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Introduction

The use of the pollen record to investigate the long-term variability in the human impact on the landscape at the beginning of the Neolithic has been well developed in the Jura region of France [START_REF] Gauthier | Fore ˆts et agriculteurs du Jura. Les quatre derniers mille ´naires[END_REF][START_REF] Rachoud-Schneider | Histoire de la ve ´ge ´tation et de l'emprise humaine dans la re ´gion du lac de Bienne (Berne, Suisse): donne ´es palynologiques[END_REF][START_REF] Richard | Indices polliniques d'une ne ´olithisation pre ´coce sur le premier plateau du Jura (France)[END_REF][START_REF] Richard | Bilan des donne ´es polliniques concernant l'a ˆge du Bronze dans le Jura et le nord des Alpes[END_REF]. Some of these studies [START_REF] Pe ´trequin P ; Arbogast | Les sites littoraux ne ´olithiques de Clairvaux-les-Lacs (Jura). I, Proble ´matique ge ´ne ´rale, l'exemple de la station III. Arche ´ologie et culture mate ´rielle[END_REF][START_REF] Richard | Analyse pollinique d'un sondage de 7.5 m. In: Pe ´trequin P (ed) Les sites littoraux ne ´olithiques de Clairvauxles-Lacs et de Chalain (Jura) III, Chalain station[END_REF]) on lake dwellings have combined archaeological and palaeoenvironmental methodologies. This combination of methodologies has been fruitful because of the richness of archaeological data in these low altitude areas.

Unfortunately, in the highest parts of the Jura mountains up to 500 m a.s.l., wooded areas inhibit archaeological prospection and do not offer the opportunity for archaeologists to fill the gaps in their data. This fact has led to the development of pollen analysis to contribute to our knowledge of the evolution of anthropogenic impacts in the Jura mountains [START_REF] Gauthier | E ´volution des activite ´s agropastorales du Haut Jura (France) au cours des trois derniers mille ´naires[END_REF][START_REF] Richard | L'introduction de l'agriculture sur la montagne jurassienne. Plus d'un mille ´naire de succe `s et d'e ´chec apparent[END_REF][START_REF] Richard | L'hypothe `se du de ´terminisme climatique des premie `res traces pollinique de ne ´olithisation sur le massif jurassien[END_REF]. Some sites have been subject to detailed archaeological studies and excavations and offer perspectives for comparison between archaeological data and palaeoecological proxies; one of these sites is the Gallo-Roman sanctuary of Villards d'He ´ria that includes a natural lake, Lac d'Antre, located in the middle of the well known archaeological site. This site has been the subject of numerous archaeological investigations since the 18th century [START_REF] Clerc | Essai sur l'histoire de la Franche-Comte[END_REF][START_REF] Dunod | La de ´couverte entie `re de la ville d'Antre en Franche Comte ´, qui fait changer de face a `l'histoire ancienne[END_REF][START_REF] Lerat | Les Villards d'He ´ria (Jura). Recherches arche ´ologiques dirige ´es par l'auteur de a `1982 sur le site gallo-romain du ''Pont des Arches[END_REF][START_REF] Nouvel | Etude inte ´gre ´e d'un complexe religieux gallo-romain. Villards d'He ´ria (Jura). Arche ´ologie, architecture, territoire et environnement, Rapport d'activite[END_REF][START_REF] The | Le culte de Mars autour du lac d'Antre. Sur les traces de Mars celtique (entre Loire et mont Blanc)[END_REF], as a result of the quantity and good preservation of Gallo-Roman remains and artefacts. Archaeologists have described this site as a main place of worship of the Sequane people during the Gallo-Roman period.

This palaeoenvironmental study presents a long-term vision of the vegetation history which contributes to the general understanding of ecosystem changes following increasing human impact around Lac d'Antre, and brings new information about the anthropogenic history (type, length and intensity) of earlier parts of the Gallo-Roman period for which archaeologists have no data.

The main objectives of the present study are as follows:

(1) to detect the potential earlier periods of human impact that have not yet been well described by archaeological excavations and to compare these impacts described by our palaeoenvironmental proxies (pollen, microscopic charcoal and magnetic susceptibility) with the plentiful archaeological data collected for the Gallo-Roman period at the Villards d'He ´ria site [START_REF] Lerat | Les Villards d'He ´ria (Jura). Recherches arche ´ologiques dirige ´es par l'auteur de a `1982 sur le site gallo-romain du ''Pont des Arches[END_REF][START_REF] Nouvel | Etude inte ´gre ´e d'un complexe religieux gallo-romain. Villards d'He ´ria (Jura). Arche ´ologie, architecture, territoire et environnement, Rapport d'activite[END_REF] in the context of regional and sub-regional pollen data

(2) to describe the first fire history from microscopic charcoal of the Jura mountains and compare it with other studies performed in Switzerland, where data on human fire use since the Neolithic (7500 cal. B.P.) has been obtained in high-resolution sequences [START_REF] Gobet | Middle to Late Holocene vegetaion history of the Upper Engadine (Swiss Alps): the role of man and fire[END_REF][START_REF] Tinner | Long-term forest fire ecology and dynamics in southern Switzerland[END_REF][START_REF] Tinner | Fire ecology north and south to the Alps since the last ice age[END_REF][START_REF] Valsecchi | Human impact during the Bronze Age on the vegetation at Lago Lucone (northern Italy)[END_REF]).

(3) to analyse the dynamics of Taxus baccata, Abies alba and Fagus sylvatica development between 6350 and 5900 cal. B.P. and the roles of natural and human impacts on these changes.

Environmental settings

Lac d'Antre (5°44 0 58 00 E, 46°24 0 51 00 N) is located at 798 m a.s.l. in northeastern France, 25 km west of the border with Switzerland in the southern Jura mountains (Fig. 1a). The climate is semi-continental, characterised by an average annual rainfall of 1,200-1,500 mm and a high temperature range with mild summers with an average July temperature of 15 °C, and harsh and cold winters with an average January temperature of -2 °C. Lac d'Antre is a natural lake located in an anticlinal valley. It is at a distance of 1 km and located 100 m higher than the village of Villards d'He ´ria (Fig. 1c). Its catchment area, ca. 550 ha, is surrounded by several mountains that are covered by a dense woodland with Fagus sylvatica and Abies alba, typical of the second plateau of the Jura mountains. Meadows and pastures are located in the bottom of the anticlinal valley. On the eastern and northern banks, an intermittent stream and several springs feed the lake. The 13 ha lake is drained by a karstic hole through the upper Jurassic marly calcareous substratum. In the He ´ria valley, 100 m lower down, water emerges from several springs, which form the river He ´ria which is a tributary to the Rho ˆne stream through the rivers Bienne and Ain (Fig. 1b). Today, the water depth of the lake is regulated by a dam to an average depth of 5.65 m.

Archaeological settings

The oldest settlements in this area, dating from the Neolithic and Bronze Age periods, are located between 15 and 30 km to the north towards the Ain valley around Lac de Chalain and Lac de Clairvaux (Fig. 1b; Pe ´trequin and Pe ´trequin 1988).

In the vicinity of Villards d'He ´ria, the first occupation is not well known, but a few archaeological artefacts (two sickles) from the Bronze Age (4250-2750 cal. B.P.) were discovered during archaeological investigations (Rothe ´2001). However, no building remains from this period have been discovered.

Villards d'He ´ria is known by archaeologists as the main place of worship of the Roman period Sequane people [START_REF] Lerat | Les Villards d'He ´ria (Jura). Recherches arche ´ologiques dirige ´es par l'auteur de a `1982 sur le site gallo-romain du ''Pont des Arches[END_REF]). The site was continuously settled from the 1st to the 3rd century A.D. (2000-1700 cal. B.P.). This large place of worship was established in a remarkable context in which water was an omnipresent element and was the basis for the organisation of the sanctuary. During the Gallo-Roman period, the hydrological relationship between the lake and the He ´ria springs was known and used [START_REF] Nouvel | Etude inte ´gre ´e d'un complexe religieux gallo-romain. Villards d'He ´ria (Jura). Arche ´ologie, architecture, territoire et environnement, Rapport d'activite[END_REF]. This fact explains the split establishment of the site, with the two parts separated by 1 km (Fig. 1c): (1) the upper site, organised around the lake, consisting of three religious areas composed of several buildings (mostly temples) included in an enclosure; two areas found outside this enclosure have produced domestic remains, suggesting that they could have been residential places; (2) the lower site, 100 m lower down, consisting mainly of a large building composed of a temple and thermal baths (200 m in length) constructed above the river Heria [START_REF] Nouvel | Etude inte ´gre ´e d'un complexe religieux gallo-romain. Villards d'He ´ria (Jura). Arche ´ologie, architecture, territoire et environnement, Rapport d'activite[END_REF].

During the Gallo-Roman period, Villards d'He ´ria was not isolated. The currently open landscape along the Bienne valleys has allowed numerous archaeological discoveries, such as rural settlements at Jeurre and Condes (Fig. 1b; Rothe ´2001) and cities along the Ain valley [START_REF] Nouvel | Etude inte ´gre ´e d'un complexe religieux gallo-romain. Villards d'He ´ria (Jura). Arche ´ologie, architecture, territoire et environnement, Rapport d'activite[END_REF].

Materials and methods

Sampling and dating

Three overlapping cores were taken with a Russian peat sampler (GIK type, 100 cm long and 5 cm in diameter) from the frozen lake surface in the centre of Lac d'Antre. The basal till was reached at 850 cm. In the scope of this paper, we focused on a section of the master core covering the chronological period of interest, between 765 and 258 cm in depth.

Magnetic susceptibility was measured at 5 mm intervals with a Geotek Multi Sensor Core Logger, and high-resolution pictures of sediment were correlated by overlapping the core section and creating a continuous sequence: the master core (Fig. 2). The sedimentary record consisted of light-brown clay silt with laminations (765-700 cm), darkbrown silt with dark laminations (700-650 cm), brown silt with dispersed and millimetre-length laminations (650-500 cm), dark brown silt with laminations (500-360 cm) and dark brown silty clay with millimetrelength light and dark laminations (360-258 cm).

Eleven AMS radiocarbon dates were obtained at the Poznan Radiocarbon Laboratory on terrestrial macroscopic plant remains along the entire sequence (Table 1). Ages were calibrated at 2r ranges with CALIB 6.0.1., using the IntCal09 calibration curve [START_REF] Reimer | IntCal09 and Marine09 radiocarbon age calibration curves, 0-50,000 years cal BP[END_REF]. Therefore to estimate ages along the entire profile, we used a mixedeffect regression model [START_REF] Heegaard | Relationships between calibrated ages and depth in stratigraphical sequences: an estimation procedure by mixed-effect regression[END_REF]. A linear model would create an exaggerated modification of the sedimentation rate between 632 and 662 cm, while no major change in the stratigraphy of the sediments was observed. Thus, the age-depth model was extrapolated over the undated 93 cm on the basis and the sedimentation rate was estimated on the previous section (662-758 cm) (Fig. 2). This extrapolation is confirmed by the similar date of the Abies and Fagus expansions in the Lac d'Antre sequence and in other pollen analyses at a regional scale [START_REF] Beaulieu | History of vegetation, climate and human action in the French Alps and the Jura over the last 15 000 years[END_REF].

Pollen and microscopic charcoal analyses

Subsamples of 1 cm 3 were taken at 8 cm intervals and prepared for pollen and microscopic charcoal analysis using the standard procedure [START_REF] Faegri | Minimum count sums for charcoal concentration estimates in pollen slides: accuracy and potential errors[END_REF]. Five Lycopodium clavatum tablets were added to each subsample to estimate the microscopic charcoal concentration [START_REF] Stockmarr | Tablets with spores used in absolute pollen analysis[END_REF]. Pollen and microscopic charcoal was identified and counted together on pollen slides at 9500 magnification.

At least 500 pollen grains of terrestrial plants (Total Land Pollen, TLP) were identified and counted in each subsample, using transmitted light. Pollen identification was based on determination keys [START_REF] Beug | Pluvis, lac disparu: Du retrait glaciaire a `l'ame ´nagement hydroe ´lectrique (vol spe ´cial, 4. Rev. Pale ´obiol). Muse ´um d'Histoire Naturelle de Gene `ve, Suisse Carcaillet C[END_REF], photograph books (Reille 1992[START_REF] Reille | A long pollen record from Lac du Bouchet, Massif Central, France: for the period ca. 325 to 100 ka BP (OIS 9c to OIS 5e)[END_REF]) and a reference collection of modern pollen types. Grass pollen grains over 40 lm in diameter were classified as Cerealia-type to exclude a large part of the wild grass pollen [START_REF] Andersen | Identification of wild grass and cereal pollen[END_REF][START_REF] Beug | Pluvis, lac disparu: Du retrait glaciaire a `l'ame ´nagement hydroe ´lectrique (vol spe ´cial, 4. Rev. Pale ´obiol). Muse ´um d'Histoire Naturelle de Gene `ve, Suisse Carcaillet C[END_REF]). Pollen counts were expressed as percentages of TLP excluding spores and aquatic plants from the total pollen sum. Seven local pollen assemblage zones (LPAZ ANT1 to ANT7) were delineated using CONISS software [START_REF] Grimm | Tilia and Tilia-graph: pollen spreadsheet and graphics programs[END_REF]. Human impact was detected using anthropogenic pollen indicators (API) such as Plantago lanceolata, P. major/media, Rumex acetosa/acetosella, Artemisia, Chenopodiaceae, Urticaceae and Papaver [START_REF] Behre | The interpretation of anthropogenic indicators in pollen diagrams[END_REF][START_REF] Behre | The role of man in European vegetation history[END_REF]. These pollen indicators are presented together in a summary curve.

Microscopic charcoal counting was carried out following the method described by Finsinger and Tinner (2005). Microscopic charcoal was identified under transmitted light as black and opaque particles with angular contours [START_REF] Clark | Particle motion and the theory of charcoal analysis: source area, transport, deposition, and sampling[END_REF]). The identification was checked using reflective light (using oil immersion) to distinguish microscopic charcoal from uncharred organic matter, which is black and opaque, but does not reflect light. Charcoal measurements (length, width and area) were taken using picture analysis software (Visilogxpert 6.4). Only particles between 86 and 2,000 lm 2 area were included in the fire history reconstruction [START_REF] Patterson | Microscopic charcoal as a fossil indicator of fire[END_REF][START_REF] Tinner | Pollen and charcoal in lake sediments compared with historically documented forest fires in southern Switzerland since A.D[END_REF][START_REF] Tinner | Long-term forest fire ecology and dynamics in southern Switzerland[END_REF][START_REF] Whitlock | Charcoal as a fire proxy[END_REF]. Particles larger than 2,000 lm 2 were not used in this paper because they were very scarce in our samples. Past regional fire activity is presented as the charcoal accumulation rate per area (CHAR is expressed in mm 2 /cm 2 /year).

Results

Chronology

The record covers 5,000 years from the Neolithic (6500 cal. B.P. at 765 cm) to the beginning of the early Middle Ages (1400 cal. B.P. at 258 cm) (Fig. 2). The sediment accumulation rate was constant from 765 to 425 cm (6800 cal. B.P. to 2900 cal. B.P.) with an estimated rate of 0.09 cm/year and increases to an average of 0.13 cm/year from 425 cm (2900 cal. B.P.) until the end of the record (1500 cal. B.P.). Therefore, the sampling resolution of the pollen and charcoal analyses at 8 cm intervals (Fig. 3) represents the mean value of every 88 years (ANT1-ANT4) or 60 years (ANT5-ANT7).

Pollen analyses

The pollen record is separated into seven local pollen assemblage zones (LPAZ) (Fig. 3).

The pollen record begins in ANT1 (6600-6350 cal. B.P.) with high percentages of arboreal pollen (AP/T ca. 95 %). The vegetation cover was dominated by a mixed oak woodland composed of Quercus (oak), Ulmus (elm), Tilia (lime), Fraxinus (ash) and Acer (maple). Corylus (hazel), which was the main taxon during the occupation of the site by boreal woodland, maintained high pollen percentages. From 6500 cal. B.P., the first appearance of Abies (fir) is recorded, followed by that of Fagus (beech) from 6350 cal.

B.P.

In ANT2 (6350-5850 cal. B.P.), the most important change was the appearance and strong expansion of Taxus (yew) (30 %). This yew increase was concomitant with the first development of Fagus and Abies. Simultaneously, the mixed oak woodland and Corylus slowly declined.

During ANT3 (5850-4300 cal. B.P.), mixed oak woodland and Corylus continued to decrease, and Taxus percentages fell in favour of a sharp expansion of the beech-fir woods indicated by the increase from 5 to 20 % of Abies and by the increase from 5 to 30 % of Fagus. Continuous occurrences of Picea (spruce) pollen appeared around 5750 cal. B.P. The increase of Betula (birch), Alnus (alder) and Salix (willow) may suggest the development of a wetland area around the lake. The first signs of human activity are suggested by the increases in Poaceae and API (Plantago lanceolata, Rumex acetosa/acetosella).

The beech-fir woodland still dominated in ANT4 (4300-2700 cal. B.P.) (AP/T ca. 90 %), and the first occurrences of Carpinus appeared at 3500 cal. B.P. At 3900 cal. B.P, the small increases in Poaceae and API (Plantago lanceolata, Rumex acetosa/acetosella, Urticaceae) were in contrast to slight decreases in Fagus. The first Cerealia appeared around 3400 cal. B.P., and became continuous ca. 3200 cal. B.P. onwards.

In ANT5 (2700-2250 cal. B.P.), the beginning of the zone was characterised by the collapse of Fagus (of 20 %), the decline of Abies and Alnus and an increase in Corylus.

Poaceae and API values (Plantago lanceolata, Rumex acetosa/acetosella and Artemisia) increased at the same time, and Cerealia percentages were low but continuous. After a short collapse, Fagus percentages returned rapidly to 40 % but decreased again in favour of Abies and Quercus at the end of this period.

In ANT6 (2250-1700 cal. B.P.), AP/T percentages reduced from 90 to 80 %, mainly as a result of a strong decrease in Abies (15 %). Fagus and Alnus percentages remained constant along with successive increases of Betula and Corylus followed by Ulmus, Tilia and Fraxinus. NAP percentages reached 20 % because of increases of Poaceae, API, Cerealia and other herbs (Caryophyllaceae and Anthemideae). Among the crops, Secale-type pollen appeared.

The last zone, ANT7 (1700-1400 cal. B.P.), was characterised by decreases in Poaceae, API and Cerealia and an expansion of woodland (AP/T ca. 85 %). Increased woodland was led by Abies and Carpinus before an expansion of Fagus. The concomitant increase in Alnus and Betula suggests a wetland expansion around the lake.

Finally (ca. 1500 cal. B.P.), Poaceae and API increased again, particularly as a result of Plantago lanceolata, before the expansion of Rumex acetosa/acetosella.

Microscopic charcoal analyses

The CHAR record is presented in Fig. 4. Throughout Zones ANT1 to ANT3, the CHAR remained low (mean 0.2 mm 2 /cm 2 /year), with no significant variations. Zones ANT4 and ANT5 were characterised by a general rise in CHAR values (mean 0.35 mm 2 /cm 2 /year) with several low-amplitude peaks (\1 mm 2 /cm 2 /year). The strongest increase in CHAR values occurred in ANT6, with two consecutive peaks with high amplitude between 2000 cal. B.P. and 1700 cal. B.P. The highest peak reached 11 mm 2 / cm 2 /year, and the second reached 3 mm 2 /cm 2 /year. CHAR values subsequently decreased and fluctuated under 0.7 mm 2 /cm 2 /year until the end of the record in ANT7. Magnetic susceptibility measurements Magnetic susceptibility (MS) values (Fig. 4) increased during ANT1 followed by a progressive decline throughout ANT2. MS values reached their minimum at the beginning of ANT3. Subsequent values were relatively stable until a sharp increase at the end of the zone. In ANT4, MS values fluctuated with successive peaks at low amplitude around the same mean value. ANT5 and ANT6 were characterised by an upward trend composed of three peaks (2700-2550; 2150-2000 and 1900-1700 cal. B.P.). After this trend, the MS values decreased rapidly in ANT7 and remained constant throughout this period. Discussion 5,000 years of vegetation dynamics and human impacts (Figs. 3,4)

The Neolithic-early Bronze Age; 6500-3900 cal. B.P. (4450-1950 cal. B.C.) Around the middle Neolithic (5850 cal. B.P.), decreases in Ulmus and Fraxinus and an increase in Corylus are correlated with an increase in Poaceae and simultaneous occurrences of Plantago lanceolata and Rumex acetosa/ acetosella. The same kind of pollen variation and API occurrences were previously identified in other sites and were interpreted as small anthropogenic clearings [START_REF] Richard | Indices polliniques d'une ne ´olithisation pre ´coce sur le premier plateau du Jura (France)[END_REF][START_REF] Richard | Analyse pollinique d'un sondage de 7.5 m. In: Pe ´trequin P (ed) Les sites littoraux ne ´olithiques de Clairvauxles-Lacs et de Chalain (Jura) III, Chalain station[END_REF][START_REF] Richard | L'hypothe `se du de ´terminisme climatique des premie `res traces pollinique de ne ´olithisation sur le massif jurassien[END_REF]. This finding can be interpreted as the development of temporary pastoral activity around Lac d'Antre. However, it cannot be excluded that a natural woodland transition or local disturbances such as windthrow or aging woodland stands may have caused this type of effect on the pollen spectra [START_REF] Richard | L'introduction de l'agriculture sur la montagne jurassienne. Plus d'un mille ´naire de succe `s et d'e ´chec apparent[END_REF].

During the late Neolithic (5200-4300 cal. B.P.), occurrences of P. lanceolata and R. acetosa/acetosella may suggest a new and temporary grazing activity. The intensity of this settlement certainly remained low because these pollen occurrences are difficult to correlate with systematic and synchronous decreases in tree pollen.

During the Neolithic, people seem to have settled at the lowest altitudes around Lac de Clairvaux and Lac de Chalain (Fig. 1b; [START_REF] Pe ´trequin P ; Arbogast | Les sites littoraux ne ´olithiques de Clairvaux-les-Lacs (Jura). I, Proble ´matique ge ´ne ´rale, l'exemple de la station III. Arche ´ologie et culture mate ´rielle[END_REF][START_REF] Pe ´trequin P ; Arbogast | Les sites littoraux ne ´olithiques de Clairvaux-les-Lacs (Jura). I, Proble ´matique ge ´ne ´rale, l'exemple de la station III. Arche ´ologie et culture mate ´rielle[END_REF]. Recent pollen and sedimentological analyses at Lac de St-Point which is 850 m a.s.l. and 60 km north of Lac d'Antre [START_REF] Leroux | Late Glacial-Holocene sequence of Lake Saint-Point (Jura Mountains, France): detrital inputs as records of climate change and anthropic impact[END_REF][START_REF] Leroux | Caracte ´risation et e ´volution des flux de ´tritiques et authige `nes en contexte lacustre carbonate ´au cours du Tardiglaciaire et de l'Holoce `ne (lac Saint-Point, Haute-Chaı ˆne du Jura): implications pale ´oclimatiques et pale ´oenvironnementales[END_REF] suggest regular settlement of the area beginning at 6000 cal. B.P. However, the highest altitude was usually only crossed by small groups using a shifting cultivation system. This system generated local and temporary impacts that have been revealed by pollen studies in the Jura mountains [START_REF] Gauthier | La fore ˆt jurasienne au cours des deux derniers mille ´naires a `la lumie `re de quelques diagrammes polliniques. La me ´moire des fore ˆts[END_REF][START_REF] Richard | Indices polliniques d'une ne ´olithisation pre ´coce sur le premier plateau du Jura (France)[END_REF] and in other mountainous areas such as the northern Alps (De [START_REF] Beaulieu | Les premiers signes de l'anthropisation dans les Alpes franc ¸aises d'apre `s l'analyse pollinique[END_REF]Vorren et al. 1993) and the Pyrenees [START_REF] Galop | La conque ˆte de la montagne Pyre ´ne ´enne au Ne ´olithique. Chronologie, rythmes et transformations des paysages a `partir des donne ´es polliniques[END_REF]).

The Bronze Age; 3900-2750 cal. B.P. (1950-800 cal. B.C.) From 3900 cal. B.P. onwards, several increases of NAP percentages such as Poaceae and API, CHAR and MS values are correlated and reveal a fluctuating human influence around the lake. Accordingly, the successive decreases in Fagus may represent repeated clearances. From 3200 cal. B.P. onwards, late Bronze Age, the continuous curve of Cerealia indicates a permanent agricultural presence near the site.

The intensification of evidence of human activity around the lake was suspected from the discovery of artefacts during archaeological prospection [START_REF] Nouvel | Etude inte ´gre ´e d'un complexe religieux gallo-romain. Villards d'He ´ria (Jura). Arche ´ologie, architecture, territoire et environnement, Rapport d'activite[END_REF]. At a regional scale, the archaeological data suggest an increase in human occupation during the early Bronze Age [START_REF] Martineau | Territoires, environnement et pratiques agricoles au Ne ´olithique final. Approche syste ´matique des espaces agraires et des variations de ´mographiques durant le IIIe `me mille[END_REF]. Pollen analyses in the Jura mountains revealed human occupation throughout this period [START_REF] Gauthier | Fore ˆts et agriculteurs du Jura. Les quatre derniers mille ´naires[END_REF][START_REF] Richard | Bilan des donne ´es polliniques concernant l'a ˆge du Bronze dans le Jura et le nord des Alpes[END_REF] The decreases in woodland trees (Fagus and Abies) and lake shore trees (Alnus) beginning in the first Iron Age period (''Hallstatt'', ca. 2700 cal. B.P.) suggest woodland clearances and an increase in human activity around the lake. Simultaneously these practices caused soil erosion, indicated by increased MS values. Corylus benefited from woodland modifications as a pioneer and woodland edge tree [START_REF] Be | Le comportement pollinique du Noisetier (Corylus avellana), son ro ˆle comme indicateur d'impacts anthropiques? L'exemple d'un transect dans le sud du Jura[END_REF].

Between ca 2500 and 2200 cal. B.P., a regrowth of woodland, firstly of Fagus and secondly of Abies, is contemporary with a sharp decreasing trend of the API and with a stability of the magnetic susceptibility. All these changes are consistent with a temporary decrease in human pressure.

Successive clearances of Fagus followed by Abies during the second Iron Age (''La Te `ne'', at 2350 cal. B.P.) coincided with an increase in grazing pressure (API and Poaceae), soil erosion (MS) and an increased woodland edge area (Betula, Corylus). There was no extension of cultivated land during the Iron Age, as Cerealia percentages are consistent with those of the Bronze Age.

However, no archaeological remains were discovered at our site, and archaeological data at these altitudes are Fig. 4 A synthetic pollen diagram, microscopic charcoal influx (mm 2 /cm 2 /year) and magnetic susceptibility with lowess smoother (50 samples window) from Lac d'Antre. Cultural periods are indicated in the right-hand scale with the period of the Villards d'He ´ria site occupation and lake level phases described by [START_REF] Magny | Holocene climate variability as reflected by mid-European lake-level fluctuations and its probable impact on prehistoric human settlements[END_REF]. The exaggerated curves are 95 for pollen (solid line) and 910 for charcoal (dotted line)

scarce at a regional scale (Rothe ´2001). In the Jura mountains, palaeoenvironmental studies describe a weak and irregular occupation [START_REF] Gauthier | Fore ˆts et agriculteurs du Jura. Les quatre derniers mille ´naires[END_REF][START_REF] Gauthier | Bronze Age at Lake Bourget (NW Alps, France): vegetation, human impact and climatic change[END_REF][START_REF] Richard | Bilan des donne ´es polliniques concernant l'a ˆge du Bronze dans le Jura et le nord des Alpes[END_REF], perhaps resulting from a climatic cooling estimated from a transgressive phase of the lake level during the first Iron Age [START_REF] Magny | Palaeohydrological changes as reflected by lakelevel fluctuations in the Swiss Plateau, the Jura Mountains and the northern French Pre-Alps during the Last Glacial-Holocene transition: a regional synthesis[END_REF][START_REF] Van Geel | Mise en e ´vidence d'un forc ¸age solaire du climat a `partir de donne ´es pale ´oe ´cologiques et arche ´ologiques[END_REF]. Nevertheless, some sites located at high altitudes but close to the main road through the Jura mountains (''La Chaux d'Arlier'', for example) have records of a continuous human impact [START_REF] Gauthier | E ´volution des activite ´s agropastorales du Haut Jura (France) au cours des trois derniers mille ´naires[END_REF][START_REF] Gauthier | La fore ˆt jurasienne au cours des deux derniers mille ´naires a `la lumie `re de quelques diagrammes polliniques. La me ´moire des fore ˆts[END_REF]. At a regional scale, the fluctuations are different in their chronology and characteristics [START_REF] Ro ¨pke | Late-Holocene land-use history and environmental changes at the high altitudes of St Anto ¨nien (Switzerland, Northern Alps): combined evidence from pollen, soil and tree-ring analyses[END_REF][START_REF] Tinner | Climatic change and contemporaneous land-use phases north and south of the Alps 2300 BC to 800 AD[END_REF]. This suggests rather local events and shows the difficulty of discerning a general trend at a regional scale. Finally, human impact during the Iron Age seems to have been derived from a complex interaction between human activities, local vegetation history and climatic changes. All of the palaeo-proxies show an increase in human impact from 2000 to 1700 cal. B.P. These modifications fit well with the archaeological evidence and the settlement of the Villards d'He ´ria sanctuary from the 1st to the 3rd centuries A.D. (2000-1700 cal. B.P.) [START_REF] Lerat | Les Villards d'He ´ria (Jura). Recherches arche ´ologiques dirige ´es par l'auteur de a `1982 sur le site gallo-romain du ''Pont des Arches[END_REF]). The building of this sanctuary, described as a major place of worship of the Roman period Sequanie, would certainly have involved an increased local human activity and an expansion of open land, as shown by an increase of Poaceae, Caryophyllaceae and API, such as Plantago lanceolata, Rumex acetosa/acetosella and Artemisia. In parallel, small decreases in tree percentages (Alnus and Fagus) are recorded and indicate a few supplementary clearances during this period. The soil erosion, recorded by magnetic susceptibility, reaches its maximum with values close to those reached at the end of the Iron Age. Finally, the Gallo-Roman sanctuary construction and settlement continued through the Iron Age occupation and certainly occurred in an already open landscape.

The pollen spectra, with pastoral indicators and low percentages of crop indicators during the Gallo-Roman period, suggest the development of pastoral and small-scale cultivation activities in the catchment area. This finding is confirmed by the presence of a potential domestic area (Fig. 1c), which suggests a permanent human presence and the development of subsistence farming activities in parallel with the religious activities.

Regrowth of woodland (AP/T from 80 to 95 %) and a decrease in open-land taxa (Poaceae and API) coincided with the date of the abandonment of the Gallo-Roman sanctuary at the end of the 3rd century A.D. (ca. 1700-1650 cal. B.P.) that has been demonstrated by archaeological evidence [START_REF] Lerat | Les Villards d'He ´ria (Jura). Recherches arche ´ologiques dirige ´es par l'auteur de a `1982 sur le site gallo-romain du ''Pont des Arches[END_REF]. This event may have been a consequence of the instability of political and economic life partly caused by the insecurity arising from the Barbarian invasion between the 4th to 6th centuries A.D. (1650-1450 cal. B.P.) [START_REF] Rothe | Carte arche ´ologique de la Gaule, le Jura. Acade ´mie des Inscriptions et des Belles Lettres[END_REF]. The effects of this abandonment on the plant community included the colonisation of the wet zone on the lake shores by Alnus and the colonisation of cleared areas by Betula. After colonisation by pioneer trees, the woodland cover spread with the expansion of Fagus and Carpinus involving a stabilisation of the soil, illustrated by a decrease in MS values. Many pollen studies in the Jura mountains [START_REF] Gauthier | La fore ˆt jurasienne au cours des deux derniers mille ´naires a `la lumie `re de quelques diagrammes polliniques. La me ´moire des fore ˆts[END_REF] and in other areas of western Europe [START_REF] Richoz | Etude paleoecologique de lac de Seedorf (Fribourg, Suisse)[END_REF][START_REF] Ro ¨sch | Human impact as registered in the pollen record: some results from the western Lake Constance region, Southern Germany[END_REF][START_REF] Tinner | Climatic change and contemporaneous land-use phases north and south of the Alps 2300 BC to 800 AD[END_REF] have also recorded this agro-pastoral decrease in the 4th or 5th centuries A.D. (1650-1550 cal. B.P.). Moreover, the regrowth of Carpinus after the human impact during the Roman period has been described in previous studies in eastern France [START_REF] Etienne | The origin of closed depressions in Northeastern France: a new assessment[END_REF][START_REF] Gauthier | Fore ˆts et agriculteurs du Jura. Les quatre derniers mille ´naires[END_REF]), in southern Germany (Ro ¨sch 2000) and in Poland [START_REF] Ralska-Jasiewiczowa | Some problems of forest transformation at the transition to the oligocratic/Homo sapiens phase of the Holocene interglacial in the northern lowlands of central Europe[END_REF]. This pollen was sporadic until the second part of the Gallo-Roman period, when Carpinus percentages reached 5 %. Hornbeam seems to have benefited from the decrease in human pressure and played a prominent part in the regrowth of woodland in the area. Compared with other trees such as Abies, Fagus or Quercus, Carpinus grows more rapidly, has a high stump sprouting ability and produces a large amount of pollen, which may have facilitated its expansion.

The beginning of the early Middle Ages, 1474-1400 cal. B.P. (cal. A.D. After the short re-growth of woodland with Carpinus and Fagus, there are signs of site re-occupation. The increase in Poaceae, API and Cerealia pollen highlight the new establishment of pasture, cultivated land and open land around Lac d'Antre. This kind of farming renewal after the end of the Barbarian invasions around the 6th or 7th century A.D. (1450-1350 cal. B.P.) has been described in other pollen studies in Jura [START_REF] Gauthier | Fore ˆts et agriculteurs du Jura. Les quatre derniers mille ´naires[END_REF]) and in southern Germany (Ro ¨sch 1992).

The role of fire in vegetation dynamics

Along with the study of the evolution of vegetation dynamics, this study reconstructs the first fire history for the Jura mountains. The climate and vegetation of this area limit natural ignition and fire spread. Therefore, the fire activity detected from CHAR can easily be ascribed to burning by humans. Thus, our study area brings together a palaeoenvironmental archive from Lac d'Antre and an archaeological site, the sanctuary of Villards d'He ´ria, which provides the opportunity to investigate the link between fire history and human activities.

The first increase in CHAR values occurs during the early Bronze Age (ca. 3900 cal. B.P.). These values coincide with the first weak signs of human impact characterised by the increase in API percentages, indicators of landscape openness (Poaceae) and a few clearance practices (Fig. 4). At 3200 cal. B.P., another increase of CHAR values is correlated with the decreases of Fagus and Abies and an increase of Cerealia-type. The fire was certainly used to clear areas for the expansion of the farming around the lake. Indeed, several studies in Switzerland, in the northern and southern Alps, have shown a strong correlation between charcoal and API beginning with the early Bronze Age (4250 cal. B.P.) [START_REF] Gobet | Middle to Late Holocene vegetaion history of the Upper Engadine (Swiss Alps): the role of man and fire[END_REF][START_REF] Tinner | Fire ecology north and south to the Alps since the last ice age[END_REF][START_REF] Valsecchi | Human impact during the Bronze Age on the vegetation at Lago Lucone (northern Italy)[END_REF]). Thus, fire was intentionally used for the clearance of woodlands and the establishment of pastures and cultivated land.

The Iron Age is characterised by the first phase of woodland reduction which affected local vegetation. A peak in CHAR values at ca. 2600 cal. B.P. coincided with Fagus and Abies clearances, an increase in pasture pollen indicators (API and Poaceae) and the presence of crop cultivation (Cerealia-type pollen). This increase of CHAR values may be the result of the use of fire to clear new areas and favour the expansion of pasture. Although the human activity became more pronounced, peak amplitudes and trends of CHAR values were of the same order of magnitude as those during the Bronze Age.

The strongest fire phase recorded in the Lac d'Antre sequence occurred during the Gallo-Roman occupation of the sanctuary. The two highest peaks of the sequences, 11 and 3 mm 2 /cm 2 /year, were correlated with the increase in API and Cerealia-type pollen and with the lowest AP/T percentages recorded (approximately 80 %). Thus, the general increase in CHAR values during the settlement of the Gallo-Roman sanctuary (2.6 mm 2 /cm 2 /year) coincided with an increased landscape openness and the expansion of areas for grazing and other farming activities. Given the proximity between the settlement and the lake, domestic activities such as heating, cooking [START_REF] Sadori | Human impact at Lago di Mezzano (central Italy) during the Bronze Age: a multidisciplinary approach[END_REF][START_REF] Sadori | Charcoal analysis, a method to study vegetation and climate of the Holocene: the case of Lago di Pergusa (Sicily, Italy)[END_REF] or other undetermined activities relating to the life in the sanctuary may have caused an increase in CHAR values. The use of fire as part of farming practices may have been a side benefit from the production of charcoal.

From 1500 cal. B.P., the decrease in general CHAR values coincided with the abandonment of the sanctuary demonstrated by archaeologists. This decrease in fire events corroborates the decrease in farming and grazing practices and a period of re-growth of woodland around Lac d'Antre. The increase in CHAR values around 1500 cal. B.P. indicates a period of fire use to re-open the surrounding landscape before another expansion of grazing and farming activities.

The reconstitution of the fire history for Lac d'Antre fits well with the successive periods of human impact identified by pollen analysis and archaeological discoveries. However, the use of fire across these different historical periods was not uniform.

First, fire use was absent or very sparse during the Neolithic and was not correlated with the slash-and-burn agriculture described in other studies of this period (Carcaillet 1998;[START_REF] Clark | Post-glacial fire, vegetation, and cultural history of the northern alpine forelands southwest Germany[END_REF][START_REF] Martineau | Territoires, environnement et pratiques agricoles au Ne ´olithique final. Approche syste ´matique des espaces agraires et des variations de ´mographiques durant le IIIe `me mille[END_REF][START_REF] Rius | Fire frequency and landscape management in the northwestern Pyrenean piedmont, France, since the early Neolithic (8000 cal B.P.)[END_REF][START_REF] Tinner | Fire ecology north and south to the Alps since the last ice age[END_REF]). In addition, fire was not the main tool for tree clearance during the Bronze and Iron Ages around Lac d'Antre. Several studies in Switzerland have recorded higher charcoal influxes during the Bronze Age, from 3950 cal. B.P. [START_REF] Gobet | Middle to Late Holocene vegetaion history of the Upper Engadine (Swiss Alps): the role of man and fire[END_REF][START_REF] Valsecchi | Human impact during the Bronze Age on the vegetation at Lago Lucone (northern Italy)[END_REF] or the Iron Age at approximately 2550 cal. B.P. [START_REF] Tinner | Fire ecology north and south to the Alps since the last ice age[END_REF] and have related these influxes to clearances of the tree cover by humans. Conversely, fire seems to have played a primary role during the Gallo-Roman period, 2000-1800 cal. B.P. This period is generally characterised by low fire occurrences during which fire was used to maintain meadows and fields in a general pattern of keeping the land open [START_REF] Rius | Fire frequency and landscape management in the northwestern Pyrenean piedmont, France, since the early Neolithic (8000 cal B.P.)[END_REF]). This particularity in our fire record is certainly the result of the existence of Lac d'Antre in the middle of an archaeological site in full expansion during the Gallo-Roman period, which involved a concentrated and sharp increase in human pressure and resource requirements.

Natural or human influences on the expansions of Taxus baccata, Fagus sylvatica and Abies alba

The data available permit a discussion of a specific aspect of the vegetation dynamics. The cause of the appearance of Fagus and Abies has been extensively discussed in the literature [START_REF] Tinner | Holocene expansions of Fagus silvatica and Abies alba in Central Europe: where are we after eight decades of debate?[END_REF][START_REF] Valsecchi | Testing the influence of climate, human impact and fire on the Holocene population expansion of Fagus sylvatica in the southern Prealps (Italy)[END_REF]. However, at Lac d'Antre, a rapid expansion of Taxus beginning at ca. 6350 cal. B.P. coincided with the disappearance of the mixed oak woods, and its decline corresponded with the development of the beech-fir woods (Fig. 3). In the literature, few pollen studies have identified such a sharp Taxus expansion, and this may be linked to the difficulty in identifying yew pollen and the short period of time when it was present. Most of the pollen analyses that have mentioned the occurrence of Taxus ([5 %) during the Atlantic Period (8850-5350 cal. B.P. in western Europe) are located in the Jura mountains and in their southern regions (Fig. 5a). Percentages of Taxus of approximately 10 % were recorded in Chalain [START_REF] Richard | Analyse pollinique d'un sondage de 7.5 m. In: Pe ´trequin P (ed) Les sites littoraux ne ´olithiques de Clairvauxles-Lacs et de Chalain (Jura) III, Chalain station[END_REF] and Arinthod (De Beaulieu and Richard, unpublished), both of which are located close to Lac d'Antre. In the southern part of the Jura mountains, similar percentages were described in Pluvis [START_REF] Beug | Pluvis, lac disparu: Du retrait glaciaire a `l'ame ´nagement hydroe ´lectrique (vol spe ´cial, 4. Rev. Pale ´obiol). Muse ´um d'Histoire Naturelle de Gene `ve, Suisse Carcaillet C[END_REF]) and higher percentages (30 %) in Cerin (Ruffaldi 1993). From 5 to 20 % were recorded in ''Ile Cre ´mieu'', in the southern Jura mountains in Hie `res-sur-Amby [START_REF] Clerc | Recherches pollenanalytiques sur la pale ´oe ´cologie tardiglaciaire et holoce `ne du Bas-Dauphine ´. The `se d'Etat[END_REF] and in Moras (unpublished) and in the sub-alpine foothill areas in St. Julien de Ratz, Grand Ratz and Grand Lemps by [START_REF] Clerc | Recherches pollenanalytiques sur la pale ´oe ´cologie tardiglaciaire et holoce `ne du Bas-Dauphine ´. The `se d'Etat[END_REF]. Anthracological (charcoal) studies have also described, in the same area of southern Jura and pre-Alps and during an identical period with a stronger expansion between 7450 and 6950 cal. B.P., an expansion of yew by charcoal identification in cultural layers [START_REF] Martin | L'if (Taxus baccata L.): histoire et usage d'un arbre durant la Pre ´histoire re ´cente. L'exemple du domaine alpin et circum-alpin (Anthropobotanica 1.4)[END_REF]. Finally, this type of sharp Taxus expansion has also been detected in other pollen studies in France at Marais du Grand-Chaumet [START_REF] Vannie | Feu, agro-pastoralisme et dynamiques environnementales en France durant l'Holoce `ne. Analyse du signal incendie, approches se ´dimentologiques et e ´tude de cas en Berry, Pyre ´ne ´es et Franche Comte ´. The `se de doctorat[END_REF] and in Switzerland at Seedorf [START_REF] Richoz | Etude paleoecologique de lac de Seedorf (Fribourg, Suisse)[END_REF]. From a geographical point of view, Taxus does not seem to have an altitudinal preference, growing equally well in both hills and mountains \800 m a.s.l.

The phases of the Taxus expansion are dated in some of these sites by AMS radiocarbon dates. The possible age of Taxus establishment and expansion at Lac d'Antre was taken from the extrapolated part of the age-depth model. These radiocarbon dates were calibrated with CALIB 6.0.1 using the IntCal09 calibration curve. They correspond to different moments in the invasion of Taxus (Lang 1992): establishment (Tet), expansion (Tex), stabilisation (Ts) and recession (Tr) (Fig. 5b).

In the present state of the data, the distributions of Taxus invasions are not contemporary with the geographical locations of the sites. Thus, migration lag appears to be a factor that influenced Taxus development. Taxus expansion seems to follow a south-north transect. The first establishments occur in the sub-alpine foothills at sites 1-3, before its colonisation of the southern part of the Jura mountains at sites 4-6. Following this, yew became established northwards to the latitudes of the Jura at Lac d'Antre, site 8 and in western France at site 12.

Additional studies on the migration of Taxus in France and other countries will be necessary to confirm the hypothesis of a refuge area for Taxus close to sub-alpine mountains, before its migration towards the north.

For all sites previously cited, the establishment of Taxus took place between the decrease of the mixed oak woodland and the spread of Fagus. Taxus appeared at three sites (sites 1-3) during a phase in which Abies was well established; so yew establishment does not seem to have been limited by fir. However, for the large majority of the pollen studies, Taxus recession is linked with the expansion of Fagus, which also follows the direction of its migration from a refuge area in the sub-alpine foothills [START_REF] Beaulieu | History of vegetation, climate and human action in the French Alps and the Jura over the last 15 000 years[END_REF][START_REF] Magri | A new scenario for the Quaternary history of European beech populations: palaeobotanical evidence and genetic consequences[END_REF]). Thus, as with its appearance and expansion, the recession of Taxus seems to have followed a south-north direction. Tr, Taxus recession correlated with the higher lake level phases in Jura [START_REF] Magny | Holocene climate variability as reflected by mid-European lake-level fluctuations and its probable impact on prehistoric human settlements[END_REF]). The black squares for the Lac d'Antre sequence correspond to radiocarbon date estimates using the age-depth model Just as global climate change, local parameters such as geographical location, altitude, micro-climate, inter-specific competition, soils [START_REF] Haas | Synchronous Holocene climatic oscillations recorded on the Swiss Plateau and at timberline in the Alps[END_REF][START_REF] Tinner | Holocene expansions of Fagus silvatica and Abies alba in Central Europe: where are we after eight decades of debate?[END_REF] and human activities [START_REF] Richoz | Etude paleoecologique de lac de Seedorf (Fribourg, Suisse)[END_REF][START_REF] Valsecchi | Testing the influence of climate, human impact and fire on the Holocene population expansion of Fagus sylvatica in the southern Prealps (Italy)[END_REF] all may have played roles in the appearance and expansion of Fagus and Abies, these factors also probably influenced the establishment of Taxus.

At all of the sites studied, Taxus appeared during the Holocene climatic optimum (9000-5500 cal. B.P.) but only after its maximum, when a progressive climatic degradation to wetter and colder conditions caused the decline of the mixed oak woodland and the transition to a beech-fir woods (De [START_REF] Beaulieu | Apport des longues se ´quences lacustres a `la connaissance des variations des climats et des paysages ple ´istoce `nes[END_REF]. For the majority of the sites (sites 4-10 and 12), Taxus seems to have benefited from this global climatic context to grow and become an established population during the transition between these two woodland associations. At sites 1-3, Taxus expansion also coincides with the decline of the mixed oak woodland. However, the concomitant presence of Taxus and Abies is probably the result of the early expansion of Abies in this area linked with the proximity of the Wu ¨rm refuge area [START_REF] Clerc | Recherches pollenanalytiques sur la pale ´oe ´cologie tardiglaciaire et holoce `ne du Bas-Dauphine ´. The `se d'Etat[END_REF].

During the Pleistocene, in the previous interglacial periods (during Oxygen Isotope Stages 5e, 9e and 11c), similar significant increases of yew are recorded in several sites in France (De [START_REF] Beaulieu | Apport des longues se ´quences lacustres a `la connaissance des variations des climats et des paysages ple ´istoce `nes[END_REF][START_REF] Pons | Recent contributions to the climatology of the last glacial-interglacial cycle based on French pollen sequences[END_REF][START_REF] Reille | A long pollen record from Lac du Bouchet, Massif Central, France: for the period ca. 325 to 100 ka BP (OIS 9c to OIS 5e)[END_REF]). The climatic context and vegetation dynamics that existed when Taxus appeared and developed were very similar to those of the Holocene. This highlights the important role played by the global climatic conditions in the dynamics of Taxus.

Regional climatic conditions seem also to have played a role in Taxus development. Indeed, the yew expansion at Lac d'Antre (and sites 11 and 12) was correlated with the higher lake-level called ''10-Grand Maclu'' (6350-5900 cal. B.P.) described by Magny in the Jura mountains, corresponding to a cooling and humid phase (Fig. 5b; [START_REF] Magny | Successive oceanic and solar forcing indicated by Younger Dryas and Early Holocene climatic oscillations in the Jura[END_REF][START_REF] Magny | Holocene climate variability as reflected by mid-European lake-level fluctuations and its probable impact on prehistoric human settlements[END_REF]. In two other sites (sites 4 and 5), the Taxus expansion occurred earlier, but it was also correlated with a high lake-level phase ''11-Cerin''. This might be linked to the ecological preferences of Taxus for high atmospheric humidity without extreme low temperatures (Verrie `re-Cuvillier 2001).

No human impact was recorded during the beginning of the mixed oak woodland decline and the expansion of Taxus and the regression of Lac d'Antre. However, the potentially weak human impact described previously is synchronous with the expansions of Fagus and Abies. This small disturbance of the woodland cover may have facilitated the spread of these two trees at a local scale. However, human influence appears to have been too weak to exceed the natural disturbances and certainly cannot solely account for the spread of Fagus and Abies at the regional or European scale [START_REF] Giesecke | Towards an understanding of the Holocene distribution of Fagus sylvatica L[END_REF][START_REF] Huntley | Quaternary palaeoecology and ecology[END_REF][START_REF] Richoz | Etude paleoecologique de lac de Seedorf (Fribourg, Suisse)[END_REF][START_REF] Tinner | Holocene expansions of Fagus silvatica and Abies alba in Central Europe: where are we after eight decades of debate?[END_REF].

Conclusion

The main results of this multi-proxy study of the Lac d'Antre sequence are as follows:

(1) This study provides new data on the regional human history and corroborates or completes the available but scarce archaeological data. Indeed, the palaeoenvironmental results reveal earlier and later human settlement apart from the Gallo-Roman establishment at Villards d'He ´ria. The first weak signs of human settlement are detectable in the early middle Neolithic (ca. 5850 cal. B.P.) and in the Bronze Age (ca. 3900 cal. B.P.). However, a more extensive and intensive human pressure began during the Iron Age (2700 cal. B.P.), when woodlands and lakeshores were both affected by clearances. Further archaeological investigations are needed to confirm that these settlements existed before the well-known Gallo-Roman sanctuary was founded.

The establishment of the Sequane sanctuary took place at the same time as an Iron Age occupation at the site. There was an increase of open landscape for the development of the sanctuary that coincided with farming activities in a generally wooded landscape.

There is also a close chronological correlation between our different proxies and the date of Gallo-Roman occupation (1st century A.D.) and abandonment (4th century A.D.) of the site demonstrated by numerous archaeological data. A previously unknown human impact phase was recorded during the Middle Ages, but archaeological discoveries have not yet confirmed these results.

(2) The periods of increased fire activity detected were all attributable to burning by humans. During the Bronze and Iron Ages, the increase from the low CHAR values recorded during the clearance phases reflect a limited use of fire as a means of managing the landscape in the Jura mountains. The main phase of fire use was recorded during the first part of the Gallo-Roman period and was correlated with the higher population pressure revealed by pollen analyses and archaeological studies. During this period, fire was probably mainly used for domestic activities relating to the life in the sanctuary and may also have been used as part of the farming practices in the catchment area.

(3) The establishment of Taxus baccata, Fagus sylvatica and Abies alba seems mainly to have been influenced by climatic variations during the middle Neolithic (6400-5500 cal. B.P.). The end of the maximum climatic optimum and the development at a regional scale of a cold and wet climatic phase was favourable to the establishment of Taxus (6350-5900 cal. B.P.). Climatic and human factors may have played a role in this period of change in the woodlands. However, the human impact detected around Lac d'Antre was too weak to exceed the climatic impact. Finally, the establishment of Taxus, Fagus and Abies near our site seems to have been mainly driven by climatic variations.

Further analyses on the upper part of the sequence, from the Middle Ages to the present day, will complete our knowledge of the history of human settlement and activities around this site.
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 1 Fig. 1 a The geographical location of Villards d'He ´ria in the Jura mountains (France). b The regional hydrological context. c The topography, vegetation cover and archaeological context around Lac d'Antre, Villards d'He ´ria, France
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 2 Fig. 2 An age-depth model (constant variance) with expected ages along the sequence (bold line), 95 % confidence intervals (grey line), 2r range probability distribution and estimated sedimentation accumulation rate (cm/year)
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 3 Fig. 3 A diagram of selected pollen taxa from Lac d'Antre. API: Plantago lanceolata, Plantago major/media, Rumex acetosa/acetosella, Artemisia, Chenopodiaceae, Urticaceae and Papaver. The exaggerated curves are 95 for pollen (solid line)

  . The human impact was weak and discontinuous and was characterised by small clearances and minor pastoral and agricultural activities such as those detected at Lac d'Antre. The Iron Age, 2750-2000 cal. B.P. (800-50 cal. B.C.)

  The Gallo-Roman period, 2000-1474 cal. B.P. (50 cal. B.C.-cal. A.D. 476)
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 5 Fig. 5 a The geographical location of sites with a percentage of Taxus [5 % during the Atlantic Period: 1 St Julien de Ratz, St J R (650 m); 2 Grand Ratz, Gd R (650 m); 3 Grand Lemps, Gd L (456 m); 4 Hie `res sur Amby, H/A (212 m); 5 Cerin, C (764 m); 6 Moras, M (304 m); 7 Pluvis (215 m); 8 Antre, A (798 m); 9 Arinthod (450 m); 10 Chalain (484 m); 11 Seedorf (609 m); 12 Marais du

  

Table 1 AMS

 1 

	Poz-24685	90-91	560 ± 30	522-642	582
	Poz-31635	183.5-184.5	885 ± 30	732-908	820
	Poz-20748	254-256	1455 ± 30	1301-1392	1346.5
	Poz-24686	313-315	1850 ± 30	1715-1865	1790
	Poz-24687	368-370	2145 ± 35	2003-2305	2154
	Poz-31636	434.5-435	2530 ± 50	2368-2752	2560
	Poz-24688	478-480	2980 ± 35	3007-3322	3164.5
	Poz-20751	536-542	3640 ± 35	3860-4083	3971.5
	Poz-24690	585-587	3910 ± 40	4183-4498	4340.5
	Poz-13490	632-633	4190 ± 80	4445-4875	4660
	Poz-24691	662-664	4940 ± 30	5603-5726	5664.5

radiocarbon dates from Lac d'Antre, calibrated with the CALIB 6.0.1 program using the Intcal09 calibration curve Lab. code Depth (cm) AMS 14 C (years B.P.) Calib. Age (years B.P., 2r-range) Mean age (cal. years B.P.)
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