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Abstract: The study presented here from the southern French Alps demonstrates the reliability of soil charcoal
analysis for the study of Holocene past treeline positions. The occurrence of charcoal in mineral soils along
transects from 1950 m up to 2920 m demonstrates the role of fire in the establishment of the present vegetation
patterns. The abrupt decrease of charcoal concentration at about 2400-2600 m (which varies across the study
sites) corresponds to the modern transition between subalpine forest and alpine tundra. Charcoal particles
formed in situ provide high spatial-resolution data for the reconstruction of past forest and treeline changes. Soil
charcoal analysis indicated that: (1) treeline was 300 m higher around 6800 cal. BP than today; and (2) the
uppermost forest belt up to 2810 m was colonized by larch (Larix decidua Mill.) and arolla pine (Pinus cem-
bra L.). This pine is present today but patchily distributed: it is absent from the three areas studied. Radiocarbon
dates, ranging from c. 6800 cal. BP to the modern period, along with historical and archaeological data, sug-
gest that the present pattern of the uppermost forest belt, and the patchy distribution of arolla pine in the stud-
ied area are the results of anthropogenic fire (mainly agropastoral activities). The question of global warming
consequences on treelines in this part of the French Alps is discussed.
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Introduction

This paper is the third in a Thematic Set on Pedoanthracology.
The purpose of the set is to explore the potentialities of soil char-
coal analysis. Here we present an application of pedoanthracology
to treeline shift and composition reconstruction in the French
southern Alps. The position of treeline in the Alps is strongly
affected by climate. Therefore, past changes in treeline location
have often been used to infer past climatic variations. The
Holocene history of treeline dynamics in the Alps has been
addressed by an increasing number of palaeoecological studies,
mainly using pollen analysis (eg, de Beaulieu, 1977; Wegmiiller,
1977; Burga, 1988; Ponel et al., 1992; Amman and Wick, 1993;
Tessier et al., 1993; Oeggl and Wahlmiiller, 1994; David, 1995,
1997, Haas et al., 1998), sometimes supplemented by plant or
insect macrofossil data (Tinner et al., 1996; Birks and Birks, 2000;
Tinner and Theurillat, 2003; Ali et al., 2003; Carnelli ez al., 2004).
Such research contributes to a detailed knowledge of postglacial
altitudinal tree species spread, and an understanding of present
vegetation distribution patterns. Although pollen records provide
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valuable information about past vegetation cover, pollen-based
reconstructions of treeline altitudinal fluctuations are rarely pre-
cise because lowland vegetation covers wider areas than moun-
tain-top vegetation, and its pollen is easily lifted by vertical
air-mass movements and deposited at higher altitudes. Therefore,
the spatial resolution of these analyses is not high enough for the
reconstruction of past treeline positions. The present position of
alpine treelines is also the result of ecological processes influ-
enced by millennia of human land use, but palacoecological stud-
ies reflect the integrated effects of climatic, biotic and
anthropogenic impacts: the relative importance of climate and
human activity on vegetation dynamics is therefore still specula-
tive. In the French and Swiss Alps, treeline is proposed to have
been situated 100-200 m higher than its potential position
(Carcaillet et al., 1998; Tinner and Theurillat, 2003; Heiri et al.,
2006). But as yet, it is unknown as to what this potential position
is in the southern French Alps, because of a lack of both humid
sites and palaeoecological studies with a high spatial resolution.
Fire is supposed to have been the major disturbance of subalpine
and uppermost forests ecosystems during the Holocene. Today, an
outbreak of fire is expected as a consequence of climatic changes
(Beniston, 2000). A better knowledge of past fire history of both
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forest and tree limits is the key of a relevant sustainable management
of these very sensitive and threatened ecosystems, in particular in
the southern french Alps, still insufficiently studied and neverthe-
less very exposed to fire risks. The analysis of charred particles
from sediment has often been employed in the reconstruction of
past fire regimes (eg, Tolonen, 1986; Patterson et al., 1987; Wein
et al., 1987; Clark et al., 1989; Clark, 1990; Clark and Royall,
1996; Whitlock and Millspaugh, 1996; Haberle and Ledru, 2001).
However, like pollen, this microscopic charcoal is easily trans-
ported by wind. Counting microscopic charcoal in pollen slides
provides reconstructions of both local and regional fire events.
Other methods estimate macroscopic charcoal (>200 wm) by sed-
iment sieving. Macrocharcoal is unlikely to be transported far by
wind. In this case, stand- to local-scale fire history can be recon-
structed (Lynch et al., 2004).

A more localized signal of past fire and burnt vegetation is
offered by the study of macroscopic charcoal found in the soils. In
contrast to pollen, charcoal is resistant to biological mineralization
and preserved in all type of soils. Consequently, charcoal accumu-
lates in the soil fire after fire. However, soil charcoal is not stratified
because of physical disturbances and biological activities. Charcoal
analysis is of limited use in vegetation reconstructions because of
this lack in temporal resolution, but is very useful when recon-
structing the past position of treeline and spatial distribution of
woody species (Carcaillet and Thinon, 1996; Carcaillet, 1998;
Talon et al., 1998; Carcaillet and Brun, 2000; Carnelli et al., 2004;
Carcaillet and Miiller, 2005; Di Pasquale et al., 2008; Touflan et al.,
2010, this issue). Charcoal that is smaller than 10 mg (but > 1 mg)
is easily dated by accelerator mass spectrometry (AMS). Dating
charcoal from soils ranging along an altitudinal gradient allows the
reconstruction of fire patterns in areas where peat or lakes are rare,
such as at high altitude areas (above 2300 m/2400 m elevation)
(Bortenschlager, 1993; Hopkins et al., 1993). The dating of such
charcoal allows us to relate spatial variability of fire history to land-
scape structure. For instance, Gavin et a/. (2003) have shown that
natural fire does not occur with the same frequency on north- and
south-facing slopes, and Carcaillet (1998) clearly demonstrates that
alpine prehistoric human fires lightning was controlled, depending
on landscape structure (exposition, slope, soil moisture, etc.).

Charcoal identification and dating offers great opportunities to
decipher changes in vegetation composition and geographic extent
in sensitive habitats (eg, Cherubini et al., 1995; Carcaillet et al.,
1998; Talon et al., 1998; Ali et al., 2005; Schwartz et al., 2005;
Touflan and Talon, 2009; Poschlod and Bauman, 2010, this issue;
Henry et al., 2010, this issue).

In this paper we present a study of the reliability of macroscopic
charcoal (@ > 400 wm) identification for the reconstruction of veg-
etation composition and treeline uppermost elevation since the
mid Holocene within the southern French Alps, at a local scale.
We hypothesize that Pinus cembra patchy distribution and upper
treeline elevation were strongly affected by anthopogenic influ-
ence as the result of differences in space and time of human activ-
ities (mainly clearcutting, burning and grazing) intensity since
around 5000 cal. BP. This study is based on the charcoal analysis
of 28 soil profiles and the AMS dating of 29 individual charcoal
from three different areas ranging north—south through the south-
ern part of the inner French Alps. First results of this study have
already been partially published (Talon et al., 1998; Thinon and
Talon., 1998; Ali et al., 2005). We present here the complete study
with 19 supplementary and unpublished dates. The objectives are
(1) to evaluate the maximum elevation reached by treeline in the
past, (2) to compare between past and modern uppermost forest
composition, (3) to explain the patchy distribution of arolla pine,
and (4) to better understand the role of fire in the uppermost
forest dynamics in the context of global change. A qualitative
analysis has been used to describe vegetation in terms of species

presence and species altitudinal range limit. The comparison
between past and modern vegetation composition was based on
the frequency of woody taxa. Treeline maximum elevation has
been evaluated by means of a quantitative approach (soil charcoal
concentration). Finally, the role of fire was deduced from AMS
"C measurements from soil charcoal fragments.

Study areas

The study took place in the inner southern French Alps in three
distinct areas: Queyras, Ubaye and Tinée (Figure 1).

Queyras: Aigue-Agnelle Valley (44°44’ N-6°53’E)
At St-Véran (2010 m a.s.l., 44°41"58N—6°51"55E), the weather
station closest to the study area, indicates a mean annual tempera-
ture of about 5.8 + 5.5°C, and mean monthly precipitation of 75 +
16 mm. The climate is defined as an inner-alpine climate (low pre-
cipitation and high continental character) leaning towards a more
Mediterranean climatic regime (Ozenda, 1985). This zone is one
of the driest within the French Alps (Pache et al., 1996).

The woody vegetation (1700-2400 m) is composed mainly of
woodlands dominated by Pinus sylvestris L., P. uncinata Mill.
and Larix decidua Mill. Norway spruce (Picea abies Karst.) is
less abundant as this is the southernmost limit of its range. The
presence of Abies alba Mill. in the dry Guil valley could be
explained by sufficient water supply of soil in north-facing
slopes. The understorey is composed of Rhododendron ferrug-
ineum L. and Vaccinium uliginosum L. on north-facing slopes,
Arctostaphylos uva-ursi (L.) Spreng. and Juniperus siberica
Burgsd. on south-facing slopes. The treeline is formed by larch
(Larix) forest up to 2400 m on north-facing slopes. No arolla pine
(Pinus cembra L.) can be observed today in this valley. South-
facing slopes are covered with pastures and meadows from the
valley floor (1900 m a.s.l.) up to the summit ridges (3000 m
a.s.l.). The valley was an important line of communication for
trade and industry as early as the Bronze Age and copper extrac-
tion was responsible for the destruction of much of the forest in
the area (Barge et al., 1998).

Ubaye: Upper Ubaye Valley (44°36’ N-6°52’ E)
and Parpaillon (44°29'N-6°38’E)

The upper Ubaye Valley is southeast of the Aigue Agnelle valley.
The climate is similar, but a little drier (Ali ef al., 2005). Woody
vegetation patterns are more or less the same. South-facing slopes
are covered up to 2100 m by montane pine (P. uncinata) and scots
pine (P. sylvestris). From 2000 m to 3000 m a.s.l., the slopes are
covered with meadows grazed by sheep; larch woodlands occupy
north-facing slopes up to 2400 m a.s.l. Arolla pine is totally absent
of the upper part of the valley. Stone engravings from the Bronze
Age (Miiller et al., 1991), along with iron slags discovered at
2000 m a.s.l. (in Talon, 1997a) are evidence of early human activ-
ity in this remote valley.

Massif du Parpaillon is located between Durance valley and
Ubaye valley. The woody vegetation cover is mainly composed of
larch and scots pines. South-facing slopes above 2000 m elevation
are devoted to sheep grazing.

Tinée: Restefond - Sestriéres (44°19’ N-6°48’ E)
The Tinée upper valley is the most meridional study site. The climate
is more humid because of maritime climate influence. The montane
belt is covered on south-facing slopes by scots pine and on north-
facing slopes by silver fir (4bies alba). Larch is the dominant species
between 1700 m and 2000 m (subalpine belt), with Picea abies
Karst. on north-facing slopes. Pinus cembra is rare. Most of the land-
scape is devoted to pastoral activities, up to 2900 m elevation.
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Figure 1 Location map of the study area

It is in this sector that we can observe the highest present treeline
(P. uncinata between 2800 m and 2900 m)

Materials and methods

Sampling

In total, 28 soil profiles were sampled, mainly on south-facing
slopes. Soils were sampled along altitudinal transects. Soil pit
descriptions and codification are presented in Table 1.

Sampling was performed according to Carcaillet and Thinon
(1996). Samples (c. 10—12 litres of decompacted soil/10 to 15 kg of
dry soil) were taken from the base to the upper part of the pit,
following pedological horizons, or every 15cm when horizons
were not distinct. Collecting this large amount of soil is necessary
in order to guarantee adequate quantities of charcoal for identification
and dating.

Charcoal extraction and identification

Samples were air-dried and weighed before sieving in order to
calculate the quantity of charcoal per kilogram of soil (charcoal
concentrations). The dry material was then carefully wet-sieved
through four sieves of 5 mm, 2 mm, 800 um and 400 um (400 um
corresponds to the minimum size for handling and anatomical iden-
tification). Charcoal was extracted from the mineral fraction (sand)
by floatation in a column with an ascending water current (further
details in Carcaillet and Thinon, 1996), and from the organic fraction
(roots and other plant remains) by hand-picking material under a low

Aigue Agnelle Valley
Upper Ubaye Valley
Parpaillon

Restefond - Sestrieres

power binocular microscope. Identifications of charcoal fragments
were based on wood anatomical criteria employing the charred
wood reference collection from the Mediterranean Institute of
Ecology and Palacoecology (IMEP, Marseilles, France), along with
atlases of wood anatomy (Jacquiot, 1955; Greguss, 1959; Jacquiot
et al., 1973; Schweingruber, 1990). An episcopic microscope
equipped with interference contrast was used for charcoal identifi-
cation under magnifications of 200x%, 500x and 1000x. Wood
anatomy of Larix and Picea has been previously studied (Talon,
1997b) in order to distinguish between the two anatomically similar
taxa. As a precaution, the term ‘Larix/Picea’ was applied when
fragments were too small or too damaged to identify. Scots pine
(P. sylvestris) and montane pine (P. uncinata) are impossible to
distinguish from one another (Schweingruber, 1990), and were
therefore placed under the same designation P. sylvestris/uncinata.

Charcoal quantification and dating
Charcoal concentration was expressed as a soil charcoal concen-
tration (mg of charcoal/kg of dry soil: ppm) which include only
particles > 0.4 mm. This quantity (named also SA = specific
anthracomass) was calculated for the whole profile (GSA, general
specific anthracomass) or for a single taxon within a profile (SAT).
A total of 29 single identified charcoal fragments (possessing >
0.8 mg of mass) extracted from different pits and levels from the four
areas studied were radiocarbon dated using Accelerator Mass
Spectrometry (AMS) at the NSF Laboratory of Tucson (Arizona,
USA) and at the Poznan Radiocarbon Laboratory (Poland). The "“C
dates were calibrated as ap/Bc and BP using CALIB 5.0 software
(Stuiver et al., 2006). Prior to dating charcoal was cleaned under a
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Table 1 Physical characteristics of the soil pits

Site name Pit name Elevation (m a.s.l.) Aspect Present-day vegetation
Queyras : Aigue Agnelle Valley Quey 6 2919 SO Scraped alpine meadow
44°42' N - 6°58' E Quey 5 2870 SO Alpine meadow

Quey 1 2775 NO Alpine meadow

Quey 2 2670 S Alpine meadow

Quey 3 2665 N Scraped alpine meadow

Quey 4 2635 S Alpine meadow

Quey 7 2400 SO Subalpine meadow

Quey 8 2200 (6] Subalpine meadow

Quey 9 1950 N Larch woodland
Ubaye : Upper Ubaye Valley Uba 1 2850 S Scraped alpine meadow
44°36’ N - 6°52" E Uba 3 2650 E Alpine meadow

Uba 4 2430 (6] Alpine meadow

Uba 2 2330 S Alpine meadow

Uba 5 2210 (6] Subalpine meadow

Uba 6 2050 NO Larch forest ecotone
Ubaye : Parpaillon Par 1 2670 ESE Scraped alpine meadow
44°29'N - 6°38'E
Tinée : Restefond Rest 1 2810 SE Scraped alpine meadow
44°19' N — 6°48" E Rest 2 2685 ESE Alpine meadow

Cair 1 2650 NO Alpine meadow

Cair 2 2650 NO Alpine meadow

Cair 3 2650 NO Alpine meadow

Rest 3 2500 NO Alpine meadow

Rest 4 2300 S Subalpine meadow

Rest 5 2100 SO Larch and Scott pine forest

ecotone

Tinée : Sestricres Ses 1 2440 S Alpine meadow
44°19' N — 6°49" E Ses 2 2270 N Subalpine meadow

Ses 3 2070 NO Arolla pine and larch forest

ecotone

Table 2 C AMS dates
Profile Altitude (m a.s.l.) Taxa Age BP Cal. BP Cal. BC/AD Reference
Quey 9 1950 Larix 1175%45 972-1182 AD 695-981 AA31361 (unpublished data, 1999)
Quey 9 1950 Pinus cembra 5990+ 60 6674—6969 5040-4729 Bc Ali et al. (2005)
Quey 8 2200 Larix 3870+55 41464425 2471-2144 BC AA31362 (unpublished data, 1999)
Quey 8 2200 Betula 3990+ 60 42464620 2551-2201 BC AA18002 (unpublished data, 1995)
Quey 8 2200 Pinus cembra 5990+ 60 6674—6969 5040-4729 Bc Ali et al. (2005)
Quey 7 2400 Larix/Picea 3050+50 3140-3376 1428-1129 BC AA31363 (unpublished data, 1999)
Quey 7 2400 Pinus cembra 331050 3442-3643 1731-1449 Bc Ali et al. (2005)
Quey 2 2670 Pinus cembra 1475170 1288-1522 AD 430-690 Talon et al. (1998)
Quey 2 2670 Pinus cembra 1535445 1339-1528 AD 428-636 Talon et al. (1998)
Uba5 2400 Pinus cembra 3130+80 3142-3511 1597-1132 BC Ali et al. (2005)
Uba5 2210 Pinus cembra 3175160 3261-3490 1599-1316 BC Ali et al. (2005)
Uba4 2430 Pinus cembra 2465160 23592715 795-399 BC Ali et al. (2005)
Uba4 2430 Pinus cembra 5805+ 60 64656742 4801-4498 BC Ali et al. (2005)
Uba2 2330 Pinus cembra 255465 255491 AD 1478-1954 AA18775 (unpublished data, 1996)
Uba2 2330 Ononis sp. 935+70 722-963 AD 985-1259 AA18774 (unpublished data, 1996)
Uba2 2330 Larix 1520170 1299-1541 AD 410-660 AA18773 (unpublished data, 1996)
Uba2 2330 Larix/Picea 1750+70 1522-1829 AD 123434 AA18772 (unpublished data, 1996)
Uba2 2330 no identifiable 3750+ 80 39004300 2452-1923 BC AA18771 (unpublished data, 1996)
Parl 2670 Larix/Picea 3510+45 3685-3899 2090-1686 BC Talon et al. (1998)
Rest5 2100 Larix/Picea 1725+30 1557-1707 AD 240400 Poz-13888 (unpublished data, 2005)
Rest 5 2100 Rhododendron 145+30 59-153 AD 1660-1950 Poz-13886 (unpublished data, 2005)
Rest 5 2100 Larix/Picea 325+30 306-470 AD 1470-1650 Poz-13889 (unpublished data, 2005)
Rest 5 2100 Pinus cembra 620130 551-658 AD 1290-1400 Poz-13887 (unpublished data, 2005)
Rest 5 2100 Larix/Picea 1340430 1234-1306 AD 640-720 Poz-13885 (unpublished data, 2005)
Rest 4 2300 Ericaceae 3975+35 4385-4527 2580-2430 Bc Poz-13883 (unpublished data, 2005)
Rest 4 2300 pith 4250+35 48084868 2920-2850 BC Poz-13882 (unpublished data, 2005)
Cair 2 2650 no identifiable 2925+30 2968-3164 1220-1010 BC Poz-13891 (unpublished data, 2005)
Cair 2 2650 pith 4390+40 4853-5054 3110-2900 BC Poz-13892 (unpublished data, 2005)
Cair 3 2650 Pinus cembra 3280450 3399-3630 1690-1440 BC Poz-13893 (unpublished data, 2005)
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dissecting microscope to remove small roots and mineral particles
(clay). Each fragment was then treated over 24 h in a solution of
Na,P,0, for organic compound extraction. Uncalibrated and cali-
brated Bc/ap and BP (2 ) radiocarbon ages are presented in Table 2.

Results and discussion

Maximal elevation reached by treeline

Charcoal is widespread in all soil profiles, from 1900 m a.s.l. up
to 2919 m a.s.l., at almost all depths. But concentrations vary
greatly from one pit to another. GSA are between 0.1 ppm
(Quey6) and 9233 ppm (Quey8) (Table 3). Pinus cembra and
Larix/Picea are the most abundant taxa. Charcoal concentrations
of the 28 profiles (GSA) are presented in Figure 2, with a loga-
rithmic scale.

We can observe that soil charcoal concentration decreases with
increasing elevation in the same way across the three areas stud-
ied. The decline occurs between 2400 m and 2635 m elevation in
Aigue Agnelle and Upper Ubaye valleys, but around 2700 m in
Restefond-Sestricres, the most meridional site of the study. Thus,
the elevation of 2400 m in Queyras and Ubaye (2670 m in Tinée)
corresponds to a threshold above which charcoal concentration
suddenly decreases (Figure 2). We interpreted this decrease as the
ecotone between dense forest and uppermost treeline, ie, the max-
imal elevation reached by timberline (not the upper treeline) dur-
ing the Holocene. Therefore it is probable that the uppermost
Holocene treeline in Queyras and Ubaye was situated c¢. 350 m
higher than today, at ¢. 2780 m elevation, as suggest by the sec-
ondary decline in charcoal concentration that occurred between
2775 m and 2850 m elevation (Figure 3). In Tinée, the uppermost
treeline is thought to have been higher. It is worthwhile to note
that P. uncinata and P. cembra saplings reached an elevation of
2800 m in this area (Talon, personal observations, 1996). Some
palaeoecological studies, coupling pollen and plant macrofossil
analysis (eg, Tinner and Theurillat, 2003; Carnelli et al., 2004)
suggested lower positions (c. 100—150 m higher than today, that is
to say 2500-2550 m a.s.l.). High spatial resolution of soil charcoal
analysis then leads us to pose an important question: are alpine
soil charcoal (found above 2500-2550 m elevation) of local ori-
gin? It is well established that charcoal is frequently transported
down slope by overland flow and snowmelt (Clark, 1988; Thinon,
1992; Meyer et al., 1992). This process may contribute to the
reduction of soil charcoal concentrations in high elevation soils,
and conversely augment it in lower elevations. On the other hand,
amounts of small charcoal found above the present-day treeline
may have been transported by wind from mountain and subalpine
belts forests. The minimum size of charcoal collected from sam-
ples is 400 um. Clark (1988) suggests that charcoal particles
between 50 and 10 000 um in length probably never enter sus-
pension in the convective column above a fire, but a process sim-
ilar to saltation may transport them. This latter kind of transport is
limited by micro relief, preventing long-distance displacement,
particularly for fragments larger than 400 um (Clark, 1988;
Clark et al., 1998; Blackford, 2000; Ohlson and Tryterud, 2000;
Lynch et al., 2004) which are the fragments identified.

Moreover, the frequency and bulk of indeterminable over-
glazed charred particles in the samples are worth noting, particu-
larly above 2400 m. Charcoal is thought to overglaze when the
wood is still green when it burns (Thinon, 1992). In most cases,
these unidentifiable fragments of cylindrical shape are derived
from shrub twigs. They are more resistant to fragmentation, and
are thus well-represented in soils. Moreover, the density of an
overglazed charcoal fragment is higher than well-carbonized
wood (c. 0.4-0.6 g/cm3) and thus more comparable with mineral

particle densities (2.65 g/cm3). According to Clark (1988), these
overglazed particles > 400 um could not have been transported
by wind. Finally, if upslope charcoal motion occurred on an
extensive scale, then the decrease in charcoal mass (Figure 2)
would have been more gradual with elevation. Considering the
minimum size of collected charcoal and the occurrence of heavy
overglazed charcoal fragments up to 2775 m elevation (Queyl,
data not shown), it can be assumed that charcoal found in mineral
soils between 2500 m and 2775 m elevation is in situ, and has not
been transported from lower forest zones. Thus, the present-day
upper forest belt on south-facing slopes was covered up to c.
2700 m with a mosaic of shrubs and trees.

Past uppermost forest and

treeline/tundra ecotone composition

Charcoal identification provides new data on the composition of
the past uppermost forest belt. The most frequent identified taxa
are Larix/Picea (100% of pits) and Pinus cembra (82%). (Table 3).
Other important taxa are Ericaceae (57%) and Juniperus (50%).
Less frequent identified trees or schrubs are Salix, Vaccinium,
Rosaceae, Pinus sylvestris/uncinata, Betula, Arctostaphylos, Ononis
sp., Rhododendron and Pinus sp.

Larix/Picea, attributed to Larix, has been identified in all soil
profiles. It was a very common and widely distributed tree in the
southern inner French Alps. According to the radiocarbon dates
(Table 2), this tree is not recorded in soil charcoal before 4425—
4146 cal. BP in the Aigue Agnelle valley (Quey8), 3685-3899 cal.
BP in Ubaye (Parl) and 12341306 cal. BP in the Tinée area (Rest
5). This species was still present at 2200 m a.s.l. ¢. 2400 years ago
(Quey8), and at 2670 m elevation (Parl) c. 2000 years ago. Note
that its postglacial arrival is dated by pollen-based analysis back
to 8000 cal. BP in the southernmost Alps (eg, Ortu et al., 2005).

The soil charcoal records give no evidence for the prevalence of
larch over arolla pine, as attested in some recent palacoecological
studies (Muller et al., 2006). On the contrary, charcoal of P. cembra
is clearly dominant in soils of Restefond and Sestri¢res (Figure 2).

P. cembra were recovered in all but five of the pits (Ses2,
Quey6, QueyS, Quey3 and Ubal), which indicate a formerly
widespread distribution between 1950 m and 2770 m elevation.
Results from the Restefond and Sestriéres sites show that it was
more frequent, and grew at higher elevation than in the other
valleys (Table 3).

Between 1950 m and 2400 m elevation forest diversity was higher
than today. During the middle of the Holocene (6674-6969 cal. BP,
Quey8 and Quey?9), arolla pine played a major role in the vegetation
cover of the subalpine belt, along with larch and scattered birches. It
is important to note that charcoal of this species is very fragile and
not well preserved in soil. The occurrence frequency of Ericaceae
and Juniperus support the presence of a landscape mosaic.

Between 2400 m and 2770 m elevation charcoal data suggest an
open landscape with ericaceous shrubs and scattered stands of
arolla pine and larch. The charcoal composition is the same as that
in the lower elevation pits, but lower concentrations and higher
frequencies of ericaceous charcoal support the interpretation of a
parkland transition between forest and meadow-heathland mosaic
vegetation. In the Restefond site, this open land reached 2600 m
during late Neolithic (3399-3630 cal. BP, Cair3). The diversity of
the understorey is also higher than in others sites with the occur-
rence of Arctostaphylos, Rhododendron and Ononis. Thus, char-
coal data indicate that treeline (larch and arolla pine) reached 2650
m elevation in the Ubaye Valley (Uba3), 2685 m in Tinée and
2775 m in the Aigue-Agnelle Valley (Queyl).

Above 2775 m elevation, charcoal analysis reveals the occur-
rence of arolla pine and larch (Rest1), larch, shrubs (Ericaceae and
Rosaceae), and willow (Quey5, Quey6, Ubal).
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Figure 3 Temporal distribution of the 29 dated charcoal and principal
phases of climatic deterioration. Three periods of fire can be distin-
guished (1) 7500-6500 cal. BP; (2) 5500-2500 cal. BP and 2000 cal.
BP-modern period. Climatic deteriorations: (A) Piora2; (B) climatic
deterioration at ¢. 3500 BP; (C) Gdschenen 1; (D) minor cold event at
c. 1500 BP; (E) ‘Little Ice Age’ (more details in text)

Our results reveal that P. cembra was a common tree at high ele-
vations across all of the sites investigated, while this species is
absent today in all of the areas studied. The present-day fragmented
distribution of P. cembra in the inner French Alps has been
explained by the ecological requirements of this taxon (north-facing
slopes, rocky patches) (Contini and Lavarelo, 1982) and as a result
of anthropogenic activities and poor forest regeneration (Bono and
Barbero, 1971). Arolla pine distribution is closely related to its
seed dispersal mechanism: the European nutcracker (Nucifraga
caryocatactes) caches seeds as winter stock in well-exposed shal-
low soils, in areas having little snow cover, or free of snow rela-
tively early and in forests at the base of trees (Hattenschwiler and
Kérner, 1995). This corvid assists seed dispersal, especially in
wind exposed sites (Crocq, 1990; Camaret et al., 1998). Pollen
analysis places postglacial establishment of P. cembra in the
southern French Alps at ¢. 6400 cal. yr BP (de Beaulieu, 1977;
Fauquette and Talon, 1995; Nakagawa et al., 2000). Extensive
spreads of this taxon in the subalpine zone occurred between 4000
cal. yr BP and 2000 cal. yr BP (Ali et al., 2005). Radiocarbon dat-
ings obtained from arolla pine charcoal range between 5040-4729
BC (Neolithic) and Ap 1478-1954 (Modern period) (Table 2).The
disappearance of this pine from the valleys studied has thus been
progressive. The complete eradication of arolla pine occurred
recently, after the Middle Ages (ap 1478-1954). Therefore, the cur-
rent discontinuous distribution of this species is probably the
result of past deforestation rather than ecological requirements.

Timbers are largely absent from the most of the study area, but
saplings can be observed everywhere under larch woodland and at
the upperforest/alpine toundra ecotone.

Role of fires

The history of high elevation environments is closely linked with the
occurrence of fire, owing to the fact that charcoal is produced from
burnt vegetation. All radiocarbon dates available for this study are
shown in Table 2. Although it would have been preferable to date

more charcoal, notably charcoal from high elevations soils, the qual-
ity of material and the small amount of C available were insufficient
for proper AMS datings. These data revealed that woody species,
especially Larix/Picea and Pinus cembra were present in the inner
southern French Alps between 1950 m and 2670 m a.s.l. from the
middle Holocene (6674-6969 cal. BP) to the modern period.

Three periods of fires can be distinguished (Figure 3): (1) c.
7500-6500 cal. BP, (2) ¢. 5500-2500 cal. BP and the more recent
one (3) c. 2000 cal. BP-modern period. Of course, more dates could
detect more periods. Gaps between fire periods have therefore to be
interpreted cautiously. The oldest dates correspond to the early
Neolithic climatically warm period (before 6500 cal. BP). First part
of the second period (5000-2500 BP) coincides with the climatic
deterioration of Piora2 (late Neolithic, ¢. 50004000 BP); middle
part can be clustered with the Bronze age (c. 4000-3000 BP),
including the climatical deterioration at c. 3500 BP (Magny, 1995);
and the end coincides with the recurrence of cold and dry climatic
conditions (Provansal, 1995) of the Iron Age (c. 3000-2300 BP)
including the Goschenen 1 climatic deterioration (Magny, 1995).
The third and last period ranges from c. 2000 BP to modern period,
including a minor cold event at c¢. ap 700 (1500 BP) (Magny, 1995),
the ‘Medieval Warm Period’ (Esper et al., 2002) and the Little Ice
Age’. We can observe that lightning occurred at any time, whatever
the climate and the archaeological chronozone. It thus can be
assumed that fires could have been favoured during warm and dry
periods but that most of them are not climatically determined.

Radiocarbon dates ranging from ¢. 7000 cal. BP to 1800 cal. BP
(Table 2) coincide with the early and extensive human impact
recorded in pollen diagrams, along with archaeological and histori-
cal evidence for cultivation and fuel clearings (Clark et al., 1989;
Tinner et al., 1998, 2003; Walsh and Richer, 2006; Walsh et al.,
2007). Fire was particularly frequent during the late Neolithic (c.
5000-3000 BP) according to recent studies (Ali et al., 2005; Heiri
et al.,2006) and from Antiquity to modern period, linked to increas-
ing cultivation and pastoralism practices. This strongly argued in
favour of human impact as the main cause of the lowering of the
treeline and the local extinction of Pinus cembra in the study area.
There is little doubt that the major cause of fires during this time
period is of anthropogenic origin (Touflan ez al., 2010, this issue).

Conclusion

Charcoal from mineral soils may be used as a reliable indicator for
altitudinal forest shifts during the Holocene, as well as evidence for
the former occurrence of woody taxa at given sites. All pits distrib-
uted between 1950 m and 2919 m elevation provided charcoal frag-
ments suggesting that the uppermost forest of the three areas studied
has been burnt at least once during the Holocene, regardless of ele-
vation and exposure. The altitudinal gradient of charcoal amounts
and the in situ origin of charcoal assemblages helped define the
maximum elevation reached by forest and tree limits during the
Holocene. The middle Holocene treeline upper limit was at most
300 m higher than today’s tree limit. The taxonomical composition
of these ecotones was determined by charcoal identifications. It
reveals that the ligneous biodiversity was higher before ¢. 7000 BP.
In addition, the present discontinuous occurrence of P. cembra was
caused by fire and deforestation. It was the most important conifer
in the southern French Alps forests until c. 6800 cal. BP, occupying,
along with larch, the whole upper forest belt from 2400 m to 2810
m elevation. Trees were established above the present-day treeline
at elevations up to 2700 m during the optimal climatic periods
(Atlantic period 8000-5000 BP.). They did not survive the conse-
quences of changes induced by repeated fire events on microcli-
matic conditions and slope stability. Natural fires, and/or
human-induced processes (it remains impossible to attest the true
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origin of fire) were responsible for a considerable lowering of the
upper treeline and loss of biodiversity. However, these conclusions
are based on one proxy only. In addition to soil charcoal analysis,
further palaeoecological methods (soil morphology and micromor-
phology, phytoliths) archaeological investigations and model-based
reconstruction of Holocene treeline should be conducted with
respect to changing vegetation and palaeoclimatic reconstruction in
order to better define former treeline position and composition. It
would be then possible to better understand the factors driving past
vegetation changes and attempt to assess future vegetation dynam-
ics in a changing climate: recolonisation by arolla pine will take
time in valleys from which it totally disappeared.
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