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V. Abstract

English:

Wildfires are an important ecological disturbance with the power to shape ecosystems and considered
a dominant driver of change in the world’s boreal zone. The vast forests of the boreal account for
roughly a quarter of all global biomass and house enormous amounts of carbon above and below
ground. These forests are also subject to change. Increased tree mortality, altered species composition,
permafrost degradation and the transition towards acting as a net carbon source are some of the con-
sequences thought to be linked to an increase in global temperatures. Fire plays an important role in
all those aspects, yet for most of Siberia, long-term fire regimes remain poorly understood. This thesis
attempts to start filling a pronounced gap in the global distribution of fire history reconstructions based
on sedimentary charcoal. From a sediment core of Lake Khamra (SW Yakutia, Russia), a continuously
sampled, high-resolution record of macroscopic charcoal particles was created, spanning the last c.
2000 years. The mean fire return interval ranges between c. 70 - 80 years. Fire activity decreases after
a maximum around c. 750 CE. Despite a slight increase in fire frequency within recent centuries, char-
coal accumulation since the 20%" century is among the lowest of the record. Larger charcoal particles
seem to indicate fires directly at the lake’s shore. No clear fire impact on XRF-derived soil geochemistry
was found. However, different charcoal morphotypes show promising contrasting patterns when cor-
related with the reconstructed vegetation. This thesis highlights both the challenges and the great po-

tential of fire reconstructions in the Siberian boreal forest.



Deutsch / German:

Waldbrénde sind ein wichtiger ékologischer Faktor mit dem Potential ganze Okosysteme zu formen
und gelten als ein mafigeblicher Antrieb von Verdinderungen in der borealen Zone. Die weitléufigen
Wilder des Boreals machen ungeféhr ein Viertel der gesamten globalen Biomasse aus und beherbergen
riesige Mengen Kohlenstoff (iber wie auch im Boden. Eine h6here Sterblichkeit von Béumen, veréinderte
Vegetationszusammensetzung, degradierender Permafrost und ein Ubergang hin zur Funktion als
Quelle von Kohlenstoff sind nur einige der Folgen, die dort mit einem Anstieg der globalen Temperatu-
ren einhergehen kénnten. In all diesen Aspekten spielen Feuerereignisse eine wichtige Rolle, aber den-
noch ist das Wissen (liber das langfristige Waldbrandverhalten in Sibirien sehr beschréinkt. Diese Arbeit
will damit beginnen eine deutliche Liicke in der globalen Verteilung von Feuerrekonstruktionen mittels
sedimentdrer Holzkohle zu fiillen. Mit einem Sedimentkern des Lake Khamra (SW Jakutien, Russland)
wurde eine kontinuierlich beprobte, hoch aufgeldste Aufzeichnung der makroskopischen Holzkohleak-
kumulation der letzten c. 2000 Jahre erstellt. Die mittlere Feuerwiederholungsrate liegt bei c. 70 - 80
Jahren. Nach einem Maximum um c. 750 CE nimmt die Feueraktivitdt kontinuierlich ab. Trotz eines
geringen Anstiegs der Frequenz von Feuerereignissen in den letzten Jahrhunderten gehért die Akkumu-
lationsrate von Holzkohle im 20. Jahrhundert zu den geringsten der gesamten Aufzeichnung. GréfSere
Holzkohlepartikel scheinen Feuerereignisse direkt am Ufer des Sees widerzuspiegeln. Feuerereignisse
zeigen keine klare Auswirkung auf die mit XRF-Scan festgestellte Geochemie des Bodens. Korrelationen
der verschiedenen Holzkohle-Morphotypen mit der rekonstruierten Vegetation zeigen jedoch vielver-
sprechende, gegensdtzliche Muster. Diese Arbeit betont sowohl! die Herausforderungen wie auch das

grofSe Potential von Feuerrekonstruktionen im sibirischen borealen Nadelwald.



1. Introduction

This thesis follows the common structure of articles found in geoscience journals. Following a brief
background of the thesis, a general introduction to the boreal forest and wildfires as an important
ecological disturbance is given. After presenting the location of research at Lake Khamra in SW Yakutia,
Russia, both practical and statistical methods applied are described. The results segment lays out the
new findings regarding the history of fire activity and potential impacts on the surrounding environ-
ment. These findings are evaluated in more detail in the discussion segment, where a comparison with
other scientific literature and a deeper look into potential sources of uncertainty are used to assess
their significance. Finally, the conclusion will summarize the key outcome of this thesis and end on a

brief outlook towards a possible longer-term goal for fire reconstructions in Siberia’s boreal forest.

1.1. Motivation

Wildfires have been a prominent topic coming up in all sorts of media reports around the globe during
the last years. The notion that an increase in average global temperatures might lead to a higher fire
activity seems widely acknowledged. And although fire is an essential part of many — if not most —
terrestrial ecosystems, an extrapolation into the future is complicated by a high spatial and temporal
variability in fire regimes. However, the common saying “In order to foresee the future, one first must
understand the past” points out a possible way to improve forecasting efforts. An evaluation of past
fire activity could shed light onto the complex relationships between fire, vegetation, soil and climate.
This thesis is about the reconstruction of past fire activity in the boreal forest of Siberia. Paleoecological,
geoscientific methods will be used in an attempt to gain information about fire activity during the last

two millennials in this vast and important ecosystem, where to this day comparable data is rare.

Composition of this thesis and the accompanying research project on the reconstructed fire history at
Lake Khamra (SW Yakutia, Russia), was carried out at the Alfred Wegener Institute, Helmholtz Centre
for Polar and Marine Research (AWI), at its research unit in Potsdam, Germany. As part of Germany’s
largest scientific organisation, the Helmholtz Association, the AWI conducts research within the polar
to subpolar regions of the earth comprising a variety of divisions from biosciences (e.g. coastal ecology,
ecological chemistry, marine biogeosciences), climate sciences (e.g. polar meteorology, physical
oceanography, climate dynamics) and geosciences (e.g. marine geology, glaciology, permafrost re-
search). Besides its main location in Bremerhaven and the site in Potsdam, offices of AWI are located

in Oldenburg as well as on the islands of Helgoland and Sylt. The project of this thesis was conducted



specifically within the division of geosciences, section Polar Terrestrial Environmental Systems, headed

by Prof. Dr. Ulrike Herzschuh, in the High-latitude Vegetation Change working group.
This thesis aims at achieving two interconnected goals:

e Primary: Reconstruct fire history in SW Yakutia - Creating a charcoal record from a sediment
core of Lake Khamra spanning the late Holocene and assessing the fire signal within charcoal
particle counts of varying size classes and appearances

e Secondary: Evaluate potential fire impacts on vegetation and soil biogeochemistry - Com-
paring the reconstructed fire history to (a) sedimentary pollen and non-pollen palynomorph
data, (b) uXRF data for elements that were previously found to react to fire events and (c) the

C/N ratio of the sediment

1.2. Firesin the boreal zone

This segment serves as an introduction to the Siberian boreal forest and factors like its climate, vege-
tation and ecological processes, including the formation and effects of wildfires in more general terms.
It highlights research on biogeochemical impacts of wildfires and the various ways in which climate
change might also lead to changes in the boreal forest, potentially driving them towards environmental

tipping points of a global scale.

The boreal forest

The boreal forest or taiga consists of large, circumpolar areas of coniferous trees exclusively on the
northern hemisphere of the Earth, due to a lack of comparable land mass and continental climate on
the southern hemisphere. It is mainly located between c. 50 - 70 °N within Russia, Canada and Alaska,
but also to lesser extent in northern parts of Fennoscandia and Japan. The boreal forest is a record
holder: It accounts for roughly a third of all global forested areas, spanning c. 10 million km? (KLINK
2008). The vast forests make up for c. 25 % of all global biomass and act as an enormous carbon
storage, with the boreal zone containing about half of the world’s forest carbon (CONARD et al. 2002)
and about a third of all global terrestrial carbon (KUULUVAINEN and GAUTHIER 2018). Estimates vary in
magnitude but usually agree that most of that carbon is stored within the soils below the forest
(WALKER et al. 2019). In general, boreal forests are characterized by a short growing season and low
annual mean temperatures, showing drastic amplitudes with increasing climatic continentality. Lowest

arctic temperatures were measured in the town of Oymyakon (southern Yakutia, Siberia), reaching



almost - 70 °C. Low temperatures are not in general problematic for tree growth, as long as the growing

season is long enough to ensure a conifer’s robust needle development (KRees 1983).

In Siberia, there’s a gradient of predominant tree species between West and East. While in western
Siberia, the evergreen Picea obovata (spruce) is most prominent, beginning from central Siberia it is
being replaced by Larix sibirica and Larix gmelinii (larch). Larix are the only summergreen conifers,
shedding their needles during winter season. In this cold environment, their deciduous nature gives
the Larix species an advantage over their evergreen competitors: Reducing transpiration to a minimum
in turn reduces the risk of frost desiccation. Additionally, shallow-rooting species of Picea and Larix
have an advantage in permafrost regions with limited active layer depth. Together with Abies (fir) and
Pinus (pine), these four groups account for most of the trees found in the boreal forest. Depending on
local environmental factors and especially when moving towards the southern boundary of the boreal,
broad-leafed trees can also be found, some more prevalent being Betula (birch), Populus (aspen), Alnus

(alder) and Salix (willow) (KLINK 2008).

Due to the in many places rather extreme and therefore limiting climatic conditions, the boreal zone
is not regarded as a hotspot of biodiversity. Tree populations mostly belong to only one or two differ-
ent species at a time. This uniform appearance makes boreal forests attractive for forestry and logging:
a large share of all wood for paper production originates from here. In Siberia, long distances lacking
infrastructural development result in logging mainly taking place near towns, streets or along rivers. In
contrast to logging in the tropics, deforested areas in the boreal zone experience a rather quick initial
resettlement of vegetation, although tree growth can take up to multiple centuries depending on the

location (KLINK 2008).

Fires of the boreal zone

Wildfires are a naturally occurring phenomenon, although obviously, fires can also be started by hu-
mans, be it deliberately or not. Fires can serve as an important ecological disturbance, shaping whole
ecosystems to the point of the emergence of fire-adapted and even fire-dependent systems. They are
labelled as “[...] a major evolutionary force” by some (CONEDERA et al. 2009: 435). Fire events in boreal
forests cause a tree succession, e.g. with a burned down Picea population experiencing at first broad-
leafed trees leading the resettlement, directly followed by Pinus. In Canada’s boreal forest, Pinus bank-
siana is also labelled the “fire tree” for its preference of quickly settling on recently cleared locations
receiving lots of direct sunlight (KReeB 1983). Different vegetation compositions are also linked to an
accompanying common type of wildfire and a specific fire succession appearance (DAVIDENKO 2003). In
Yakutia, Larix, Pinus and Betula can act as pioneering trees on recently burned areas (CHERSOV et al.

2010).



For North America there is evidence that the trigger behind most fires in the boreal forest is indeed a
natural one: Ignition by lightning accounted for ”[...] more than 55 % of the interannual variability in
burned area, and was correlated with temperature and precipitation, which are projected to increase
[...]” (VERAVERBEKE et al. 2017: 529). According to the authors of this study, lightning frequency is pro-
jected to rise due to an increase in convective storm activity with climate change. Whether or not this
proves true for the boreal forest of Siberia as well has yet to be answered in more detail, however, key
factors driving fire frequency and intensity besides lightning strikes are also on the rise in Siberia,
mainly due to rising air temperatures creating an increase in fire weather severity (SEIDL et al. 2017).
For the purpose of reconstructing the fire regime of the past, no distinction between natural and an-
thropogenic fires is made in this thesis. However, finding means to differentiate between the two

might greatly advance the understanding of fire regimes throughout time.

There is the assumption that only about 15 % of fires in Russia are caused by lightning, the major
natural cause, while most other fires are started by humans (DAVIDENKO 2003). However, it is unclear
whether this information is only regarding officially recognized fires, which likely tend to be those
closer to human settlements and thus more likely to be started by humans. CHERSOV et al. (2010) de-
scribe that in Yakutia 50 % of fires are started by thunderstorms in the dry months of July - August,
with less than half of all fires being started by humans. While the Canadian boreal forest experiences
more high-intensity crown fires, the Siberian counterpart is characterized by “low to moderate inten-
sity surface fires of moderate frequency” (DE GROOT et al. 2013: 35). From a fire regime perspective,
North America’s and Eurasia’s boreal forests behave quite differently, highlighting limitations of trans-

ferring research results from one to the other.

The complete suppression of fires by fire management institutions has been suspected to not be ben-
eficial in the boreal zone, in fact, even detrimental regarding fire damages. This is because without any
occurrence of fires, fuel load within the forest gradually increases. If then a severe fire season (warm
and dry weather) does set off wildfires exceeding suppression thresholds, they can dramatically in-
crease in severity. During recent decades, fire management in many of these regions therefore started
to allow low severity surface fires to take place in areas where no harmful societal or economic dam-
ages can arise (DAVIDENKO 2003). In Russia, the Aerial Forest Protection Service (Russian:
ABuanecooxpaHa, Avialesookhrana) monitors and fights wildfires across the boreal as the oldest air-
borne firefighting unit in the world. Their capacity is now lower than few decades ago due to cuts of
governmental funding, but it includes hundreds of aircrafts and helicopters spread across hundreds of
bases in the country. Their arsenal furthermore consists of “smokejumpers” (a term that originated in
the United States), specially prepared firefighters jumping off planes in parachutes to reach fires in

difficult terrains (HODGES n.d.). This highlights how even though Siberia’s boreal forest stretches across
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an enormous area and population density is generally low, humans are to some degree actively in-

volved in shaping the fire activity.

Fire impact on soil biogeochemistry

Other effects of fires can be traced in soil biogeochemistry. Terrestrial nutrients “[...] ultimately con-
strain ecosystem productivity and could serve as either a positive or negative feedback among changes
in climate, forests, and fire regimes” (LEYS et al. 2016: 1). Forest carbon storage and nitrogen availability
can be directly affected by wildfires, with nitrogen being a limiting factor for net primary productivity
and therefore for the total amount of carbon stored within a forest’s biomass (DUNETTE et al. 2014).
Two studies using lake sediments are of special importance for this thesis, with the goal of testing their
methodology in slightly altered ways at the boreal research location in SW Yakutia. For this segment,
the focus is on providing an overview of potential fire impacts on soil biogeochemistry. An introduction

to the method of linking soil geochemistry with reconstructed fire events follows in 3.7.

First, DUNETTE et al. (2014) compared the macroscopic charcoal record (see 1.3) of a lake within a sub-
alpine forest in the Rocky Mountains with measurements of carbon and nitrogen concentrations. They
found that after identified high-severity wildfires, there is a significant decrease in carbon and nitrogen
concentrations and sediment organic matter. They attribute this to fire-caused forest floor destruction
and erosion. Their study also shows how this forest was able to deal with decades-long decreased
nitrogen availability numerous times throughout the past c. 4250 years, mainly because the fire return
interval (FRI) between high-severity fire events was longer than the recovery time of soil nutrients,
thus never fully depleting the storages. This might change with shorter FRIs (or higher severity of fires)

as predicted for increasing global temperatures (DUNNETTE et al. 2014).

The second study by LEYS et al. (2016) focusses on a similar method to compare the same but expanded
macroscopic charcoal record with XRF (X-ray fluorescence) measurements of key nutrient elements.
Their reconstruction shows how following high-severity fires, element concentrations of titanium (Ti),
calcium (Ca), potassium (Ka), aluminium (Al) and phosphorus (P) in the lake significantly increase for
up to c. 30 years, likely due to increased post-fire weathering and erosion within the catchment leading
to an increased deposition. On the contrary, sulphur (S) concentrations decrease, likely because of a
lower volatilization temperature, while silicon (Si) showed no reaction (LEys et al. 2016). Results con-
cerning the application of similar methods to Lake Khamra are presented and discussed later in this

thesis (see 4.2 and 5.2).
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Climate change in the boreal

The Arctic is experiencing stronger warming then the rest of the planet. This is due to the polar ampli-
fication effect, a feedback loop of a warming-caused decrease of ice-covered area, thereby increasing
absorption of solar radiation by lowering the surface albedo, in turn leading to warming temperatures
(ice-albedo-feedback, LENTON 2012). Besides this decrease in Arctic sea ice and the Greenland ice sheet,
other feedback loops could potentially affect the climate, like thawing permafrost soils releasing green-
house gasses or changes in the Atlantic ocean’s circulation patterns. It is thought that there exist cer-
tain thresholds (e.g. a specific magnitude of global warming) upon which these feedback loops are
started and/or accelerated and difficult to stop, labelled tipping points. LENTON et al. (2019) argue that
the time to prevent a cascade of global tipping points from happening might already have run out, but
a quick response in reducing greenhouse gas emissions and therefore the magnitude of projected

global warming might still reduce the expected damage.

Due to global warming, the vast boreal zone is subject to change. Not only is there an expected increase
in fire severity and frequency but changing climate will also favour the resettlement of different species
after fires. This change in species composition might alter large parts of especially the larch-dominated
eastern Siberian boreal forest, being a heritage of sorts from the last glacial eras (HERZSCHUH et al. 2016).
The boreal forest is projected to move north into current day tundra, where it will benefit permafrost
thawing and an increase in albedo (KRUSE et al. 2016), while in the South, boreal conifers are gradually
exchanged by temperate species (SEIDL et al. 2017). Because of the warming climate, tree mortality
from drought, fire, pests and disease is likely to increase (LENTON 2012), which in turn might lead to the
emergence of larger areas of open woodlands more susceptible to fire, creating a positive feedback
loop (IPCC 2018). There’s also evidence that some intermediary stages of tree cover are not stable and
therefore tend to rapidly change towards a more stable state, indicating non-linear shifts in tree pop-
ulation density (SCHEFFER et al. 2012). Fires are regarded as one of the main drivers of ecological
changes in the boreal forest and with increasing frequency and intensity, they might start burning more
“legacy carbon” that has been accumulated in the top layers of soil by previous, lower intensity fires,
therefore increasing net carbon emissions into the atmosphere (WALKER et al. 2019). Because of this
multitude of interconnected processes, it seems difficult to pinpoint an individual tipping point for the
whole boreal biome. However, these accumulated changes within the world’s largest forests lead LEN-
TON et al. (2019) to including them as a climatic tipping point of global significance. Notably, wildfires
are an essential element in most of these processes, further highlighting the need of a thorough un-

derstanding of fire activity in the boreal.
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1.3.  Charcoal as a fire proxy

Charcoal is produced by the partial burning of biomass. Charred fragments are subsequently detached,
spread across the surroundings of a fire through the air, water streams and on the ground. Charcoal
particles reaching a lake will eventually be submerged and deposited on the lake floor, potentially
experiencing some mixing processes before settling in the sediment, where they can be preserved over
long time spans due to their chemical inertness (CONEDERA et al. 2009, WHITLOCK and LARSEN 2001). An
evaluation of fossil charcoal particles found in lacustrine sediment cores can serve as a proxy for chang-
ing fire activity throughout time. Commonly, a higher accumulation of charcoal is linked to higher fire
activity (e.g. BARHOUMI et al. 2019, CONEDERA et al. 2009, WHITLOCK and LARSEN 2001) and has been
shown to correlate well with the local total burned area (LEYS et al. 2015). Besides their abundance,
additional sources of information from charcoal particles include their size, appearance or surface re-
flectance. A basic scheme of charcoal taphonomy and the workflow to reconstruct fires can be seen in
figure 1.
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Figure 1: Basic processes and workflow when using macroscopic charcoal as a fire proxy
(CoNEDERA et al. 2009: 444)

Although this method and its relationship between charcoal abundance and fire activity might seem
to be of limited complexity at first, diving deeper into the variety of factors influencing charcoal particle
appearance and distribution reveals a more depth to this proxy than what might have been suspected
beforehand. And although using charcoal as a fire proxy is a well-established method being conceived

about 80 years ago (IVERSEN 1941, who was first to use microscopic charcoal on pollen slides to deduce
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fire activity), a more wide-spread and systematic approach seems to have first started only some dec-
ades later. After microscopic charcoal (e.g. SWAIN 1973), macroscopic charcoal was analyzed in thin-
sections of annually laminated (varved) lake sediment (e.g. RHODES and DAvis 1995). During the last
two decades, preparation of macroscopic charcoal by wet-sieving the sediment seems to have become
the most popular method, likely because it is comparably quick and inexpensive (WHITLOCK and LARSEN
2001). Here, the choice of mesh size acts as a threshold of sorts and is based on the assumption that
larger particles originate from fires closer to the archive. The variety of approaches to the charcoal
method does not stop with the preparation method, however. There are also various ways of counting
macroscopic charcoal particles, including a point-count method to approximate particle surface (To-
LONEN 1986), measurements of the two longest axes of a particle (MACDONALD et al. 1991), digital image
analysis (e.g. HALSALL et al. 2018) or a count of the absolute amount of particles per sample (e.g. DUN-
NETTE et al. 2014, BRUNELLE and ANDERSON 2003, MOONEY and RADFORD 2001). A compromising approach
is counting the absolute number of particles per sample but sorting these counts to different size clas-
ses in order to see differences between the distribution of smaller and larger particles (CONEDERA et al.

2009).

As a general rule of thumb, WHITLOCK and Larsen (2001) noted that for lakes set in temperate forests,
fire events were often identified when samples showed 50 counts of charcoal particles or more. How-
ever, this obviously must be considered as a generalization that should not be used to infer fire events
from any charcoal record. In order to deduce fire events from a macroscopic charcoal record, statistical
methods were created that are presented, applied and discussed in this thesis (see 3.7, 4.2 and 5.2).
In studies using charcoal as a fire proxy, there usually is a separation of a “background” component,
which is assumed to represent long-term variations of charcoal input to the lake, changes in particle
taphonomy or limits of analytical precision, and a “peak” component representing predominantly local
charcoal accumulation during fire events (KELLY et al. 2011, HIGUERA et al. 2009, WHITLOCK and LARSEN
2001). By subtracting the background component from the charcoal record, it is effectively detrended,
resulting in the peak component. The peak component is then again divided into signal and noise com-
ponents with the help of a threshold value. Peaks in charcoal accumulation rate (CHAR) rising above
the threshold value (the signal) are labelled “fire peaks” in this thesis and are thought to represent fire
events. The term fire events can be misleading however, as it does not necessarily refer to individual
wildfires: the temporal resolution of those fire peaks is limited by the deposition time of every charcoal
sediment sample and might therefore include more than just one wildfire. The terminology of “fire
event” was introduced to better differentiate the interpretation of charcoal “fire peaks” from strictly

resembling individual fires (WHITLOCK and LARSEN 2001).

An essential part of this fire reconstruction method is the approximation of charcoal source area, to

estimate a spatial extent of fires that added to the charcoal record. In contrast to using e.g. fire scars
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on trees as a fire proxy, where it is evident a fire took place right at the location of research, charcoal
from within sediment cores might have been produced in close proximity to the lake’s shore, within
its catchment (local) or beyond (extra-local to regional). It is usually thought that smaller charcoal par-
ticles are transported further from their location of origin than larger ones, mainly because they may
be lifted up into the air easier — supported by convection from the fire itself — and stay airborne for
longer periods of time. This led to the common interpretation of larger particles being a proxy for a
local source of fire, whereas small particles are supposed to have their sources on extra-local and re-
gional scales (WHITLock and LARSEN 2001). Some studies even claimed potential continental to global
sources of the smaller among microscopic charcoal particles (CLARK 1988). There is no definitive radius
of charcoal origin around a research location, since this might vary depending on weather, geomor-
phology, type of fire and vegetation burning (CONEDERA et al. 2009). This probably explains why studies
came to different conclusions in the past when estimating charcoal source area. However, calibration
studies using unambiguously located and dated fires were able to approximate a range of distances to
the lake archives (HIGUERA et al. 2007, TINNER et al. 2006, PisARrIC 2002). After reviewing previous re-
search, CONEDERA et al. (2009) summarize a likely origin of macroscopic charcoal (defined by the au-
thors as > 100 - 200 um length) from local fires within few hundred meters. Smaller particles (micro-
scopic charcoal) on the other hand are thought to originate from within 20 - 100 km from the lake
archive. However, the authors also note how stronger convection of higher intensity fires was able to
spread even some centimeter-scale particles for multiple kilometers (CONEDERA et al. 2009, after TINNER
et al. 2006 and PisARIC 2002). OHLSON and TRYTERUD (2000) analyzed the spread of charcoal particles
from experimental fires in the boreal forest of Scandinavia. Large charcoal (> 500 um) abundance was
56 times higher within the burnt area. There it accounted for c. 80 % of all particles, with this share

dropping to below 5 % in up to 100 m distance to the fire.

In another approach to get additional information out of fossil charcoal particles, the appearance of
individual particles was categorized as morphotype classes and used to obtain information about a
fire’s fuel material, since different forms of vegetation (i.e. grass, wooden branches, leaves) produce
different shapes and structures of charred material when burned (MUsTAPHI and PISARIC 2014, LEYS et
al. 2015). Other interpretations of morphotype classes include charcoal taphonomy processes and a

differentiation between primary and secondary input to a lake (ENACHE and CUMMING 2007, 2006).

A newer method of obtaining information from sedimentary charcoal particles involves the measure-
ment of reflected light of a particle under an adequately equipped microscope. In wood burning ex-
periments and field studies it has been shown that the amount of light reflected from polished charcoal
surfaces increases with higher charring temperatures (SCOTT and GLASSPOOL 2005). This is likely due to
the molecular level of charcoal being more aromatic and thus more orderly structured at higher tem-

peratures of formation (HUDSPITH et al. 2015, ScoTT 2010). HUDSPITH et al. (2015) were among the first
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to apply the relationship between charring temperature and reflectance to a Holocene charcoal record
and reconstruct minimum fire temperatures, which could then be compared to the changing prevalent

vegetation at different points in time.

In contrast to macroscopic charcoal, microscopic charcoal is often counted on pollen slides and there-
fore often includes particle sizes of up to a maximum of 100 - 150 um, depending on mesh size of
sieves used. It likely originates from a way larger source area than larger particles, thought to be similar
to the source area of pollen grains. Due to intrinsic and analytical limitations, individual fire events
cannot be identified using microscopic charcoal records. Therefore, they are mostly used for a more
general interpretation of larger-scale fire activity within a given region (CONEDERA et al. 2009). WHITLOCK
and LARSEN (2001: 82) summarize the limitations of microscopic charcoal with three key points: “(1)
samples in most Holocene studies are spaced centimeters apart in a core, and gaps of decades to cen-
turies exist in the record; (2) charcoal particles are broken during pollen preparation, thus creating an
artificially high abundance of microscopic particles (< 100 um [sic]); and (3) the exact source of area of
microscopic charcoal is generally vague [...]"”. This emphasizes that microscopic and macroscopic char-

coal particles serve as proxies of different scales and attributes of fire activity.

The Global Paleofire Working Group unites scientists from an interdisciplinary background and is re-
sponsible for the Global Charcoal Database (GCD, POWER et al. 2011) and statistical tools to access its
information (e.g. the R package “paleofire”, BLARQUEZ et al. 2014). The GCD incorporates data from
charcoal records (macro- and microscopic) all over the planet and provides a pool of previous work on
fire reconstruction. This allows for a more efficient synthesis of larger-scale fire history (e.g. MARLON
et al. 2013, 2008), but it also highlights regions where data is still very sparse. For this reason, MARLON
et al. (2016: 3237) highlight the need of “[f]illing the gaps [...]”, which besides the continent of Africa
and the tropics predominantly exist in tundra regions and the boreal forest of Eurasia. In fact, in all of
Russia only a handful of macroscopic charcoal records exists in the GCD, with only one of those suitable
for the reconstruction of fire events and return intervals (located in the Ural region about 3000 km
distant from Lake Khamra, see BARHOUMI et al. 2019). Some publications featuring macroscopic char-
coal are not included in the GCD (e.g. EICHLER et al. 2011), however, it seems as though none of them
aim at or meet the prerequisites for deducing fire events either (a discussion of reasons is presented
in 5.2). This scarcity of data stresses the need for obtaining continuous, high-resolution charcoal rec-

ords from the Siberian boreal forest, which is part of the motivation for this thesis.
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2. Location

Lake Khamra (Russian: O3epo Xampa) is located at 59.99 °N, 112.98 °E in SW Yakutia (Sakha Repubilic,
Lensky District; see figure 2), c. 30 km northwest of the Lena river, where a small village exists (Krestov-
ski Leso-oetsjastok, Russian: KpectoBckuit Jlecoatcbactok) and c. 40 km north of a small town named
Peledui (Russian: Menepyit). The lake lies at an elevation of c. 340 m above sea level. It covers an area
of c. 4.6 km? and reaches a maximum water depth of c. 22 m. According to a detailed cryolithological
map showing the extent of permafrost and different types of vegetation in Yakutia by FEDOROV et al.
(2018), Lake Khamra lies within the landscape zone of the “middle taiga” featuring discontinuous and
sporadic permafrost, which is classified by an average of c. 160 days/year with > 0 °C temperatures
and a mean annual temperature of - 5.5 to - 9 °C, corresponding to a mean January temperature of -
30 to - 40 °C and a mean July temperature of c. 18 °C. Covering an area of 27.5 %, the middle taiga is
the most prevalent of the described landscape zones and also has the highest amount of biomass per
area. It “[...] includes larch, pine, pine-larch, and pine-larch with cedar and spruce forests. [It is] char-
acterized by low shrub and low shrubby/lichen/moss covers” (FEDOROV et al. 2018: 7). The terrain type
around the lake is categorized as low and middle terraces, with cryogenic textures and ice appearing
massive, lenticular and layered, featuring Holocene ice wedges in the lower terrace sections. Volumet-
ric ice content lies between 20 - 40 % and basic cryogenic processes include frost cracking, thermokarst,
heaving and thermosuffusion, which can create collapsing sinkholes. In the middle taiga, larch forests
develop the “[...] lowest soil temperatures of up to from - 1 to - 1.5 °C and active layer thickness up to

2 -3 m” (FEDOROV et al. 2018: 12).

~ EN18232-3

Lake Khamra

Boreal forest extent

® GCD records in Russia's boreal zone

Figure 2: Map indicating the location of Lake Khamra in Russia and the position of sediment core drilling in the lake. Red dots
represent all charcoal records in the Global Charcoal Database within Russia's boreal forest. World Imagery map: Esri (2020),
Boreal forest extent: Olson et al. (2001), GCD records: Power et al. (2011)
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Judging very generally from categories proposed by FEDROROV et al. (2018), Lake Khamra lies in a region
that does meet prerequisites for thermokarst development, e.g. a soil volumetric ice content of 30 %
or higher for some parts. Ice content above that amount was found to be typical for the development
of thermokarst lakes (GROSSE et al. 2013), where local warming or disturbance by a fire leads to thawing
soil ice content, landscape subsidence and a following collection of water within the newly formed
depression (referred to as “alas” in Siberia). The high heat capacity of water in turn leads to accelerated
thawing of ice and a gradual increase in thermokarst lake area and depth of unfrozen soil below (re-
ferred to as “talik”). With mechanical and thermo erosion, these thawing processes also tend to un-
dercut the shoreline and gradually incorporate resulting loose material into the lake sediment (Bou-
CHARD et al. 2016). With thermokarst lakes being a widespread phenomenon in Yakutia and their in-
ception and development being defined by different processes than lakes which form in other land-
scape depressions or based on impermeable soil and rock layers, it is important to note that Lake
Khamra is not considered to be of thermokarst origin. Lake Khamra’s appearance does not match some
key thermokarst lake attributes like steep slopes (KATAMURA et al. 2009a, 2009b) or the usually shallow
water depth of less than 10 m (BOUCHARD et al. 2016, WEST and PLuG 2008). Additionally, ice wedges
thought to signal the existence of closeby thermokarst (SEJOURNE et al. 2015, KATAMURA et al. 2009b)
were not found around the lake, likely due to a deeper active layer because of the sporadic/discontin-
uous nature of the permafrost and generally denser vegetation at c. 60 °N. This lack of ice wedges
might also be evidence for the area around Lake Khamra to lie at the lower end of the soil volumetric
ice content range of 20 - 40 % as proposed by FEDOROV et al. (2018), which would in turn make the
appearance of large-scale thermokarst landforms less likely. Even though no thermokarst origin is con-
sidered for Lake Khamra, there is still evidence for the introduction of older, maybe previously frozen,
organic carbon into the lake’s sediment, as will be discussed later in this thesis (see 5.1). However,
ruling out thermokarst origin enables the exclusion of description and discussion of thermokarst lake
processes in more detail, which tend to be a strong and often to some degree unknown influence on

reconstructions in these types of archives (BOUCHARD et al. 2016).

3. Methods

In the following segment practical and statistical methods used within this thesis are described in more
detail, from field work at Lake Khamra and the subsampling process of the sediment core to sample
preparation and age dating. A well-established method of reconstructing fire history using sedimentary

fossil charcoal particles is presented, which constitutes the foundation of this thesis. Additionally,
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some newer approaches of charcoal analysis are introduced. For the statistical analyses, the mention-

ing of R or any of its base functions always refers to the R Core Team (2020).

3.1. Field work and core sampling

Field work at Lake Khamra was part of an expedition to Chukotka and Central Yakutia from June 29"
to August 21, 2018. According to the expedition report (KRUSE et al. 2019), this undertaking was part
of an European Research Council (ERC) consolidation grant named GlacialLegacy, addressing the rea-
sons behind the existence of larch-dominated, summergreen boreal forest in NE Asia and how its com-
position might rather irreversibly change in the future (HERZSCHUH et al. 2016). First, the expedition
visited sites along a tundra-taiga-transition zone in NE Siberia (Chukotka), where tundra vegetation
gives way to increasingly dense populations of summergreen Larix trees. After that, the transition zone
from summergreen larch-dominated to evergreen boreal forest was visited in Yakutia, including the
area of Lake Khamra. During the expedition a wide array of methods was used to obtain valuable data,
like vegetation surveys, collection of plant and soil material, analysis of soil layers and measurements
of temperature and humidity in soil sensors and climate stations furthermore providing radiation and
wind data. From several Arctic lakes, sediment cores were obtained, including three from Lake Khamra:
EN18232-3 (main core), EN18232-4 (parallel short core) and EN18233-1, drilled with a Russian corer

near the southwest inflow into the lake (not used for analysis so far).

Sediment core EN18232-3 (previously known as EN18232 Long 3, precise location 59.99091 °N,
112.98373 °E), the sediment core this thesis is mainly based upon, was retrieved on August 14", 2018.
An UWITEC modified hammer-action corer was used at the estimated deepest point of the lake based
on point measurements of its bathymetry. The core has a total length of 242 cm divided in three seg-
ments (0 - 42, 42 - 142 and 142 - 242 cm). All segments could be recovered without loss of sediment.
They were sealed off and thoroughly labelled. A short core (EN18232-4) with a total length of 43 cm
was obtained from the same location, as a parallel sample to the main core EN18232-3. It was subsam-
pled in the field to 0.5 cm thick slices, which were safely stored in whirlpacks. All sediment material
was placed in insulated thermoboxes before being transported back to AWI Potsdam, where they were

stored for further work in a cooling chamber at 4 °C.

Work on the sediment core EN18232-3 began in October 2018. The core segments were moved to the
German Research Center for Geosciences (GFZ), where they were opened and subsampled in a climate
chamber at 4 °C. Work was done under sterile conditions to prevent contamination of the sediment,
which was also scheduled for the analysis of sedimentary ancient DNA (aDNA; High-latitude Biodiver-

sity working group of the Polar Terrestrial Environmental Systems section at AWI Potsdam). The core
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liner was cut open lengthwise and the core material cut in two halves using standard AWI procedures,
with effort given to not disturb any of the sediment material. One half of the opened core was covered
in clean plastic foil and sealed in a vacuumed bag to be stored as archive material at AWI’s cooling
chamber, whereas the other half was prepared for subsampling work. Sediment appeared to be very
homogenous in both its dark brown colour and grain size composition, without notable signs of layer-
ing and a soft consistency, likely due to increased water content. The sampling scheme for the
EN18232-3 core comprised the extraction of a 2 ml pollen/charcoal sample, a 1.5 ml diatom sample
and a 3 ml aDNA sample from the middle of every 2 cm increment. Before extraction, every increment
had the top few millimetres of sediment removed to get rid of possible contamination or disturbance

during the opening process.

For the extraction of sediment material, sterile syringes were used that have been manually cut open
beforehand. Additionally, after the extraction of those samples, some of the remaining sediment to
each side of the increment was taken out using clean knifes. These additional samples served as
sources of macroscopic charcoal, since an uninterrupted, continuous record of this proxy is essential
not to miss out on individual peaks within its timeseries (see 1.3). However, due to the extraction pro-
cess, these samples did not have a corresponding volume, which had to be accounted for later in the
process (see 3.3 and 3.5). In the end every 2 cm increment consisted of 3 samples lengthwise (charcoal
- pollen/charcoal - charcoal), thus creating a continuous sequence. The remaining sediment material
of each increment was taken out of the core liner, having the outer layers touching the core liner re-
moved (again, to account for disturbance during the liner’'s movement into the sediment). The remain-
ing sediment material was stored for any further analysis if needed, except for one increment every

20 cm, where it was used for bulk radiocarbon age dating.

3.2. Agedating

Establishing a robust chronology is fundamental to reconstructing fire history from sediment core prox-
ies. According to recommendations by WHITLOCK and LARSEN (2001), both radiocarbon (**C) and lead-
caesium (?°Pb/¥7Cs, hereafter Pb/Cs) age determination methods were applied to Lake Khamra’s

cores EN18232-3 and EN18232-4, respectively.

1

AC age dating

Bulk sediment samples for *C dating were extracted at 20 cm intervals along the core. Seven samples

were prepared for the process by freeze-drying the sediment and homogenizing it in a planetary mill.
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Measurement of total organic carbon (TOC) and total nitrogen (TN) was also done for those samples
(using the method described in 3.5). With the exception of one ca. 2 cm long piece of wood at c. 85.5
cm depth, no larger plant macrofossils were found within the sediment core. However, some addi-
tional macrofossils of very small size like seeds or fine organic structures were collected from sieved
sediment samples (thus only featuring the depth range of their respective samples instead of an exact
value). Due to their small size and fractured appearance, it was not possible to confidently exclude
aquatic origin in all cases. Together with the homogenized bulk sediment samples (n = 7) and the col-
lected macrofossils (n = 15) all available information was sent to AWI’s MICADAS laboratory in Brem-

erhaven, responsible for the *C dating procedure according to standard AWI protocols.

Pb/Cs age dating

Pb/Cs age dating was carried out using the parallel short sediment core EN18232-4, which has been
subsampled in the field for that purpose (as described in 3.1). Since lead-210 (**°Pb) deposition from
the atmosphere is considered to be constant, varying activity reliably resembles changes in sediment
accumulation rate. Caesium-137 (**’Cs) on the other hand was distributed in the atmosphere by nu-
clear events of global scale, namely the accident at the Chernobyl power plant in 1986 and a peak in
nuclear bomb tests during rising tensions of the Cold War in 1963. Other products of radioactive decay
can be used to robustly confirm these marked events in a sediment core (BOLLHOFER et al. 1994). How-
ever, in sediments 2'°Pb is also the product of background radioactive decay of radium-226 (**Ra).
Because of the short half-life of 2°Pb (c. 22 years), the magnitude of measured atmospheric input to
sediment is decreasing with depth, eventually reaching an equilibrium with the “background produc-
tion” derived from 2%°Ra. This equilibrium usually lies at an age of c. 120 years, equivalent to about five
times the half-life of #°Pb, and marks the maximum time span that can be dated with this method

(SWARZENKI 2014).

The bulk sediment samples (n = 19) were sent to the Liverpool University Environmental Radioactivity
Laboratory. The report notes provided by Prof. Dr. Peter Appleby and Dr. Gayane Piliposian (personal
correspondence) state that “[...] [they] were analysed for 21°Pb, 2%°Ra, **’Cs and americium-214 (**Am)
by direct gamma assay, using Ortec HPGe GWL series well-type coaxial low background intrinsic ger-
manium detectors (APPLEBY et al. 1986). 21°Pb was determined via its gamma emissions at 46.5 keV,
and 2%°Ra by the 295 keV and 352 keV gamma rays emitted by its daughter radionuclide 2'*Pb, following
3 weeks storage in sealed containers to allow radioactive equilibration. ¥’Cs and 2**Am were measured
by their emissions at 662 keV and 59.5 keV respectively. The absolute efficiencies of the detectors were
determined using calibrated sources and sediment samples of known activity. Corrections were made

for the effect of self-absorption of low energy gamma-rays within the sample (AppLEBY et al. 1992).”
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3.3. Macroscopic charcoal

In general, all methods used for preparation and counting macroscopic charcoal particles were based

on common choices in the literature in order to increase comparability to other records.

Preparation of macroscopic charcoal

As described in 3.1, the subsampling scheme for the EN18232-3 core involved two charcoal samples
per increment, separated by a pollen sample. Keeping in mind the importance of a continuous fire
history record, that made it necessary to extract macroscopic charcoal from the pollen samples with-
out influencing either the charcoal or the pollen within the sediment matrix. The standard procedure
for the pollen preparation involves a lot of centrifuging und uses the ultrasonic bath, both of which
might severely damage the more fragile charcoal particles and therefore influence overall results. For
this reason, a method was developed that is based on the previous work as stated before, but also
allowed for a safe subsequent preparation of pollen slides by removing macroscopic charcoal before

any centrifuging is necessary while collecting all smaller fractions in the process.

The following process was applied to all used samples (n = 322, charcoal and pollen samples) of the
EN18232-3 core. First, the sediment sample was weighed and put in 50 ml falcon tubes. Simultaneously,
Lycopodium tablets (containing a known quantity of spores used as marker grains) were dissolved in
10 % hydrochloric acid (HCl) and then added to the sediment in the sample tube. This way, the ratio of
pollen grains to Lycopodium marker grains is controlled for even throughout the charcoal preparation
process. Next, the sample was wet-sieved at 150 um mesh-width (a common choice recommended for
the separation of macro- and microscopic charcoal, see DIETZE et al. 2019, HAWTHORNE et al. 2018,
MOONEY and RADFORD 2011, CONEDERA et al. 2009), using gentle squirts of a standard lab water bottle
to disaggregate any lumps. The soft sediment with high organic content dissolved without the need of
using a disaggregating agent like sodium hexametaphosphate ((NaPOs)s; see MOONEY and RADFORD
2001; WHITLOCK and LARSEN 2001, HAWTHORNE et al. 2018, BRUNELLE and ANDERSON 2003, DUNNETTE et al.
2014) potassium hydroxide (KOH; see KATAMURA et al. 2009a) or sodium pyrophosphate (Na;P,07; see
MACDONALD et al. 1991), so sieving was done without any exposure to such chemical agents. The sus-
pension of smaller fractions (containing, among others, the pollen grains) was collected beneath the
sieve and transferred to a new falcon tube by multiple steps of filling the tube, centrifuging and de-
canting the water from the sediment residuum. The result of this process is a sediment sample con-
taining only < 150 um sediment particles like pollen grains, non-pollen palynomorphs, microscopic
charcoal and Lycopodium marker grains, ready for further preparation with standard laboratory pro-

cedures to create a pollen slide. The > 150 um fraction remaining in the sieve was rinsed together with
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a gentle stream of tap water before being transferred to 50 ml falcon tubes as well. After letting sam-
ples rest to accumulate of the tube’s bottom, excess water was carefully decanted. To aid charcoal
particle counting and minimize error from erroneously including dark organic particles, the charcoal
samples were then bleached by adding c. 15 ml of household bleach (< 5 % sodium hypochlorite,
NaClO) and left to soak overnight (see HALSALL et al. 2018, HAWTHORNE et al. 2018, DUNNETTE et al. 2014,
MOoONEY and RADFORD 2011). After carefully decanting the bleach, charcoal samples were ready to

count (a more detailed preparation protocol can be found in appendix H).

In addition to the careful way of decanting the water/bleach from the sample material, during both of
those steps, random tests were done for some of the samples in preparation to control for any lost
charcoal particles. This was done by collecting the decanted liquid from multiple samples and merging
any suspended particles by repeated steps of centrifuging. The resulting test samples were then ex-
amined using a stereomicroscope. Testing this potential loss of charcoal for a total of 46 samples, only
one particle < 150 um was found. This suggests that a loss of particles during the two decanting steps

is a rare occasion that should not influence overall results.

Counting macroscopic charcoal particles

Finished samples were transferred to a petri dish for counting charcoal particles. The counting proce-
dure was guided by recommendations from previous research (see 1.3). Only particles that appeared
opaque, with visible charred structures and mostly jet-black in colour were included (see HAWTHORNE
et al. 2018, BRUNELLE and ANDERSON 2003). The petri dish was fitted with a c. 1 cm? grid of black lines
on its bottom to aid orientation during the process. It was placed under a reflected-light stereomicro-
scope and viewed at 10 - 40x magnification. The whole gridded area of the petri dish was systematically

observed to make sure every charcoal particle was included and no double-counts occurred.

In addition to counting total charcoal particle abundance, particles were categorized into size classes
ranging between > 150 pum, 300 - 500 um and > 500 um measured along a particle’s longest axis (see
DIETZE et al. 2019). For size reference, preparatory needles with known diameters/tip size of 300 and
500 um were used that could be placed next to a charcoal particle. They also proved to be beneficial
for cases in which charcoal origin of a particle was uncertain. By carefully moving a particle or applying
small amounts of pressure with the needles, the flexibility could be tested. Charcoal fragments are
described as fragile and non-bendable (WHITLOCK and LARSEN 2001). Particles were also categorized
based on their basic morphology (see figure 3) by adapting the classification scheme developed by
ENACHE and CUMMING (2007, 2006), however, extending it with additional morphotypes. Partially

charred (Type Z), highly irregular (Type X) and fibrous, elongated particles (Type E) were not involved
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in the author’s original morphotype scheme and otherwise difficult to sort into existing classes. Cate-

gorization of a particle’s size and its morphotype was independent from one another.
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Figure 3: Charcoal morphotype classification scheme based on classes of common particle ap-
pearances (ENACHE and CuMmmING 2007: 352)

Morphotypes of irregular shapes are differentiated by the visibility of charred structures (Type M) or
a lack thereof (Type P). Type M tends to be fragile and easy to break. Its appearance can vary from flat,
planar and grid-like particles or more dense, bulky ones. If no charred structures are visible, a particle
of that appearance is classified as Type P. ENACHE and CUMMING (2007) mention that Type P was ex-
cluded in their statistical analysis because it was quite rare in their samples. Compact, geometric mor-
photypes are differentiated in a similar manner. A particle with clear angles and a mostly geometric
shape (or a likely remnant of that), showing charred structures is classified as Type S. They can appear
both dense/bulky (see figure 4) and flattened. Their charred structures often resemble parallel bands.
If a particle of this sort displays brown colours (typically near the edges) in addition to the opaque
black, it is classified as Type B. Particles that are all brown were not counted. A Type S particle without
a visible charred structure is classified as Type C. Besides the irregular and compact geometric mor-
photypes, there are elongated (geometric) particles. Type F particles are generally long, thin and easy
to break. They might be straight or slightly bended. A particle of this sort displaying ramifications, rem-
iniscent of little branching twigs, is classified as Type D. Charcoal particles found at Lake Khamra dis-
played a great variety of shapes (see examples in figure 4) and therefore, the scheme by ENACHE and
CUMMING (2007) was extended with previously mentioned Type E, X and Z. Type E belongs to the elon-
gated particles, but instead if a unified strand like Type F, it consists of multiple interconnected fibres.

Type X are highly irregular particles that often resemble curled-up strands or have an appearance like
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perforated, molten glass. Type Z on the other hand does not add to the total sum of charcoal particles,
as it was introduced to specifically quantify particles/structures that were only slightly charred. Usually

brown, thin strands of charred material are still held together by bleached plant cells.

Counting was recorded on paper and by selecting samples without any particular order. Once counting

was done for a batch of samples, the results were digitalized for further analysis and visualization.

500 pm 150 pm
———

150 um 150 um 150 um
i — —

Figure 4: Images of various macroscopic charcoal morphotypes found at Lake Khamra. Letters indicate the classification ac-
cording to the extended scheme by ENACHE and CuMMING (2007, 2006)

Obtaining volumes of charcoal samples

During core sampling, pollen samples of every increment were extracted using a syringe that was cut
open. This was done in order to extract sediment material of a known volume (here: 2 ml). However,
since there seemed to be slight inaccuracies with this form of sediment extraction, a second method
of obtaining volumes for each sample was implemented in order to get as precise of a value as possible
within these circumstances. During the preparation of TOC samples, a tool for the extraction of cubes
with 1 cm?® in volume was used and therefore, together with the sample weights, more precise wet
sediment densities for all of the 120 increments along the core could be obtained. The result shows
great agreement with average volume values of the previous syringe method but is thought to be more

accurate for every individual sample.

As mentioned before, the charcoal sediment samples had to be extracted from the core without a
method of volume estimation. However, volumetric data is required to obtain accurate charcoal con-

centrations and influxes. To solve this problem, densities measured with the method stated above
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were interpolated using a cubic spline in order to account for the contiguous charcoal sediment sam-
ples within all of the directly measured increments. Using the interpolated densities and the individual
sample weights, the missing volume of each charcoal sediment sample could be calculated. The validity
of this calculation method is backed up additionally by the lack of strong variance within the core's

measured sediment densities.

Charcoal reflectance test

Thanks to correspondence of Dr. Elisabeth Dietze, there was the opportunity to test charcoal reflec-
tance measurement on some samples (n = 11) of the Lake Khamra charcoal record. They were sent to
the University of Exeter in May 2019 to be analysed by Dr. Alicja Bonk (University of Gdansk, Institute
of Geography), who kindly provided a report describing the basic method and results. For reflectance
measurement, particles are embedded on resin blocks and then polished using a diamond liquid to
create smooth surfaces that can then be viewed with a reflected light microscope. Of all 11 samples
sent, only 6 could be measured under the microscope for various reasons. First, particles usually used
for this application are larger than what was found in these samples — apparently, no such reflectance
analysis was yet done on fossil charcoal particles from lakes in Yakutia. Studies are mostly located
within the temperate zone, with different fuel types and fire regimes potentially producing different
(i.e. larger) charcoal particles depending on the individual situation. Other problems involved losing
particles in the process of transferring them from their bleach solution to blocks of resin, or the loss of
particles during the polishing of the resin blocks. Usually, 100 random point measurements of reflec-
tance are made per sample. Due to the smaller size of our particles, only an average of 20 random
point measurements could be done with no conclusive evidence from the literature about how many
are deemed necessary to obtain significant results. Of the 6 measured samples, one did not yield valid
results due to a contamination with minerals, leaving 5 samples that had their charring temperature
calculated using the measured reflectance and a calibration curve (Dr. Alicja Bonk, personal corre-

spondence).

3.4. Pollen samples and microscopic charcoal

Preparation of pollen samples (n = 60) was done according to established AWI protocols, with the only
difference being that because of the extraction of macroscopic charcoal beforehand, pollen samples
were already infused with Lycopodium marker grains. Pollen preparation aims at concentrating pollen
and non-pollen palynomorphs while reducing the abundance of other particles (e.g. silicates, see CHAM-

BERS et al. 2011). Preparation of the smaller sediment fractions, collected after extraction of the > 150
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um fraction (as stated in 3.3), therefore begins with adding hot potassium hydroxide (KOH) to each
sample and letting the solution boil for 10 mins. After sieving the samples, they were treated with c.
18 ml hydrofluoric acid (HF) and left to stand in the fume hood overnight. After centrifuging and de-
canting the HF, two additional treatments with hot HF followed, about 1.5 hours each. Following re-
moval of HF from the samples, acetolysis was performed using acetic acid (CHsCOOH) and after that a
mixture of acetic anhydrite (C4HeO3) and sulfuric acid (H2SQs). Finally, samples were fine-sieved in the
ultrasonic bath and suspended in glycerol (C3HsOs). Removal of liquids between steps was always done

by centrifuging and decanting the samples.

The finished pollen samples were then ready to be put on glass slides for microscopy. Counting of
pollen types, spores and non-pollen palynomorphs was done by Dr. Andrei Andreev (AWI Potsdam,
High-latitude Vegetation Change working group) for a selection of pollen samples across the whole
depth of the sediment core (n = 24). Using the known total quantity of exotic marker grains added (the
Lycopodium spores; Lygqeq) @and their counts per sample (Looyunteq), the amount of counted pollen
(Pcountea) and the sample volume (Vsgmpie), the pollen concentration (F.yy,.) can be calculated (STock-

MARR 1971):

PCOTlC -

Ladded x Pcounted
Lcounted Vsample
From the concentrations of all counted grains, percentages were calculated and used for further anal-
ysis of links between the charcoal record and vegetation history (see 4.3). The pollen and non-pollen
palynomorph based reconstructed vegetation was visualized using the R function strat. plot (pack-

age “rioja”, JUGGINS 2017).

Microscopic charcoal quantities were obtained for every pollen sample that had its pollen spectrum
analysed (n = 24), resulting in a lower-resolution overview of changes in smaller charcoal particle con-
centrations across the whole core. Slides for microscopic charcoal were created using the same tech-
nique that was applied to the creation of pollen slides (stirring the glycerol-suspended sample material
for c. 30 seconds and then placing a small droplet of the suspension on a glass slide using a pipette).

Slides were inspected using a transmitted-light microscope at 400x magnification.

Counting was started in one of the edges of the charcoal slide area and then continued by moving the
slide in straight lines. Every black, opaque particle was counted and was classified within the mor-
photype scheme of ENACHE and CUMMING (2007, 2006). Although this scheme was developed for mac-
roscopic charcoal and microscopic particles are likely to be damaged and therefore artificially altered
in their appearance by the pollen preparation method, this was done more for explorative reasons and
to see how microscopic morphotypes compare to their macroscopic counterparts. Lycopodium marker

grains were counted additionally to the charcoal particles to gain the ability of calculating charcoal
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concentrations, similarly to the method of calculating pollen concentrations shown above. In accord-
ance to literature on minimum count sums for reliable results, for every sample between 300 - 400
total items were counted, including both microscopic charcoal particles and Lycopodium marker grains

(FINSINGER and TINNER 2005).

3.5. TOCand(C/N

Unfortunately, due to a malfunction of laboratory equipment and subsequent time needed to organize
a replacement, no TOC and C/N measurements of the samples could be obtained. This means that no
evaluation of these parameters can be done within this thesis. However, the preparation process will
still be briefly described, since the samples were already prepared to the point of being ready to be
measured as soon as the equipment is repaired or renewed. Also, during sample preparation for these
methods, an estimate of sediment bulk density was obtained that was then used for the volume cal-

culation of charcoal samples.

For TOC and C/N analysis, some of the remaining sediment material from each of the 120 increments
along the whole core was used. Sediment was transferred to 50 ml falcon tubes using a volumetric tool
for the extraction of cubes of 1 cm3. This ensured an additional and more precise method of density
calculation for all samples (see 3.3). After centrifuging and decanting excess water from the tubes, the
samples were freeze-dried for about 36 hours before being ground up and homogenized in a rotary
mill (6 min at 360 rpm). After those steps, dry weight and water content of the sediment material could
be calculated. From the homogenized, dry sediment of each of the 120 samples, c. 5 mg were trans-
ferred to a small vessel made of aluminium foil to estimate C and N content. The vessels were also
filled with some tungsten oxide (WOs3) to aid combustion. The safely enclosed samples were then
sorted into a plastic tray. Before and after every batch of samples, standards were included to reveal
any potential offsets in measurements. Those would have been conducted with a vario EL lll (elemen-
tar Analysensysteme GmbH) elemental analyser. For estimation of TOC content, c. 100 mg of each of
the 120 samples were transferred to steel crucibles to measure the amount of C that is lost during
ignition with a varioMax C (elementar Analysensysteme GmbH). This would have allowed for estimat-

ing the share of TOC and TIC.

Measurement of TOC and C/N from all 120 samples could be resumed as soon as the equipment allows,
adding the ability to apply statistical methods of this thesis to soil biochemistry (according to DUNNETTE

et al. 2014).
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3.6.  Micro-XRF

Micro-XRF measurement (hereafter termed XRF) of the sediment core’s archive half was done by Stu-
art Vyse (AWI Potsdam, Arctic Lake System Dynamics working group) at AWI Bremerhaven using an
Avaatech automated XRF scanner. Scanning was done in steps of 0.5 cm across all three core segments.
According to the results of LEYS et al. (2016), only specific elements were used in this thesis to analyse
any potentially fire-related impact on their abundance in the lake’s sediment: Ti, Ca, K, Al, P, S and Si.
Aside from assessing the timeseries of these XRF elements and applying the superposed epoch analysis
using reconstructed fire events, no in-depth analysis of XRF data will be featured in this thesis, since

that was considered to be beyond the scope of this project.

3.7. Statistical methods

This segment describes the main statistical approaches used in this thesis, which mainly consist of an
evaluation of the fire signal within the macroscopic charcoal record to identify fire events. Besides that,

correlation tests, principal component analysis and the superposed epoch analysis are introduced.

Macroscopic charcoal

For every sample, counts of the three size classes were added up for a total sum of charcoal particles.
With the interpolated sediment densities obtained during TOC and C/N sample preparation and the
weight of every charcoal sample, a volume could be calculated (see 3.3). This enabled the charcoal
counts sum to be expressed as a concentration (#/cm3). Charcoal accumulation rate (CHAR, #/cm?/yr)
can then be calculated by multiplying the sedimentation rate (cm/yr) obtained from the age-depth
model with the charcoal concentration. To achieve a separation of background and peak component
within the charcoal record and to further label the signal within the peak component to identify fire
events, this thesis uses an R script published by DIETZE et al. (2019). The script is based on previous
literature that makes up the well-established analytical tool “CharAnalysis” (HIGUERA et al. 2009), basi-
cally translating its original Matlab code into R. CharAnalysis works in the previously described com-
mon way of deconstructing a charcoal record (see 1.3) and was used in many previous studies (e.g.
MAGNE et al. 2020, BARHOUMI et al. 2019, LEyYs et al. 2016, LEYS et al. 2015, DUNNETTE et al. 2014). To
clarify what is being addressed, this essential procedure will be referred to as “CharAnalysis” in this
thesis, even though it is only indirectly based on the similarly named analytical tool and was applied in

the form of the R script by DIETZE et al. (2019).
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First, the macroscopic charcoal record was interpolated to equally spaced time intervals of 6 years,
corresponding to median temporal resolution among samples, using the pretreatment function of
the R package “paleofire” (BLARQUEZ et al. 2014). The background component was determined by com-
puting a LOWESS at the window width of 1/5 of the total length of the record (w = 409.2 years), which
was found to be a value leading to a more efficient signal-to-noise ratio (4.2; see BARHOUMI et al. 2019).
This allows for the establishment of the peak-component by subtracting the LOWESS from the
timeseries. With a Gaussian mixture model two distribution curves were fitted into the peak compo-
nent to define a threshold (t = 0.492) at the 99" percentile of the noise distribution (DIETZE et al. 2019).
Subsequently, all peak component values exceeding the threshold are identified as signal or “fire
peaks”. Fire events identified using this method were marked in the CHAR timeseries and visually
checked for the creation of an alternative, “reduced fire” version. For this alternative version, if two or
more fire events were identified on a single peak (which was also considered when a peak more closely
resembled the shape of a plateau), the younger fire events and/or fire peaks that did not intersect with
the actual peak of a distribution were manually excluded from the list (see HIGUERA et al. 2009). This
reduced fire version was later also used as an additional data source for the superposed epoch analysis

with XRF data (see 4.4).

A signal-to-noise index (SNI) was calculated in R using a method established by KELLY et al. (2011). It
aids interpretation by visualizing the degree of separation between the signal and noise within the
charcoal record’s peak component, therefore giving some more evidence about the reliability of fire
peak identification. After testing different window widths, SNI calculation input was based on the re-
sults of the CharAnalysis fire peak detection, using the same window width (1/5 of record length, i.e.
w = 409.2 years) and threshold for signal identification (t = 0.492). This ensures that the SNI result is

fully applicable to the results of the CharAnalysis method (KELLY et al. 2011).

Fire frequency per 100 years was calculated using the number of identified fire events (FE) over the

complete time span of the core (Agemax):

n
Fire frequency = (—

Fire return intervals (FRIs) were determined by calculating the time span between every neighbouring
pair of identified fire events, resulting in both the maximum and minimum time span between fire

events, as well as a mean FRI for the whole time series.
FRI = Age(FE, 1) — Age(FE,)

FRI, + FRI, + ... + FRI,
n(FRI)

FRLyean =
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For specific time intervals, localized mean FRIs were calculated by dividing the length of the interval by

the number of identified fire events.

Correlations

Correlations were calculated between the different charcoal particle types (size classes, morphotypes)
and between charcoal particles and selected pollen types and classes. Morphotype and pollen type
concentrations were translated into percentages and then centred log-ratio (CLR) transformed (R pack-
age “compositions”, VAN DEN BOOGAART et al. 2020) to account for their compositional nature, with total
charcoal concentrations or influxes being log-transformed instead (R package “SparkR”, VENKATARAMAN
et al. 2020). Only pollen types accounting for more than 10 % of the total pollen sum were examined.
Due to a lack of overlapping information for both pollen counts and morphotypes, respective correla-
tions could only be applied to 18 of the 24 counted pollen samples. Pollen classes were formed for
pollen counts of arboreal (AP, including Abies, Alnus, Betula, Larix, Picea, Pinus, Juniperus, Populus and
Salix) and non-arboreal types (NAP, including all other pollen types from terrestrial plants, i.e. herbs),
the ratio of AP:NAP, evergreen and summergreen trees as well as conifers and broad-leafed trees (the
difference between the last two class pairs being the inclusion of Larix with summergreen trees or
conifers, respectively). Values of zero were instead labelled “NA” and not included in the analysis, since
they would otherwise misleadingly be used for correlations by the script and render the result not
interpretable. The correlation method chosen was Kendall’s tau. Both Kendall’s tau and Spearman’s
rho are used to assess monotonic associations (in contrast to Pearson’s, which only measures the de-
gree of linear association) and provided very similar results for present data. However, Kendall’s tends
to produce narrower confidence intervals (PUTH et al. 2015). With present data, Spearman’s tended to
produce more significant correlations in pairs with fewer samples. Therefore, Kendall’s was suspected
to be more robust and preferred. All p-values for correlations were calculated and significant correla-
tion coefficients (p < 0.05) marked in each correlation matrix. Calculation of coefficients and p-values
was done in R using the function corr. test (package “psych”, REVELLE 2019), while for plotting the

function corrplot (package “corrplot”, WEl and SiMkO 2017) was used.

Additionally, for every correlation matrix a rough scatterplot matrix of the same variables was pro-
duced using a custom R script with a loop of the R base function plot. This was done as an extra
measure to quickly compare scatterplots and correlation results, in order to more meaningfully esti-
mate the validity of correlation coefficients and not solely rely on resulting p-values (see WASSERSTEIN

et al. 2019).
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Principal component analysis

Principal component analysis (PCA) was done for the different macroscopic charcoal morphotypes and
size classes. Data on morphotypes exists continuously for all samples between 54 - 207 cm and non-
continuously in all pollen samples from 207 - 239 cm of core depth (n = 247). All morphotypes except
Type Z (“slightly charred”) were included, with the latter not adding to charcoal particle counts. Per-
centages were calculated from concentrations, before being square root transformed in R using the
sqrt base function. The PCA was subsequently created using the prcomp base function. The result was
plotted using the plot base function, colouring the different sample points with a continuous colour

scheme from the R package “viridis” (GARNIER 2018).

Superposed epoch analysis

A superposed epoch analysis (SEA) was used to look in more detail for associations between identified
fire events from the macroscopic charcoal record and specific elements of the XRF data. SEA was ap-
plied to the XRF elements chosen according to LEYS et al. (2016), as outlined in 3.6, using the identified
fire peaks from the CharAnalysis method in their original form, as well as their “reduced fire” version.
SEA works by extracting a fixed time interval from an element’s timeseries before and after every iden-
tified fire event (termed “lag” in the resulting graph), and then compiling all those extracted signal
intervals and overlapping them, showing what could be summarised as an averaged response of an
element’s abundance to identified fire events. Before application of the SEA, the XRF data for individual
elements was CLR transformed, or additive log ratio (ALR) transformed in case ratios of elements were
used (R package “compositions”, VAN DEN BOOGAART et al. 2020), again to account for their composi-
tional nature. For each transformed element or element ratio, overarching trends were removed by
subtracting a LOWESS (window width of 1/5 of total record length) from the timeseries, similar to the
way a peak component was created for the charcoal record and according to methods from the liter-
ature (LEYS et al. 2016, DUNETTE et al. 2014). This is done in order to keep longer-term trends in an XRF
signal from influencing or even overshadowing the SEA result, which is focused rather on short-term
individual event response. SEA was performed in R using a slightly modified custom script obtained

from publicly accessible resources of the University of Oregon (GAvIN 2018).
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4. Results

In the following segment, the results of all applied methods will be presented. Comments and reason-
ing will be included if they are deemed to be important for the correct understanding of the result and

will not take away from the subsequent discussion and interpretation segment.

4.1. Chronology

Radiocarbon dates of the bulk sediment samples (see table 1) and the collected macrofossils (see table
3) were received from AWI’'s MICADAS lab in early 2019. Note that all decisions in handling the age-
depth model as laid out in this section will be explained and evaluated in more detail in the discussion
part of this thesis (see 5.1). The reasoning presented there will be important to judge this thesis’ ap-
proach regarding the creation of the age-depth model most likely to represent the actual sedimenta-

tion processes of Lake Khamra.

Table 1: Radiocarbon age dating results of bulk sediment samples (AWI MICADAS)

Sample ID Depth top [cm] | Depth bottom [cm] | Age ["*CyrsBP] | %
EN18232-3 1cm 0 1 1,415 27
EN18232-3 37-35cm 35 37 1,738 28
EN18232-3_79-77cm 77 79 2,542 33
EN18232-3_119-117cm 117 119 2,679 28
EN18232-3 159-157cm 157 159 3,130 32
EN18232-3_199-197cm 197 199 3,564 32
EN18232-3_237-239cm 237 239 3,551 28

When looking at the age results, particularly the topmost sample stands out showing an age of 1415 +
27 C years BP, with the lowest sample of the core at 3551 + 28 C years BP. Also, two neighboring
sample pairs received similar ages, although their difference in depth is 40 cm (EN18232-3_79-77cm
and EN18232-3 119-117cm, as well as the two deepest samples).

Since these radiocarbon results were obtained using bulk sediment samples and Lake Khamra is lo-
cated in a zone of discontinuous, sporadic permafrost — basically well-preserved, old carbon (e.g. from
frozen soil rich in organic material) — any input of previously frozen material to the lake is likely to also
deposit carbon older than that of its recent surroundings. The Pb/Cs age dating method was therefore

an important addition to judge the validity of and possible influences on the radiocarbon dates, as
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recommended by WHITLOCK and LARSEN (2001). As mentioned before (see 3.2), ages documented by
Pb/Cs dating were not obtained directly from the main sediment core of this thesis (EN18232-3), but
from the parallel short core EN18232-4. However, the reason for obtaining that short core was to apply
the resulting ages to the main core. Since parallel core drilling took place accordingly, it is assumed

that these age dating results do apply to the main core as well (see table 2).

Table 2: Pb/Cs dating results of parallel short core EN18232-4

Depth [cm] | Year [CE] Age [yrs] *
0 2018 0 0
0.75 2014 4 0
1.75 2008 10 1
2.75 2002 16 1
3.75 1996 22 2
4.75 1989 29 2
5.75 1983 35 3
6.75 1976 42 4
7.75 1970 48 4
8.75 1963 55 5
9.75 1956 62 5
10.75 1949 69 5
11.75 1942 76 5
12.75 1934 84 6
13.75 1927 91 7
14.75 1919 99 8
16.5 1905 113 10
18.5 1889 129 13
20.5 1872 146 16
22.5 1855 163 19

Since the Pb/Cs dating method is not affected by the presence of old carbon, their younger and more
expected ages — especially considering their recent surface age — present further evidence for the pres-
ence of old carbon in the lake influencing radiocarbon ages. This is likely to lead at least the topmost
radiocarbon bulk sediment sample to show an older age than what is accounted for by the sedimen-

tation rate of the lake.
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Of the 15 plant macrofossil samples originally sent to MICADAS for radiocarbon dating, only 9 were big
enough in size to be applicable by the method. The radiocarbon dates of the macrofossils do not match
the results from bulk sediment or Pb/Cs dating for the most part and do not all date back in chrono-
logical order with increasing depth. Confronted with these results and considering (1) the unclear
origin of many of the macrofossil samples and (2) the indicated presence of old carbon input to the
lake, they were deemed too unreliable and thus not used for computing the age-depth model. How-

ever, their age dating results will also be featured in the discussion (see 5.1).

Table 3: Radiocarbon age dating results of macrofossil samples (AWI MICADAS)

Sample ID Depth top [cm] | Depth bottom [cm] | Age [**C yrs BP] +
EN18232-3_20-21cm 20 21 958 108
EN18232-3 22-21cm 21 22 9,902 97
EN18232-3_25-26cm 25 26 2,132 75
EN18232-3_31-29cm 29 31 785 72
EN18232-3_31-30cm 30 31 435 76
EN18232-3_50-49cm 49 50 2,080 80
EN18232-3_51-49cm 49 51 2,079 102

EN18232-3 85.5cm 85.5 1,244 29
EN18232-3_99-97cm 97 99 1,997 76

Because the best explanation for the radiocarbon age offset in this specific case is an input of old
carbon from the lake’s surroundings — an age offset that is backed up by the results of the Pb/Cs ages
showing a recent age in surface samples — the topmost radiocarbon date was adjusted by subtracting
its 1*C age with an added 68 years (since BP refers to 1950 CE), effectively setting its age to the year of
core extraction (2018 CE). However, under the assumption of a constant magnitude of old carbon input
to the lake throughout time, the age offset of the topmost radiocarbon sample was subtracted from
all other radiocarbon samples as well. This crucial step was justified in part by the homogenous ap-
pearance of the sediment core, which does not show any traces of the otherwise sudden changes in
sedimentation rate resulting from using unadjusted radiocarbon ages (see the exemplary age-depth
model in figure 5A), and by the lacking likelihood of old carbon being only recently incorporated into
the lake’s sediment, but never before that. As mentioned before, an in-depth discussion of this adjust-

ment of radiocarbon ages can be found in 5.1.
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Figure 5: A: Exemplary age-depth model adjusting only the topmost 4C age, c. 90 % of all 5000 iterations were removed due
to age-reversals. B: Final age-depth model adjusting all **C ages. Blue: Pb/Cs, red: bulk *C, brown: wood macrofossil
Computed with CLAM ver. 2.3.2 (BLaauw 2010)

The final age-depth-model (see figure 5B) was calculated in R using CLAM (version 2.3.2, BLAAUW 2010).
Calibration of 2*C ages was achieved using the IntCal13 calibration curve (REIMER et al. 2013). According
to recommendations for homogenous sediment types (WHITLOCK and LARSEN 2001), a smooth spline
with a high smoothing factor of 0.85 was used while including 95 % of calibrated ranges. From 5000
iterations, two models with age-reversals were removed. As described before, radiocarbon ages en-
tered into the model were first adjusted for an assumed constant old carbon influence to the magni-
tude of the topmost sample (1415 *C years) and macrofossil ages were not used for the generation of

the final age-depth-model (wood macrofossil in figure 5 shown only for reference).

The resulting age-depth model of Lake Khamra’s core EN18232-3 shows a very uniform sedimentation
rate, which is mirrored by the homogenous sediment appearance of the core and the general grain
size distribution that only slightly varies between the relatively uniform large silk and smaller clay and
sand fractions. The Pb/Cs ages fit exceptionally well with the adjusted *C ages. The maximum age at
239 cm depth lies between 2039 and 2276 calibrated years BP, corresponding to a mean maximum
age of 2114 calibrated years BP. Mean sediment accumulation rate is c. 12.4 years per cm, which trans-
lates to a rather high temporal resolution when taking into account the core subsampling scheme con-
sisting of 3 samples per 2 cm increment. On average, one of the continuous samples contains sediment
that accumulated within c. 7 years, meaning that this macroscopic charcoal record’s resolution is

higher than that of most which have been used for fire reconstruction in Siberia until now (see 5.2).

36



4.2. Charcoal-based fire history

In the following segment, the reconstructed fire history at Lake Khamra is presented, spanning the last
c. 2000 years. The main focus lies on the macroscopic charcoal record and the approximation of key
fire regime parameters like FRIs. Included are results from correlations between the different charcoal

morphotypes and size classes, the SNI, the PCA and the lower-resolution microscopic charcoal record.

Macroscopic charcoal record

First, the absolute charcoal particle counts per volume are presented (charcoal concentration), sorted
in a stacked barplot for their size classes (see figure 6). Not only could charcoal particles be identified
within the sediment of Lake Khamra, but rather almost no samples without any charcoal in them were
present. Throughout the last c. 2100 years covered by the core’s depth, charcoal was produced and

deposited in the lake sediment, with the exception of few short intervals.
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Figure 6: Macroscopic charcoal concentration in of counted samples from Lake Khamra's sediment core EN18232-3. Colour
scheme from dark to light red indicates larger to smaller particles, respectively

The prepared and counted samples (n = 322) contained a total of 4154 identified macroscopic charcoal
particles. Of those, 1802 (43.4 %) belong to the smallest size class > 150 um, 1208 (29.1 %) to the mid-
size class 300-500 um and 1144 (27.5 %) to the large size class > 500 pum. On average, one sample
contained c. 12 macroscopic charcoal particles, with a highest and lowest individual amount of 56 and
zero, respectively. From c. 207 - 239 cm depth, missing values originate from samples that could not
be prepared and counted due to an unfortunate shortage of Lycopodium spore tablets in early 2020,
so these values do not resemble a true charcoal concentration of zero. However, since macroscopic
charcoal records should be continuous, the samples deeper than 207 cm are only shown here for ad-
ditional insight and were not used in most of the following statistical analysis, so they will not be part

of any of the other results except for the correlations. This leaves 306 continuous macroscopic charcoal
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samples between c. 2018 CE and c. 11 + 87 BCE. In order to account for some uncertainty from the
age-depth model, the range of modelled ages will be added whenever an individual year is referenced

instead of a general time period.

The topmost c. 9 cm of the core show smaller amounts of charcoal particles than what is usually found
along the rest of the core. Some of the peaks stand out quite conspicuously from the neighboring
values (e.g. c. 20 cm, 60 cm, 117 cm, 125 cm). The highest peak at 125 cm depth, with a charcoal
concentration of c. 39 particles per cm3, is dominated by the biggest size class > 500 pum. Together with
the peak at c. 20 cm depths, it is also a unique peak within the record, as these consist of predominantly
larger, elongated charcoal particles (Type F, more on this will follow). The same record expressed as
charcoal accumulation rate (CHAR, see figure 7) has a very similar shape and does not change a lot
from the distribution of concentrations, due to the quite uniform sedimentation rate within the core

derived from the age-depth model.
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Figure 7: Charcoal accumulation rate (CHAR) of the continuous sequence of counted samples. Blue: Mean CHAR (LOWESS with
window width 1/10 of record length)

Description of CHAR is therefore similar to that of the raw counts. The line graph provides a different
look at the data, highlighting other aspects like the increased variance in the older part of the core
when compared to the generally lower amplitudes of charcoal peaks in the younger part. LOWESS
smoothing makes the general trend of charcoal influx into the lake visible, showing a maximum coin-
ciding with the record’s highest individual peaks and a declining trend from around 750 CE towards
present time. In general, a higher CHAR resembles higher fire activity, i.e. more burnt biomass in the
vicinity of the lake (e.g. CONEDERA et al. 2009, WHITLOCK and LARSEN 2001, MACDONALD 1991). Accordingly,
the mean CHAR indicates that generally, a higher fire activity was recorded at Lake Khamra during the
first millennium than in the second millennium of the Common Era. After reaching a peak around 750
CE, fire activity decreased up until around 1500 CE. From there, low fire activity lasted until the 18"
century. The last decades show rather low CHAR for the most part after gradually decreasing from c.

1900 CE onwards.
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The following figure (8) represents the reconstruction of fire events using the CharAnalysis method in
R (DIETZE et al. 2019). It shows the charcoal accumulation rate (CHAR) of the charcoal particle sum,
which is interpolated in equal time intervals, with a LOWESS smoothing at 1/5 of total record length.
Triangles with vertical red lines mark fire events as identified by the CharAnalysis script (positive peaks
of CHAR exceeding the 99" percentile of the peak component’s noise distribution), incorporating the

results of SNI calculation (light red: SNI > 3; dark red: SNI < 3).

This provides the foundation to examine not only gradual changes in CHAR, but also identify unique
fire events that could be made up by one or more fires within the sampling resolution’s time interval.
The same graphs created for the different size classes, respectively, show how resulting fire event
identification varies depending on the size of charcoal particles analysed (see appendix B). A summary
of the main results can be found in table 4. The “reduced fire version”, limiting the number of fire
events identified per peak distribution to one, can be seen in figure 8B, whereas figure 8A represents

the non-adjusted number of identified fire events (“original fire version”).

A total of of 30 fire events during the last c. 2000 years were identified in the original version, corre-
sponding to a mean fire return interval (FRImean) Of 68.1 years. Between the 14" and 19%" century, no
fire event was recorded, resulting in the longest FRI of 516 years. With the reduced fire version, 25 fire
events were identified, corresponding to FRImean = 82.3 years. It is suggested that the original fire ver-
sion, which might rather overestimate the number of fire events, constitutes an upper estimate of fires,
whereas the reduced fire version, likely tending towards underestimating the total number, consti-
tutes a lower estimate. This results in the mean FRI over the last c. 2100 years being expressed as the
range of 68.1 - 82.3 years, incorporating the uncertainty from the two different approaches regarding
fire event identification. Mean fire frequency during the last c¢. 2000 years was about 1.5 fire events

per 100 years.
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Figure 8: CHAR (black) with LOWESS smoothing (blue) and identified fire events (light red: SNI > 3, dark red: SNI < 3).

A: All fire events (“original version”), B: “reduced fire version”




Two recent fires at Lake Khamra detected with satellite observations recorded by NASA’s MODIS-
equipped Terra and Aqua satellites lie only 8 years apart, adding additional evidence for involving the
original, non-reduced fire version in the FRI range (more on the remotely sensed fires will follow).
Moving from a global FRImean to a localized one within certain window widths, further differences in
reconstructed fire activity can be highlighted (here using the reduced fire version). Around the maxi-
mum of CHAR, between c. 650 - 850 CE, 7 fire events were identified. This corresponds to a local FRImean
= 42.9 years. In recent centuries from c. 1700 - 2000 CE, only 3 fire events were identified, leading to
a higher local FRImean = 100 years (incorporating the recent remotely sensed fires, this decreases to 75
years). From the earlier to the recent period examined, FRImean might therefore have doubled, showing
a marked decrease in fire frequency. However, despite generally low levels of CHAR, fire frequency
during the last c. 200 years was the highest of the preceding 1000 years. The most recent fire events
identified are in the years of 1952 + 3, 1904 + 7 and 1862 + 11 CE, with 1862+ 11 CE being among the
highest peaks in CHAR within the last c. 2000 years. Previously mentioned remote sensing data reveals
two recent wildfires in very close proximity to Lake Khamra (see appendix A), which are likely to leave
some trace in terms of heightened charcoal accumulation. They took place in 2014 and 2006 CE — not

coinciding with any of the reconstructed events. Reasons for this will be discussed in 5.2.

Looking into results of CharAnalysis being applied to the individual size classes (see appendix B), most
fire events were identified for the smallest class (> 150 um, n = 70), followed by the medium size class
(300 - 500 um, n = 56). The largest size class revealed significantly less fire events (> 500 um, n = 14).
As a consequence of the decreasing amount of identified fire events per increasing size class, FRIs
mirror this with their different mean lengths. The shortest FRI is 6 years for every class, including the
sum of all particles. This is due to 6 years being the interpolated median resolution of this record after
calculation of CHAR using CharAnalysis. In the reduced fire version, no “directly neighboring” fire
events exist, increasing FRImin to 12 years. For histograms and boxplots of the FRIs for the original and

reduced version of reconstructed fire events, see appendix C.

Table 4: Fire return interval (FRI) length for the macroscopic charcoal record

Particle class

Fire events (#)

FRImean (Yrs)

FRImax (yrs)  FRlmin (yrs)

> 150 um 70 28.6 174 6
300-500 pm 56 35.8 162 6
> 500 um 14 145.4 966 6
Sum (original) 30 68.1 516 6
Sum (reduced) 25 82.3 516 12

The mean SNI of this charcoal record (SNImean = 3.4) lies above the cut-off value of SNI = 3. According
to the authors, a value of SNI > 3 is the result of the signal component being relatively distinct to the

noise component (i.e. signal values are on average more than three standard deviations above the
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mean of the noise component) (KELLY et al. 2011). Therefore, this result indicates very generally how
there is a distinct difference between signal and noise for some parts of the record. Of course, due to
the variability of CHAR within the record, the SNI is subject to change as well (see figure 9), s0 SNImean

itself is not meaningful enough to evaluate reliability of identified fire events.

Peak component
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Figure 9: Signal-to-noise index (SNI) with cut-off value of SNI = 3 (red line) and the charcoal record’s peak component with
threshold of 0.492 (black dashed line). Light grey bars are identified as noise, dark grey bars as signal

55.8 % of the macroscopic charcoal record lie above SNI = 3, the other 44.2 % lie below, reaching a
minimum SNImin, = 2 around 1500 CE. The maximum on the other hand reaches SNIyax = 5.7. With the
exception of the most recent centuries and the pronounced dip around SNImin, index values fluctuate
somewhat closely around the cut-off value. Intervals with SNI > 3 are located around c. 200 CE, 750 CE,
and from c. 1600 CE onwards, integrating 18 of 25 identified fire events for the reduced version. It
should be noted that with different window widths in both CharAnalysis and SNI calculation, the per-
centage of the charcoal record with SNI > 3 is subject to change. However, since the CharAnalysis
threshold also relies on the choice of window width, they also influence the number of resulting iden-
tified fire events. This number varies between 27 (for w = 204.6 years) and 36 (for w = 306.9 years),
while producing lower overall SNIs. For this reason, it was decided to not just use the window width
that results in most identified fire events, but rather use one that indicates a preferably large share of
SNI > 3 (see BARHOUMI et al. 2019), which was found the be at the present window width of 1/5 of

record length (i.e. w = 409.2 years).

Looking into the different size classes of macroscopic charcoal particle concentrations (figure 10, ref-
erencing marked grey intervals), it is evident that they have varying degrees of contributing to the total
charcoal concentration. Some peaks and intervals are represented best by a specific size class, but not
so much by the others. Starting from modern times going backwards, the first major peak of the char-

coal sum at c. 1862 + 11 CE consists mainly of > 500 um particles and only to less degree those from
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the smaller size classes. The charcoal sum peak at c. 1346 + 65 CE on the other hand mainly consists of
the smaller size classes. The distinct peaks of only the > 150 um class at around 750 CE are overshad-
owed in the charcoal sum by the highest peak of the record: At c. 674 + 77 CE the largest size class
peaks with a sample of 56 charcoal particles, most of them > 500 um and of an elongated shape (Type
F), as previously described. From here the smallest size class remains on a higher level with higher
variance than the other size classes, with some peaks consisting almost completely of > 150 um parti-

cles. In general, the 300 - 500 um size class shows a lower amplitude than the other two.

1 1

10 20 30 40

Sum [#/cm?]

12 0

> 150 pum [#/cm?]

-
-

ﬁs &w{mﬁ{ M«ﬁ‘ '
Lt b kg AP My

L s A e

12 02 46 8

300-500 pm [#/cm?]

12 02 46 8

> 500 pm [#/cm?]

T (N O S Y (SN GO A U Y ] R R B (S S

02468

T T T T
0 500 1000 1500 2000

Year [CE]

Figure 10: Comparison of contributions of the macroscopic charcoal size classes' concentration to the sum of all particles. Grey
bars indicate intervals described in the text

The samples with morphotype identification (n = 247) include a total of 3311 categorized charcoal
particles and 1950 slightly charred particles (Type Z). Excluding Type Z, these are the different mor-
photypes in order of total abundance among all those samples: Type F: 1098 (33.2 %), Type M: 970
(29.3 %), Type S: 609 (18.4 %), Type B: 230 (7 %), Type X: 114 (3.4 %), Type C: 102 (3.1 %), Type D: 78
(2.4 %), Type E: 70 (2.1 %) and Type P: 40 (1.2 %). Almost two thirds of all counts are from Types F and
M. Types D, E and P received less than 3 % of all counts, respectively. Morphotype distribution was
strikingly distinct in the two charcoal samples with the highest number of particles. Although one of
the largest and most recent peaks in charcoal concentration at c. 20 cm depth, corresponding to the
fire event identified in 1862 + 11 CE, was not classified regarding morphotypes, an unusually high
amount of thin, elongated particles was noted during the counting process (equivalent to Type F). The

highest peak of charcoal concentration in c. 123 cm depth (corresponding to a fire event identified in
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674 + 77 CE, during the phase of heightened fire activity) consists of 50 charcoal particle counts. 80 %
of those were classified as Type F, with many also belonging to the largest size class > 500 um. Such
overwhelming shares of just one morphotype were not witnessed in any other samples of higher par-
ticle counts. Between c. 105 - 115 cm depth (c. 750 - 850 CE) samples showed notably high amounts

of partially charred particles (Type Z) of the largest size class.

A correlation matrix showing the different charcoal morphotypes and size classes can be seen in figure
11. Type F is negatively correlated to most other morphotypes and to the smallest size class, but posi-
tively to the large size class and the sum of particles. Type M has a similar result, however, it seems to
contrast Type F by being stronger associated with smaller than larger particle sizes. The rarer mor-
photypes X, C, D, E and P, are mostly positively correlated to each other. Varying shares of the three
size classes are anticorrelated. When using log-transformed influxes, correlations of morphotypes to
size classes and the sum of particles are overwhelmingly positive and significant at p < 0.05, which is

expected as all of them add to the total amount of particles found in each sample (see appendix D).
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Figure 11: Correlations between macroscopic charcoal morphotypes and size
classes (based on 247 samples). Values with p < 0.05 are marked with a star

Principle component analysis (PCA) for the charcoal morphotypes and size classes does not seem to
be an ideal type of analysis for present data. The variation explained by the different principal compo-
nents (PCs) decreases rather gradually from the first towards the last PC. This does not permit the
explanation of the majority of variation in the dataset by keeping only PC1 and PC2 or potentially even
adding PC3. The resulting PCA plot (see figure 12) using the two PCs with highest eigenvalues (PC 1 =

13.5 %, PC 2 = 13.2 %) therefore only accounts for < 30 % of variation in the data. However, within the
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variables (vectors) of the plot some characteristics of the morphotype/size class distributions are well
visualized. The first axis highlights opposing variation between Type F and large particles on the one
hand and Type M and small particles on the other. The second axis on the other hand highlights op-
posing variation in Types X, C, D, E and P, which are more closely correlated to one another as indicated
by a narrow angle between vectors, and Types S and B, which have a generally smaller influence on
PC2. The PCA variables expectedly mirror the results of the corresponding correlation matrix. The col-
our scheme of individual samples refers to their depth (blue = top, yellow = bottom). There is no unique
clustering of different depths, suggesting a high similarity in many samples and therefore indicating no
apparent deposition patterns of morphotypes with increasing depth. Despite this, samples from the
top of the analysed core part cluster less densely than others and coincide with trajectories of variables

Type E, Cand P.

PC 1 (13.5%)

Figure 12: Principal component analysis (PCA) of charcoal morphotypes and
size classes (vectors). Samples (points) are coloured depending on depth
(blue = core top, yellow = core bottom)

Microscopic charcoal record

From 24 samples spread across the entire length of the core, a total of 6478 microscopic charcoal
particles was identified with an average of 270 per individual sample. Together with counts of Lycopo-
dium marker grains, this resulted in count sums between 300 - 400 particles as stated in the methods
segment (see 3.4). After conversion, mean microscopic charcoal concentration was 53.823 per cm?
with individual highest and lowest values of 95.390 and 32.768 particles per cm?3, respectively. The
distribution of MIC in counted samples does not correspond very well with the MAC record (see figure

14). It mainly shows two distinct intervals of higher concentrations, first between c. 200 - 700 CE and
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from c. 800 - 1300 CE, although none of them directly overlaps with the highest interval of mean mac-

roscopic CHAR at c. 750 CE. MIC concentrations even show a minimum around that time.
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Figure 13: Comparison of macroscopic (grey, black) with microscopic (red) charcoal concentration

Almost all samples contained all different morphotypes, with two exceptions: (1) Type D was only
found in few samples and (2) one sample did not contain any particles of Type F. In order of abundance,
individual morphotype counts across all samples revealed following values: Type P: 2929 (45.5 %), Type
M: 1520 (23.5 %), Type C: 974 (15%), Type B: 547 (8.4 %), Type S: 297 (4.6 %), Type F: 179 (2,8 %) and
Type D: 12 (0.2 %). More than two thirds of all counts are made up of Types P and M, whereas F and D

contribute only c. 3 %.

Charcoal reflectance test

For the charcoal reflectance test measurements, resulting estimated charring temperatures during

charcoal formation can be seen in table 5 (results provided by Dr. Alicja Bonk).

Table 5: Reconstructed charring temperature from charcoal reflectance measurements

Sample ID Mean depth [cm] | Charring temperature [°C]
KCh 14-13 Char 13.5cm 600.0
KCh 21-19 Char 20 cm 480.0
KCh 25-23 Char 24 cm 705.0
KCh 34-33 Char 33.5cm 490.0
KCh 39-37 Char 38 cm 500.0

The reconstructed charring temperature for these samples ranges between 480 - 705 °C, showing that

the calculation of such temperatures is generally possible even for smaller particles as found in Lake
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Khamra. Mean charring temperature of the five successfully analyzed samples is 555 °C. These tem-

peratures are discussed in 5.2.

4.3. Reconstructed vegetation

Counted pollen and non-pollen palynomorph types with an abundance of at least 10 % are shown in
figure 14 (a graph featuring all counts can be found in appendix E). As revealed by the results of paly-
nomorph identification by Dr. Andrei Andreev, there is little variation in the pollen spectrum. However,
that is according to expectations, as other studies from Yakutia also did not show notable shifts in
larger-scale vegetation composition during these most recent millennials (e.g. NAzZAROVA et al. 2013,

KATAMURA et al. 2009b)
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Figure 14: Pollen and non-pollen palynomorph record. Pollen types and classes are based on percentages of concentrations,
macroscopic charcoal is shown as concentration [#/cm?]

The pollen diagram shows a rather uniform distribution of total pollen and spore abundances through-

out the last c. 2200 years. Most pollen counts derive from arboreal pollen and within this class mainly
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from Pinus, followed by Betula, Picea, Abies and Larix. Some few counts were made for Alnus, Salix,
Juniperus and Populus. Pinus s/g Dyploxylon-type and Pinus s/g Haploxylon-type show somewhat op-
posing abundances — in samples with high counts of one type, the other often shows a lower amount.
In the herbs class, only Cyperaceae have more abundant counts when compared to most other types.
Poaceae are also found in most samples. Artemisia and Ericales are the only other herb vegetation
types found on multiple occasions throughout the core. Most prevalent fungi include Polypodiaceae,
Equisetum and Sphagnum. Non-pollen palynomorphs belonging to green algae were present in most
samples and included cysts of Volvacales, with some counts of Pediastrum and Botryococcus. Addition-
ally, few Tardigrada eggs and Chironomid remains were found. Comparisons with macroscopic CHAR
as a proxy for fire activity are limited by the low temporal resolution of the reconstructed vegetation
history. However, a shift towards more herb and less arboreal pollen coincides with peak fire activity
around c. 750 CE. The increasing share of herb pollen around this time is mainly reflected by Cyper-
aceae. A second instance of increasing herb and decreasing arboreal pollen happened after the latest

peak in charcoal influx at c. 1862 + 11 CE.

Correlating the most abundant pollen types with charcoal morphotypes yields only few statistically
significant results of p < 0.05 (see figure 15), however, from a look into the scatterplots of these cor-
relations, it should be noted that none of them look very obviously correlated. For this reason, none
of the correlations should be treated as if they were certainly indicating some association between the
pairs. Instead, they might rather only show hints that could be tested in future studies in more detail.
Further interpretation of the correlation results is especially focussed on more prevalent morphotypes
(e.g. Types F, M, S, B), since some of the highest correlation coefficients were achieved for pollen types
and/or morphotypes with low abundance. This somewhat misleading effect was especially pro-
nounced with Type P, which was excluded from correlations since it only includes two samples with
counts out of the 18 used for correlation here (this mirrors results by ENACHE and CUMMING 2007).
Significant correlations include Types M and C with cysts of Volvacales, Type X with Pediastrum and
Type C with Equisetum. Aside from the significant correlations, some of the results show weaker, but
differing contrary distributions of morphotypes to pollen types. These are indicated by red outlines in
the correlation matrix. For example, there is a slightly negative correlation of Types F and M (elongated
and irregular shape, respectively) to Cyperaceae, whereas S and B (which appear more angular/geo-
metric) correlate weakly positive. Regarding arboreal pollen, Types F and M correlate slightly positive
with Abies, but negatively with Larix. Type S on the other hand is negatively correlated to all of the
arboreal pollen types except for Alnus and rather shows aforementioned weak positive correlation
with Cyperaceae. Pollen types from conifers generally have positive correlations with small to medium

charcoal sizes, whereas those from broad-leafed trees seem to cluster more around medium to large
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charcoal sizes. Keeping in mind the generally low correlation coefficients, the validity of these results

will be discussed in 5.3.
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Figure 15: Correlations of macroscopic charcoal classes and pollen types (based on
18 samples). Values with p < 0.05 are marked with a star. Red outlines show patterns
described in the text

In order to see the correlation of charcoal morphotypes to more general classifications of the recon-
structed vegetation, they were correlated with grouped pollen types (see figure 16). Results show no
statistically significant result. Again, a look into the scatterplots was used to aid classification of these
correlations. Despite not being significant at the level of p < 0.05, the distribution of correlations might
hint at a very basic level of associations through contrasting patterns. These are again indicated by the
red outlines in the correlation matrix. Types F, M, D and Z have similar patterns, being weakly positively
correlated to arboreal pollen (AP) and all classes among those, but negatively to non-arboreal pollen
(NAP). Contrary to that, Types S, B and X have positive correlations with NAP, but negative correlations
with AP. Types S, X and E have a contrasting pattern to those of F, M, D and Z mentioned above. Type
B is weakly negatively correlated to AP, but this seems to primarily be the influence of summergreen
and not evergreen tree pollen types. Type C contrasts Type B in that it is positively correlated to sum-
mergreen tree pollen types. This pattern doesn’t change with the inclusion of Larix in either the sum-
mergreen or the conifer class. In the matrix with pollen types, Type C has the highest coefficient among
AP with Betula sect Albae-type and Type B with Pinus s/g Dyploxylon-type, mirroring the pattern ob-

served in the matrix with pollen classes.
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Figure 16: Correlations of macroscopic char-
coal classes and grouped pollen types (based
on 18 samples). Red outlines show patterns
described in the text

Further increasing the generalization of specific morphotypes or vegetation types, the grouped pollen
types were also correlated to morphotype classes (see figure 17). These classes based on comparable
appearances between charcoal particles do incorporate some of the slight contrasting patterns men-
tioned above (e.g. Type B and C both in the “angular” class), which likely leads to smaller correlation
coefficients and adds to the reason for why there are no significant pairs. However, even within the
weak correlations there is a pronounced pattern that differentiates between irregular (Types M, P, X)
and angular or geometric appearance (Types S, B, C). Irregular morphotypes, which are often found
the be planar with a grid-like structure, show weak positive associations with all arboreal pollen types.
In contrast, angular or geometric morphotypes, which often have a somewhat rectangular silhouette
and can be both flat and of a brick-like structure, show the exact opposite, with the only weak positive

correlation coefficient appearing for NAP (i.e. herbs, grasses).
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Figure 17: Correlations of grouped macroscopic morphotypes
and pollen classes (based on 18 samples)
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4.4. Impacts on soil geochemistry

Elements chosen for closer analysis with the SEA (“fire elements” including Ti, Ca, K, Al, P, S and Si)
partially show very similar distributions within the sediment core, with S and P being the exception
(see appendix G). From c. 200 BCE to 550 CE, mean changes in Ti, Ca, K, Al and Si distributions are
oscillating in somewhat regular intervals of c. 200 years. After that, they reach a minimum and contin-
ually increase until reaching two maxima at c. 1050 and 1250 CE, followed by another minimum at c.
1500 CE. From there, their abundance gradually increases towards present time, with a mostly pro-
nounced trough at c. 1750 CE. S and P on the other hand show higher variability and often also more
counts than the other elements, not matching the general distribution of the other elements for the

most part.

The SEA applied to existing XRF data and the reconstructed fire history from Lake Khamra yielded more
inexpressive results than what was found by the authors of studies this approach was based upon.
Figure 18 shows exemplary how SEA output for Ti did not show a clear effect of fires on the geochem-
ical sediment properties, which is similar for all of the analysed elements (all corresponding graphs can
be found in appendix F). This is especially clear when focussing on the grey lines, indicating the indi-
vidual “cut-outs” of the Ti-timeseries around every identified fire event. However, as indicated by the
similar distribution of Si throughout the core, SEA using Si leads to similar results to using Ti or Ca. This
contrasts the results from the original study where Si response differed markedly from that of other

elements (LEys et al. 2016).

-
o

N
S}

Series values
-0
]

-0.4
|

-0.6
|

Ti

-20 -10 0 10 20

Lag [yrs]

Figure 18: SEA for titanium using all identified fire events. Red bar: Fire event, grey lines:
individual “cut-outs” of the Ti-timeseries, blue line: average of Ti-timeseries response to
fire events input, black bars: confidence interval

In order to see if this might create clearer results, the reduced fire version was used as an input to the
SEA (see 3.3 and 4.2). By restricting the number identified fire events to one per peak in charcoal ac-

cumulation rate, overlapping and therefore potential cancellation of element timeseries cut-outs
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might be reduced. This indeed leads to a slightly different result (see figure 19), still not indicating a
significant impact of identified fire events on the geochemical elements as measured by the XRF scan-
ner, but potentially reducing noise within the SEA and therefore leading to a slightly clearer output.

This is visible in the grey lines of the different timeseries overlapping more uniformly in many cases.
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Figure 19: SEA for titanium using the reduced version of identified fire events. Red bar:
Fire event, grey lines: individual “cut-outs” of the Ti-timeseries for every fire event, blue
line: average of Ti-timeseries response to fire events input, black bars: confidence interval

Other inputs into the SEA were tried to test if they created different results. For example, only fire
events identified by the largest size class thought to represent fires closest to the lake (to see if geo-
chemical impact might be clearer if source area was more restricted) or using only fire events corre-
sponding with SNI > 3 (to further minimize potential noise within the analysis). However, these inputs

did not lead to a different overall outcome.
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5. Discussion

In the following segment, the results gathered in this research project and their implications will be
discussed in more detail. The various proxies and the practical and statistical methods applied will be
evaluated, and the different results will be put together to create a synthesis regarding the charcoal-
based fire history at Lake Khamra. Additionally, special emphasis is placed on presenting the issues
encountered in this study and how they might point out improvements to make future research both

more robust and efficient.

5.1. Approach to age-depth modelling

Establishing a reliable age-depth model has proven to be one of the most important tasks in this study
and at the same time seems to not uncommonly present a challenge for paleoecological studies in

permafrost regions.

The uncalibrated radiocarbon bulk sediment ages covered a shorter time interval than what was ex-
pected beforehand. However, this proves to be very beneficial for the charcoal method, where higher
temporal resolution of a record leads to a more precise analysis of fire history (less temporal averaging
through subsequent fire events). The major challenge for the age-depth model lies within the radio-
carbon bulk sediment dating results showing an age of 1415 *C years BP in the topmost centimeter of
the core, being almost equivalent to a surface sample. It should be very unlikely that no sedimentation
took place during the last c. 1500 years at Lake Khamra. As a mere hypothesis, more likely would po-
tentially be a mistake during core drilling on site, leading to a loss of the topmost sediment material.
There is no report on any occurrence like this and correspondence with expedition members confirmed
that. If a loss of sediment were to be true and if then also the sedimentation rate of the safely obtained
part between 1415 - 3551 4C years BP was somewhat comparable to that of the part younger than
1415 **C years BP that would have been lost, this would mean that over 1 m of core length would have
gone missing without notice. All this validates that the topmost core centimeter is indeed from at least
close to the lake sediment surface. Sediment mixing during core extraction or from bioturbation is
hardly an option to explain this large of an offset in radiocarbon age and there is no evidence for large-
scale sediment upheaval processes at Lake Khamra — which would have shown in the Pb/Cs ages as
well, indicating a rather constant rate of 2°Pb deposition from the atmosphere. Since there is no rea-
son to suspect any malfunctions or influences during the MICADAS radiocarbon dating process, the
reason for this old dated age can only lie within the sediment itself. Bulk sediment samples are gener-

ally regarded as one of the more imprecise dating methods, because a lake’s sediment is made up of
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many different components. Some of them originate from within the lake (e.g. organic material from
aquatic plants and animals), some of them are washed in from the outside through inflows or along
slopes surrounding the lake’s shore (e.g. mineral grains, plant structures or — as is very welcomed in
this study — charcoal particles) or transported in the air and deposited on the water surface before
eventually descending. Accumulating on the lake’s bottom, surface sediment might be mixed and dis-
turbed by water currents or animals (bioturbation) for some time before it is conserved under new
layers of material. All that leads to the radiocarbon dating result of a bulk sediment sample represent-
ing a mean age of all included components (GRIMM et al. 2009). However, when confronted with only
few and mostly small plant macrofossils of rather unknown origin in non-laminated sediments, there

is hardly another option than to rely on bulk sediment dating.

With the Pb/Cs ages showing a recent age of the topmost sediment sample (as would be expected),
this leads to the conclusion that some components within the topmost radiocarbon bulk sediment
sample must be older than their surrounding material. This in turn influences radiocarbon dating re-
sults by increasing the measured *C age, leading to an offset or over-estimation. With the Pb/Cs ages
apparently not being affected, this only leaves the origin of the bulk sample’s carbon as the main sus-
pect. The most likely explanation for the age of the topmost sample therefore comes from the inter-

action of the lake with its environment.

Old carbon can be introduced to a lake as carbonate from sources like karst areas to result in subse-
guent overestimation of radiocarbon ages (hard-water effect, DEEVEY et al. 1954), however, there is no
indication of either abundant carbonate in Lake Khamra, nor of areas rich in limestone within its catch-
ment. However, there is discontinuous and sporadic permafrost consisting of frozen and conserved
organic material, i.e. carbon. This constitutes by far the most likely source of old carbon and simulta-
neously explains why the issue of potentially overestimated radiocarbon ages comes up in other pale-
oecological studies set in Yakutia’s permafrost regions, showing that this issue is indeed not a new one.
While sometimes only the age offset of the topmost radiocarbon sample is adjusted (e.g. BISKABORN et
al. 2012), other studies do not have age dating results from the sediment core’s top and therefore

assume recent surface age (e.g. NAZAROVA et al. 2013, KATAMURA et al. 2009a).

This conclusion naturally leads to attributing the difference between radiocarbon and Pb/Cs age (1415
+ 68 years) to old carbon input and therefore an adjustment of the topmost radiocarbon age by sub-
tracting this difference, setting it to a recent age as well. The resulting age-depth model (see 4.1, figure
5A) shows an unusually sudden change in sedimentation rates between the Pb/Cs ages and the deeper
14C ages, which cannot be recognized in the very homogenous and uniform material throughout the

sediment core or the grain size distribution. This is interpreted here to be evidence that the old carbon
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influence was not only happening during recent years, but rather is a constant factor in sediment dep-
osition throughout the whole core. And herein lies the main difficulty in constructing a robust age-
depth model: While for the topmost radiocarbon age there is good evidence for the magnitude of
influence of old carbon from the difference between radiocarbon age to Pb/Cs or simply recent age,
this is not true for the other radiocarbon ages. It should be conceivable that the input of older organic
material did not just start recently but rather happens frequently as a natural process applying to lake
systems in permafrost regions. The logical consequence of that is an adjustment of not only the top-
most radiocarbon age, but all radiocarbon ages. For this thesis it was not possible infer the magnitude
of this assumed age-offset for other samples than the surface sample, leaving only the option to as-
sume a constant magnitude of 1415 + 68 years for all radiocarbon ages. In fact, there does not seem
to be a safe way to approach difficulties like that in existing literature. The assumption of a constant
input of old carbon to the lake must by all means be seen as an approximation, however, in this case
itis an approximation that can indeed be argued for and that is also able to create an age-depth model

that fits the physical appearance of the sediment core itself (see 4.1, figure 5B).

The macrofossil dating results also present some evidence for the influence of old carbon. It is im-
portant to note that macrofossils can potentially be a very precise source of age information, however,
under the circumstances of a lake within permafrost regions, they too present the difficulty of poten-
tially originating from old carbon storages. This might especially be true for the sort of macrofossils
used for age dating here, being very small seeds and fragile organic strings without a certain origin. If
only the topmost radiocarbon age would be adjusted to recent age, some of the macrofossils would
be dated younger than their surrounding sediment matrix. As previously mentioned, there is no evi-
dence for some sort of large-scale sediment upheaval processes at Lake Khamra, which makes this
result unlikely. However, comparing this to the final age-depth model with all radiocarbon ages ad-
justed, all of the macrofossil samples are dated older than the model, which is a more likely scenario.
This might also indicate first-hand how old organic material leads to an overestimation of radiocarbon
age when distributed across bulk sediment samples. Furthermore, in this approach the one larger and
known terrestrial macrofossil, being a piece of wood at c. 85 cm depth (dated at 1244 + 29 *C years
BP) suspected to present a more reliable age than the other, smaller macrofossils, lies closer to the
modelled age of the same depth (914 + 83 calibrated years BP). On the contrary, when adjusting only
the topmost radiocarbon age, this piece of wood dates over 1000 years younger than the modelled
surrounding sediment matrix (see 4.1, figure 5A). This is further evidence that the assumption of the
constant influence of old carbon throughout time does manage to approximate a realistic scenario at

Lake Khamra.

Finally, to conclude this part on the age-depth model, it is noted that the assumption of a constant

magnitude in age-offset seems to be a common procedure in other studies found to be influenced by
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the hard-water effect. Usually a living shell or plant is dated to subtract that age from all other dated
sediment ages (LockoT et al. 2014). A somewhat worrisome aspect that came up during the work on
the age-depth model of this study is an apparent lack of a robust way to deal with this issue among the
geoscientific community. Studies focussing on unravelling and adjusting the influence of allochthonous
carbon throughout time for lakes affected by carbonate input from limestone sources manage to only
roughly approximate the magnitude of this effect (LockoT et al. 2015). Sometimes the potential influ-
ence of an old carbon effect is not even mentioned or discussed in publications. Studies with sediment
cores for which no surface ages exist do not even seem to have the possibility to approximate the
magnitude of age-offset, therefore left with no other option than using unadjusted age results and

assuming a recent surface age (e.g. KATAMURA et al. 2009a).

Whether using adjusted or non-adjusted ages for age-depth modelling, resulting sedimentation rates
have the potential to significantly alter the distribution of any proxy when calculating an influx. There-
fore, choices made for the age-depth model can alter not only the attributed ages of any subsequent
research results, but also the result itself. Because this is an ongoing problem and will likely also affect
future studies, it seems to be of major importance to conduct more research on the different ways old
carbon can influence lake sediment radiocarbon dating in permafrost regions. For example, it would
be a more then welcomed improvement for all future studies if a way is found to quantify the magni-
tude of this old carbon effect not only on the surface, but throughout a sediment core, or at least
approximate the uncertainty that arises for all following analysis by not being able to do so and having

to assume constant magnitude.

5.2. Significance of the charcoal record

The following discussion of the reconstructed fire history at Lake Khamra will start with remarks about
the preparation process and the general suitability of the location for this sort of analysis and then
continue to highlight various important parameters of a fire regime, from the overall CHAR variation
and its potential drivers, reconstructed FRIs and how they compare to other studies, to the influence

of different size classes, the SNI and the distribution of morphotypes.
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Charcoal preparation and reflectance measurment

Beginning with the sampling scheme of the EN18232-3 sediment core, uneven sampling widths (1 cm
for pollen samples, c. 0.5 cm for charcoal samples) turned out to be somewhat inefficient for further
analysis and data handling. Additionally, the usage of syringes for the middle sample of one increment
and knives to extract the remaining material to both ends might lead to a slight overlap of sediment
material between subsequent samples, due to the resulting round shape, adding a (probably rather
minor, but non-quantifiable) averaging aspect to the data. Future studies might benefit from the more
usual uniform sampling scheme, if sediment quantity allows for that. Using the combined pollen and
charcoal extraction method presented in this study, it should be possible to sample in evenly spaced
intervals for all proxies. Simultaneously, sampling itself (i.e. the extraction of the sediment material
from the core) should always be volumetric and as precise as possible, unlike the dedicated charcoal
samples in this study. This would make the interpolation of sediment densities unnecessary, taking
away another (probably also minor) component of uncertainty. The use of syringes for pollen samples
in this study did provide volumes, however, depending on the consistency/water content of sediment
material, a different tool (e.g. a volumetric cube-shaped spoon, as used for volume determination in

this study as well) might be able to achieve more precise results.

Preparation of both macroscopic charcoal and pollen samples from the same sediment material with
the method established for this thesis provides an effective way to reduce the amount of sediment
needed, therefore potentially enabling additional analyses for a given sediment core. However, even
though sieving the sediment worked fine in this instance, some samples still contained small lumps of
sediment during the charcoal counting step. Although it is unlikely that this influenced the outcome of
this research project, it might still be beneficial to add a chemical dispersant anyways. Since this will
probably only impact outcome in a positive way, keeping the method as uniform as possible across
multiple records helps eliminate additional sources of unknown influences, thus increasing compara-
bility. The sieving step is especially important here, considering that smaller fractions that are not thor-
oughly sieved through the mesh will be missing in the pollen sample. Any possibility to reduce the
likelihood of such a potentially distorting effect on the pollen samples should be implemented, there-

fore the use of a dispersant (see different approaches in 3.3) is recommended for future studies.

Charring temperatures of charcoal particles found in Lake Khamra’s upper sediment were estimated
to lie between 480 - 705 °C from the explorative test of the reflectance measurement method (see 3.3
and 4.2). This lies within, although also exceeding, the temperature range of charcoal formation from
€. 200- 600 °C as summarized by CONEDERA et al. (2009). WHITLOCK and LARSEN (2001) provide a narrower
range of 280 - 500 °C. The mean formation temperature of 555 °C places these results at the upper

end of the temperature range, implying rather high fire intensity. This contrasts the description of the
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prevalent Siberian fire regime as generally having a lower intensity (DE GROOT et al. 2013), although any
occurrence of higher intensity fires is not ruled out by that assertion. Also, high intensity fires might be
more likely to produce larger charcoal particles (WARD and HARDY 1991). The rather high reconstructed
charring temperatures and the generally smaller particles sizes at Lake Khamra, likely produced by
lower intensity wildfires, might point towards an uncertainty within the reflectance measurement of
small particles. If there is evidence for the validity of this method’s application to smaller charcoal
particles with a limited number of possible random point measurements, it could provide a powerful
new insight. An application to a greater number of samples across the record, especially to samples
being statistically identified as prominent fire events, could potentially add an important component
to the evaluation of past fire regimes. However, due to the nature of the measurement, these samples
are no longer useful for another round of counting or other applications with the charcoal particles
afterwards, so it is very important to strategically plan all methods to be applied to charcoal samples

beforehand.

Choice of location

The Lake Khamra macroscopic charcoal record can serve as a highly resolved reconstruction of fire
activity and seems to be unique within central and eastern Siberia. Few other studies seem to exist
that reach the point of determining FRIs from sedimentary charcoal in Siberia. Other macroscopic char-
coal records seem to be either not sampled continuously (EICHLER et al. 2011, KATAMURA et al. 2009b,
VALIRANTA et al. 2003) or originate from lakes that do not permit evaluation of a fire signal to that level,
either because sedimentation rate is too low leading to lower temporal resolution (KATAMURA et al.
2009b) or because thermokarst processes likely impacted the taphonomy of charcoal particles

(KATAMURA et al. 2009a).

With a high average temporal resolution of c. 7 years per sample, Lake Khamra is exceptionally well
suited for fire reconstruction in that regard, with CONEDERA et al. (2009) recommending deposition
times of 10 - 30 years or less. The mean temporal resolution is also considerably shorter than the ex-
pected FRI, a pre-requisite to confidently assess fire events throughout time (WHITLOCK and LARSEN
2001). Although varved sediments would be able to provide even higher resolution and superior chro-
nology (WHITLOCK and LARSEN 2001), they seem to be rare in Arctic and Subarctic boreal forest lakes.
This might be due to various reasons, from the last glaciation preventing the formation of long sedi-
ment sequences to sediment accumulation processes in permafrost areas (REGNELL et al. 2018). In the
newly available Varved Sediments Database (VARDA, RAMISCH et al. 2020 [Preprint]) collecting paleo-
climatic proxies from varved sediment records, only one of 189 sites is located in Siberia (Lake Tel-

etskoye, not too far from the southern border to Kazakhstan, China and Mongolia and not located
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within the boreal forest; see RUDAYA et al. 2016). Although VARDA will likely be expanded with more
records, this underpins the perceived scarcity in varved sediment records in Siberia. Tying in with the
discussion of the age-depth model, this might indicate that the challenge of establishing robust chro-

nologies from potentially old carbon-affected bulk sediment will continue to come up in future studies.

Lake Khamra’s surface area (c. 4.6 km?) and the estimated catchment area of c. 107 km? (Bettina Win-
kler, AWI Potsdam, High-latitude Vegetation Change working group, personal correspondence) lead to
a relatively large ratio of catchment per lake area (c. 23). That implies both the advantage of potentially
having more charcoal from the catchment be transported to the lake (therefore increasing the regional
fire signal), as well as the disadvantage of potentially also incorporating more “background-charcoal”.
The balance between the two input sources is unknown, however it is assumed that a large catchment
per lake area ratio will generally increase signal when compared to lakes with a low ratio (WHITLOCK

and LARSEN 2001).

Overall CHAR variation

A somewhat unexpected result from the fire reconstruction is the pronounced decrease in CHAR fol-
lowing a period of high fire activity around 750 CE. Except for the heightened fire activity during the
late 19'" century, recent CHAR is among the lowest of the record, indicating fire activity at a minimum
unmatched throughout most of the last c. 2000 years. Especially considering how boreal forests,
guided by supposedly increasing fire activity, are thought to pose a tipping point contributing to the
warming of the global climate (see 1.2), this result seems to be at odds with the general understanding
of changes happening in the boreal zone. In fact, it does contrast the results of other studies that found
FRIs and overall fire activity in Siberia to be increasing in recent centuries and decades (e.g. BARHOUMI
et al. 2019, KHARUK et al. 2016, CHERsOV et al. 2010). However, some studies also report the opposite
for the boreal zone: a decrease of fire activity in recent decades and centuries, mirroring the results of
this study (e.g. WALLENIUS et al. 20114, b). Both an increase and decrease of fire activity are commonly
attributed to varying anthropogenic influence. Some studies find humans responsible for decreasing
fire frequency through the rise of fire suppression measures in the 20™ century and a shift from tradi-
tional and rural towards industrial and more centralized livelihoods and modern agriculture (WALLENIUS
et al. 2011a). Other studies find humans responsible for increasing fire activity through their growing
impact on the environment, land-use changes and deliberate raising of fires (e.g. slash-and-burn agri-
culture, BARHOUMI et al. 2019, DROBYSHEV et al. 2004). CHERSOV et al. (2010) attribute higher average
fire activity in Yakutia during the last decades to a decrease in funding for firefighting institutions. Hu-

mans might well be held accountable for both of those outcomes depending on time and/or place.
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This is highlighted by studies incorporating both possible anthropogenic impacts on fire activity (e.g.
DIETZE et al. 2018).

MARLON et al. (2008) synthesized charcoal records from the GCD for a global fire history of the last c.
2000 years. Keeping in mind that Siberia is poorly represented in studies of this kind due to the limited
number of charcoal records available, the reconstructed global trend of CHAR shows a distinct de-
crease from c. 1 CE onwards, reaching it’s absolute minimum in the 17" century before sharply in-
creasing until c. 1850 CE. After that, CHAR decreases during the last century. In a follow-up study MAR-
LON et al. (2013) expanded upon this global reconstruction by applying it to records spanning the com-
plete Holocene. The authors note how it is difficult to disentangle the complex interactions between
fire activity, climate and human impact, and that at different spatiotemporal scales, the main fire cause
is subject to change (MARLON et al. 2013, 2008). In general terms, before c. 1850 CE increases in fire
activity are often thought to happen because of human activity, whereas a decrease in fire activity

afterwards is thought to have happened despite growing human activity (i.e. through fire suppression).

Thinking human involvement in a vast perceived wilderness of Siberia might be neglectable could po-
tentially be an erroneous prejudgment. For Siberian circumstances at least, many areas of Yakutia tend
to be rather densely populated (CHERSOV et al. 2010). This is highlighted by the c. 5000 people living in
Peledui, not far from Lake Khamra, and remote sensing imagery indicating large-scale logging c. 10 km
from the lake’s catchment. The fact that Lake Khamra’s low overall CHAR during the last decades is
recorded despite a higher fire frequency from c. 1850 CE onwards could potentially hint at some recent
involvement of humans as fire suppressors, however, this must stand as a mere hypothesis for now.
Humans seem to have transitioned from deliberately raising fires towards fire suppression in many
places, not allowing for the generalization that less human population necessarily translates into less
anthropogenic fires (DIETZE et al. 2018). Due to most contributing factors to fire activity (vegetation,
climate, humans) varying depending on time and place, searching for more detailed reasons behind a

changing fire history should benefit from being restricted to a local to regional scale at first.

Reconstructed fire events and FRIs

As mentioned, before, few other studies in Siberia involving charcoal as a fire proxy manage to recon-
struct fire events for various reasons. A recent study by BARHOUMI et al. (2019) established the first
continuous macroscopic charcoal record for the northern Ural region that was suitable for determining
fire events and therefore FRIs. Examined peat sequences revealed a general decrease in FRIs over the
course of the Holocene, with long FRIs ranging between 200 - 600 years in its first half. During the
second half of the Holocene, a prolonged decrease in FRIs towards 40 - 200 years was observed. Since

1500 CE, FRIs ranging from 40 - 100 years belong to the shortest of the entire Holocene. The authors
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attribute this mainly to increasing human influence (BARHOUMI et al. 2019). In contrast to macroscopic
charcoal, microscopic charcoal is usually never continuously sampled, since it is counted on pollen
slides and counting is more time-consuming. Also, the likely large area of origin, which has been de-
fined as including continental and even global scales (CLARK 1988), makes it impossible to deduce fire
events (and therefore FRIs) from a microscopic charcoal record. However, other fire proxies did allow
for FRI establishment in central and eastern Siberia. Northwest of Lake Khamra, at 60 - 65 °N and c.
100 °E, studies with tree stand ages and fire scars revealed recent FRIs of 80 - 90 years (KHARUK et al.
2008, SOFRONOV et al. 1998, VAGANOV and ARBATSKAYA 1996). Further East, FRI was found to have in-
creased from 52 years in the 18" to 164 years in the 20™ century. This lower frequency of fires was
attributed to suppression measures and less human-caused fires (WALLENIUS et al. 2011b). FRIs seem
to increase with latitude in most studies, for example from 77 years at 61 °N to 320 years at 71 °N,
close the current northern boundary of the boreal forest. This is attributed to lower incoming solar
radiation at higher latitudes, leading to shorter fire seasons and lower general flammability of moist
biomass (KHARUK et al. 2016, 2011). In NE Siberian larch-dominated boreal forest, FRI was estimated to
lie between 50 - 80 and 80 - 120 years at different sites (KHARUK et al. 2011, after SCHEPASCHENKO et al.

2008).

This study estimates a mean FRI based on the macroscopic charcoal record from Lake Khamra (c. 60 °N
and 112 °E) of 68.1 years during the last 2000 years. With the reduced fire version, mean FRl increases
to 82.3 years. Using these values as lower and upper boundaries (as mentioned in 4.2), the mean FRI
for the last c. 2000 years in SW Yakutia is expressed as the range of 68.1 - 82.3 years. This range sits at
the lower average of previously reported FRI lengths in central and eastern Siberia, fitting well within
their general scope. Lake Khamra’s location at a lower latitude might also play a role in slightly lower
FRIs, since a stronger continental climate usually results in stronger seasonal extremes (i.e. drier and
warmer summers, DUCKSON 1987). Additionally, reconstructions using fire scars on trees or within tree
ring chronologies might naturally lead to higher FRIs than the charcoal method, since they only include
fires that happened exactly at the location of research. With the charcoal method on the other hand,
fires from directly around the lake, within and possibly from outside the catchment are mixed into the
record. Of course, there is the statistical approach of using the signal of the charcoal record’s peak
component to better reflect fire events that directly impacted the lake’s catchment. However, this
probably still includes charcoal originating from a larger source area than with dendrochronological

methods, thus having a higher probability of recording more fires and resulting in lower overall FRIs.

Addressing the most recent identified fire events from the reduced fire version (1952 + 3 CE, 1904 + 7
CE, 1862 + 11 CE) provides an opportunity to discuss what insight these individual “events” can or
cannot provide. None of the years directly coincide with recent recorded fires close to the lake shore

in 2014 and 2006. It is a confident assumption that these events must have produced charcoal that
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accumulated in the lake. However, a precise representation of these years might not even be expected
in a charcoal record of this kind. Although this upper core part is supported by relatively precise Pb/Cs
age dating, a sample still consists of bulk material that is likely to have experienced some averaging
influence before depositing. Looking at all charcoal particles deposited in a 1 cm increment of core
depth only reveals the average charcoal influx to the lake during c. 12.4 years (using the mean sedi-
mentation rate of the whole sediment core). That is why fire “event” is still a somewhat misleading
term, as it does not necessarily describe a single wildfire, but rather episodes of wildfires producing a
collective charcoal peak (“fire episodes” being a term for fire events used by DIETZE et al. 2019). This is
also reason for WHITLOCK and LARSEN (2001) to recommend that a charcoal record’s temporal sampling
resolution should be significantly higher than the expected mean FRI. It would be expected that two
wildfires in a time interval about as short as the maximum resolution of the charcoal record might well
add to the same fire event, which might just be the case here (2014 and 2006 being represented by
the increase in CHAR in the topmost sample, which does not reach above the threshold for fire identi-
fication). Also, as previously stated, the top few millimeters of the sediment core might not show in
the CHAR record due to limited analytical precision. The lag time between fire and charcoal deposition
in the lake’s sediment, together with the analytical effects in the topmost few millimeters of sediment
from core drilling and preparation, might lead to a loss of signal from those most recent fires. This
circumstance highlights the need for longer fire reconstructions, e.g. from tree fire scars, to sufficiently
calibrate a charcoal record from non-varved lake sediment. A calibration of this sort was successfully
achieved in other studies and generally results in a more robust fire reconstruction (e.g. MAGNE et al.

2020, HIGUERA et al. 2005).

SNI and fire event identification

The SNI of the macroscopic charcoal record provides an efficient, quantified method to evaluate the
reliability of fire event identification. Potential reasons for SNI < 3 are discussed by the authors of the
method to be either a “lack of signal and/or the addition of noise”. Noise might be increased if a lake
is subject to a lot of sediment mixing, gradually leveling out the charcoal concentration during deposi-
tion. Another possibility is low-severity fire regimes producing smaller amounts of charcoal, leading to
a less distinct signal. If then secondary charcoal input to the lake is at a sufficient level, the signal will
be even harder to distinguish from noise. Additionally, the authors stress how SNI < 3 does not neces-
sarily equal no signal, and SNI > 3 doesn’t necessarily equal fire event (KELLY et al. 2011). The SNI should
in that sense not be used to verify or falsify identified fire events. However, the method provides an

interpretation frame for charcoal records and makes visible intervals where identification of fire events
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might probably be less reliable. For the macroscopic charcoal record of Lake Khamra, there is one dis-
tinct minimum in SNI around 1500 CE. No peak reached above threshold around that time, so in this
case the minimum SNI resembles the indicated lack of signal, i.e. no to only low fire activity around
Lake Khamra. Apart from that instance and the most recent centuries, the SNI of present macroscopic
charcoal record remains close to SNI = 3 even when dropping below this proposed cut-off value. To-
gether with the inclusion of both an upper and lower estimation of reconstructed fire events (by using
the original and reduced fire versions, respectively), this was reason to also include fire events with

SNI < 3 in the determination of mean FRI length.

KELLY et al. (2011) proposed the usage of a changing local threshold instead of a constant global one,
arguing that changes in noise distribution within the record should lead to constant adjustment of the
threshold. In this study, a global (i.e. constant) threshold is used for the whole record. Going forward,
the implementation of a local threshold could be a next step with this sort of analysis, using the Gauss-
ian mixture model to identify the 99" percentile of modeled noise distribution within a moving window
(KELLY et al. 2011: 14) instead of applying it to the whole record at once. Additionally, the CharAnalysis
R script by DIETZE et al. (2019) used in this thesis might benefit from being expanded with the inclusion
of the SNI method by KELLY et al. (2011). Furthermore, in the CharAnalysis application by HIGUERA et al.
(2009) a Poisson distribution test is used as a statistically rooted method to reduce multiple fire events
being identified in one peak distribution. This would be an analogue to the reduced fire version man-
ually created in this thesis, without relying on the visual inspection of fire peaks. Applying the statistical
method instead would ensure that different studies come to the same conclusion on which peaks to
keep, and which not to. As noted in the R script by DIETZE et al. (2019), this might be another useful
expansion going forward. Bundling all these resources into a single R script accessible to the paleofire

community might help further standardizing studies and increase overall comparability.

BLARQUEZ et al. (2013) point out how most fire reconstructions derive fire events from a set of statistical
operations that require an input of certain variables, therefore making discrete assumptions (e.g.
choosing the window-width of the LOWESS resembling the background component of CHAR). Different
inputs likely lead to differences in the identification of fire events, which can be witnessed by changes
of SNI depending on the chosen window-width. The authors managed to quantify the uncertainty aris-
ing from those choices by incorporating the results of the whole span of potential inputs in an ensem-
ble-member approach (BLARQUEZ et al. 2018, 2013). This approach was also applied to a varved sedi-
ment core by DIETZE et al. (2019). Going forward, the potential application of this method to the present
charcoal record could be evaluated. BLARQUEZ et al. (2013: 2671) note, however, that it should only be
applied to records featuring a “[...] good chronology, little sediment mixing, [from] small lakes with a
strong local source and small watersheds [...]” and a distinct separation of signal and noise in the peak

component (i.e. high SNI). So to use the ensemble-member approach in this case might first make it
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necessary to obtain an estimate of uncertainty arising from the underlying assumptions behind the
age-depth model and find ways to potentially improve the SNI or otherwise incorporate uncertainty

from including intervals of SNI < 3 as well.

Particle sizes and source area

Based on the previous research (see 1.3), macroscopic charcoal > 150 um as used in this thesis is
though to resemble primarily local sources (within the catchment area). This is especially true for the
large size class (> 500 um), which has been observed to deposit right at fire sites in boreal forest burn-
ing experiments (OHLSON and TRYTERUD 2000). Using the CharAnalysis method on each size class indi-
vidually leads to significantly less identified fire events for large particles than for medium or small
ones (> 150 um: 70; 300 - 500 um: 56; > 500 um: 14). The difference between the small and medium
classes is not as striking but fits in this pattern of smaller particles recording increasingly more fire
events. This is an expected result if smaller particles are suspected to originate from a larger source
area, thereby naturally incorporating more potential fires into their signal. Based on the previous ob-
servations and experiments, it could be suspected that large particles are more likely to derive from
fires close to Lake Khamra’s shore. Small and medium-sized particles on the other hand might rather
originate from fires within the catchment area, more distant to the lake itself. Using this categorization,
it is possible to attribute the varying degree of the size classes’ contribution to overall CHAR to the
proximity of fire activity to the lake. Periods where small particles have a higher share (e.g. around c.
500 CE) might indicate fire activity towards the boundaries of the catchment area, whereas peaks
prominently consisting of large particles, like those in 674 + 77 and 1862 * 11 CE, could indicate fire

events right next to the lake (see 4.2, figure 11).

Morphotype distribution

The morphotype classification scheme used in this thesis was adapted from ENACHE and CUMMING (2007,
2006). It is thought that different types of biomass burning (fuel) might lead to different appearances
of produced charcoal particles. However, as has been briefly stated in 1.3, these studies did not use
morphotypes to infer fuel types, but rather to reconstruct charcoal taphonomy and sedimentation
processes. Morphotypes were correlated to the total burnt area around a lake, precipitation and tem-
perature. Results showed how fragile, irregular particles (Type M) might represent burned area most
precisely, because they might originate from primary input through the air rather than secondary input
along the ground, which might favor the fragmentation of fragile particles specifically. More robust
particles on the other hand (e.g. Type C) correlated to precipitation but not fire and were therefore
thought to represent secondary deposition. The authors also proposed that Type F likely originates

from breakage of fragile particles like Type S (ENACHE and CuMMING 2007). Based on these findings,
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some subsequent studies were mainly basing their key findings about fire history on the prevalence of
Type M charcoal particles (see Moos and CUMMING 2012). Judging from the vastly diverse appearances
of charcoal morphologies at Lake Khamra, it seems unlikely that these are only results from particle

taphonomy.

Different types of fuel load have shown to produce different types of charcoal morphologies in exper-
imental studies (MUSTAPHI and PISARIC 2014, JENSEN et al. 2007), so there might rather be a multitude of
structure-shaping factors at play. The prevalence of fragile morphotypes at Lake Khamra, with signifi-
cantly fewer morphotypes deemed more stable, contrasts the assumption by ENACHE and CUMMING
(2007, 2006) that a large catchment to lake area-ratio favors more stable types through increased sec-
ondary input (i.e. more reworking on the ground leading to more breakage of fragile morphotypes).
The corresponding ratio of Lake Khamra (c. 23) is almost double the size from the largest ratio among
the lakes studied by ENACHE and CUMMING (2007) (c. 12.3), yet around 80 % of all particles counted
belong to fragile morphotypes (Types F, M and S). This is evidence for suspecting a stronger impact of
fuel types and fire attributes on charcoal morphology rather than taphonomy — at least when compar-
ing study sites situated in different ecological environments (here: subboreal western Canada and bo-

real central Siberia).

The two charcoal samples with some of the highest concentration of charcoal particles, the fire events
identified in 674 + 77 and 1862 + 11 CE, consisted of a strikingly big share of large Type F particles. This
might be evidence for a specific type of vegetation burning. From the similarity of Type F to experi-
mentally burnt Picea needles (MUSTAPHI and PISARIC 2014, see 5.3), it might have been primarily conifer
trees, suggesting a higher than usual fire intensity. Together with the large share of > 500 um particle
sizes, it could also point towards very close and/or very high intensity fires. It could be suspected that
these events represent rare high-intensity wildfires affecting trees right next to the lake’s shore. How-
ever, the reconstructed charring temperature of c. 480 °C belonging to the fire event of 1862 + 11 CE
is at the lower end of the reflectance measurement results. While this value alone would stand as a
rather high charring temperature corresponding well to the assumed higher fire intensity, it remains
uncertain if the overall range of the very high reconstructed charring temperatures is representative
(see 3.3). Ways in which methods could be improved to have results like this be more robustly inter-
preted will be discussed in the following paragraphs as well. Both correlations and the PCA furthermore

indicate an association of both Type F and large particles and Type M and small particles.

In general, the explorative approach of morphotype identification in this thesis following the scheme
of ENACHE and CUMMING (2007) revealed the need for morphological classes adapted specifically to the
environment a record is located in. Many particles at Lake Khamra appeared different from any of the

classes proposed by ENACHE and CUMMING (2007), which resulted in the slight expansion of their
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scheme (Types E, X and Z, see 3.3). However, this did not fully eradicate a degree of ambiguity in clas-
sification. This ambiguity likely leads to a decrease of useful signal within morphotype abundances and
also hinders reproducibility. The expanded classification by MUSTAPHI and PisARIC (2014) is for this rea-
son explicitly open for adaption to the wealth of morphotype shapes encountered at a given study site.
This approach might benefit from explorative particle counts to establish the basic classification
scheme before starting more thorough evaluation. Additionally, results by MusTAPHI and PISARIC (2014)

indicate the high value of burning experiments using prevalent local vegetation.

Microscopic charcoal record

The general lack of comparability between the microscopic (MIC) and macroscopic charcoal (MAC)
concentrations could be a consequence of the significantly lower resolution of the MIC part. Counted
MIC sample density along the core depth is less than 10 % that of MAC samples. Other studies involving
both types of charcoal proxy can serve both as examples for higher (OLsSON et al. 2010) and lower
(LARSEN and MACDONALD 1998, MACDONALD et al. 1991) comparability between the two. FROYD (2005)
analyzed both MAC and MIC in four lakes in Scotland with resulting records showing great compara-
bility of the two proxies in three of them, but a lack thereof in the fourth. Studies like these confirm
that this outcome is not necessarily unique to this thesis and that factors influencing the accumulation

of MAC and MIC might vary stronger between sites than suspected.

It is also generally more difficult to estimate source area and transport processes for MIC particles
(WHITLOCK and LARSEN 2001), making the reasons behind the apparent inconsistency with the MAC rec-
ord harder to pin down. As previously described, MIC particles are thought to originate anywhere from
extra-local to continental or even global sources, depending on their size. That is why some studies
chose to exclude MIC particles < 10 pum from counts (CONEDERA et al. 2009, WHITLOCK and LARSEN 2001),
something that was not done while counting the samples for this thesis. The MIC record could there-
fore be disproportionately influenced by large-scale variations in Siberian fire activity rather than by
fires within Lake Khamra’s catchment, leading to a different signal. However, if the MIC signal really
does integrate fire activity over such huge areas, reconstructions should probably show some similar-
ities on regional to continental scales. That does not seem to be the case, judging from variability in
MIC records in the Lake Baikal region alone (comparing GCD sites 580 - 584: SHICHI et al. 2009, AKIRA et

al. (unpubl.), TAKAHARA and KRIVOGONOV (unpubl.)).

All of this leads to suspect that the higher amount of unknow factors leading to the deposition of MIC
particles, their likely larger area of origin and the inclusion of very small and more ambiguous particles

in counts of this thesis are equally responsible for the outcome. Additionally, the shown comparison
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(see 4.2, figure 13) visually exaggerates the variation within the MIC record by using the lowest con-
centration as the lowest value on the y-axis instead of using zero. Actual variability is lower than it
appears from this graph, suggesting that the responsible factors mentioned before influence a record
that could mirror the lower variability of the pollen record, as it is often expected for MIC particles

(WHITLOCK and LARSEN 2001).

Morphotypes of microscopic and macroscopic charcoal show partially contrasting distributions and
overall weak and inconclusive correlations, which probably lies within the nature of each method.
Whereas Type F is the most common in MAC samples, it is second rarest in MIC samples. The exact
opposite is true for Type P, which accounts for only 1.2 % or MAC morphotypes, but 45.5 % of MIC
morphotypes. This difference is likely due to two reasons: (1) More fragile charcoal particles like the
elongated Type F are subject to break during the pollen preparation process, with their fragments’
resulting shape more closely resembling angular/geometric particles like Type C. (2) Morphotypes
without structure (Types P and C) are rarer among MAC particles, where it is easier to identify common
charred patterns because of the larger particle size. On the other hand, with small MIC particles, a
structure is harder to make out and often less pronounced when viewed with a transmitted-light mi-
croscope. This also explains the significantly higher amount of Type S particles among MAC samples.
Basically, looking at MIC particles might be thought of as looking at fragments of the individual struc-
tures that make up the charred patterns of MAC particles. Not only are the MIC morphotype distribu-
tions expected to differ from those of MAC morphotypes, but the additional overall difference in con-
centrations between the two proxies is reflected in the weak correlations as well. It remains to be seen

whether a higher resolution of counted MIC samples can improve this generally inconclusive outcome.

5.3.  Impact on the environment

This segment discusses the secondary goals of this thesis: The evaluation of potential fire impacts on
vegetation and soil geochemistry. Both approaches revealed useful hints for further research but were
hampered by rather low expressiveness. However, this outcome is constructively used to assess po-

tential reasons and solutions in order to create stronger results going forward.

Vegetation history and fire impact

Vegetation history as inferred from pollen type abundance within Lake Khamra’s sediment core indi-

cates generally that both conifers and broad-leafed trees can be found in the region, although conifers
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show higher overall pollen counts. Larix pollen are present throughout the record, which is to be ex-
pected with the lake lying in the transition zone towards summergreen (i.e. larch-dominated) boreal
forst. The share of Larix pollen is generally rather low, however. These counts cannot be directly trans-
lated into a detailed species composition, since different Taxa may release different amounts of pollen
grains, leading to over- or underrepresentation in the pollen diagram (see SuGITA 2007). It is evident
that throughout the last c. 2100 years, the vegetation composition surrounding Lake Khamra has been
quite stable. Peaks in Cyperacea, coinciding with fire events or heightened overall fire activity as in-
ferred from the macroscopic charcoal record, might be a consequence of effective succession of
grasses on recently burnt areas. These peaks might also just be the consequence of the lower share of

arboreal pollen types, which could in turn be viewed as potential fire impact as well.

It would not be expected to find patterns of fire activity at higher temporal resolution within the pollen
record. Assessing pre- and post-fire vegetation compositions requires very high temporal resolution of
densely sampled pollen samples, which is not achieved by the counted 24 samples representing c.
2100 years in this study. It is difficult to estimate how far a fire would have to spread in order to leave
behind a striking mark in the pollen record, since the pollen source area is generally not constricted to
local sources (PRENTICE 1985). Any estimation requires (among other factors) knowledge of the source
area of deposited pollen grains and the time needed before any burnt area will produce pollen grains
at pre-fire quantities. It might well be that the generally low-intensity surface fire regime prevalent in
Siberia does not impact overall pollen production long enough to have that signal withstand averaging
factors of pollen taphonomy (e.g. collection on the lake’s water surface before sinking to the ground
and being reworked towards deeper positions under the influence of bioturbation) and the averaging

nature of a sediment sample.

Correlations of macroscopic charcoal morphotypes and vegetation history resulted in some non-sig-
nificant, but quite apparent contrasting patterns. The most abundant Type F particles found at Lake
Khamra appeared very similar to what MUsTAPHI and PIsARIC (2014) showed to be burnt Picea needles,
although generally smaller in size, while Type S particles on the other hand seem often resemble their
burnt Poaceae leafs. Correlations with pollen types revealed weak positive coefficients for Type F with
Abies and Type S with Cyperaceae. It might be suspected that different types of burnt needles or
grasses could lead to similar appearance of needle- or grass-like morphotypes. Looking at the very
basic shape and structure of charcoal particles might therefore most effectively be used only for more
general classification of burnt vegetation (i.e. pollen classes used in this thesis or similar approaches).
The contrasting pattern between angular morphotypes and non-arboreal pollen types versus irregular
particles and arboreal pollen types could have the potential to infer some basic fire attributes, e.g. fuel

types, from peaks in the charcoal record. For example, a peak consisting almost completely of angular
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morphotypes might indicate lower severity surface fire activity than a peak consisting of irregular mor-
photypes, since the latter would have had the ability to affect trees instead of predominantly herbs.
This could potentially be expanded with particle size distribution, i.e. angular morphotypes and smaller
particle sizes indicating low-severity surface fires more distant to the lake. However, that creates the
necessity of first disentangling the different potential factors behind charcoal particle size distribution

first and reliably correlate morphotypes to vegetation.

The correlation patterns of morphotypes could be experimentally tested (and potentially calibrated)
by burning collected vegetation samples from the field sites in Siberia and examining the resulting
charcoal particle structures (see MUSTAPHI and PISARIC 2014). This would also benefit the conception of
a morphotype classification scheme specific for the setting within Siberia’s boreal zone and has the
potential to greatly improve interpretation of the morphotype distribution. A combination of these
refinements, appropriate research sites and high resolution of the pollen record are likely to improve

the robustness of future studies’ correlations, increasing the possible level of detail in interpretation.

Fire impact on soil geochemistry

The lack of a more pronounced response of examined elements to identified fire events in the SEA
could have multiple reasons: (1) There is no comparable association between fire events and soil geo-
chemistry. (2) There is an association, but it is not recorded sufficiently enough within the lake sedi-
ment to appear clearly. Or (3), any association present is obscured by analytical methods applied in

this thesis.

Reason (1) is rather self-explanatory, although it has got to be stressed that the original study by LEYs
et al. (2016) was conducted in a very different environment (subalpine forest in the Rocky Mountains,
Colorado, US), with geochemical processes potentially being not completely comparable to the sub-
arctic Siberian boreal forest. By applying the general methods by LEYS et al. (2016) within this study
and directly comparing results, the assumption is made that similar results might be expected. At least
regarding the ratio of catchment to lake area, both sites are indeed comparable (20.7 for the original
and c. 23 for this study). However, the cold climate of Yakutia was also suspected to slow down bioge-
ochemical processes (CHERSOV et al. 2010). This might stretch any fire response in soil geochemistry

over longer periods of time, decreasing their initial amplitude.

For reason (2), two explanations might be that either elements are prevented from depositing in the
lake sediment (e.g. by vegetation along the shoreline obstructing potential input) or that smaller-scale
sediment mixing processes during deposition lead to an averaging of signal, that might have already

been weaker by default due to the expected lower intensity fire regime at Lake Khamra.
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This leads to reason (3), which might be the most substantial. There are several factors in the analytical
approach of this thesis likely to negatively impact any geochemical signal. In the original studies by LEYS
et al. (2016) and DUNNETTE et al. (2014), a differentiation was made between high and low-severity fires
with help of measurements of the sediment’s magnetic susceptibility (MS). MS is commonly used to
tell autochthonous from allochthonous sediment input, thereby serving as a proxy for the magnitude
of erosion around a lake (WHITLOCK and LARSEN 2001). Fire peaks coinciding with peaks of MS were
deemed high severity, because of their potential to increase allochthonous sediment input through
erosion. In this study, due to a lack of MS measurement, this step cannot be replicated. This might
indeed explain part of the inexpressiveness of present analysis, since the authors of the original study
mention how “no significant geochemical changes were observed after low-severity / extra-local fires”
(LEys et al. 2016: 6). Also, in contrast to the original study, no quantification of XRF-derived element
concentrations was done in this thesis. Instead, transformed counts per second were used. Adding to
this might be the well constrained age-depth model of the original study and the probably less certain
age-depth model presented in this thesis, which is the foundation of the reconstructed fire events.
Uncertainty in fire event position within the XRF elements’ timeseries likely leads to further decrease

of signal derived from the subsequent timeseries “cut-outs” around each event during SEA.

A combination of various factors behind all reasons (1), (2) and (3) might be at play and lead to the
rather inexpressive results. With the emphasis of this thesis on the fire reconstruction and the appli-
cation of SEA on the available XRF data having a rather explorative character, a more detailed analysis
of geochemistry and soil nutrient processes at Lake Khamra will have to be postponed. By addressing
the potential negative impacts on the XRF signal found within this thesis, future studies might be able
to improve their outcome and show whether previously reported geochemical impacts of wildfires do
or do not exist in Siberia as well. Within this project, no evidence for similar associations to those of

LEYs et al. (2016) could be found.
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6. Conclusion

Within the research project of this thesis, it was possible to create a unique high-resolution record of
macroscopic charcoal particles from lake sediments and infer fire history around Lake Khamra, SW
Yakutia, for the last c. 2000 years This adds valuable data for a region where long-term fire regimes,

although being an influential ecological variable, remain poorly understood.

The newly established preparation protocol of extracting both macroscopic charcoal and the fossil pol-
len spectrum from a single sediment sample efficiently decreases the amount of sediment material
needed for different proxy analyses. In the age-depth model, an assumed constant age-offset of radi-
ocarbon ages by old, allochthonous carbon, as indicated by the Pb/Cs age dating results, was manually
adjusted. This potentially adds a non-quantifiable uncertainty to the resulting chronology, although it
mirrors the homogenous physical appearance of the sediment core. The fire reconstruction at Lake

Khamra must be viewed while keeping this approach towards the sediment core’s chronology in mind.

Based on this age-depth model and an evaluation of 306 continuous macroscopic charcoal samples,
fire history for the last c. 2000 years was reconstructed. A high average temporal resolution of c. 7
years per sample is thought to make this reconstruction the first of its kind in central and eastern
Siberia, attempting to fill a pronounced gap of charcoal records in the Russian boreal forest. Peaks in
CHAR identified as fire events indicate an average FRI ranging between c. 70 - 80 years. This includes
an extent of uncertainty from fire peaks found in periods of a lower signal-to-noise ratio, although
more than 70 % of identified fire events were distinctly separated from the noise component. During
peak fire activity around c. 750 CE, fire events happened about twice as often as within recent centu-
ries. After multiple centuries of decreasing and generally low CHAR and following a pronounced fire
eventin 1862 + 11 CE, fire activity during the 20™ century was among the lowest of the record. Charcoal
particle size classes are thought to enable an approximation of fire distance to the lake, with larger
particles > 500 pm originating right next to the shore and smaller particles from within the more distant
catchment. Charcoal morphotypes are primarily suspected to resemble types of vegetation burned
and not so much differences in charcoal taphonomy. The low-resolution microscopic charcoal record
did not compare well with the macroscopic counterpart, likely a result of both the analytical process
and differing information expressed by the two proxies. Higher than usual reconstructed charring tem-
peratures could potentially indicate that the reflectance measurement of very small charcoal particles

might not yield valid results when compared to the usually larger particle sizes used for this method.

Vegetation history from the fossil pollen spectrum reveals an overall consistent composition during

the last c. 2100 years. Although classification of charcoal morphotypes was hampered by some ambi-
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guity, correlations with the pollen spectrum hint at some contrasting patterns. Generally low correla-
tion coefficients indicate weak associations between some morphotypes and pollen types. Irregularly
shaped charcoal particles might be associated with arboreal pollen, whereas angular particles correlate
with non-arboreal pollen. This outcome could be improved by further adapting the morphotype clas-
sification scheme to charcoal particles found specifically at the location of research and conducting
charring experiments of local vegetation. In contrast to previous research, no clear impact of fire
events on soil geochemistry was found. This might be most likely due a slower rate of geochemical
processes in cold continental climates when compared to temperate forests and a weakening of any

remaining signal during the analytical procedure.

Despite a decreasing trend in charcoal accumulation during recent decades, contrasting both other
studies from NE Siberia and the notion of increasing fire activity with global warming, the frequency of
identified fire events since c. 1850 CE seems to be higher than during the preceding millennial. This
disparity of more frequent fires before a pronounced minimum in charcoal accumulation might poten-
tially indicate anthropogenic fire suppression, although this remains just a hypothesis as humans pose
just one of multiple factors influencing fire activity. These partially differing results highlight two im-
portant aspects: First, by comparing it to other studies the present fire reconstruction at Lake Khamra
indicates a pronounced degree of regional heterogeneity in fire regimes of Siberia. And second, in or-
der to disentangle climatic from anthropogenic forcing on a fire regime, a better understanding of local

human fire management and usage throughout time is urgently needed.

Reconstructions of fire history can potentially be of great use for non-scientists involved with ecosys-
tem management. For example, they can enable the evaluation of a “safe fire-operating space”, i.e.
assess the attributes of fires and fire frequency that human society has been proven to successfully co-
exist with (see LESTIENNE et al. 2018). Learning from fire history, potential boundaries of that safe op-
erating space could be compared with the forecast global changes and their regional consequences.
However, in order to use fire reconstructions for the ambitious purpose of extrapolating into the future,
they should be reliable and cross-validated. In addition to a robust chronology, the charcoal method
might greatly benefit from being calibrated using other proxies like fire scars on trees. Together with
other potential improvements discussed in this thesis, robust fire reconstructions might become one
of the most useful tools for understanding the multitude of changes happening in the boreal zone,

many of them involving wildfires as key ecological disturbances.
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VIIl. Appendix

A. Remotely sensed fires at Lake Khamra

This map draft was created in 12/2018 as a test using Google Earth Engine (GORELICK et al. 2017), with
colored areas showing remotely sensed fires (GIGLIO et al. 2015) around Lake Khamra between 11/2000

-11/2018. It indicates fires in 2006 and 2014 affecting large areas near the lake

Product: MCD64A1.006 MODIS Burned Area Monthly Global 500m
Shown: Fires 11/2000 — 11/2018 (annual, one color per year)
Center: Lake Khamra
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B. Results of fire event identification using the CharAnalysis method (DIETZE et al. 2019, HIGUERA et

al. 2009) with the individual size classes (all non-reduced versions)

1. Fires events identified with the small charcoal size class (n = 70):
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2. Fires events identified with the medium charcoal size class (n = 56):
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3. Fire events identified with the large charcoal size class: (n = 14)
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C. Histograms and boxplots for original and reduced versions of identified fire return intervals

1. Histogram and boxplot indicating FRI length for the original version of identified fire events:

o
o _
9
o —
o i
S - ;
. —
o - o
T T T T T 1

0 100 300 500

500
I

10
|
300
|

Frequency
FRI length [yrs]

FRI length [yrs]

83



2. Histogram and boxplot indicating FRI length for the reduced version of identified fire events:
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D. Correlation of macroscopic charcoal classes using influxes instead of percentages

Correlation matrix of macroscopic charcoal classes (morphotypes and size classes) using Kendall’s tau

with log-transformed influxes, based on 247 samples (stars mark values with p < 0.05)
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E. Complete pollen and non-pollen palynomorph record (counts by Dr. Andrei Andreev)

Percentages of concentrations, types with few counts are visually exaggerated
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Superposed epoch analysis results for all “fire elements”, using the original and the reduced fire

events

1.

Results based on all identified fire events (“original fire version”):
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2. Results based on the reduced fire version
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G. Distribution of XRF counts of “fire elements” throughout the EN18232-3 sediment core

All elements centered log-ratio transformed. CHAR in [#/cm?/yr]. Colored lines represent LOWESS at a

window width of 1/10 of the respective timeseries length
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H. Preparation protocol for macroscopic charcoal created for this research project

1. Prearrangement

1. Put sample container on scale (full and with cap) - note "weight full"

2. Transfer sediment material to labelled falcon tube (50 ml) using a spatula and a de-
mineralized (DM) water lab bottle, do not use too much water

3. Put empty sample container on scale (with cap) - note "weight empty"

2. Dispersing (skip this step if no dispersing is done)

1. Fill sample tubes with DM water (c. 30 ml)

2. Add small amount of NasP,0; (sodium pyrophosphate) to each tube (amount de-
pends on type of sediment, might benefit from doing some tests beforehand)

3. Gently rotate the closed falcon tubes to have the pyrophosphate come into contact
with all sediment material

4. Leave samples to soak overnight (longer is also possible, e.g. over the weekend)

3. Adding Lycopodium (skip this step if no or other marker grains are added)

1. Add Lycopodium tablet to empty 50 ml falcon tubes - note batch number and quan-
tity of tablets per sample

2. Addc. 10 ml of 10 % HCI (hydrochloric acid) to each sample

3. Let Lycopodium tablets soak in HCl for c. 10 - 15 min until fully dissolved

4. Add the HCl suspension to the falcon tubes of the charcoal samples (make sure to
transfer all Lycopodium spores by using the DM water bottle for rinsing as well)

4. Sieving and condensing smaller fractions
1. Sample material is transferred into a sieve (150 um) resting over a flat bowl
2. Material is gently washed through the sieve using the DM water bottle
1. Break down any sediment lumps with DM water bottle squirts
2. Add some DM water to the sieve and gently stir it within the bowl below
3. When only large fractions remain, rinse them with the DM water bottle one
more time and rinse the part of the sieve standing in the bowl and coming
into contact with the suspended smaller fractions

3. Suspension of smaller fractions < 150 um in bowl are transferred to a labelled beaker

4. Suspension from beaker is iteratively added to a new labelled falcon tube, centri-
fuged (4 min at 3200 rpm) and subsequently decanted (repeat until beaker is empty
and all smaller fractions are condensed in the new falcon tube)

5. Remaining larger fractions > 150 um are rinsed together on side of the sieve under a
gentle stream of tap water before transferring them to their respective charcoal
sample tube using a funnel and the DM water bottle

6. Wash sieve, funnel and bowls with tap and DM water after every sample

7. Leave charcoal samples until all particles accumulated on the tube's bottom

5. Bleaching

1. Water from charcoal sample falcons is carefully decanted

2. About 15 - 20 ml of undiluted household bleach (NaClO) is added to each charcoal
falcon (if previously treated with HCI, any traces might react to chlorine gas - work at
a fume hood)

3. Samples are left to soak in bleach overnight (if previously treated with HCl: do not
close the tubes all the way, leave fume hood active)

4. Fill tubes until c. 30 ml with DM water. Once all particles are settled, carefully decant

bleach into a beaker, dispose accordingly. Macroscopic charcoal samples can now be
counted.
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Erklarung

Geographisches Institut sonannes GUTENBERG
UNIVERSITAT Mamz

Erklarung

gemall § 19 Abs. 3 + 5 der Ordnung fiir die Priifung im Masterstudiengang Klima- und Umweltwandel an
der Johannes Gutenberg-Universitat Mainz.

Hiermit erklare ich, (Matr.-Nr.: ),

dass ich die vorliegende Arbeit selbststandig verfasst und keine anderen als die angegebenen Quellen

oder Hilfsmittel (einschlieBlich elektronischer Medien und Online-Quellen) benutzt habe. Mir ist bewusst,
dass ein Tauschungsversuch oder ein Ordnungsverstol’ vorliegt, wenn sich diese Erklarung als unwahr
erweist. §19 Absatz 3 und 5 gilt in diesem Fall entsprechend.

Ort, Datum Unterschrift

Auszug aus § 19 PO (3) + (5) M.Sc. Klima- und Umweltwandel: Versaumnis, Riicktritt, Tduschung, Ordnungsversto

(3) Versucht die Kandidatin oder der Kandidat das Ergebnis einer Priifung durch Tauschung oder Benutzung
nicht zugelassener Hilfsmittel zu beeinflussen, oder erweist sich eine Erklarung gemal § 13 Absatz 2 Satz 5
als unwahr, gilt die betreffende Priifungsleistung als mit ,,nicht ausreichend” (5,0) absolviert. (...).

(5) Die Bestimmungen der Absatze 1-4 gelten fiir Studienleistungen entsprechend.
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