entire age-depth model was ~27 year cm�1. Therefore,
the median sample resolution for the charcoal record was
~13-year sample�1, which met our sampling goal for the local
fire-episode reconstruction (Fig. 1d).
Organic matter percentage (Fig. 1b) was low with a mean

of 8.5% of sediment dry weight (dw%) from 18 000 to
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11 950 cal. years BP. The estimated ages of a decrease in
organic matter at ~12 500 cal. years BP (12 617–12 308 cal.
years BP) and an increase in organic matter at ~11 900 cal.
years BP (12 108–11 793 cal. years BP) are consistent with the
age estimates for the beginning and end of the Younger Dryas
based on d18O records from Greenland (Rasmussen et al.
2006; Steffensen et al. 2008). Organic matter content
increased from 8 to 45 dw% starting from ~11 900 cal. years
BP, corresponding to the onset of the Holocene, and levelled
off after 9900 cal. years BP at approximately 50 dw%.

FIRE HISTORY

The fire reconstruction analysis identified 95 local fire episodes
over the past 18 000 years (Fig. 2a,b). These 95 fire episodes,
inferred from the CHARpeak component of CHARarea, (Fig. 2a)
could be clearly distinguished from the CHARbackground. The
signal-to-noise index was 6.6 on average, indicating that the
peaks were well differentiated from the background noise
(Kelly et al. 2011).

The fire-return interval (FRI) during the Holocene ranged
from 30 to 490 year fire�1 with a median of 98 year fire�1

(Fig. 2b). From the end of the last glacial maximum to the
onset of the Holocene (18 000–11 700 cal. years BP), local
fire episodes were rare (mFRI 1540 year fire�1, corresponding
to a fire frequency (FF) of 0.65 fires kyear�1, Fig. 2c) and
regional area burnt was low (CHARbackground was lowest).
The regional vegetation largely dominated by herbs (Reille
et al. 1997, 1999) could explain the low abundance of char-
coal fragments (low fuel load) and the small amount of sedi-
ment organic matter (~15%). Local fire episodes became
more frequent starting in 11 800 cal. years BP (mFRI =
135 year fire�1; FF = 7.5 fires kyear�1, Fig. 2b,c). During
the Holocene, fire frequency peaked 3 times, with the maxima
centred at approximately 11 000 cal. years BP (12.0 fires
kyear�1), 4300 cal. years BP (12.3 fires kyear�1) and
1500 cal. years BP (11.0 fires kyear�1, Fig. 2c). Between the
two last maxima at 4300 and 1500 cal. years BP, the fire fre-
quency was lower with 4.9 fires kyear�1 at 3000 cal. years
BP. The last 500 years were characterised by a low FRI value,
similar to the values reconstructed for the period 9000–
8000 cal. years BP, that is, 3.4 fires kyear�1. The last recon-
structed fire episode was dated to 150 cal. years BP, that is,
approximately 210 years before our sampling year.

VEGETAT ION DYNAMICS AND RICHNESS INFERRED

FROM MACROFOSSILS

Overall, 21 taxa were identified in the macrofossils from the
695 analysed samples. The assemblages were largely domi-
nated by woody taxa (97% of total macrofossils, Fig. 3) with
the most abundant taxa being P. laricio, Fagus sylvatica,
Betula sp. and Ericaceae (mainly Erica arborea seeds, with a
few occurrences of Vaccinium sp., Appendix S1 in Support-
ing Information). As also shown by the pollen record (Reille
et al. 1997, 1999), the lateglacial flora was dominated by her-
baceous taxa. Macrofossils found in this section include
mainly seeds of Poa sp. and Cyperaceae, with fewer occur-
rences of Polygonaceae (Appendix S1 in Supporting Informa-
tion). The first occurrences of P. laricio macrofossils were
found at ~13 200 cal. years BP. At ~11 900 cal. years BP

(about the onset of the Holocene), the abundance of macro-
fossils of woody taxa rapidly increased, indicating a likely
shift in the treeline resulting in the establishment of mixed
woodlands with Abies, P. laricio, Betula and Fagus among
the trees and Juniperus and Ericaceae among the shrubs. With
the exception of a phase between 9500 and 8500 cal. years
BP, for which only Ericaceae macrofossils were found, tree
taxa consistently dominated the assemblages throughout the
Holocene. The pollen and plant macrofossil records display
similar changes (Fig. 4), with increases in macrofossil accu-
mulation rates when relative pollen abundances increased
(e.g. Betula at ~8000 cal. years BP, Pinus at ~11 900 cal.
years BP, Abies at ~3000 cal. years BP). However, for several
taxa such as Betula, Fagus, Abies and Ericaceae macrofossils
occurred earlier in the record than pollen or when relative
pollen abundances were minimal. This clearly attests to the

(a)

(b)

(c)

(d)

Fig. 1. (a) Age-depth model for the Lac de Creno record (horizontal
whiskers: confidence intervals (CI = 2r) for the calibrated 14C ages;
grey shaded area: 95% uncertainties of the model); insert: 210Pb dates
plotted against depth. (b) Abundance of organic matter (as a percent-
age of dry weight). (c) Sediment-accumulation rate (cm year�1) and
(d) sample resolution (year sample�1 for a 0.5-cm sample) (dashed
lines = 95% CI).
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(a)

(b)

(c)

Fig. 2. Fire-history reconstruction at Lac de
Creno. (a) CHARarea (histograms), Charcoal
background fitted with a LOWESS curve
(black line) and 95 percentile of noise
distribution (grey line), and Charcoal peak
components (portion of histograms above
black line); local fire episodes are depicted as
black crosses (+). (b) LOWESS-smoothed
fire-return intervals [FRI, 1000-year
smoothing window, 95% CI (grey)] and a
log-scaled boxplot illustrating the distribution
of FRIs over the past 12 000 years (median:
horizontal black line; first and the third
quartiles: box; 95th and 5th percentiles:
whiskers). (c) LOWESS-smoothed fire
frequency (1000-year smoothing window).

Fig. 3. Diagrams of macrofossil richness
(fragments sample�1) and plant macrofossil
accumulation rate (# fragments cm�2 year�1)
records at Lac de Creno. Vertical lines
indicate the five statistically significant zone
boundaries in the richness record (CONISS
cluster analysis). FC, female cone; NE,
needle; BR, brachyblast, PS, pollen sac; B,
bud; SE, seed; SC, bud scale; L, leaf; AN,
anther; C, cone; F, flower; FR, fruit. All
macrofossil accumulation rate records were
smoothed with a 100-year moving average.
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local presence of low-population densities prior to their rapid
population expansion, as also noted in other pollen and
macrofossil records (Lang 1994).
The occurrence of P. laricio, Ericaceae, Fagus and Betula

macrofossils throughout this period confirms the long-term
persistence of those species near the lake. The discontinuous
presence of Abies macrofossils, and its changes in pollen
percentage (Fig. 4), may indicate short-term population
expansions of white fir, even if a rare local presence of this
species throughout the last 6000 years with a lack of macro-
fossil records is not excluded. The first occurrences of other
tree taxa, appeared at ~8000 cal. years BP (Alnus glutinosa,
Alnus cordata) and ~6000 cal. years BP (deciduous Quercus);
and shrubs taxa (Berberis sp.) around 4000 cal. years BP, indi-
cated the relatively late population expansions of these spe-
cies in the lower montane belt (Fig. 3). These taxa display
sporadic records, except for Alnus glutinosa, which could
indicate a rare presence of these taxa possibly explained by

the transition zone between the montane and supra-Mediterra-
nean belts, corresponding to the limit of their distributions.
From ~6000 cal. years BP onwards, herbs macrofossils reoc-
curred in the record. The macrofossil accumulation rates of
several taxa increased abruptly at the top of the sequence
possibly due to an artefact in the age-depth model (Fig. 1c).
The richness record (S; Fig. 3) was divided into six statis-

tically significant zones. Richness was null from 18 000 to
14 100 cal. years BP and low from 14 100 to 11 900 cal.
years BP (zone 1; mean S = 0.2), then increased rapidly
beginning in 11 900 cal. years BP (zone 2, 11 900 to
9700 cal. years BP; 1≤ S ≤4; mean S = 2.3). From 9700 to
8300 cal. years BP (zone 3), richness decreased (mean
S = 0.7) due to the absence of most taxa except for Erica-
ceae. In zones 4 and 5 (8300–6400 and 6400–150 cal. years
BP, respectively), richness increased (mean S of 3.1 and 4.2,
respectively), followed by a decrease in S (S = 3) during the
past 200 years (zone 6).
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Fig. 4. Comparison between long-term local
fire and vegetation dynamics (selected taxa
only) at Lac de Creno. From top to bottom:
fire frequency (fire kyear�1); macrofossils
accumulation rate (# fragments cm�2 year�1)
(orange histograms); pollen abundance (%)
(green lines), digitalised from Reille et al.
(1997, 1999); and macrofossil taxa richness
(number of taxa sample�1). Vertical grey and
white zones: statistically significant zones, as
in Fig. 3. Vertical grey lines: main biozones
with ages from the Greenland NGRIP stable
oxygen isotope record (Rasmussen et al.
2006): Last Glacial (18 000–14 700 cal.
years BP), Bølling/Allerød (Bo/Al, 14 700–
12 700 cal. years BP), Younger Dryas (YD,
12 700–11 700 cal. years BP), and Holocene
(11 700 cal. years BP to present).
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L INKS BETWEEN FIRE AND VEGETATION DYNAMICS AT

THE LOCAL SCALE

Two different patterns of population dynamics in response to
local fire frequency were observed in the macrofossils analy-
sis. First, a number of macrofossil taxa were present through-
out the Holocene, and their abundances varied independently
from changes in the fire regime (Figs 2 and 3). Specifically, P.
laricio, Betula, Fagus and Ericaceae appeared to be resistant
to fires for FRIs ranging between 30 and 750 years. Similarly,
the isolated occurrence of other taxa (A. glutinosa, A. cordata,
Berberis, Quercus, Juniperus and herbs) showed no visual
relationship with changes in fire frequency. In contrast, the
abundance of Abies macrofossils peaked distinctly at ~3000
and ~500 cal. years BP, when FRIs were long (approximately
~200 years; Figs 2 and 3), suggesting that low fire frequency
was more favourable to maintain Abies populations.
The PCAs were used to highlight the relationships among

macrofossil taxa (Fig. 5) and visually assess differences in the
historical behaviour of woody taxa populations. In both PCAs,
the taxon with the highest loading on axis 1 (k = 0.65) was P.
laricio, whereas axis 2 (k = 0.15) was associated primarily
with Abies and Betula. Other taxa associated with the PCA axis
1 were Juniperus, Quercus and Ericaceae, while taxa with rela-
tively small loadings on the axis 2 included Berberis, A. glutin-
osa and Fagus. The variables describing changes in the fire
regime (FRI and CHARbackground, respectively) did not show
distinct relationships with either of the first two PCA axes,
suggesting that the changes in vegetation as reflected by ma-
crofossils assemblages were independent of the local changes
in fire regime (i.e. FRI and burned area reflecting by
CHARbackground).

RICHNESS AND TURNOVER

Macrofossil richness (Fig. 6b) was lowest from 18 000 to
14 700 cal. years BP, when herbs dominated the landscape
(Figs 3 and 4), and slightly higher (mean S = 0.2) from
14 700 to 11 700 cal. years BP and from 9500 to 8500 cal.
years BP (zone 3), when woody taxa occurred (Figs 3 and

4). Richness rapidly increased ca. 11 500 cal. years BP during
the Younger Dryas-Holocene transition (mean S = 2.3, zone
2) and remained stable until 150 cal. years BP (zone 5, mean
S = 4.1, Fig. 6a). Turnover (beta diversity) ranged over the
entire record from 0.0 to 3.0 SD (mean: 1.1 SD; Fig. 6c) and
showed high intersample variability. The smoothed record
indicates that turnover was higher at 12 500 cal. years BP

(~1.5 SD) than during the Holocene (< 1 SD). A slight
increase in compositional turnover was found in zone 3 (9700
to 8300 cal. years BP; ~2 SD) where the total abundance of
macrofossils and the number of taxa were low. Turnover
gradually decreased until ~200 cal. years BP, suggesting
greater stability in community composition over the last
7500 years.
Both richness and turnover changed when fire frequency

changed (Fig. 6d), that is, at the lateglacial – Holocene transi-
tion and at approximately 9500–8500 cal. years BP (zone 3).
In contrast, the macrofossil assemblages showed lower tempo-
ral variability in richness and turnover during the past
~6000 years. The low variability of macrofossil richness
shows assemblages composed by the same number of woody
taxa since 6000 cal. years BP, and the low turnover suggests
that the macrofossil assemblages had similar composition, in
spite of large changes in the fire regime (Fig. 6 c). This is
consistent with the PCA result, which showed an absence of
relationship between macrofossils assemblage and fire regime
for the whole Holocene (Fig. 5).

Discussion

Since the establishment of Corsican pine woodlands around
Lac de Creno, fire has been a permanent component of this
Mediterranean ecosystem. The following discussion analyses,
the historical establishment of these woodlands and the vege-
tation dynamics and plant diversity in relation to the long-
term fire-regime, climatic changes and land-use changes. In
addition, we determined the historical range in fire frequency
to develop guidelines for the conservation of Corsican pine
woodlands.

(a) (b)

Fig. 5. Taxa plots of the principal component analysis (PCA) on the macrofossils data with environmental variables, FRI and CHARbackground,
added passively (thick red arrows). (a) PCA for the entire record from 13 200 to 500 cal. years BP. (b) PCA for only the Holocene period,
excluding the samples from zone 3 (9500–8000 cal. years BP) and the last 500 years. Samples younger than 500 cal. years BP were excluded from
all of the PCAs due to potential bias from high sediment-accumulation rates in that section of the core.
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ESTABLISHMENT OF PINUS NIGRA LARIC IO -

DOMINATED WOODLANDS

The question on the naturalness status of Pinus species in the
Mediterranean basin is commonly debated. For instance, in
the Iberian Peninsula, Pinus sylvestris and Pinus nigra are
recorded since the last glacial maximum in the North and in
the South (Carri�on & Van Geel 1999; M�ugica et al. 2001;
Figueiral & Carcaillet 2005; Rubiales, Garc�ıa-Amorena &
lvarez, S.G. & Manzaneque, F.G. 2008; L�opez-Merino et al.
2012), whereas their presence was recorded only since the last
7000 years in the central part of the Peninsula (Rubiales et al.
2007). They disappeared in the central and in the southern
part of Iberian Peninsula likely because of human activities
(Carri�on et al. 2003; Figueiral & Carcaillet 2005; Rubiales,
Garc�ıa-Amorena & lvarez, S.G. & Manzaneque, F.G. 2008).
Consequently, the interpretations of paleodata are not consen-
sual on site-specific causes leading to population expansions
or decreases for these species.
Today, P. laricio is an endemic subspecies in Corsica that

covers ~16 000 ha of pure forest (Barbet-Massin & Jiguet
2011). Based on the pollen record, Reille et al. (1997)
hypothesised that pre-historic peoples introduced P. laricio
during the early Holocene. They thus concluded that this sub-
species was not native on the island but also acknowledged
‘that only an earlier occurrence of macrofossils could cast
doubt upon the palynological evidence’ (Reille et al. 1997),
which suggested that P. laricio appeared in Corsica at about
11 500 cal. years BP. In fact, the low frequencies of Pinus

pollen during the last glacial and the lateglacial were inter-
preted by Reille et al. (1997) as being indicative of an extra-
regional pollen source rather than of the presence of a few
island-like stands or a low-density population of P. laricio on
Corsica. With the exception of the present study, there are no
other palaeoecological records based on macrofossils that
could cast doubt on this interpretation.
Although their interpretation requires caution, plant macro-

fossils can be extremely informative in the reconstruction of
local vegetation histories (Birks & Birks 2000). As explained
in the Material and methods section, the biases of macrofossil
records due to transport and preservation of macrofossils sug-
gest that the absence of a taxon in a macrofossil assemblage
cannot be used as evidence for the absence of that species at
a site. Thus, the absence of woody macrofossils prior to
13 200 cal. years BP at Lac de Creno, which is consistent with
the high abundance of herb pollen (Fig. 4) and the low content
of organic matter, suggests that either the treeline was located
at a lower elevation or that woody species were scattered within
an open grass-dominated vegetation prior to the onset of the
Holocene. In spite of these potential biases, our results clearly
show that P. laricio was present on the island at least three mil-
lennia earlier than suggested by Reille et al. (1997) because the
first Pinus needles were recorded at 13 200 cal. years BP. How-
ever, as Pinus pollen abundances (Fig. 4) remained relatively
low (~10%) at that time, it is likely that populations of pines,
including P. laricio, were already present before 13 200 cal.
years BP but sparsely distributed on the island.

(a)

(c)

(b)

(d)
Fig. 6. Macrofossils taxa richness–fire
frequency relationships. (a) Dendrogram of
the CONISS cluster analysis (see Fig. 3), (b)
Macrofossils taxa richness (taxa number
sample�1), (c) compositional turnover of
macrofossils assemblages (b-diversity, in
standard deviation (SD) units), (d) fire
frequency (fires kyear�1). Vertical dashed
lines: statistically significant zone boundaries
(see Fig. 3). The main trends of (b), (c), and
(d) are highlighted with a smoothing spline
(1000-year smoothing window).
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Interestingly, Betula macrofossils and pollen were not
abundant during the lateglacial, even though Betula fruits and
catkin scales are released in large quantities and easily trans-
ported over long distances (Freund, Birks & Birks 2001). In
the Alps, Betula generally dominates macrofossil and pollen
assemblages during the Bølling (Tinner et al. 2005; Hofstetter
et al. 2006; Genries et al. 2009). The absence of Betula ma-
crofossils and pollen, since the onset of the lateglacial to the
end of the Younger Dryas, suggests an unfavourable environ-
ment at Lac de Creno for birches. These species requiring
lower levels of moisture (e.g. Betula, P. Laricio) present low
abundance of pollen and macroremains since the lateglacial to
the onset of the Holocene, whereas species requiring higher
levels of moisture (e.g. Abies alba, Fagus sylvatica, Alnus
cordata, and A. glutinosa) appear later in the record.
Despite the lack of synchrony between changes in macro-

fossils-inferred vegetation and changes in fire regime over the
last 13 200 years (Fig. 5), the timing of the increase in Pinus
macrofossil and pollen abundance coincides with the wide-
spread colder Younger Dryas climate episode (~12 750–
11 750 cal. years BP) (Alley et al. 1993; Rasmussen et al.
2006) that is observed in several southern European records
(P�erez-Obiol & Juli�a 1994; Cacho et al. 2001; Cacho, Grimalt
& Canals 2002). This climatic episode corresponds to a tree-
line shift in the European Alps (Vescovi et al. 2007) and
drier climate conditions in the west Mediterranean basin
(Guiter et al. 2005; Finsinger et al. 2008). P. laricio macro-
fossils and Pinus pollen both increased during the onset of
the Holocene, indicating a rapid expansion of woodlands near
the study site and an upward shift in the treeline to elevations
>1300 m that likely occurred in response to the rapid change
to more humid and warm climate conditions.
The largest compositional turnover (b diversity) occurred

between 13 200 and 11 500 cal. years BP when P. laricio-
dominated woodlands became established at Lac de Creno,
suggesting that transformations in the local woody composi-
tion were of major importance at that time. Nevertheless,
macrofossil richness gradually increased throughout the Holo-
cene with the subsequent expansions of Fagus, Alnus, Erica-
ceae, Abies, Quercus and Betula. As suggested by the
turnover estimates (SD� 4; Fig. 6b), the vegetation as
recorded by macrofossils did not experience a complete turn-
over in composition (Hill & Gauch 1980). In contrast, our
results suggest the co-occurrence of mixed woodlands of
evergreen needleleaf trees and deciduous broadleaf trees and
shrubs during most of the past 11 500 years. It would be
tempting to investigate whether similar patterns emerge also
with pollen records, which are richer in taxa and are less
biased by preservation than plant macrofossils (Blarquez,
Finsinger & Carcaillet 2013).

DEVELOPMENT OF MIXED WOODLANDS IN RELAT ION

TO FIRE REGIME

Long mean fire-return intervals (mFRI: >1000 year fire�1)
between 18 000 and 11 900 cal. years BP were likely a result
of a fuel-limited community dominated by herbs (Fig. 4)

compared with the onset of the Holocene, when the establish-
ment of an ecosystem in which woody biomass and fire
covaried and interacted. The steppe–tundra ecosystem charac-
terized by Artemisia (Reille et al. 1997) was characterised by
long FRIs, which were most likely connected to cold and dry
climatic conditions along the northern border of the Mediter-
ranean basin that did not favour biomass productivity (Peyron
et al. 1998). With the establishment of woody vegetation at
approximately 11 900 cal. years BP, the fire regime at Lac de
Creno markedly changed (mFRI = 140 year fire�1), suggest-
ing that the establishment of vegetation was concomitant with
the higher fire frequency. It is likely that fuel availability and
plant cover were important drivers leading to more frequent
fires at the onset of the Holocene rather than the direct effects
of climate change (Pausas & Keeley 2009).
Similarly, the longer mean fire-return intervals

(mFRI = 260 year fire�1) between 9700 and 8200 cal. BP

were possibly connected to lower fuel availability because the
vegetation near the site was dominated by Ericaceae scrub-
lands as shown by both the macrofossil and pollen records
(Fig. 4). This period coincides with a period of drier climate
conditions on the central Italian coast (Magny et al. 2007;
Finsinger et al. 2010) and in the southern Iberian Peninsula
(Carri�on et al. 2010). We could suppose that the effects of
climate on fire are complex and were modulated by fuel
abundance (Pausas 2004). A sustained drier climate would
first favour fires and then would finally result in less woody
species due to more vegetation mortality and less primary
productivity, conducing to a decrease in local fire frequency.
For the period after 6000 cal. years BP, climatic reconstruc-

tions from the western Mediterranean basin indicate contradic-
tory patterns. Whereas in the south of the Iberian Peninsula
climate conditions became wetter (Reed, Stevenson & Juggins
2001), at Lago dell’Accesa, Central Italy, climate changed to
drier and warmer conditions (Colombaroli, Marchetto & Tin-
ner 2007; Finsinger et al. 2010). However, a synthesis of
climatic conditions of western Mediterranean basin sites
(Magny, Miramont & Sivan 2002) highlights a change
towards drier conditions around 6000 cal. years BP, before
shifting again towards more humid conditions at ~4500 cal.
years BP. Although climate reconstructions are not available
for Corsica, we assume that the broad Northern Mediterranean
border land climate trends depicted by Magny, Combourieu
Nebout & Beaulieu, J.d., Bout-Roumazeilles, V., Colombar-
oli, D., Desprat, S., Francke, A., Joannin, S., Peyron, O. &
Revel, M. (2013), which confirm the trends recorded in Lago
dell’Accesa located 1° further north than Corsica (Colombar-
oli, Marchetto & Tinner 2007; Finsinger et al. 2010), are the
most relevant for a comparison with vegetation dynamics at
Lac de Creno for the last 6000 years.
This period was marked by two increases in fire frequency

at Lac de Creno, centred on 4300 cal. years BP (12.3
fires kyear�1) and 1500 cal. years BP (11.0 fires kyear�1,
Fig. 4). Fagus sylvatica is known as a fire resilient species at
the opposite of Abies alba, which is a fire-intolerant species
(Tinner et al. 1999; Colombaroli, Marchetto & Tinner 2007).
It is therefore not surprising to observe the persistence of
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Betula over the Holocene, and the expansion of Abies alba
populations when fire-return intervals became longer (Fig. 4).
The late expansion of Abies alba and deciduous Quercus at
Lac de Creno is consistent with records from Lago di Origlio
(Southern Switzerland; Tinner et al. 1999) and Lago di Annone
(Northern Italy; Wick & Môhl 2006) where they expanded with
the onset of colder or moister climate conditions.
In spite of these changes in fire frequency, local woodland

composition remained largely unchanged and macrofossils-
inferred vegetation is not related to fire regime (Fig. 5).
Whereas Pinus pollen frequencies decreased between 6000
and 500 cal. years BP possibly due to a regional decline of
this taxon, P. laricio macrofossils abundances remained stable
indicating that a population was maintained around the lake
throughout the last 6000 years (Fig. 4). This suggests that the
fuel availability was sufficiently high to maintain this fire fre-
quency and that temperature and moisture varied sufficiently
to alter the fire frequency without exceeding the tolerance
limits of Corsican pine.
Alternatively, agricultural land use (e.g. forest clearance for

seasonal grazing by domestic herbivores) would have altered
the fire regime during the period from the Neolithic
(4300 cal. years BP) to the Middle Ages (1500 cal. years BP).
However, there is no pollen evidence to support the influence
of human activities on vegetation around Lac de Creno until
the Middle Ages (ca. 1500–500 cal. years BP), when the per-
centage of non-arboreal pollen slightly increased (Reille et al.
1999). Furthermore, the archaeological record from Corsica
shows only a few seasonal late Neolithic settlements in inland
areas around 900 m in altitude (Tozzi & Weiss 2001), while
most of the permanent pre-historic settlements remained near
the coast (Vigne 1995). In Corsica, social activities and
human settlements remained centred on the coastal areas until
the Middle Ages, when Barbarian and Saracen invasions
changed land occupation and uses in favour of inner villages
and widespread pasturing of livestock in the mountains
(Neboit 1981). Consequently, during most of the Holocene,
vegetation dynamics and composition in the Corsican mon-
tane belt likely interacted with climate changes and natural
disturbances (including fire) rather than with land use.

RANGE OF FIRE-RETURN INTERVALS AND FOREST

MANAGEMENT

Pine woodlands in the Mediterranean basin are considered to
be fire-sensitive, particularly to crown fires (Pausas et al.
2009). In keeping with this, some studies (Barbet-Massin &
Jiguet 2011; Pimont, Prodon & Rigolot 2011) suggest that
P. laricio populations are decreasing due to natural distur-
bance as wildfires or human-induced fire and logging. In
addition, climate change might further threaten this taxon,
either directly, through a shift in suitable climatic conditions
upwards in elevation, or indirectly, by increasing the fre-
quency or intensity of wildfires. The resilience threshold of
P. laricio-dominated forests to fires and logging is poorly
constrained (Barbet-Massin & Jiguet 2011). This ecosystem
would be sensitive to high-severity fires because of their lack

of seed production before they attain 15–20 years after fire
regeneration and the absence of cone serotiny preventing the
aerial seed-bank that would release their seeds after fires (Pi-
mont, Prodon & Rigolot 2011). However, other studies show
that P. nigra populations can support low-intensity surface
fires with small burned areas (Tapias et al. 2001; Christopou-
lou et al. 2013). Today, there are no accounts of fire history
in ecosystems dominated by P. laricio; this study provides
thus the first quantitative reconstruction of the long-term
fire-vegetation history on such an ecosystem.
During the last 250 years, and especially since 1970s, fires

were actively suppressed at Lac de Creno, as well as in all P.
laricio forests. Historically, forestry was dedicated to P. laricio
timber exploited notably for boat construction during the 18th
and 19th centuries, with livestock grazing in the understorey
(Riffard 2006; Barbet-Massin & Jiguet 2011), including at
Lac de Creno, where cattle and pigs are abundant. This type
of forest management generally contributed to the develop-
ment of a low-diversity understorey in the P. laricio-domi-
nated forests. The dominance of P. laricio macrofossils and
the decrease in taxa richness at Lac de Creno since ca. AD
1800 (Appendix S2 in Supporting Information) most likely
mirrors the changes in land use, that is, the Corsican pine
exploitation and pastoralism (understorey practically com-
pletely browsed at present). While currently the canopy at
Lac de Creno is virtually monospecific with a low-density
understorey of Ericaceae, elsewhere in the lower montane belt
(~1300 m), the forests are characterised by higher tree rich-
ness. At these elevations, in the absence of grazing and fire
(Brown 1960), these forests could be dominated by shade-tol-
erant trees (Abies and Fagus). At present, this site is com-
posed of young shallow soils on bedrock, which do not
facilitate the establishment of Abies. In the past, the combina-
tion of drought stress, which was certainly more pronounced
during the early Holocene (Colombaroli, Marchetto & Tinner
2007; Finsinger et al. 2010) and long periods of high fire fre-
quency, might have prevented the local establishment of
Abies alba, which is more moisture demanding than P. laricio.
The rare local occurrence of Abies macrofossils during peri-
ods with long FRI is consistent with its known sensitivity to
both small frequent and large infrequent fires (Henne et al.
2012; Tinner et al. 2013).
The vegetation around Lac de Creno was a P. laricio-domi-

nated woodland, which was characterised by an admixture of
shade-tolerant species and the occurrence of local fire
episodes for most of the Holocene. It is possible that this eco-
system has also tolerated grazing by large herbivores (i.e.
pigs, cattle and cows) during past centuries, as it is observed
at present. Although pine-dominated woodlands are often con-
sidered to be the result of secondary succession following
past anthropogenic activities, long-term ecological records
from Mexico show that burning in combination with the occur-
rence of seasonal drought can maintain such ecosystems for
millennia (Willis & Bhagwat 2010). Therefore, the P. laricio-
dominated forest and their association with fire represent a
natural legacy and should be managed accordingly. However,
the spatial distribution of past vegetation reconstructed is
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unknown, that is, the structure and the density of taxa
recorded. Nevertheless, the macrofossil and charcoal records
pinpoint the mixed composition of vegetation and their rela-
tion to fire frequency. The structure and the distribution of
vegetation are almost as important as the composition for
management policy, and further studies on past vegetation
distributions are needed (e.g. spatial models of vegetation
distribution).
The Holocene FRIs at Lac de Creno (30–490 year) are

consistent with recent observations in Greek black pine for-
ests (Christopoulou et al. 2013), but show a much wider
range of variability than the modern-simulated FRI
(~70 � 30 years) in Corsica (Mouillot, Rambal & Joffre
2002). Therefore, the modern FRI does not appear to exceed
the long-term range of variability remaining within the histori-
cal range of variability as observed the past 11 500 years
(30 < FRI< 490; Fig. 2). We expected a distinct change in
the fire regime during the late Middle Ages, as a result of for-
est grazing by livestock (Neboit 1981; Rius, Vanni�ere &
Galop 2009). Although a potential bias on the kinetic of this
change is not excluded within the last 500 years due to the
modelled age-depth relation, we conclude that modern human
activity has not altered the fire regime outside of its historical
range at this site.
The persistence of P. laricio-dominated woodlands with

FRIs as short as 30 years through the Holocene could be
explained by the occurrence of low-intensity fires or small
burned areas that did not affect mature trees, which are more
resistant to burning (Pimont, Prodon & Rigolot 2011). Similar
small and frequent fires have been observed in some ecosys-
tems in the Mediterranean basin (Ful�e et al. 2008; Christo-
poulou et al. 2013). In Corsica, for the maritime pine
woodlands (Pinus pinaster), simulated fire-return intervals
under current climate conditions are estimated at ~70 �
30 years (Mouillot, Rambal & Joffre 2002). Historical fire
regimes (mostly human-induced) in lower-elevation Quercus
ilex and P. pinaster forests are characterised by frequent fires
with small burned areas, that is, 2–12% of surveyed areas
(Mouillot et al. 2003). This type of fire pattern is assumed to
exist in fragmented landscapes resulting from land-use inten-
sification and forest clearance during historical times (Henne
et al. 2012).
These low-severity fires contrast with modern fire regimes

in the Mediterranean basin. Indeed, wildfires are becoming
increasingly characterised by larger burned areas and higher
intensity burns, likely due to higher biomass availability in
more connected landscapes as a result of the land abandon-
ment (Pausas & Fern�andez-Mu~noz 2011). As it is generally
the case for ecosystems in the Mediterranean biome (Keeley
et al. 2011a), fires appear to be an integral component of the
Corsican pine ecosystem.

Conclusion

We recorded an 18 000 year-long vegetation and fire history
in the montane belt of Corsica, characterised by extensive
woodlands dominated by the endemic Pinus laricio. Although

the native status of P. laricio is debated, our findings clearly
show that this subspecies was present on the island since
13 200 year, at least, during a time when humans had not yet
occupied Corsica. Moreover, P. laricio-dominated woodlands
have locally persisted at the site since at least 11 900 cal.
years BP and species richness has gradually raised due to a
progressive increase in the abundance of moisture-requiring
deciduous broadleaved taxa, in consistence with the climatic
change at the Younger Dryas–Holocene transition. Because of
the site location on a remote mountain in the inland areas of
Corsica, human activity most likely did not influence vegeta-
tion dynamics and rates of biomass burning until the late
Middle Ages. Instead, climate variability probably controlled
fire frequency directly by favourable seasons of fire ignition
and indirectly by influencing fuel availability through biomass
growth. During the driest climate conditions (e.g. before
11 700 cal. years BP and between 9400 and 8000 cal. years
BP), local woody biomass was markedly reduced and FRI was
significantly longer compared with most of the Holocene.
We may speculate that during the Holocene, and particu-

larly the last 6000 years, frequent low-severity fires with
small burned areas, most likely played an important ecologi-
cal function in preventing the expansion of more fire-sensitive
trees for millennia (e.g. Abies alba), thereby maintaining the
Pinus laricio-dominated woodlands. The modern remnants of
these woodlands therefore represent an important natural leg-
acy and should be managed accordingly. Although recent
studies suggest that Corsican black pine forests are threatened
by logging and increased fire risk, our long-term reconstruc-
tion of fire frequency suggests that these woodlands can
persist with FRI ranging between 30 and 490 years. Conser-
vation practises should be aimed at preserving the historical
variability of fire disturbance to maintain the ecological
functions and services of these forests.
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