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Abstract: Catastrophic fire years that have taken place during the last decade in Siberia, and more
generally within the boreal forest, have been directly linked to global warming and had strong
repercussions on boreal ecosystems and human populations. In this context the study of the past
dynamics of these fires is essential for understanding their links with climate, vegetation and human
activity changes on longer time scales than the last few decades. However, few studies on fire
dynamics are available for Siberia, and none have been conducted for the entire Holocene period.
This study presents the first fire history reconstruction of this area during the Holocene based on
charcoals sequestered in sediments of two lakes located on the southern shore of Lake Baikal, in
Siberia. The results show a similar trend in the two lakes, with high frequency and high peak
magnitude during the Early Holocene and low magnitudes after 6500 cal. yr BP. This difference
is interpreted as crown fires versus surface fires. According to pollen records (Dulikha, Vydrino,
Ochkovoe) available near the studied lakes, a vegetation transition occurred at the same time. Picea
obovata, which has a tree structure prone to crown fires, was dominant during the Early humid
Holocene. After 6500 cal. yr BP, conditions were drier and Pinus sylvestris and Pinus sibirica became
the dominant species; their tree structure favors surface fires. In addition to vegetation dynamics,
the nearby pollen sequence from Dulikha has been used to provide quantitative estimates of past
climate, indicating an Early to Middle Holocene climatic optimum between 8000 and 5000 cal. yr BP
and an increase in temperatures at the end of the Holocene. These results have been compared to
outputs from regional climate models for the Lake Baikal latitudes. Fire dynamics appear to have
been more linked to the vegetation than climatic conditions. Over the past 1500 years, the greater
presence of human populations has firstly resulted in an increase in the fire frequency, then in its
maintenance and finally in its suppression, which may possibly have been due to very recent fire
management, i.e., after ca 500 cal. BP.

Keywords: Siberia; charcoal; fire regime; crown fires; surface fire; pollen record; quantitative climate
reconstruction; boreal forest; Holocene

1. Introduction

Boreal forest is a major component of the world’s forested area and represents around
25% of the forested ecosystem [1]. It is the world’s largest terrestrial biome, and is located in
the northern hemisphere, in North America (mainly in Canada) and in Eurasia (Fennoscan-
dia and Russia) [2]. Fires are the main natural disturbance of boreal forests and modify its
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vegetation composition and functioning [3]. Each year, since the 21st century, between 5
and 20 million hectares of boreal forest in the world are burned and people face catastrophic
damage to both personal and public goods [4,5]. Fire regimes differ in the American and
the Eurasian boreal forests, depending on the vegetation characteristics. Currently, intense
crown fires dominate in North America whereas surface fires dominate in Eurasia. Crown
fires jump from tree foliage to tree foliage and cause severe damage to the tree canopy,
whereas surface fires spread on the ground without reaching tree foliage [5]. To better
understand the long-term impact of fire disturbance on boreal forests and the mechanisms
linking fire, vegetation and climate, past fire activity has been widely studied, for example
in Canada [6-11], in Fennoscandia [12-15] and in Russia [3,16-19]. However, very few
studies cover the region of Siberia and very little is known about past fire history during
the Holocene [16,17,20-22]. In eastern Siberia, a crown fire regime occurred between 11,000
and 9000 calibrated years before present (cal. yr BP) and switched to a surface fire regime
at 9000 cal. yr BP [16]. In southwestern Yakutia, Gltickler et al. [21] showed that during
the last two millennia, fire dynamics have been particularly influenced by a combination
of short-term climatic events and anthropogenic fire management. Their results showed
that fire frequency has increased since 1750 CE. Siberia covers three quarters of Russia
(13.1 million km?), from the eastern side of the Ural Mountains to the Pacific Ocean. This
region is currently characterized by a continental climate and a high fire frequency [23,24].
These characteristics make Siberia a sensitive place in the context of global change, as
wildfires tend to be more frequent in continental areas (global fire frequency could increase
by over 37.8% during the period 2010 to 2039, according to global climate models based on
the A2 emission scenario) [17,25,26].

The Lake Baikal region in Siberia is a key location because it is one of the deepest,
largest and oldest lakes in the world and includes sites sacred to indigenous people [17,27-29].
The Lake Baikal area is also a region of economic interest with heat and hydropower
stations, tourism and forestry industries [29-31]. It is a focus of environmental concerns as
it shelters more than a thousand endemic species and faces chemical contamination and
land degradation from industries located in the watershed [30,32,33]. Since the 1990s, the
southern coast of the region has faced increasing fire activity with more frequent and more
severe crown fires [24].

Nowadays, fire management is developing and aims to reconcile preservation of the
natural landscape with wood production [34]. However, to better understand current and
future fire activity variations in connection with environmental parameters (for example
mean annual temperature and precipitation), it is essential to understand the dynamics of
past fire activity and its links with the vegetation and climatic variations.

This study therefore centers around the first Holocene fire activity reconstruction of
the Southern Lake Baikal region, based on the charcoal analysis of sediments from Lake
Jarod and Lake Ebéne. This study aims to characterize and understand the dynamics of the
fire activity in the Southern Lake Baikal region in connection with the available vegetation
and climatic studies and the recent study by Dugerdil et al. [35-39]. Our assumption is
that fire activity steadily increased as climatic variations became more favorable, with
more fires during drier periods than during wetter periods. In addition, an increase in fire
activity at the end of the Holocene is suggested by modern observations and increasing
human activity [21,24].

2. Material and Methods
2.1. Study Area

The Southern Lake Baikal region is characterized by a sharply continental climate but
is also the most humid area of the Lake Baikal coastal zone [36,38]. In this region, dark taiga
forest is the main vegetation cover [38]. Dominant conifer forests can be classified into dark
taiga and light taiga [3,40]. Dark taiga, composed mainly of Pinus sibirica, Abies sibirica and
Picea obovata, tends to be associated with low-frequency but severe crown fires [3,40-43].
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Light taiga is mainly composed of Pinus sylvestris and Betula sp. tree species and is rather
more associated with high-frequency surface fires [3,40,44].

The lakes studied in this work, named Lake Ebéne and Lake Jarod (unofficial names;
Figure 1, Table 1), are located south of Lake Baikal in Siberia. Two meteorological sta-
tions, Vydrino and Tankhoy (Figure 1, Table 1) are nearby the studied lakes and their
records indicate a continental climate. The mean annual temperature at Vydrino (the
closest meteorological station) is 0.01 °C and the mean annual precipitation at Vydrino is

120 mm [45].
Y
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Figure 1. (A) Map of the boreal zone and location of Lake Baikal. (B) Lake Baikal and location of
lakes Ebéne and Jarod (1-2, this study) and available pollen records (3 to 8, orange) [36,38,46,47], and
meteorological stations (pink). (C) Southern Lake Baikal region and location of Lake Ebéne and Lake
Jarod; Dulikha, Vydrino Shoulder and Ochkovoe pollen records; and meteorological stations.

Table 1. Main characteristics of Lake Ebéne and Lake Jarod.

. . Elevation (a. s. Sediment Core Current Local
Lake Latitude Longitude 1 inm) Surface (ha) Length (cm) Vegetation
Pinus sibirica, Pinus
Ebéne 51°28'57.65"" N 104°50'12.21” E 496 0.47 177 sylvestris, Betula
pubescens
Betula pubescens, Picea
Jarod 51°26/51" N 104°50'25" E 515 2.55 215 obovata, Pinus sibirica,

Pinus sylvestris, Abies
sibirica

The main tree species currently growing around Lake Ebéne and Lake Jarod are birch
(Betula sp.), Siberian pine (Pinus sibirica), Siberian spruce (Picea obovata), Scots pine (Pinus
sylvestris), Siberian fir (Abies sibirica) and larch (Larix sp.).
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2.2. Sediment Sampling and Datation

A composite sediment core was collected from the center of each lake. As no river
flows into the lakes, sedimentation is assumed to be undisturbed. Therefore, the most
recent material is found at the water-sediment interface and was sampled with a Kajak-
Brinkhurst (KB) gravity corer to prevent disruption of the interface [7,48]. The lower core
sections were collected with a Russian corer [49]. Samples were stored in plastic tubes and
wrapped in aluminum and plastic paper and then kept under dark and cold conditions
4°Q).

Age-depth models (Figure 2) were developed using the ‘Bacon’ v2.2 R package [50]
based on Bayesian statistical methods. For each lake, five '4C dates were obtained from
macro-remains (twig, seed, bark, etc.) or sediment bulk (Table 2) and were used to build the
chronology. Each sample was assigned an age in calibrated years Before Present (hereafter
cal. yr BP). IntCall3 calibration curves were used for the Holocene period [51] and NH1
post-bomb calibration curves were used for the modern dates [52].
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Figure 2. Bacon calibrated age-depth models [53] based on radiocarbon ages from (A) Lake Ebeéne and (B) Lake Jarod cores
(see Table 2).

Table 2. Radiocarbon dates from Lake Ebéne and Lake Jarod.

Lake Sample Depth (cm) 4Cyr BP Materials Dated Lab. Code
Ebéne 15-16 1975 £ 15 Macro-remains ULA-8344
Ebéne 30-31 2745 £+ 15 Macro-remains ULA-8345
Ebéne 78-79 5880 + 15 Macro-remains ULA-8341
Ebéne 111-112 6000 + 20 Macro-remains ULA-8342
Ebéne 144-145 8065 £ 15 Macro-remains ULA-8343
Jarod 15-16 720 £15 Organic sediments ULA-8346
Jarod 30-31 1610 £ 15 Organic sediments ULA-8347
Jarod 2 58-59 1390 £ 15 Organic sediments ULA-8348
Jarod 103-104 3325 £15 Organic sediments ULA-8349
Jarod 148-149 5860 + 20 Organic sediments ULA-8350
Jarod 181-182 8395 + 20 Organic sediments ULA-8351

2 Age rejected for the age-depth model.

2.3. Reconstructing Fire Frequency with Charcoal Particles
2.3.1. Sample Preparation and Charcoal Quantification

Sediment cores were continuously sliced every 0.5 cm. One 1 cm? subsample was taken
from the center of each slice with a punch to limit contamination risks [54]. The subsample



Forests 2021, 12,978

50f18

was put in an aqueous solution of potassium hydroxide (KOH), sodium metaphosphate
(NaPO3) and sodium hypochlorite (NaClO, bleach). These chemicals were left to act for
at least 24 h under agitation and, when possible, heated to activate KOH to facilitate
deflocculation and to differentiate charcoal particles from organic matter [7].

Solutions were filtered through a 160 um sieve to select the macro-charcoal particles.
These particles are assumed to come from local fire events, within 1-3 km from the lake
shores [55]. Charcoal particles were counted and measured under a dissecting microscope
(x20) using WInSEEDLETM image-analysis software, Regent Instruments Inc. (http:
/ /regent.qc.ca/, accessed date 5 January 2018).

2.3.2. Fire Frequency Reconstruction

The age-depth model allows the interpretation of the charcoal records in terms of
charcoal accumulation rates, CHAR (mm?-cm~2-year~!). CHAR series were statistically
analyzed with CharAnalysis software v1.1 [56]. This allows the detection of past fires by
decomposing CHAR series into peaks representing fire and low charcoal frequency “non-
fire” events: CHARpeax and CHARpqck [57,58]. CHARp,c was estimated using a robust
Lowess with a 300-600-year window width. CHARy, was then smoothed with a locally
weighted regression. The window width was selected to maximize the signal-to-noise
index (SNI, closest but greater than 3) [59]. CHARpax (obtained by subtracting CHARp,ck
from the raw CHAR series) was separated into CHAR,4ie (non-fire events) and CHARg;
(fire events) according to a Gaussian mixture model (99th percentile threshold) [57,59].
CHARpoise represents natural and analytical variations around CHARp,: sediment mixing
and sampling. CHARg;,, represents the occurrence of fire events [60]. Peak magnitude, fire
return interval (FRI—i.e., number of years between two fire events) and fire frequency were
outputs of CharAnalysis. In addition to the CharAnalysis results, FRI data were smoothed
with a Loess function using R software [61].

2.4. Pollen Transfer Functions for Climate Reconstruction

Dugerdil et al. [39] used the Dulikha bog pollen sequence [35,62] to reconstruct Mid-
Holocene climate (0 to 4500 cal. yr BP). The Dulikha bog pollen sequence is the closest
to our study sites, Lake Ebene and Lake Jarod, and we aim to reconstruct past climatic
parameters from the Dulikha bog pollen sequence over the entire Holocene (0 to 11,000 cal.
yr BP). The mean annual air temperature (hereafter MAAT) and the mean annual precip-
itation (hereafter MAP) were inferred using the modern analogue technique (hereafter
MAT [63]). The MAT consists of the selection of a limited number of analogue surface
pollen assemblages with their associated climatic values [64]. The dataset called the New
Mongolian-Siberian Database (NMSDB, [39]) was selected as the basis for applying the
transfer functions. The NMSDB is composed of pollen surface samples from 49 sites in
Mongolia and near Lake Baikal [39]. For detailed methods and the surface sample training
dataset, refer to Dugerdil et al. [39].

3. Results
3.1. Age-Depth Models

The cores from Lake Ebéne and Lake Jarod measured 177 cm and 215 cm, respectively.
For Lake Jarod, the #C date 3325 cal. yr BP for the sample 58-59 cm was rejected because of
inconsistency with the age-depth model. Both sediment cores cover most of the Holocene
period, from 10,655 to —92 cal. yr BP for Lake Ebéne, with a mean temporal resolution of
approximately 61 year/cm™! (standard deviation ~31 years), and from 11,157 to —92 cal. yr
BP for Lake Jarod, with a mean temporal resolution of approximately 52 yr/cm™ (standard
deviation ~21 years).
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3.2. Fire Activity History

Fire events were recorded throughout the Holocene at both lakes (Figures 3A and Al).
Fire activity was greater at Lake Ebéne than at Lake Jarod, with a median fire frequency of
4.3 fires /1000 yr~! compared to 3.5 fires/1000 yr—! at Lake Jarod.

o HE A+ F R R R H B R e R B H

A

—— Lake Ebéne

. i 5 5 - & : — Lake Jarod

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

Age cal. yr BP

Figure 3. CharAnalysis results from Lake Ebene (pink) and Lake Jarod (blue). (A) Peak magnitude (lines) and fire events

(crosses). (B) FRI (dots) and Loess smoothed FRI (solid lines). (C) Fire frequency (solid line) compared to its median

(horizontal line).
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Peak magnitude was higher in the Early Holocene (from 11,700 to 8000 cal. yr BP) than
in the Late Holocene (the last 2500 years), with peaks between 0.7 and 0.9 mm? /cm~2.peak ~ !
at Lake Jarod between 10,500 and 10,200 cal. yr BP and a peak of 0.6 mm?/cm~2.peak ! at
10,000 cal. yr BP at Lake Ebéne. At Lake Ebéne, most peaks remained around
0.2 mm?/cm~2.peak ! from 10,000 to 7000 cal. yr BP. After 7000 cal. yr BP, peaks were
around 0.1 mm?/cm~2.peak ! or below, except for a peak of 0.28 mm?/cm~2.peak !
at 500 cal. yr BP. At Lake Jarod the peaks were mainly below 0.1 after 10,000 cal. yr
BP. A few larger peaks appeared, namely 0.42 mm?/cm~2.peak ! at 7200 cal. yr BP,
0.38 mm?/cm~2.peak ! at 5500 cal. yr BP and two peaks of 0.17 and 0.18 mm?/cm~2.peak ~!
at 3800 and 500 cal. yr BP, respectively. Overall, higher peak magnitudes were observed
before 6500 cal. yr BP and lower peak magnitudes between 6500 and the present.

At Lake Jarod, the FRI was between 100 and 200 years in the Early Holocene, be-
fore 10,000 cal. yr BP, which corresponds to a high fire frequency (6 fires/1000 yr~1)
(Figure 3B,C). After 10,000 cal. yr BP, the FRI at Lake Jarod increased and fluctuated
between approximately 250 and 500 years, indicating a decrease in fire frequency (2 fires/
1000 yr~1). The FRI during the Early Holocene varied around 250 years at Lake Ebéne.
A drop in the FRI occurred at 8200 cal. yr BP for both lakes (to around 125 years at Lake
Ebéne, and around 250 years at Lake Jarod) and this corresponds with an increase in fire
frequency, to almost 8 fires /1000 yr—! at Lake Ebeéne and 4 fires/1000 yr~! at Lake Jarod.
Between 6000 and 5000 cal. yr BP, fire frequency was higher for both lakes, by between 4
and 5 fires /1000 yr~!. Then, fire frequency decreased (and the FRI increased) at around
4200 cal. yr BP with 1 fire/1000 yr’1 (an FRI of over 1000 years) at Lake Jarod and at
3.5 fires/1000 yr~! (an FRI of 300 years) at Lake Ebéne. Thereafter, fire frequency increased
and fluctuated between 4 and 5 fires/1000 yr~! between 4200 and 2500 cal. yr BP at Lake
Ebéne and around 2.5 fires /1000 yr~! at Lake Jarod. A decrease in fire frequency occurred
at 1500 cal. yr BP, with 2 fires/1000 yr~! for both of the lakes. Then up until 800 cal.
yr BP, fire frequency rose to 4.2 and 4.8 fires /1000 yr~! for Lake Ebéne and Lake Jarod,
respectively. Between 800 and -92 cal. yr BP, fire frequency dropped to 2.8 fires/1000 yr~!
at Lake Jarod, while it remained stable at 4.2 fires /1000 yr~! for Lake Ebéne.

As for fire frequency, two periods of high and low fire frequency were found during
the Holocene. Between the beginning of the sequence and 6500 cal. yr BP, fire frequency
values were mostly above the median (except for Lake Jarod around 9000 cal. yr BP). This
corresponds to the period of high fire frequency in the first part of the Holocene. The
following period, between 5000 cal. yr BP and —92 cal. yr BP, was characterized by fire
frequency values under the median value for both lakes, except some peaks around 3750
and 2500 cal. yr BP for Lake Ebene and around 750 cal. yr BP for Lake Jarod. Thus, this
corresponds to a period of low fire frequency for both lakes.

Therefore, the two lakes present similar fire regime trends. Two periods are identified:
the first from 11,000 to 6500 cal. yr BP, corresponding to a high-frequency and more biomass
burning likely related to more severe fire events; and the second subsequent period until
1500 cal. yr BP, corresponding to low-frequency and low biomass burning, likely related to
less severe fire events. Then from 1500 cal. yr BP, fire frequency initially increased until
900 cal. yr BP at Lake Jarod where a decrease is observed, and until 600 cal. yr BP at Lake
Ebéne where a stabilization of fire frequency appears until the present time.

3.3. Mean Annual Temperature and Precipitations at Dulikha

The MAT transfer function at Dulikha indicates values close to the modern average
annual temperature (0 °C at the Vydrino weather station). However, the modern average
annual precipitation values indicated by the MAT are higher than those known at the
Vydrino weather station (about 700 mm). At Dulikha a similar trend is observed for the
MAAT and MAP with an increase during the early Holocene (from 11,000 cal. yr BP to
7500 cal. yr BP) followed by a decrease until approximately 4500 cal. yr BP. Then the
Dulikha MAP steadily increases from 4500 cal. yr BP until the present time, whereas the
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MAAT increases more slowly and seems to be reaching a threshold of 0.6 °C around the
present time (Figure 4, purple and green curves).
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Figure 4. Correspondences in Lake Ebéne and Lake Jarod fire evolutions (fire frequency, fire fre-

quency median, fire frequency with 1000-year moving mean, fire events and peak magnitude) with

summarized variations in reconstructed vegetation of the southern region of Lake Baikal during the
Holocene: Vydrino (0-13,520 cal. yr BP), Dulikha (0-11,109 cal. yr BP) and Ochkovoe (0-4500 cal.
yr BP) see Figure 1 [36,46,47] and reconstructed climate: temperature and precipitation for Dulikha

and atmospheric general circulation model (GCM) output using a series of 500-year intervals for
continental Eurasia (45-70° N, 75-130° E) that includes the Lake Baikal region [65,66].
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4. Discussion
4.1. Age-Depth Models

The age-depth model for Lake Jarod led to the rejection of the sample date 1390 + 15
at depth 58-59 cm (Table 2, Figure 2). Since it was a relatively recent 1*C date that was
rejected, the hypothesis of manual contamination of younger sediment by older sediment
during core extraction in the field is favored since the carbon content of the samples is
not known. This single date rejection across the entire age model does not affect the
quality of the model established, relative to the total number of *C dates performed
(Blockley et al., 2007).

4.2. South Lake Baikal Spatial Fire Activity

Fire frequency patterns and the distribution of magnitude peaks between Lake Ebéne
and Lake Jarod are markedly similar, despite being inferred from two close but different
sites (Figure 3). The increase/decreases in fire frequency and FRI mainly occur in the same
periods. In general, the fire frequencies recorded at Lake Ebéne show higher values than
those at Lake Jarod, particularly between 9500 and 7000 cal. yr BP and between 6000 and
2000 cal. yr BP, this could be due to the site spatial variability. Magnitude peaks were higher
from the Early Holocene to 6500 cal. yr BP and thereafter lower until the present time.
Several factors can induce magnitude peak variations and so magnitude values do not
necessarily represent the fire type affecting the boreal ecosystem. Here, we have supposed
that the magnitude of the peak is linked to the biomass burned (i.e., high-magnitude
peaks represent a substantial volume of biomass burned) which is linked to the fire regime
(surface and crown fires) [10,67]. The majority of fires in the southern Lake Baikal region,
and more generally in the Eurasian boreal forest, are surface fires, i.e., low-intensity and
generally non-lethal to trees [3,68,69]. The nature of these fires (i.e., surface fires vs. crown
fires), as well as the sites” spatial variability, may explain the variability observed in fire
events, for fire frequency and peak abundance, between Lake Ebéne and Lake Jarod [70].
However, the median values of the fire frequencies for both lakes are very close (4.3 and
3.5 fires /1000 yr~! for Lake Ebéne and Lake Jarod, respectively). The correspondence
between the fire signals of the two lakes indicates that our reconstructions are robust and
suggests shared levels of fire activity in the southern region of Lake Baikal during the
Holocene.

The fire signals occur at the same time periods, except between 7000 and 6000 cal. yr
BP, when a shift in fire frequency is observed and, for the last 900 years, fire frequency
and FRI tendencies differed between the two lakes (Figure 3A,C). The differences in fire
intensity between Lake Jarod and Lake Ebéne could be due to several factors, such as
the spatio-temporal frame (like the place of fire departure, the type of fire ignition or the
fire duration) and the direction and intensity of the winds between these two locations.
Different local air currents occur around Lake Baikal, for example the Shelonnik wind [71].
This wind blows in summer, during the fire season, following a South—-North direction,
which corresponds to the Lake Jarod-Lake Ebéne direction. Most of the fire peaks have a
higher magnitude at Lake Ebéne compared to Lake Jarod, which could indicate fire events
that increase in intensity as we move from Lake Jarod towards Lake Ebéne. However,
peak magnitude was higher at Lake Jarod in the Early Holocene before 9800 cal. yr BP,
and during 3 distinct peaks at 7200, 5500 and 3700 cal. yr BP, which points to other wind
directions or other factors being at work.

Between 11,000 and 9000 cal. yr BP there were high-frequency but also high-intensity
fires, and peak magnitudes were at their maximum for the Holocene (up to more than
0.8 mm?-cm~2-peak ! for Lake Jarod). This more intense fire activity was also observed
by Katamura et al. [16] for the Early Holocene in Eastern Siberia and may be related to
crown fires because of the peaks” magnitude [3,68,69]. Further into the boreal regions, in
Fennoscandia and Denmark, a higher influx of charcoal in the early Holocene was related
to the nature of the fires [13]. Another study in northwest Siberia, carried out by Clark [72],
showed higher levels of charcoal in the mid-Holocene, around 5000 cal. yr BP, which also
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corresponds to the high peak recorded at Lake Jarod for the same period and could also
be related to a crown fire event. However, within the Lake Baikal region, there is no other
long-term Holocene reconstruction of fire history to which our results can be compared.

4.3. Vegetation and Climate Influences on Fire History

The composition of plant communities in boreal forests (to which are related general
fire characteristics such as crown or surface type) are themselves influenced by the cli-
mate [3]. For example, Canada’s boreal forests are dominated by high-intensity crown fires
and are characterized by forests composed of Pinus banksiana and Picea mariana [5,73-75].
As these species are serotinous, their seed dispersion is fire-dependent: tree seeds are
contained in serotinous cones which open with the heat of fires [76]. Eurasian boreal
forests, where most fires are surface fires, are today mainly composed of Pinus sylvestris and
Betula sp. (light taiga forest). Pinus sylvestris, for example, self-prunes its lower branches
and presents a thick more fire-resistant bark, which tends to prevent fires from rising and
restricts flames to the ground surface [3].

When crown fires were probably occurring at Lake Ebéne and Lake Jarod in the Early
and Mid-Holocene, the vegetation was characterized by species ecologically similar to
those found in Canada, composed of dark taiga forest such as Abies sibirica, Picea obovata
and Pinus sibirica [3]. Palynological studies and climate-based results have previously
shown that these species were dominant during these periods in the southern region of
Lake Baikal at the sites Vydrino, Dulikha and Ochkovoe [36,46,47,77] (Figure A2). At
the Dulikha site, Picea sp. and Larix sp. were the dominant tree species between 13,500
and 9000 cal. yr BP. Then Pinus sibirica, Abies sp. and Betula sp. became the dominant
species from 9000 to 6400 cal. yr BP [36]. At the Vydrino Shoulder site, there is a clear
palynological demarcation between the Early Holocene (11,600 cal. yr BP) and the mid-
Holocene from 7100 cal. yr BP [47]. At the beginning of the Holocene, Pinus sibirica and
Betula sp. are dominant and Abies sp. and Picea sp. show their highest percentages [47].
Thus, in the Early to Mid-Holocene, a mainly dark and humid taiga forest, dominated
by Picea obovata and Abies sp., composed the forest (Figure 4). Wet conditions deduced
from palynological results from the southern region of Lake Baikal [36,46,47] are regionally
confirmed in general circulation model (GCM) outputs [76,77]. These simulated decreasing
summer temperatures and increasing summer humidity over central Eurasia with a 500-
year window (45-70° N, 75-130° E) for the Early to Mid-Holocene. The precipitation
pattern from the Dulikha bog pollen sequence also shows increasing amounts of annual
precipitation, although values were low, at between 250 and 400 mm per year. The pollen-
based climate reconstruction carried out in the present study seems more accurate because
it is based on local data (while the GCM one is a very large-scale climate reconstruction
covering Eurasia) and indeed pollen reconstructions of modern climatic conditions better
match actual modern conditions than large-scale GCM climate reconstructions (Figure 4).
In addition, the temperature and precipitation results provide an annual estimate, while the
GCM results show the summer humidity estimate, which can make a significant difference,
especially with regard to precipitation, as droughts are relatively common during summer
and often linked to fire occurrence [10]. In the Early-Holocene at Lake Ebeéne and Lake
Jarod, since a high fire activity rate was recorded (high frequencies and high intensity,
crown fires), summer climate conditions (related to fire season) would not be directly
linked to the dynamics of the fires. One might suppose that the role of vegetation would
have had a stronger effect on the dynamics of fires. It seems that the denser “dark taiga”
vegetation type was conducive to high-intensity fires (as has been demonstrated in other
regions [3]) and also associated with a higher frequency of fires in our study.

From 8000 to 5000 cal. yr BP, the southern region of Lake Baikal experienced its Early to
Middle Holocene thermal optimum, associated with wetter conditions (Figure 4) [46,77,78].
The thermal optimum seems to be divided, with cold and humid summers from 8000
to 6500 cal. yr BP, then a reversal with hot and dry summers from 6500 to 5000 cal. yr
BP (Figure 4). The first half of the thermal optimum shows the highest temperature and
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precipitation values of this period (0.3 °C and 420 mm) and corresponds to the period of
high peak magnitudes and high fire frequency (Figure 4). This result is consistent with
the presence of dark taiga and with the characteristics of the fires recorded. Indeed, at the
Dulikha site, Pinus sibirica persists with a high percentage but Pinus sylvestris increases
between 6400 and 5300 cal. yr BP [46]. The same is true at the Vydrino shoulders site, where
the percentage of Pinus sibirica does not vary however Pinus sylvestris greatly increases [47].
However, relating fire activity to the cold summers implied by the GCM reconstructions, it
can be assumed that the fire season during this thermal optimum period started earlier
and/or that the majority of fires were occurring earlier in the year. Today in Russia, the fire
season begins in March and the first peaks of fire occur in mid-March and mid-April [79].

From 6500 to 5000 cal. yr BP, the annual climate remained relatively hot and humid but
temperature and precipitation decreased. However, the hotter and drier summers indicated
by the GCM are in agreement with the disappearance of the dark taiga in favor of the light
taiga, with species well adapted to these conditions (Pinus sylvestris) and to a surface fire
regime taking over [36,46,47,77]. A period of generally low temperature/precipitation and
hot/dry summers was maintained through the Mid-Holocene, from 5000 to 3000 cal. yr BP
and the general dynamics of fires remained constant, involving the surface fire type. The
Ochkovoe site also shows a dominance of Pinus sylvestris pollen grains during this period,
indicating a drier climate [36].

From 3000 cal. yr BP, annual temperature and precipitation increased in the region
but summers became colder (Figure 4). A mixed coniferous forest, composed of both light
and dark taiga, became established (Figure 4) [36,46,47].

4.4. Late Holocene Human Impact on Fire History

According to a study by Kobe et al. [80] of the West Cis-Baikal coast, the first hunter-
gatherer culture present after the collapse of large mammals in the region was the Kitoi
culture (from 7560 to 6660 cal. yr BP). However, after 6660 and until 6060, there are
no further archaeological traces of their activities, an absence which has been linked
to a rapid change of climate and vegetation at that time [81]. The populations present
thereafter appear to have been smaller groups, surviving on the aquatic resources of Lake
Baikal [80,81]. The impact of these populations on the fire dynamics around Lake Baikal
seems to have been minimal compared to the influence of climate and vegetation.

The frequency of fires at the end of the Holocene, from about 1500 cal. yr BP, shows first
an increase (Figure 3) then a decrease from 900 cal. yr BP (Lake Jarod) and a stabilization
from 600 cal. yr BP (Lake Ebéne) from about 500 cal. yr BP onwards. These shifts seem
difficult to relate to climatic and/or vegetation conditions, which were stable during this
period [36,46,47]. Another hypothesis would connect these shifts to the increase in human
activity in the region. Indeed, human activities and settlement have often been linked to
an increase in fire frequency and severity, for example because of human-induced fire for
opening landscape and sustaining grasslands [21,49,82,83]. Bezrukova et al. [36] discussed
human activities around Lake Baikal over the Late Holocene period and indicated that
archaeological research has shown that the region was inhabited by communities of hunter-
gatherers and then pastoralists but that there were no traces of this occupation in the lake
sediments for the Mid- to Late-Holocene. According to these authors, the increase in pollen
of Betula sp. and Pediastrum spores at the site Cheremushka from 300 cal. yr BP could be
linked to an intensification of human activities, more precisely wood harvesting.

North of Lake Baikal, in Yakutia, a recent study [21] indicates a decrease in fire activity
since 1200 cal. yr BP and linked it to fire suppression by humans. This study suggests
that the impact of human activities was more linked to the type of society than to the
number of people; for example, slash and burn practices were linked to small populations,
while in the 18th century this practice was banned in line with industrialization and fire
suppression policies in Russia, in order to protect forest resources, despite the fact that
human populations had increased [21,84,85]. Within our study sites, we can assume that
the arrival of new human populations like hunter-gatherers and pastoralists could have



Forests 2021, 12,978

12 of 18

increased fire frequency after 1500 cal. yr BP. Then a fire suppression strategy could have
been induced by a societal change and could have resulted in a decrease in the frequency
of fires, particularly at Lake Jarod from 900 cal. yr BP and more strongly from 500 cal. yr
BP. However, there is a lack of multi-proxy studies in these regions to confirm the links
between human activities and fire occurrence [36]. Notably, Walker et al. [86] indicate
an unprecedented recent increase in fire activity, which has caused considerable human
damage. This recent trend has also been observed by Sofronov et al. [24], in the same
study area, with an increase in fire frequency and fire severity since 1989 along with the
appearance of crown fires every year since 1994 CE, although this trend was not observed
or recorded with charcoal particles within our sediment cores.

5. Conclusions

In this study we have presented the first complete Holocene reconstruction of fire
dynamics around the Southern shore of Lake Baikal. In the Early Holocene, from 11,000
to 6500 cal. yr BP, the region experienced severe crown fires (based on fire frequency and
peak magnitude), mainly due to the establishment of a dark taiga forest. Then a surface fire
regime (indicated by the fire frequency and peak magnitude observed), more characteristic
of Eurasian boreal forests, was established until the present day. This shift coincides with
the light taiga implementation at 6500 cal. yr BP while temperature and precipitation
decreased annually but summers became hotter and drier. Fire, climate and vegetation are
very intertwined and act on each other, as the shift of fire frequency, climate conditions and
vegetation types between 8000 and 6500 cal. yr BP illustrated. However, at the end of the
Holocene climate Optimum, fire regime seems to be linked to climate conditions rather than
the vegetation types. The impact of human activities has not yet been firmly established
and the gap in knowledge and studies of human activities and their relationship to fires
in these regions needs to be filled in order to shed light on practices of fire management
during the Holocene in the South of Lake Baikal. However, we hypothesize that this
impact was significant from 1500 cal. yr BP onwards, showing first with an increase in
fire frequency, then with a decrease or maintenance of the fire frequency through fire
suppression strategies. On the other hand, in recent years, the region has been marked by
disastrous crown fires probably linked to climate change.
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Periods (cal. kyr bP) Summarized vegetation evolution of the southern shore of lake Baikal
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Figure A2. Synthesis of the past vegetation dynamics in the southern Lake Baikal region.
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