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Introduction

The northern boreal forest represents almost 30% of the world's forested areas and contains the largest reservoir of terrestrial carbon stored in soil and peatlands [START_REF] Gorham | Northern peatlands: role in the carbon cycle and probable responses to climatic warming[END_REF][START_REF] Sheng | A high-resolution GIS-based inventory of the west Siberian peat carbon pool[END_REF]. Boreal forest dynamics have an impact on the carbon composition of the atmosphere and global climate dynamics [START_REF] Foley | Feedbacks between climate and boreal forests during the Holocene epoch[END_REF][START_REF] Kasischke | Fire, climate change, and carbon cycling in the boreal forest[END_REF].

Fire is the main natural disturbance in this biome, impacting the diversity, composition and structure of the forest. Projected climate warming may therefore increase fire activity through extension of the fire season and drought severity [START_REF] Flannigan | Impacts of climate change on fire activity and fire management in the circumboreal forest[END_REF][START_REF] Bergeron | Will climate change drive 21st century burn rates in Canadian boreal forest outside of its natural variability: collating global climate model experiments with sedimentary charcoal data[END_REF]. Current global warming may also increase net biomass production [START_REF] Flannigan | Impacts of climate change on fire activity and fire management in the circumboreal forest[END_REF] and forest fuel, creating more favorable conditions for fire activity [START_REF] Gauthier | Aménagement écosystémique en forêt boréale (Puq)[END_REF][START_REF] Flannigan | Impacts of climate change on fire activity and fire management in the circumboreal forest[END_REF]. In the boreal zone, fire is an important environmental and socio-economic issue for governments [START_REF] Conard | Wildfire in Russian boreal forests-Potential impacts of fire regime characteristics on emissions and global carbon balance estimates[END_REF][START_REF] Weber | Canadian boreal forest ecosystem structure and function in a changing climate: impact on fire regimes[END_REF][START_REF] Stocks | Climate Change and Forest Fire Potential in Russian and Canadian Boreal Forests[END_REF][START_REF] Randerson | The impact of boreal forest fire on climate warming[END_REF][START_REF] Soja | Climate-induced boreal forest change: predictions versus current observations[END_REF][START_REF] Stocker | Climate change 2013: the physical science basis: Working Group I contribution to the Fifth assessment report of the Intergovernmental Panel on Climate Change[END_REF]. For example, in Canada, fire suppression policy expenditure and costs have been increasing since the 1970s [START_REF] Stocks | Forest fire management expenditures in Canada: 1970-2013[END_REF] and, based on current projections, will continue to increase.

The impacts of fire on boreal forest vegetation depend on different variables that define the fire regime, i e its frequency, severity and intensity. [START_REF] Keeley | Fire intensity, fire severity and burn severity: a brief review and suggested usage[END_REF]. In North American boreal forests, wildfires are generally crown fires [START_REF] Kasischke | Fire, climate change, and carbon cycling in the boreal forest[END_REF][START_REF] De Groot | A comparison of Canadian and Russian boreal forest fire regimes[END_REF][START_REF] Stocks | Forest fire management expenditures in Canada: 1970-2013[END_REF], destroying stand canopy and leading to a total renewal of pre-fire cohorts. In contrast, in the Eurasian boreal forest, a mixed severity fire regime dominates, with a considerable proportion being surface fires [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF]. Across this eco-zone, NOAA-AVHRR satellite data have shown an increase in burned areas, with an annual average of 9.3 million hectares for the period 1996-2005 [START_REF] Goldammer | Vegetation fires and global change-challenges for concerted international action: a white paper directed to the United Nations and International Organizations[END_REF], and the number of fires has varied between 10000 and 30000 per year [START_REF] Gauthier | Aménagement écosystémique en forêt boréale (Puq)[END_REF].

To better understand the mechanisms that link climate, vegetation and fire, particularly under the yoke of climate change, it is important to characterize the natural range of variability of fire events over time.

For this, paleoecological investigations are needed to provide a better understanding of fire activity and interactions with both climatic oscillations and human activity [START_REF] Randerson | The impact of boreal forest fire on climate warming[END_REF][START_REF] Whitlock | Paleoecological perspectives on fire ecology: revisiting the fire-regime concept[END_REF][START_REF] Clear | Holocene fire in Fennoscandia and Denmark[END_REF]. According to our knowledge such data is not available for the northern Ural Mountains foothills, preventing the accurate assessment of the impact of current climate change on fire frequency.

Here we reconstruct Holocene fire frequency for the north-western foothills of the Ural Mountains, in the Komi Republic based on charcoal particles sequestered in two peatlands coupled with dendrochronological investigations. Our goal is to give an overview of the fire frequency changes during the Holocene in the study zone, and then to indicate the first lines of thought to understand the mechanisms underlying fire activity, which is intrinsically linked to the dynamic of vegetation, climate and human activities. We hypothesized that periods with dry climatic conditions (either with warm or cold temperatures) would be more conducive to fires compared with cold and/or wet periods (either with warm or cold temperatures). For example, in Québec, in Alaska and in Scandinavian boreal forests [START_REF] Higuera | Vegetation mediated the impacts of postglacial climate change on fire regimes in the south-central Brooks Range, Alaska[END_REF][START_REF] Ali | Control of the multimillennial wildfire size in boreal North America by spring climatic conditions[END_REF][START_REF] Girardin | Vegetation limits the impact of a warm climate on boreal wildfires[END_REF][START_REF] Blarquez | Regional paleofire regimes affected by non-uniform climate, vegetation and human drivers[END_REF][START_REF] Drobyshev | A 700-year record of large fire years in northern Scandinavia shows large variability and increased frequency during the 1800 s[END_REF], results showed a warm and dry period favorable for fires before 4000 cal. (calibrated) yr (years) BP (before present), followed by colder and wetter conditions less favorable to fire activity. The same pattern has been recorded in Fennoscandia [START_REF] Clear | Holocene fire in Fennoscandia and Denmark[END_REF][START_REF] Drobyshev | Atlantic SSTs control regime shifts in forest fire activity of Northern Scandinavia[END_REF]. In the study zone, we suspect greater fire activity at the end of the Holocene, when the human population increased and its impact on forest fires became more significant (Naryshkin et al., 1999;[START_REF] Drobyshev | Testing for anthropogenic influence on fire regime for a 600-year period in the Jaksha area, Komi Republic, East European Russia[END_REF]).

Methods

The study area

The Komi Republic (415 900 km 2 ) is situated between 59°12' and 68°25'N and between 45°25' and 66°10'E (Figure 1). The mean annual temperature varies between -6°C and +1°C from south to north, and the annual precipitation varies between 450 and 700 mm [START_REF] Drobyshev | Testing for anthropogenic influence on fire regime for a 600-year period in the Jaksha area, Komi Republic, East European Russia[END_REF]. Moraine and surface loams (Zaboeva, 1997;[START_REF] Drobyshev | Testing for anthropogenic influence on fire regime for a 600-year period in the Jaksha area, Komi Republic, East European Russia[END_REF] with podzolic soils [START_REF] Naryshkin | Fire and sustainable use of northern conifer forest in Russia[END_REF] dominate in the region. There is discontinuous permafrost [START_REF] Christensen | High-resolution regional climate model validation and permafrost simulation for the East European Russian Arctic[END_REF]. The majority of the relief is flat, except near the Ural Mountains [START_REF] Naryshkin | Fire and sustainable use of northern conifer forest in Russia[END_REF]. Light taiga forests are observed in the Komi Republic, mainly composed of Scots pine (Pinus sylvestris), birch (Betula pendula and Betula pubescens) and spruce (Picea abies s.l.).

The Komi Republic was only sparsely inhabited during the Holocene until about 1500 CE (Common Era). Before this time there was likely no human activity in this area. After that, human population density increased significantly from 20000 inhabitants in the 16 th century to more than 1.12 million habitants at the beginning of the 21 st century [START_REF] Drobyshev | Testing for anthropogenic influence on fire regime for a 600-year period in the Jaksha area, Komi Republic, East European Russia[END_REF][START_REF] Klein Goldewijk | The HYDE 3.1 spatially explicit database of human-induced global land-use change over the past 12,000 years[END_REF]. The population density is less than two people/km 2 , and for the study area, it is less than one person people/km 2 . The nearest settlements to the sampling points are Timsher and Lopyuvad, which were created in 1932 (http://timsher.selakomi.ru/).

The study sites

The Ural region is divided into sub-regions based on topography, from north to south: the polar Ural, [START_REF] Van Bellen | Did fires drive Holocene carbon sequestration in boreal ombrotrophic peatlands of eastern Canada?[END_REF], we developed a multi-site approach in order to provide a more holistic view of the fire history [START_REF] Van Bellen | Did fires drive Holocene carbon sequestration in boreal ombrotrophic peatlands of eastern Canada?[END_REF]. Yak1_dendro was peatland around which only dendrochronology sampling was carried out, and no peat coring took place. A few kilometers away (14 and 19 km, respectively), the two other peatlands, Yak2 and Yak3, were cored. Two different cores were collected from site Yak2: core Yak2-A at the center and core Yak2-B at the periphery level, 270 m from core Yak2-A. Similarly, Yak3 provided 2 other cores: Yak3-A in the center and Yak3-B at periphery level) (Figure 1; Table 1), separated by about 250 meters. The cores were taken using an 8-cm diameter Russian peat corer.

Dating and chronologies of the peat cores

For each core, the chronology was based on five to seven radiocarbon measurements taken from charcoal particles, plant macroremains and bulk peat sediments, when sufficient macro-remains were not available (Table 2). The charcoal sample was used for the Yak2-A site and allowed the oldest dating of this core. Significant differences in dates may appear between the different materials. Especially with regard to charcoal particles, which could come from old trees (more than 200 years old) and therefore have an "in-built age" effect [START_REF] Oswald | Effects of sample mass and macrofossil type on radiocarbon dating of arctic and boreal lake sediments[END_REF]. However, in the case of peatlands and macrocharcoal, the timelapse due to migration in the peat recording is probably very small (unlike what sometimes happen in lakes [START_REF] Oswald | Effects of sample mass and macrofossil type on radiocarbon dating of arctic and boreal lake sediments[END_REF]). Whenever possible, we used macro-remains. When this was not possible, we used peat sediment samples directly from organic gyttja. The use of this panel of material for 14 C dating has been realized in many studies in boreal regions (Ali et al., 2009a;[START_REF] Van Bellen | Did fires drive Holocene carbon sequestration in boreal ombrotrophic peatlands of eastern Canada?[END_REF][START_REF] Ouarmim | Long-term dynamics of fire refuges in boreal mixedwood forests[END_REF]. The radiocarbon dates were calibrated using the R package CLAM 2.2 [START_REF] Blaauw | Methods and code for 'classical'age-modelling of radiocarbon sequences[END_REF], IntCal13 was used for the calibration curve [START_REF] Reimer | IntCal13 and Marine13 radiocarbon age calibration curves 0-50,000 years cal BP[END_REF], and the NH1 postbomb calibration curve was used for modern radiocarbon [START_REF] Hua | Atmospheric radiocarbon for the period[END_REF]. A smooth spline function was used to fit the four age models [START_REF] Blaauw | Methods and code for 'classical'age-modelling of radiocarbon sequences[END_REF]) with a 0.95 confidence interval.

From charcoal particles to fire frequency reconstruction

In the laboratory, each peat sequence was divided into 0.5-cm slices. A 1-cm 3 subsample was then taken from the center of each slice. These subsamples were soaked in 25 ml bleach with 3 g NaPO3 and 0.5 g KOH, for at least 24 h on an agitator [START_REF] Carcaillet | Change of fire frequency in the eastern Canadian boreal forests during the Holocene: does vegetation composition or climate trigger the fire regime?[END_REF]. Then the material was gently rinsed through a 160-µm sieve. Commonly, in boreal zone affected by crown and severe wildfires a bigger sieve is used (> 300 µm) to collect charcoal particles from peat deposits, notably to infer in situ fire events [START_REF] Van Bellen | Did fires drive Holocene carbon sequestration in boreal ombrotrophic peatlands of eastern Canada?[END_REF][START_REF] Adolf | The sedimentary and remote-sensing reflection of biomass burning in Europe[END_REF]). In our case, with surface fires and expected low concentration of charcoal into sediments, we securely used a 160 µm even if long distance transportation of charcoal particles could have been occurred [START_REF] Oris | Charcoal dispersion and deposition in boreal lakes from 3 years of monitoring: differences between local and regional fires[END_REF]. Nevertheless, several studies conducted in lake sediment deposits have shown that this charcoal particle size was mostly associated to local fire events, between 0-1km from the coring point [START_REF] Higuera | Understanding the origin and analysis of sediment-charcoal records with a simulation model[END_REF]Ali et al., 2009a;[START_REF] Oris | Charcoal dispersion and deposition in boreal lakes from 3 years of monitoring: differences between local and regional fires[END_REF].

The charcoal particles were counted and measured under a 20× stereo microscope and equipped with a digital camera connected to an image-analysis software system (WinSEEDLETM software; Regent Instruments Inc., http://regent.qc.ca/). We used the area measurement, notably in regard to [START_REF] Ali | Long-term fire frequency variability in the eastern Canadian boreal forest: the influences of climate vs. local factors[END_REF] which concluded that area or count measurements display comparable fire history if locally-defined threshold is used to infer fire events. Charcoal measurements are reported as charcoal accumulation rates (CHAR, mm 2 cm -2 yr -1 ) based on numerical age/depth models.

To linearize the results because of varying sedimentation rates, individual CHAR series were interpolated using a constant time resolution corresponding to the median sample resolution of each peat sequence [START_REF] Higuera | Peak detection in sediment-charcoal records: impacts of alternative data analysis methods on fire-history interpretations[END_REF]. Statistical analyses were performed using the CharAnalysis program [START_REF] Higuera | Vegetation mediated the impacts of postglacial climate change on fire regimes in the south-central Brooks Range, Alaska[END_REF], http://CharAnalysis.googlepages.com), following the method used by [START_REF] Brossier | Using tree-ring records to calibrate peak detection in fire reconstructions based on sedimentary charcoal records[END_REF]. The CHAR series comprise low-frequency (background; Cbackground) and peak (or residual series; Cpeak) components. We estimated Cbackground with a robust Lowess using a 300-500 years window width, corresponding to the most suitable window for which signal-to-noise Index (SNI, signal strength relative to accompanying noise) was the best (cutoff value of SNI = 3) [START_REF] Kelly | Short Paper: A signal-to-noise index to quantify the potential for peak detection in sediment-charcoal records[END_REF][START_REF] Brossier | Using tree-ring records to calibrate peak detection in fire reconstructions based on sedimentary charcoal records[END_REF]. Cpeak values were obtained by subtracting Cbackground from Cinterpolated, which corresponded with a resampled record of the CHAR series. We then divided the Cpeak series into two subpopulations: (i) noise, which represented variability in sediment mixing, sampling and noise induced by numerical analyses; and (ii) fire events (Cfire), representing fires occurring 0-1 km from the peat core sites (Lynch et al., 2004a;[START_REF] Higuera | Understanding the origin and analysis of sediment-charcoal records with a simulation model[END_REF]. For each sample, we used a Gaussian mixture model to identify the noise distribution, with a 99th percentile threshold for separating samples into fire and non-fire events [START_REF] Higuera | Understanding the origin and analysis of sediment-charcoal records with a simulation model[END_REF]. The fire return interval (hereafter FRI) values, which corresponded to the timespan between two consecutive fire events, were obtained from the raw Cfire series. A Kernel density function [START_REF] Mudelsee | Extreme floods in central Europe over the past 500 years: Role of cyclone pathway "Zugstrasse Vb[END_REF] was used to compute a temporally smoothed FRI. All analysis were conducted using the softwares tauest [START_REF] Mudelsee | TAUEST: A computer program for estimating persistence in unevenly spaced weather/climate time series[END_REF], kernel (Gasser andMüller, 1979, 1984) and redfit [START_REF] Schulz | REDFIT: estimating red-noise spectra directly from unevenly spaced paleoclimatic time series[END_REF]. The mean FRI (hereafter mFRI) was determined to reconstruct fire history at regional spatial scale [START_REF] Gavin | Weak climatic control of stand-scale fire history during the late Holocene[END_REF][START_REF] Courtney Mustaphi | Varying influence of climate and aspect as controls of montane forest fire regimes during the late Holocene, south-eastern British Columbia, Canada[END_REF]. The mFRI was made on the basis of pooled FRI for all peat sequences, and the 90% confidence intervals were calculated from the true distribution of the 1000 resampled FRI series, and are presented for a 300-year bandwidth. Significance between each millennia was also assessed using box-plot analysis and Wilcoxon rank sum test.

Tree-ring records of fire history

To establish a master chronology, we sampled tree-rings from trees that did not show fire scars, around the Yak1_dendro, Yak2 and Yak3 sites (Table A 1). Then, to evaluate the fire activity from tree rings, we sampled trees that had at least one fire scar. Within each site, the sampling took place within 200 m of the peatland shores [START_REF] Brossier | Using tree-ring records to calibrate peak detection in fire reconstructions based on sedimentary charcoal records[END_REF]. A partial cross-section was taken as close to the root collar as possible, to date the establishment of the fire scars [START_REF] Arno | A method for determining fire history in coniferous forests in the mountain west[END_REF]. We sampled 14 crosssections from dead and living pine wood (Pinus sylvestris) at Yak1_dendro, 18 from Yak2 and 34 from Yak3. For each sampled tree, the diameter at breast height, spatial coordinates and orientation of the scars were recorded. The preparation and analysis of the samples followed standard methods [START_REF] Cook | Methods of dendrochronology: applications in the environmental sciences[END_REF]. The cross-sections were allowed to dry for several days, and sanded using a progression of sandpaper grits from P80 to P600 [START_REF] Schweingruber | Radiodensitometricdendroclimatological conifer chronologies from Lapland (Scandinavia) and the Alps (Switzerland)[END_REF][START_REF] Brossier | Using tree-ring records to calibrate peak detection in fire reconstructions based on sedimentary charcoal records[END_REF].

Tree-ring analysis was carried out using a binocular microscope (Leica M80) according to standard dendrochronological methods [START_REF] Niklasson | A 350-year tree-ring fire record from Białowieża Primeval Forest, Poland: implications for Central European lowland fire history[END_REF][START_REF] Stokes | An Introduction to Tree-ring Dating[END_REF]. Pointer years (narrow, wide, incomplete growth rings, fire scars) were identified visually and used for cross-dating on living trees (Schweingruber et al., 1990). Tree-ring widths were measured along two radii using LINTAB 6.

For dead trees, the tree-rings were counted and measured along two radii. Cross-dating was achieved using TSAPWin 4.80 software [START_REF] Rinn | TSAPWin Scientific: Time Series Analysis and Presentation for Dendrochronology and Related Applications[END_REF]. The same software was used for verification of crossdating accuracy. For all scars, the calendar date was recorded. A fire event was validated when at least three trees had a fire scar dated to the same year.

Results

Age models and chronologies

The peat cores measured 168.5 cm from Yak2-A, 171.5 cm from Yak2-B, 350 cm from Yak3-A and 187.5 cm from Yak3-B. For Yak-2A the date 7605 yr BP (Table 2) was rejected by the best-fit agedepth model reflecting the sedimentation pattern [START_REF] Blaauw | Methods and code for 'classical'age-modelling of radiocarbon sequences[END_REF]. Based on the different age models (Figure 2), the Yak2-A core covers almost the entire Holocene period, from 11015 to -58 cal. yr BP, with a mean temporal resolution of approximately 65 yr cm -1 (standard deviation ~ 29 years). The Yak2-B core represented the last 9750 years, with a mean temporal rate of 57 yr cm -1 (standard deviation ~ 24 years). Yak3-A and Yak3-B represented the mid-Holocene to the present day, 6000 and 4619 cal. yr BP to 0 and -65 cal. yr BP, respectively. The Yak3-B core had a mean temporal resolution of approximately 25 yr cm -1 (standard deviation = 11 years), and Yak3-A 19 yr cm -1 (standard deviation ~ 10 years).

Therefore the Yak3-A and Yak3-B sequences displayed a finer time resolution from the mid-Holocene to the present day, compared with the other sequences.

Fire history

Charcoal data

The charcoal analysis from Yak2-A indicated that the FRI fluctuated at around 500 years (median value 387 years) from 11000 to 8000 cal. yr BP (Figure 3), then decreased rapidly until 7000 cal. yr BP, when values oscillated around 250 years. The FRI then remained stable before decreasing again after 1000 cal. yr BP to the present day, with values falling to about 100 years (Figure 3). Yak2-B showed a different trend, with a slight increase in FRI during the Holocene, starting at around 200 years from 9000 cal. yr BP and reaching values close to 300 years at 450 cal. yr BP (Figure 3). 

Dendrochronology data

In total, we dated 122 fire scars from live and dead pine woods within the three sites (Figure 5). The six main fires (present on at least on three trees) were dated to 1791, 1851, 1861, 1868, 1917 and 1936 

Discussion

Spatial variability in fire activity

Yak2-A, Yak3-A and Yak3-B showed a decrease in FRI during the Holocene, while Yak2-B showed a slight increase. This discrepancy demonstrates the importance of conducting multi-site analyses in order to have a synthetic view of fire history at local spatial scale. However, such differences in fire history from the same peat deposit are not surprising, and have been observed in several regions dominated by boreal forests [START_REF] Van Bellen | Did fires drive Holocene carbon sequestration in boreal ombrotrophic peatlands of eastern Canada?[END_REF]. In eastern Karelia, [START_REF] Kuosmanen | Role of forest fires in Holocene stand-scale dynamics in the unmanaged taiga forest of northwestern Russia[END_REF], also showed differences in fire activity across the Holocene at local spatial scale: three sites were analysed, separated by 800m and 70km. Yet the three sites have a completely different fire history. Other studies in boreal zone have shown that there may be significant differences between fire histories at a local scale [START_REF] Gavin | Weak climatic control of stand-scale fire history during the late Holocene[END_REF][START_REF] Ohlson | Invasion of Norway spruce diversifies the fire regime in boreal European forests[END_REF][START_REF] Genries | Local versus regional processes: can soil characteristics overcome climate and fire regimes by modifying vegetation trajectories?[END_REF]. There are several possible explanations for this.

Firstly, within a peatland, local humidity can have high spatial variability [START_REF] Zoltai | Effects of fires on carbon cycling in North American boreal peatlands[END_REF][START_REF] Hellberg | Influence of landscape structure on patterns of forest fires in boreal forest landscapes in Sweden[END_REF][START_REF] Van Bellen | Did fires drive Holocene carbon sequestration in boreal ombrotrophic peatlands of eastern Canada?[END_REF]. This explains that some areas of the peatland can be wet while others are dry. This can in turn lead to high spatial variability in fire propagation [START_REF] Zoltai | Effects of fires on carbon cycling in North American boreal peatlands[END_REF].

Secondly, peatland vegetation can have a strong impact on the spread of fire, in particular the presence and distribution of shrubs and trees within the peatland [START_REF] Camill | Climatevegetation-fire interactions and their impact on long-term carbon dynamics in a boreal peatland landscape in northern Manitoba, Canada[END_REF]. Thirdly, fires in the Russian boreal forests are mainly surface fires [START_REF] Soja | Climate-induced boreal forest change: predictions versus current observations[END_REF][START_REF] Gauthier | Aménagement écosystémique en forêt boréale (Puq)[END_REF], and such fires tend to be scattered and burn forest litter, shrubs and the bases of trunks [START_REF] Zoltai | Effects of fires on carbon cycling in North American boreal peatlands[END_REF].

The dendrochronological fire reconstruction also revealed differences within and between the three sites.

The Yaksha River separates the sites, thus providing a natural barrier to the spread of fire from Yak1_dendro to Yak2 and Yak2 to Yak3. Some fires were recorded at all three sites (such as in 1861 and 1936) and some only at two sites (such as in 1868). Finally, three fires were found only on one site (1791, 1851 and 1917). Within each site, fires have affected some trees and not others. This could mean that a fire has occurred within the site but has not burned its entire surface, which is possible due to wind conditions and local topography [START_REF] Schweingruber | Radiodensitometricdendroclimatological conifer chronologies from Lapland (Scandinavia) and the Alps (Switzerland)[END_REF][START_REF] Kulakowski | Influences of fire history and topography on the pattern of a severe wind blowdown in a Colorado subalpine forest[END_REF][START_REF] Van Bellen | Did fires drive Holocene carbon sequestration in boreal ombrotrophic peatlands of eastern Canada?[END_REF]. These results again underline the fact that using a multi-site approach and different proxies are necessary to obtain an overview of fire activity than using only one site and only one core [START_REF] Rius | Holocene fire regime changes from multiplesite sedimentary charcoal analyses in the Lourdes basin (Pyrenees, France)[END_REF].

In order to provide an overall view of the FRIs from our study area, we pooled the four cores using a Kernel density function (Figure 4), which took into account inter-site variability and provided a confidence interval for evaluating whether the observed trends were significant [START_REF] Mudelsee | Extreme floods in central Europe over the past 500 years: Role of cyclone pathway "Zugstrasse Vb[END_REF].

Fire activity from before 6000 cal. yr BP was only determined with results from the two cores Yak2-A and Yak2-B. Additional sites need to be studied to provide a more detailed view of fire activity for this period. However, it is clear that during the first half of the Holocene fire activity was much lower than after 5000 cal. yr BP, and a generally decreasing trend in mFRI was recorded over the Holocene. The mFRI decreased from almost 600 years at c. (circa) 10000 cal. yr BP to less than 100 years at present (Figure 4). The boxplots highlight the progressive decrease in mFRI and the Wilcoxon test showed that the decrease is significant each millennium (p-value = 5.723e-06).

Fire scars on a tree trunk and trapped charcoal in sedimentary deposits are both different indicators of a fire event. A charcoal peak identified from sedimentary CHAR series can come from one or more fires, with a spatial scale of about 0 to 1 km [START_REF] Higuera | Understanding the origin and analysis of sediment-charcoal records with a simulation model[END_REF] but nevertheless mild to low severity fires, as surface fires generally are, may be more difficult to detect in sediment records, while a fire event dated by dendrochronology represents only one fire at the spatial scale of the tree and is more accurate [START_REF] Higuera | Reconstructing fire regimes with charcoal from small-hollow sediments: a calibration with tree-ring records of fire[END_REF][START_REF] Brossier | Using tree-ring records to calibrate peak detection in fire reconstructions based on sedimentary charcoal records[END_REF][START_REF] Oris | Charcoal dispersion and deposition in boreal lakes from 3 years of monitoring: differences between local and regional fires[END_REF]. Spatial variability is greater with charcoal proxies than with dendrochronology. The complementary use of these two proxies allows fire events to be detected more clearly, as shown in [START_REF] Brossier | Using tree-ring records to calibrate peak detection in fire reconstructions based on sedimentary charcoal records[END_REF], and Waito et al. [START_REF] Waito | Recent fire activity in the boreal eastern interior of North America is below that of the past 2000 yr[END_REF], around lakes in Canadian boreal forest. In our study, FRI values from charcoal series, oscillating between 100 and 40 years for the last 300 years, are of the same order of magnitude as dendrochronological analyses, which provided FRI values of less than 100 years at all three sites. The present-day mFRI determined by both the charcoal and dendrochronological analyses is by far the lowest recorded over the last 10000 years from our study area.

It is possible that at the local level, fire dynamics are not linked to the climatic driver because of the topographic, vegetation and soil variables that may be more important at these scales. Studies by [START_REF] Kuosmanen | Role of forest fires in Holocene stand-scale dynamics in the unmanaged taiga forest of northwestern Russia[END_REF]2016), on fire-vegetation interactions at the local scale, based on the study of three hollows in Karelia (west of the Komi Republic) did not show strong links between fire dynamics (which differed from one site to another) and climate or vegetation during the Holocene. However, it may be interesting to discuss the overall decline of the FRI in our study site. Climate, vegetation and human activity factors are, initially, the three tracks that can be explored [START_REF] Johnson | Fire and Vegetation Dynamics: Studies from the North American Boreal Forest[END_REF][START_REF] Swetnam | Fire History and Climate Change in Giant Sequoia Groves[END_REF][START_REF] Gauthier | Aménagement écosystémique en forêt boréale (Puq)[END_REF][START_REF] Power | Changes in fire regimes since the Last Glacial Maximum: an assessment based on a global synthesis and analysis of charcoal data[END_REF][START_REF] Flannigan | Impacts of climate change on fire activity and fire management in the circumboreal forest[END_REF]. An increase in fire activity during the Holocene has also been observed for northern extratropics (Figure 6A) (Marlon et al., 2016), Sweden from 4000 cal. yr BP (Figure 6B) [START_REF] Drobyshev | Atlantic SSTs control regime shifts in forest fire activity of Northern Scandinavia[END_REF] and all of Fennoscandia and Denmark (Figure 6C) [START_REF] Clear | Holocene fire in Fennoscandia and Denmark[END_REF]. It is important to keep in mind that, the decrease in mFRI in our study corresponds with an increase in the influx of charcoal in others.

Climatic imprint

Trends in fire activity may be related to climate change, as shown by Marlon et al. (2016) (Figure 6A) which associated their results showing an overall increase in fire activity across the Northern

Hemisphere with an increase in temperature, carbon dioxide concentration and biomass for the Northern Hemisphere. In the same way, [START_REF] Drobyshev | Atlantic SSTs control regime shifts in forest fire activity of Northern Scandinavia[END_REF] showed that the increase in fires in Sweden was related to cold and dry climatic conditions, which resulted from a decrease in the surface temperature of the Atlantic Ocean redirecting the activity of the prevailing westerly winds. Climatic reconstructions inferred from pollen, plant macrofossils, cladocera, chironomids and diatoms are available from North America and Arctic Canada [START_REF] Ritchie | Vegetation, lake levels, and climate in western Canada during the Holocene[END_REF][START_REF] Gajewski | Quantitative reconstruction of Holocene temperatures across the Canadian Arctic and Greenland[END_REF][START_REF] Bajolle | Major postglacial summer temperature changes in the central coniferous boreal forest of Quebec (Canada) inferred using chironomid assemblages[END_REF], in the pre-polar region 380 km to the north of our study area [START_REF] Kultti | Palaeoecological evidence of changes in vegetation and climate during the Holocene in the pre-Polar Urals, northeast European Russia[END_REF] and the polar Ural region 700-800 km to the north of our study area [START_REF] Andreev | Holocene environmental history recorded in Lake Lyadhej-To sediments, polar Urals, Russia[END_REF][START_REF] Salonen | The Holocene thermal maximum and late-Holocene cooling in the tundra of NE European Russia[END_REF]. In North America and Arctic

Canada, an early Holocene thermal maximum (from about 8000 cal. yr BP to 5000 cal. yr BP) is evidenced with summer temperatures at least 2° warmer than today [START_REF] Axford | Paleoecological evidence for abrupt cold reversals during peak Holocene warmth on Baffin Island[END_REF][START_REF] Viau | Reconstructing Millennial-Scale, Regional Paleoclimates of Boreal Canada during the Holocene[END_REF]. In the pre-polar and polar Ural regions, the climate was probably moist and warm (summer temperatures c. 4°C warmer than today) between 8000 and 4500 BP [START_REF] Kultti | Palaeoecological evidence of changes in vegetation and climate during the Holocene in the pre-Polar Urals, northeast European Russia[END_REF]. In Arctic Fennoscandia, the influence of the Atlantic Ocean induced mostly colder climatic conditions during the early Holocene [START_REF] Kullman | A coherent postglacial tree-limit chronology (Pinus sylvestris L.) for the Swedish Scandes: aspects of paleoclimate and "recent warming," based on megafossil evidence[END_REF][START_REF] Korhola | Relationships between lake and land-cover features along latitudinal vegetation ecotones in arctic Fennoscandia[END_REF][START_REF] Seppä | Holocene climate reconstructions from the Fennoscandian tree-line area based on pollen data from Toskaljavri[END_REF], while warmer conditions persisted in northern Russia and northern Europe [START_REF] Tarasov | Late Glacial and Holocene changes in vegetation cover and climate in southern Siberia derived from a 15 kyr long pollen record from Lake Kotokel[END_REF][START_REF] Elina | Late Glacial and Holocene palaeovegetation and palaeogeography of Eastern Fennoscandia[END_REF][START_REF] Mauri | The climate of Europe during the Holocene: a gridded pollen-based reconstruction and its multi-proxy evaluation[END_REF]. After 4500 cal. yr BP, a gradual decrease in temperature occurred across most Arctic and boreal regions, corresponding to the Neoglacial period (4500-3000 cal. yr BP) in North America [START_REF] Barber | Forcing of the cold event of 8,200 years ago by catastrophic drainage of Laurentide lakes[END_REF][START_REF] Viau | Reconstructing Millennial-Scale, Regional Paleoclimates of Boreal Canada during the Holocene[END_REF] and including the Little Ice Age (c. AD 1400).

These climatic oscillations are notably associated with a gradual decrease in summer insolation [START_REF] Berger | Insolation values for the climate of the last 10 million years[END_REF], (Figure 6E). Closer to our sites, the study of the Vychegda River Basin (about 200 km west of our study area) by [START_REF] Sidorchuk | Fluvial response to the Late Valdai/Holocene environmental change on the East European Plain[END_REF] based on palynological analysis showed that onset of the Holocene, from 10000 cal. yr BP to 6000 cal. yr BP, climatic conditions were very continental, with temperatures much colder than today (-3.5°C to -2.5°C in January and -0.5°C in July). The climate was also wetter than today from 10000 cal. yr BP to 8400 cal. yr BP (more than 150 mm), then drier from 8400 cal. yr BP to 6000 cal. yr BP (-50 mm). From 6000 cal. yr BP to 0 ka, climate conditions were warmed, in summer first (up to + 2 ° C compared to today) and then in winter (+ 1 ° C). The precipitation weakly increased, especially in winter. In regard to the regional climate dynamic one can assume that the study zone, the low fire activity recorded between 10 000 and 6000 cal. yr BP, could be due to conditions (cold and wet) less conductive to fire compared to after, with the gradual establishment of warmer conditions favorable to fire activity. However, the increase in humidity could have favored lightning [START_REF] Lynch | Climatic and landscape controls of the boreal forest fire regime: Holocene records from Alaska[END_REF][START_REF] Veraverbeke | Lightning as a major driver of recent large fire years in North American boreal forests[END_REF], which is a natural cause of ignition source and increased the observed fire activity between 10000 and 8400 cal. yr BP (FRI increasing from more than 500 cal. yr BP to about 300 cal. yr BP). From 6000 cal. yr BP, the warmer temperatures, linked to slightly more humid conditions, were also favorable for fuel built [START_REF] Amiro | Fire, climate change, carbon and fuel management in the Canadian boreal forest[END_REF][START_REF] Veraverbeke | Lightning as a major driver of recent large fire years in North American boreal forests[END_REF] and could explain the increase of fire activity recorded increase in fire activity observed.

Climate can have a direct influence on fire activity, but also an indirect influence through vegetation dynamics [START_REF] Higuera | Frequent Fires in Ancient Shrub Tundra: Implications of Paleorecords for Arctic Environmental Change[END_REF][START_REF] Higuera | Vegetation mediated the impacts of postglacial climate change on fire regimes in the south-central Brooks Range, Alaska[END_REF][START_REF] Girardin | Vegetation limits the impact of a warm climate on boreal wildfires[END_REF][START_REF] Goldammer | Vegetation fires and global change-challenges for concerted international action: a white paper directed to the United Nations and International Organizations[END_REF].

Vegetation interactions

In boreal forest ecosystems, the vegetation composition is also related to the fire regime [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF][START_REF] Girardin | Vegetation limits the impact of a warm climate on boreal wildfires[END_REF]. Over time, the climate can have an initial impact on the composition of the vegetation by promoting the development of some species under optimal conditions of temperature and humidity but preventing the development of some others [START_REF] Higuera | Vegetation mediated the impacts of postglacial climate change on fire regimes in the south-central Brooks Range, Alaska[END_REF]. This vegetation can then have an influence on fire activity for example, because of the soil moisture, the vulnerability of the lower branches [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF][START_REF] Girardin | Vegetation limits the impact of a warm climate on boreal wildfires[END_REF]. During the early Holocene, around 10,000 cal. yr BP, a periglacial steppe forest system was present in the Vychegda River basin, less conducive to the spread of fires [START_REF] Golubeva | Climate and vegetation of the Holocene in Komi Republic[END_REF][START_REF] Sidorchuk | Fluvial response to the Late Valdai/Holocene environmental change on the East European Plain[END_REF]. This is in accordance with high FRI recorded at this time in Yaksha (more than 500 years). From 9300 cal. yr BP, spruce forests and hardwood (Corylus sp., Ulmus sp. and Tilia sp.) emerged, thanks to the warming of the climate and the increase in humidity [START_REF] Sidorchuk | Fluvial response to the Late Valdai/Holocene environmental change on the East European Plain[END_REF][START_REF] Giesecke | The Holocene spread of Picea abies (L.) Karst. in Fennoscandia and adjacent areas[END_REF][START_REF] Golubeva | Climate and vegetation of the Holocene in Komi Republic[END_REF]. At this time, FRI values (from about 280 years to 350 years) could favor species with low fire tolerance, such as spruce [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF]. From 8000 to 4600 cal. yr BP, where FRI decreased until 200 years, the spruce forest developed, but other species (pines, birches, firs and larches) also increased [START_REF] Golubeva | Climate and vegetation of the Holocene in Komi Republic[END_REF]. The increase in fire activity has favored the emergence of tolerant and pioneering species, such as birches and pines [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF], As well as the drier climate, for which pins are well adapted [START_REF] Kullman | Late Holocene reproductional patterns of Pinus sylvestris and Picea abies at the forest limit in central Sweden[END_REF]. From 4600 to 2500 cal. yr BP, these spruce forests were progressively replaced by the light taiga, composed of pine forests (Pinus sylvestris), in association with birches (Betula sp.), in line with the increase in temperatures [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF][START_REF] Golubeva | Climate and vegetation of the Holocene in Komi Republic[END_REF]. Both species are fire-resistant [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF], which is coherent with the FRI recorded at this time (around 150 years). Since 2500 cal. yr BP, [START_REF] Golubeva | Climate and vegetation of the Holocene in Komi Republic[END_REF] documents the interruption of the light taiga by a phase of dark taiga between 1800 and 800 cal. yr BP, which is associated with a slight increase in temperatures and called the small climate optimum [START_REF] Golubeva | Climate and vegetation of the Holocene in Komi Republic[END_REF]. At this time, FRI values increased around 200 years, reflecting the lower fire tolerance for these species [START_REF] Goldammer | Fire in Ecosystems of Boreal Eurasia[END_REF] From 800 cal yr BP, the FRI decreased again to values around 50 years, which allowed the establishment of a light coniferous forest, composed mainly of pyrophytes such as Betula sp. and Pinus sylvestris, is compatible with low FRI [START_REF] Sannikov | Fire ecology of pine forests of northern Eurasia[END_REF][START_REF] Hille | Improved recruitment and early growth of Scots pine (Pinus sylvestris L.) seedlings after fire and soil scarification[END_REF][START_REF] De Groot | A comparison of Canadian and Russian boreal forest fire regimes[END_REF] with FRI values recorded < 200 years. In this frame of natural and ecological dynamics link climate, vegetation and fire, human became more and more present in the study zone in the recent time.

Human impact

From the 10th century (around 800 cal. yr BP) to the end of the 19th century (around 1700 cal. yr BP), slash-and-burn agriculture was dominant in the Republic of Komi and other parts of Europe. The fire dynamics was obviously influenced by human being. Then, at the end of the 19th century, slash-andburn agriculture was banned [START_REF] Petrov | Shifting cultivation[END_REF], but farmers continued to practice it, without control increasing the probability of fires [START_REF] Chernyakova | Karelian parishes and their inhabitants as an object of good intentions of the imperial government in the XIX century[END_REF]. Archaeological data indicate that the first settlements in the territory date back 32-35 thousand years on the Pechora River [START_REF] Taskaev | Virgin forests of Komi: the UNESCO world cultural and natural heritage site[END_REF]. Then, the colonies also settled along large rivers. Most of the Republic's territory was practically undeveloped.

In addition, the study area is directly adjacent to the UNESCO monument "Komi Virgin Forests". As a result, the region has hardly suffered any human influence [START_REF] Taskaev | Virgin forests of Komi: the UNESCO world cultural and natural heritage site[END_REF]. Although the region was sparsely populated at the beginning of the Holocene, the decline in FRI observed from 10000 to 9000 cal. yr BP (FRI around 500 years, decreased to less than 300 years), the Komi Republic may have been affected by hunter-gatherer communities that had a good command of the use of the forest and that may have had an impact on fire activity in the boreal forests, as shown by [START_REF] Kaplan | Large scale anthropogenic reduction of forest cover in Last Glacial Maximum Europe[END_REF] in Europe, at the beginning of the Holocene. During the last century, human activities have become the main source of fire ignition (an estimated 65% of effective ignitions) [START_REF] Naryshkin | Fire and sustainable use of northern conifer forest in Russia[END_REF] in the Komi Republic.

Simulations of demography and migration during the Holocene based on the History Database of the Global Environment suggest that human population densities have generally been relatively low and episodic in the Ural region during the Holocene [START_REF] Karmanov | Reconstruction of local environments of ancient population in a changeable river valley landscape (The Middle Vychegda River, Northern Russia)[END_REF][START_REF] Klein Goldewijk | The HYDE 3.1 spatially explicit database of human-induced global land-use change over the past 12,000 years[END_REF].

Significant augmentation in human population density is recent,, increasing by a factor of 100 over the last five centuries [START_REF] Drobyshev | Testing for anthropogenic influence on fire regime for a 600-year period in the Jaksha area, Komi Republic, East European Russia[END_REF]. Since the fifth century AD, the increase in human population with the development of slash-and-burn agricultural practices [START_REF] Drobyshev | Testing for anthropogenic influence on fire regime for a 600-year period in the Jaksha area, Komi Republic, East European Russia[END_REF] have affected the fire activity of the area and could explain the very sharp decrease in FRI during the more recent period (the last 500 years), with values below 100 years.

Conclusion

Our study provides the first reconstruction of fire activity in the northern Ural region of the Holocene time period. The results, based on a multi-site and multi-proxy approach including charcoal and dendrochronological data, indicate a gradual decrease in FRI over the Holocene, in particular during the last 500 years. The causes of these fire dynamics are certainly multiple (climate, vegetation composition and human impact). The gradual establishment of warmer conditions from the mid-Holocene, especially during the summer, along with the development of a landscape including flammable conifers such as Pinus sylvestris, have probably both contributed to the increase in fire activity since 4600 cal. yr BP.

Anthropogenic factors are probably associated with the rapid increase in fire frequency recorded recently (the last 500 years). The present-day fire activity is by far the lowest recorded over the last 10000 years from our study area. So, the addition of impact of current global warming with human being activities could lead to another increase of fire activity and the development of situations very far from the natural range of variability (600-200 FRI) recorded over the Holocene.

Table captions

Table 1: The main characteristics of the three study sites in the Komi Republic. stars correspond to peak magnitude >10 mm 2 cm -2 peak -1 (11 mm 2 cm -2 peak -1 for Yak2A and 19 mm 2 cm -2 peak -1 for Yak3B). northern Sweden [START_REF] Carcaillet | Long-term fire frequency not linked to prehistoric occupations in northern Swedish boreal forest[END_REF][START_REF] Drobyshev | Atlantic SSTs control regime shifts in forest fire activity of Northern Scandinavia[END_REF]. (C) Charcoal influx in Fennoscandia and Denmark [START_REF] Clear | Holocene fire in Fennoscandia and Denmark[END_REF]. (D) FRI and human population density in Komi Republic (this study). (E) Insolation at latitude 60°N [START_REF] Berger | Insolation values for the climate of the last 10 million years[END_REF]. Yellow bands correspond to synchronized trends. 

  pre-polar Ural and northern Ural regions. The study sites named Yak1_dendro, Yak2 and Yak3 (unofficial names) are located in the northern Ural region, 200 km east of Syktyvkar (Figure 1; Figure A 3; Table 1). They correspond to forested peatland with Pinus sylvestris and Betula pubescens stands (Figure 1, Figure A 3). Because cores from the same peatland area can record different fire histories

For

  Yak3-B, the FRI fluctuated around 130 years between 4500 and 900 cal. yr BP, then reach values close to 95 years at present (Figure3). For Yak3-A, there was a sharp decrease in FRI between 6000 and 4000 cal. yr BP, dropping from 200 to 70 years.These results indicate a spatial variability in the fire records, inferred from very close sequences. Despite this variability, the pooled reconstruction (mFRI) displayed a consistent decrease in FRI over the last 10000 years (Figure4). Between 11000 and 5100 cal. BP, the mFRI was above 200 years (range 600 to 200 years). After 5100 cal. BP (excepted for 1000 cal. BP), a gradual increase in fire frequency was recorded, with mean FRI reaching values below 200 years (range 200 to 40 years). Nowadays (since CE 1500), a fire activity with a mean FRI below 100 years was recorded. However, before 6000 cal. yr BP only Yak2-A and Yak2-B contributed to the reconstruction of the mFRI; for the period from 4500 cal. yr BP to the present day, the mFRI was based on all sequences. The CHAR outputs for each sequence are presented in the Appendix (Figure A 1). Limiting the analysis to 4600-0 cal. yr BP, which included the four chronosequences, confirmed a trend of decreasing FRI (Figure A 2).
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Figure 2 :

 2 Figure 2: Age-depth model based on radiocarbon ages (see Table 2) from Yak2-A, Yak2-B, Yak3-A and Yak3-B cores. The materials dated to 14 C are bulk (single black lines), plant macroremains (green

Figure 3 :

 3 Figure 3: CharAnalysis results: interpolated charcoal accumulation rate, peak magnitude and Lowess

Figure 4 :

 4 Figure 4: Pooled FRI reconstruction (mFRI) from Yak2-A, Yak2-B, Yak3-A and Yak3-B cores. The

Figure 5 :

 5 Figure 5: Tree-ring records of fire activity. Each horizontal line is an individual tree. (A) Yak1_dendro;

Figure 6 :

 6 Figure 6: Proxies for Holocene fire history along a west-east transect from northern Sweden to the Komi

Figure A 1 :

 1 Figure A 1: Raw outputs of CharAnalysis representing Cbackground, Cinterpolated and the threshold

  

  yr CE (Figure5). Fire events in 1791, 1851 and 1917 yr CE were detected at Yak2. Fire events in 1861 and 1936 yr CE were common across the three sites. A fire event in 1868 yr CE was common to Yak1_dendro and Yak3. At Yak1_dendro, the fires in 1861, 1868 and 1936 yr CE provided a mean FRI of 37 years. At Yak2, the fires in1791, 1851, 1861, 1917 and 1936 yr CE provided a mean FRI of 36 years. At Yak3, the fires in 1861 and 1936 yr CE provided a 75-year FRI (Table3).

Table 2

 2 

	: AMS 14C dating from Yak2-A, Yak2-B, Yak3-A and Yak3-B	
	Site	Laboratory. code	Depth (cm)	14 C yr BP (± σ)	Materials dated
	Yak2-A	ULA-6948	5-5.5	325 ± 15	Plant macroremains
	Yak2-A	ULA-6958	45-46	1455 ± 15	Bulk
	Yak2-A	ULA-6966	85-85.5	3795 ± 15	Bulk
	Yak2-A	ULA-6959	124.5-125	5415 ± 20	Bulk
	Yak2-A a	ULA-6960	163-163.5	7605 ± 20	Bulk
	Yak2-A	BETA-455694	165-165.5	9410 ± 30	Charcoal
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