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Abstract

The understanding of the fire regime, the pattern and frequency of fires, and how it changes
throughout Earth’s history can help us to form a connection between climate variability,
vegetation fluctuation within biomes, and anthropogenic activity. These three variables
impact fire patterns which in turn impact the atmosphere. By reconstructing the paleofire
record we can better assess the paleoclimate and address the drivers of climate change in
our past, and therefore better predict the drivers of the future.

This work evaluates the relationship between climate variability and fire occurrence in the
Southern Hemisphere during the Holocene using levoglucosan, an anhydrous sugar formed
from the pyrolysis of cellulose, collected from EPICA Dome C in Antarctica. Once the ice core
had been collected and the levoglucosan samples were measured, the record underwent
analysis. First the levoglucosan record was considered and observed on its own, undergoing
several calculations and transformations to identify potential megafires or outliers. Next
charcoal records obtained from the Global Charcoal Database (GCD) were synthesized and
added to the analysis in an attempt to observe long-term trends in fire activity.

In conclusion, the fire activity due to natural fire contributors such as the temperature,
orbital parameters, El Nifio-Southern Oscillation (ENSO), Southern Annular Mode (SAM), and
CO;is notable throughout the Early Holocene. However, the fire signal appears to move
away from a natural stability possibly towards a more anthropogenic signal as we enter the

late Holocene (3000 yr BP — present).



1. Introduction

1.1 Reconstructing Fire History

A fire requires oxygen, heat, and fuel. Without these three seemingly simple ingredients, it
cannot start. In addition, a fire regime, or a pattern of fires, needs to take climate,
vegetation, and human activities into account (Figure 1) (Marlon, 2020). A host of metrics,
such as seasonality, frequency, size, location, or how much it consumed can make up the

regime, further complicating the ecology and understanding of fires.

%
o g 6%
& % § 2
& o o Z.

z-
K

Fire Fire Regime

Fuel Vegetation

Figure 1. The three drivers needed for a single fire event versus the three drivers required for a fire regime. Marlon (2020).

The analysis of these regime changes allows the reconstruction of the history of the links
between climate, human activities, and vegetation. By studying the variations and
connections within the fire regime drivers throughout Earth’s history we may lessen our
chances of understanding specific fire events, but we can gain insight into larger changing
patterns (Marlon, 2020). We will need to track these changes by employing one or more
data source. Satellites, written records, fire-scarring on trees, and geochemical tracers
formed from combustion residue found in sediment and ice are the four primary sources

that can be used to analyze past wildfires (Marlon, 2020).

1.2 Primary Data Sources

When considering “recent global fire activity,” fire activity occurring presently or within the

past few decades, satellite remote-sensing systems can be utilized (Marlon, 2020). These



systems collect a variety of data from both regional and global scopes in order to estimate
the amount of particulates and trace gases that have been emitted (Marlon, 2020).

In addition to satellites, historical fire data such as aerial photos, field studies, government
records, and statistics reported through government agencies can be employed to compile
general trends at a variety of levels dependent on the area considered (Marlon, 2020).

If a fire-scarred shrub or tree can be accurately dated, the dendrochronological data can be
used to understand past wildfires intensity and frequency (Marlon, 2020). The records
gathered from accurately dated tree rings in different wooded environments can provide
information on the average fire return intervals over a broad time period, or the
relationship between specific fire events and drought conditions.

However, of the four primary sources available, paleofire data sources consist of several

different types of geochemical tracers such as charcoal, black carbon, and levoglucosan.

1.3 Charcoal in Lakes

To track the fire regime changes and the link with the climate variability over centennial to
millennial time scales, sedimentary charcoal records have been widely employed during the
last decades. They have the advantage of spanning back further in time and covering more
area than dendrochronological fire records allow (Marlon et al., 2013).

The burning of biomass does not only result in the release of gases such as nitrous oxide,
methane, carbon dioxide, and carbon monoxide (Marlon et al., 2013). Incomplete
combustion will also cause soot and charcoal particulates to form when there is not enough
oxygen to completely react with the burning biomass. These charcoal particles are then
subject to the elements. Both surface runoff, the flow of water unable to penetrate the
surface, and wind are responsible for transporting the charcoal particles into the
depositional environment, such as lakes, bogs, or soil profiles (Power et al., 2010). The
distance the charcoal can be transported depends on three different main factors: mode of
transportation, the type of depositional environment or sedimentary basin, and the size of
the particle (Power et al., 2010). Shifts in wind as well as varying amounts of surface runoff
directly impact how much charcoal is transported into the sedimentary basin. Smaller
charcoal particles (<50 um) can travel long distances. Therefore, with respect to the

diffusion of emissions, there is likely to be overrepresentation of regional fire events (Power



et al., 2010). This is particularly true if the sedimentary basin is greater than 50 km?, as a
large basin provides more opportunities to capture regional charcoal particulates (Power et
al., 2010).

Due to the implementation of the Global Charcoal Database (GCD), we have access to
hundreds of charcoal records that cover the past 11,700 years, a period known as the
Holocene (Power et al., 2010). The records found in this database can be used to gain insight
into fire history and how the fire regime has evolved, as well as the relationship between
the climate, humans, and fire (Power et al., 2010). Further studies are required to ensure
that all the information needed to fully understand the links between the creation,
transportation, and deposition into different depositional environments is available (Power
et al,, 2010).

Lakes and similar sedimentary basins are attractive options as archives due to their ability to
continuously accrue matter (Power et al., 2010). However, lake sites present several
potential problems. While our knowledge of charcoal taphonomy has increased in the last
30 years, it is necessary to conduct more studies on the available calibration techniques
(Power et al., 2010). Charcoal taphonomy may be affected by varying fuel loads and
distribution, making some results inconclusive (Power et al., 2010). In addition to the
qguestions of distribution as far as taphonomy is concerned, there is an issue of distribution
when it comes to the sedimentary basins in question. Lakes are not evenly distributed as
50% of the world’s lakes are located in Canada (Cael and Seekell, 2016). Mountainous
regions and areas of high latitude are likely to be overrepresented within the fire history as
many of the world’s lakes can be found there (Cael and Seekell, 2016). Not only are they
unevenly distributed in location, but they are also skewed in size-distribution as well (Cael
and Seekell, 2016). As Power et al. (2010) concluded, a large basin (>50km?) provides more
opportunities to capture regional charcoal particulates. This leaves a significant chance for
overrepresentation. As most of the world’s lakes are found in the northern hemisphere, an
adequate global view cannot be gained by looking to records of charcoal found in lakes (Cael

and Seekell, 2016).



1.4 Black Carbon in Polar Regions

While carbon dioxide is the most important anthropogenic radiative-forcing agent, black
carbon is the second (Arienzo et al., 2017). This radiative forcing, or the alterations to the
Earth’s radiative equilibrium, cause a shift in the absorption of sunlight within the
atmosphere (Bond et al., 2013). As black carbon plays such a significant role within the
atmosphere, using it to understand paleofire records and observe the links between black
carbon emissions, biomass burning, and our climate is a logical practice (Arienzo et al.,
2017).

Black carbon refers to a collection of carbonaceous material that is formed when there is an
incomplete combustion of biomass, such as plant tissue, or when graphitized soot is made
within the fire (Shrestha et al., 2010). Definitions of black carbon based upon both physical
and chemical properties have been suggested, however, it must be noted that black carbon
lacks a universal chemical definition (Long et al., 2013). The ratio of carbon, hydrogen, and
nitrogen varies, but on average black carbon is 60% carbon with the remainder being an
amalgamation of oxygen, sulfur, nitrogen, and hydrogen (Shrestha et al., 2010). The physical
properties have been more clearly defined, but still lack a solid consensus. Black carbon
keeps its form even at high temperatures, only vaporizing near 4000K; strongly absorbs
visible light; and is poorly soluble (Long et al., 2013; Bond et al., 2013).

Black carbon’s global origins are easier to understand than its chemical makeup. Fires
located in forests and savannahs represent the largest global source of black carbon, but
when it comes to other means of emission, the top source is region specific (Bond et al.,
2013). The largest contributor for Europe, North America, and Latin America are diesel
engines with 70% of emissions (Bond et al., 2013). In Asia and Africa burning solid fuels for
heat or cooking makes up 60 to 80% of black carbon emissions (Bond et al., 2013). The
greatest contribution in Post-Soviet States, some Eastern European countries, and China is
residential coal (Bond et al., 2013). Shipping and aviation emit a significantly lower amount
of black carbon and represent only a small portion, 9%, of the global scale (Bond et al.,
2013).

Coastal Antarctica is subject to a strong circumpolar current known as the Antarctic
Circumpolar Current, or the ACC (Chaubey et al., 2010). Driven by strong westerly winds, this

current, estimated to be between 100-150 million m3/s, must counteract the force of the
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wind (Rintoul et al., 2001). The winds that drive this current can account for some of the
deposition that occurs in Antarctica as both wet and dry deposition can occur via wind.
Arienzo et al. (2017) states that wet deposition, as a result of precipitation scavenging, is
largely responsible for black carbon deposition. However, the accumulation rates decrease
and as shown in Figure 2, we observe a lower black carbon flux as we move inland from the
coastal region (Arienzo et al., 2017). Therefore, the sites cannot be considered
homogeneously distributed and the sites located on the coast are overrepresented (Arienzo

et al., 2017).
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Figure 2. Model of black carbon flux in comparison to seven ice cores. Arienzo et al. (2017).

The areas from which the black carbon can be sourced are also not homogenously
distributed. South America is the dominant source of black carbon to Antarctica as indicated
by modern observations and model simulations (Arienzo et al., 2017). Although, when
considering different sites, we can see different dominant sources. Black carbon in eastern
Antarctica is primarily sourced from Central Brazil as indicated by measurements from the
Troll Research Station (Arienzo et al., 2017). Measurements taken at Syowa Station lead us
to note that South America and southern Africa are the predominate sources (Arienzo et al.,

2017). With the potential for sub-annual to annual resolution, polar ice core records can be
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precisely dated, unlike charcoal records obtained from lakes (Arienzo et al., 2017). In further
contrast to lake archives, the deposition of black carbon is not subjected to alteration or
postdeposition mixing (Arienzo et al., 2017). Additionally, the ice core is located at a
considerable distance from the burning biomass, indicating a regional record rather than a
local record of emissions (Arienzo et al., 2017). However, this does not indicate that black
carbon alone is an adequate proxy for reconstructing fire history. Arienzo et al. notes that
when taking different regions in South America, the heterogeneous fire response cannot be
recorded as there are marked differences when considering larger regions (Arienzo et al.,
2017). Furthermore, the methodology in measurements vary widely leading to a large
margin of error and fluid interpretation of results. As black carbon may vary chemically,
different methods of detection may be augmented towards a particular chemical makeup

(Hammes et al., 2007).

1.5 Levoglucosan

Although previous studies have indicated that the Antarctic region was affected by biomass
burning due to the presence of black carbon, the presence of levoglucosan can confirm that
it is not only due to local pollution (Hu et al., 2013). When biomass is burned it does not only
release gases and particulates such as black carbon, it also produces levoglucosan (1.6-
anhydro-b-D-glucopyranose), an anhydrous sugar (ltabaiana et al., 2020). This molecular
tracer is a noteworthy choice as it can only be produced during a combustive process and
unlike the burning of petroleum products or coal; which may result in a number of
pollutants such as carbon monoxide, carbon dioxide, sulfur, nitrogen dioxide, nitric oxide,
volatile organic compounds, and hydrocarbons; levoglucosan can only be found in biomass

combustion residues, as shown in Table 1 (Kuo et al., 2008; Sajwan et al., 2006).
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Table 1. Model of black carbon flux in comparison to seven ice cores. Kuo et al. (2008).
Levoglucosan concentration in different environmental materials

Material Description Levoglucosan n
(ngfe)
SRM 2975 Diesel particulate matter BDL® 2
ANL*® coals Pittsburgh bituminous coal, Pocahontas bituminous coal, Blind canyon bituminous coal, and Beulah-Zap lignite ~BDL 2¢
SRM 1632c Bituminous coal BDL 3
Melanoidin Urea-glucose melanoidin BDL 1
Carbon black Acetylene black BDL 2
Lampblack Crude oil combustion residue BDL 2
SRM 1944 NY/N] water way sediment BDL 2
Activated carbon Commercial product from plant combustion BDL 2
Char-BC 1 Chestnut wood char BDL 2
Char-BC 2 Rice straw char 14.7+0.8 2
Natural charcoal  Pine wood char 69.4+125 2
Pre-fire soil Surface soils from controlled burning site in New Mexico (US) 0.85+0.01 2
Post-fire soil 38.0+11.7 2
SRM 1649a Urban dust 163.9+11.8 11
RM 8785 Air particulate matter (PM2.5) on filter media 1584+88 2
Chimney soot Chimney residues from Texas (US) private residence 26888.1 1

2 Argonne National Laboratory (ANL).
> Below detection limit (BDL).
© n=2 for each coal standard.

This specificity allows us to rule out the regional specific emissions such as diesel engines
and enables us to focus solely on the burning of biomass that would have occurred during
paleofire events. With a high emission factor and relative stability within the atmosphere,
levoglucosan can be considered an ideal tracer (Hu et al., 2013).

The chemical information from the past two millennia contained inside ice cores in
Greenland identify boreal forests in Eurasia and North America to be the important sources
of biomass burning (Zennaro et al., 2008). This data, in combination with the information
provided by the global charcoal database has helped to reconstruct the fire activity during
the Holocene. In Greenland, Zennaro et al. (2008) concluded that the fluctuation in
levoglucosan cannot be explained by drastic temperature or environmental changes. These
results are indicative of an increase in human-related fire activity (Zennaro et al., 2008). To
ensure these results are truly global we need to look to the Southern Hemisphere.

A study conducted by Hu et al. found that the level of levoglucosan in both the Northern
and Southern Hemispheres was not significantly different (Hu et al., 2013). Much like
charcoal and black carbon, Hu et al. states that atmospheric circulation, deposition,
degradation, and emissions all have a role in the concentration of levoglucosan in the
atmosphere (Hu et al., 2013). While transport also plays a role in the levoglucosan
concentration, especially taking the atmospheric circulation of the Antarctic into
consideration, this will be discussed in greater detail in the following sections.
Understanding the fluctuation of levoglucosan throughout the past is vital to assessing the

current atmospheric levels of levoglucosan (Gambaro et al., 2008). This can be accomplished
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by carefully selecting the appropriate archive. Greater precision with dating, no post-
depositional mixing, and the benefit of an established accumulation rate allowing for an
easily calculable flux are all advantages that can be attributed to ice cores (Gambaro et al.,
2008). In order to reconstruct paleofire history, we can utilize the chemical information
stored in Antarctic ice cores along with levoglucosan data, and in doing so, continue piecing

together the paleoclimate.
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2. Aim

In this thesis | aim to use an ice core section collected from EPICA Dome C (EDC) in
Antarctica to evaluate the dynamics of the fire regime during the Holocene. Levoglucosan,
an anhydrous sugar, is a specific burning biomarker that can only be produced through the
combustion of cellulose. The ice core collected from EDC was previously analyzed at Ca’
Foscari, providing a high-resolution fire record at a Hemispherical scale. The levoglucosan
record that was obtained is available as raw data, and in need of further elaborations that
are not yet available. In this thesis | aim to improve the analysis of this record by evaluating
the presence of possible outliers that may be representative of megafire events, an error of
measurement, or an increased period of highly efficient transport. To correlate the findings
and further our understanding of past fire regimes, charcoal records will then be
synthesized and analyzed. Moreover, the temporal trend of levoglucosan will be compared
with various climatic variables in order to evaluate the natural and the anthropogenic

contributions to the fire occurrence in the Southern Hemisphere during the Holocene.
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3. Methods

3.1 Holocene

Around 10,000 radiocarbon (**C) years, or 11,700 calendar years ago, the Earth entered its
most recent interglacial interval known as the Holocene (Roberts, 1999; Agenbroad et
al.,2018). The Holocene is the youngest of the two epochs that make up the Quaternary
period (Agenbroad et al., 2018). Geologically the Holocene is considered unique as this
epoch contains a variety of correlating deposits, and these can be used to establish a

timeline with the help of an age-depth model (Agenbroad et al., 2018).

3.2 Study Site

Located at 75°05'59"”S 123°19'56"E and 3233 m above sea level, EPICA Dome C (EDC) is a

dome, or flat snow summit, on the Antarctic Plateau (Stenni et al., 2010; Dargaud, 2004).
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Figure 3. Map of Antarctic ice core locations. The location of interest is marked as EDC. Schoenemann et al. (2014).

EDC ice cores were drilled from 1993-2004 according to a report completed in 2011 by
Masson-Delmotte et al. EDC experiences a mean average temperature of -54.5°C and a
relatively low amount of accumulation at about 25 kg m 2 yr ** (Masson-Delmotte et al.,

2011). As the annual layer thickness is small, layer counting is not feasible (Parrenin et al.,

16



2007). A firn densification model completed by Loulergue et al. (2007) calculated the gas
age at both EDC and EDML, while Raisbeck et al. (2007), used the beryllium-10 peak found
at 41 kyr in the EDC ice core to tie it into the NorthGRIP core’s chronology, allowing EDC to
be accurately dated (2007).

3.3 Regional settings

Levoglucosan concentration in the atmosphere is determined by the deposition and
degradation that occurs during transport as well as the atmospheric circulation (Hu et al.,
2013). The unique circulation in and around Antarctica plays a direct role in determining the
transport potential from biomass burning sources. As EDC is located in the east, focus can
be drawn to circulation patterns that impact East Antarctica (Hu et al., 2013).

The Antarctic Circumpolar Trough (ACT), a low-pressure belt located at approximately 64°S,
divides the atmospheric circulation into two sections (Hu et al., 2013). This trough is
characterized by intense cyclonic activity (Markle et al., 2012). Areas north of this divide
experience westerly winds, while areas south of the divide experience easterly winds (Hu et
al., 2013). The westerly winds drive what is known as the Antarctic Circumpolar Current
eastward around the globe (Parish & Bromwich, 2007).

Acting as a competing influence on the cyclonic ACT are the anticyclonic and fairly high-
pressured katabatic winds, or drainage winds, which are common to Antarctica (Markle et
al., 2012; Parish & Cassano, 2003). These winds descend down a slope that has been
affected by radiative cooling (Parish & Cassano, 2003). As there is an inverse relationship
between temperature and air density, it follows that the air being displaced by the katabatic
winds is warmer than the wind itself (Parish & Cassano, 2003). A further result of this
inverse relationship is that the origin of the katabatic winds is not contingent on the
orientation of the horizontal pressure gradient force in the free atmosphere (Parish &
Cassano, 2003). Overall, the topographic slope and the orientation of the ice sheets are the

primary influencers of the winds in Antarctica (Parish & Bromwich, 2007).

3.4 Levoglucosan sample collection

Using an electromechanical drill, cylindrical samples 10 cm in diameter and 55 cm long were

collected from EDC. Due to the nature of the drilling, the retaining wall contaminates the
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outside of the ice core with heavy metals and organic compounds. Decontamination was
conducted at the Laboratory of Glaciology and Geophysics of the Environment (LGGE) by
removing the external layers of the ice core with a Class 100 laminar flow clean bench. What
remained was an uncontaminated inner core which was split into two pieces, melted, and
stored in ultraclean low-density polyethylene (LDPE) bottles where they were refrozen until
they were analyzed. To lower the risk of contamination, a minimalized sample preparation
in a Class 100 clean chemistry laboratory was developed and followed. Ultrapure water was
used to wash every LDPE vial or bottle, next an ultrasonic bath was used to clean the
aforementioned bottles and vials three times, after which they were stored in plastic bags
until use, before which they were rinsed again. Further details are reported in Gambaro et

al., 2008.

3.5 Levoglucosan analysis

Analysis of the sample began immediately after 25 uL of a 1.41 ng mL” levoglucosan Bcwas
mixed with 675 uL of melted ice in ultrapure water following the analytical method
proposed by Gambaro et al., 2008. Two methods of analysis were jointly employed, liquid
chromatography and negative ion electrospray ionization by way of mass spectrometry

(HPLC/(-)ESI-MS/MS). To complete the liquid chromatographic analysis, 100 uL of the

sample was injected onto a C18 Synergy Hydro column. 180 uL min™* using a 15% v/v
methanol solution in water was then used as the composition remained constant

throughout the HPLC separation indicating an isocratic elution. An ammonium hydroxide

solution was then added at a flow of 5 uL min-1 which resulted in a 1.5 minute retention
time for the levoglucosan. To determine the levoglucosan levels in the ice, a mass
spectrometer was used. Multiple reaction monitoring allowed the data to be collected in
negative ion mode. For this method to be successful two parameters, collision energy and

collision cell exit potential, were considered and optimized by directly infusing the ion

source of the mass spectrometer with 500 ng mL " solution of levoglucosan in ultrapure
water. In the analysis of the peaks provided by the chromatography, the results showed that
the peak from the ice samples was mostly due to levoglucosan (Gambaro et al., 2008). This

is evident because of the low intensity of the m/z 161/87 and 161/129 transitions which
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occur when galactosan and mannosan, two important compounds that result from burning

biomass, are present.
3.6 Detection limits

The concentration of levoglucosan in the ice cores is very low (picogram per milliliter),
requiring special care to optimize analysis and determine the limit of detection (LOD), as
demonstrated by Gambaro et al., 2008 who analyzed six samples of levoglucosan in

ultrapure water to evaluate the procedural blanks. LOD was determined as the standard

deviation of the six procedural blanks multiplied by 3, resulting in a mean value of 3 pg mL".
Gambaro et al.’s (2008) study showed that the LOD and sensitivity results are excellent
when using (HPLC/(-)ESI-MS/MS). This is further confirmed when the levoglucosan
concentrations are considered. The minimum levoglucosan concentrations from the glacial
ice samples are, in general, greater than the LOD and the interglacial samples are

comparable to the LOD (Gambaro et al., 2008).
3.7 Charcoal record

To further our understanding of past fire regimes and correlate the data provided by
levoglucosan analysis, we can use charcoal records obtained from a continental archive,
such as lacustrine sediments (Battistel et al., 2018). The charcoal records used in this paper
were obtained using the datasets provided by the Global Charcoal Database (GCD) and the
paleofire package found in R (Blarquez et al., 2014). The paleofire package is particularly
useful as it analyzes and synthesizes the charcoal time series found in the GCD (Blarquez et
al., 2014). The Global Paleofire Working Group team started this initiative to transform the
charcoal data if needed and provide site selection, thereby allowing customized charcoal
syntheses (Blarquez et al., 2014, Battistel et al., 2018).

While it is logical that biome distribution continues to change, the proportion of Global
Charcoal Database (GCD) grassland sites compared to the modern continent or global
distribution is unequal. When compared with South America, Africa, and Eurasia; North
America and Oceania have more paleofire records (Berangere et al., 2018). Records within

these continents also vary widely due to protected environments, political instability,
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limited depositional environments, or because of difficulty reaching a potential site as a
consequence of its remote nature (Berangere et al., 2018).

When studying the temporal changes between forest and nonforest environments, pollen
records are essential. However, pollen records are limited in grass-dominated landscapes
for a myriad of reasons including differing grass pollen types as well as the lack of evenly
distributed records through time and space. It is for these reasons that no reconstruction
has been made in relation to the way a forest or grassland fire would register within the
charcoal record. In areas with a fairly developed record, most sites appear to be located on
the border of grasslands or among a forested area, so more paleofire records must be

developed within grassland environments (Berangere et al., 2018).

3.8 Packages and tools for evaluation

The data obtained from the levoglucosan record was evaluated using both Microsoft Excel
and R. Microsoft Excel was used in an attempt to use sigma values to identify the outliers
and to split the record into phases before moving back to R to visualize those phases. All
graphs are a result of the R output as are the calculations found in Table 1 and Table 2. In
addition to the basic packages allowing for calculation, the gsl and palinsol packages were

used to take a closer look at orbital parameters.

3.9 Age/depth model

The chronological and stratigraphical ordering of dates allows the levoglucosan data to
benefit from an age-depth relationship. Due to ice functioning as a low-interference matrix,
aerosol compounds at a range of depths are relatively unaltered resulting in precise dating
of the deposition (Gambaro et al., 2008; Blaauw & Christen, 2011). We can depend on the
samples closer to the surface to be younger than those at a deeper depth. As a reliable
relationship is formed between the depth of the deposit and the age, the paleoclimate can

be accurately established and studied (Blaauw & Christen, 2011).
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4. Results
4.1 Statistical analysis of the levoglucosan record

A total of 379 ice core samples from Epica Dome C (EDC) were analyzed. However, within
this set of samples 17 of them were below the detection limit and therefore removed from
further analysis. Of the 362 remaining ice core samples a range of 1.8 pg mL™*to 430 pg mL™
was detected. In a similar study, analyzing the ice cores from the Talos Dome (TD), the
detected range was 4 to 1100 pg mL™ (Battistel et al., 2018). The difference in levoglucosan
levels is not a surprise as EDC is an internal site and the transport that occurs in this area
differs from that of TD located near the coast and the Ross Ice Shelf. The remote nature of
sites located in Antarctica is best shown when compared to sites closer to anthropogenic
activity, such as two sites in Tibet that range from 10 ng mL™ to 720 ng mL™ in the Muztagh

Ata ice core and 10 ng mL™* to ~100 ng mL™* in the Tangula ice core (Yao et al., 2013).

Levoglucosan flux

Concentration {pg mi™')
200 300 400
| 1 |
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Depth (m)
Figure 4. Levoglucosan concentration data set with no transformations.

Figure 4 shows the levoglucosan record in the EDC from the mid to late Holocene. All
anomalies have been removed from the initial analysis (see Methods). There appears to be
less fluctuation between 260 m and 200 m. The shallowest portion of the graph from
around 125 m to 6.6 m marks a significant increase of fluctuation and an increase in
levoglucosan overall. The spikes on this graph have several different potential explanations

such as megafire events, high levels of atmospheric transport, increased level of fire activity,
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or simply an error of measurement (Battistel et al., 2018). To better understand the cause of
these spikes we must attempt to identify the outliers.

It must be noted that the concentration-depth profile does not significantly differ from the
concentration-age record. This correspondence is mainly due to an almost constant
accumulation rate in the EDC core section considered in this thesis. Therefore, to better
show the results obtained, the levoglucosan records will henceforth be reported and
discussed using age, taking advantage of the age-depth model previously mentioned in the
Methods section.

Figure 5 shows the levoglucosan record in the EDC from the mid to late Holocene. All
anomalies have been removed from the initial analysis (see Methods). As with depth, there
appears to be less fluctuation between 8000 yr BP and 6000 yr BP. The youngest portion of
the graph from around 3000 yr BP to 0 yr BP marks a significant increase of fluctuation and
an increase in levoglucosan overall.

Levoglucosan flux
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Figure 5. Levoglucosan concentration data set with no transformations reported in yr BP.

In order to evaluate the data distribution, a normality test was used. A histogram revealed
that the data are not normally distributed. The Shapiro-Wilk test confirmed this occurrence
as the p-value is significantly lower than 0.05 and the null hypothesis (i.e. Ho : the
distribution is normal) is rejected. Therefore, the data significantly deviates from a normal
distribution. A log transformation, as shown in Figure 6a, can be used to ensure the data
conforms to a normal or near normal distribution in order to make the data more
interpretable. At first glance of the histogram (Figure 6b) the data appears to be more

evenly distributed once the data has undergone a log transformation. The Shapiro-Wilk test
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confirms this as the p-value is 0.806. As the p-value is above 0.05 the null hypothesis cannot

be rejected
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Log-Transtormed Levoglucosan Flux

0
W

“ I

oi (E%?
w | ‘ L

Concenfration {pg mi™')

(X1

1.0
R

i

G
P _ - |
o =

Aga [y BF}

(b)

Log-transformed Histogram of Levoglucosan Flux

40
|

Frequency
20
|

10

I [ T I 1
0.5 1.0 1.5 2.0 2.5
Concentration (pg ml™)

Figure 6. (a) Levoglucosan record with no anomalies and having undergone a log transformation. (b) Histogram of log-transformed
levoglucosan record.

In order to smooth the record and potentially identify outliers, a local polynomial
regression, LOESS, can be used. Span parameters control the fit at a specific point in the
series and then weights the data nearest to it. The span parameters were altered several
times to find the best conditions. Ultimately, in order to capture more trends, a span of .2
was used (Figure 7a), and to smooth the fit more and show a comparison, a span of .75 was

also used (Figure 7b).
(a)
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Figure 7. (a) LOESS regression using .2 as the span parameter and concentration as the target variable. (b) LOESS regression using .75 as

the span parameter and concentration as the target variable.

In both examples the confidence band is not robust enough to fully capture the temporal
trends. As a result, we are limited by LOESS as it is not representative and leaves too many
outliers to truly be an effective statistic tool.

A second attempt at separating the outliers from the potential megafire events, lies within
using the standard deviation and the amount of sigma values with respect to the mean,
based on the approach proposed by Zennaro et al. 2015. Here, however, we don’t calculate
the standard deviation of the overall record but calculate the standard deviations and the
mean of the n nearest neighbours of the suspected value. The latter approach was preferred
as it seems to better recognize anomalous values, especially in the oldest part of the record

where higher levoglucosan concentrations significantly exceed the neighbors but are
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comparable with most of the values observed in the more recent part of the record. If the
suspected value exceeds three times the standard deviation, it was considered a potential
megafire event. The numbers of the nearest neighbours considered was n=2 (one left and
one right, criterion 1) and n=4 (2 left and 2 right, criterion Il). The amount of potential
megafire events differs depending on the selected criteria, but in both attempts the
megafires outnumbered the outliers. The first attempt (criterion I) showed 33 outliers and

59 megafires (Figure 8a). The second (criterion Il) showed 7 outliers and 23 megafire events

(Figure 8b).

(a)
Levoglucosan flux
o & Inlier
E — o Oublier
hd o Megaline
- 2
= [=1
E & 4 g
m B
g e
I
E 8] 2°2
[ on
R0 B o °
¢ L 9
8 81 oo 8o, o .
- O ¢
o B o =] =] .
oD D o “g%, @ Fpro e o
o Do 00 OO oG G % "%ﬁ‘- o o
. B o R e P S 3655 Y
I | I I
1] 2000 4000 GOOD 8000 10000
Age (yr BP)
Levoglucosan flux
@ @ Inlier
g . o Cublier
=+ o Megalire
= -]
= [=1
E 2 4
= 8
& 30
I
g 81 e°0
[~ [Tl -
E ﬁaﬁﬂ uu.g:'; T_"':: - o
=] % d & =]
3 B Ghedwst o .
Gi'g o %’ ° , %0 o i S Q?P%?b :%ﬁoﬁrp
B e 3 § ] L. o %
o &% GRS o 05 et ST S HE50 Cag
I I I I
o 2000 4000 E0O0 2000 10000

Age (yr BP)
Figure 8. (a) Levoglucosan concentration with potential outliers and megafires calculated using criterion (1). (b) Levoglucosan concentration
with potential outliers and megafires calculated using criterion (l1).

The potential megafires appear to increase in number as the levoglucosan fluctuation
increases, with the largest number occurring in the earliest part of the record (3000 yr BP —

present) which is also the time period with the most significant increase.
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4.2 Charcoal Synthesis

To reconstruct the fire history in a more global manner, we can turn towards the synthesis
of charcoal records (Marlon et al., 2013). Synthesizing these charcoal records and comparing
them to the levoglucosan record can allow us to observe the long-term trends in fire activity
and changes of burning biomass patterns of regions located near Antarctica (Battistel,
2018). It must be noted that there is a large amount of speculation involved when using the
individual spikes in the charcoal record to validate individual spikes in the levoglucosan
record (Battistel, 2018). For example, a study conducted by Iglesias & Whitlock (2014)
revealed high charcoal signals in Laguna Huala Hué, Argentina (GCD code: 1140) between
roughly 800 yr BP — present. This is consistent with high charcoal signals in records between
roughly 600 yr BP — 100 yr BP analyzed by Mariani & Fletcher (2017) from Hartz Lake,
Australia (GCD code: 1213). While this correlation could be valuable, the peaks also may
indicate a short period of efficient transport or intense local fire events (Battistel, 2018).

In order to get a better indication of transport and to see the potential for correlation,
charcoal records were chosen from four areas: the Southern Hemisphere between 90 and
30°S, southern South America between 90 and 30° S and between 60 and 80°W, southern
Africa between 90°S and 0° and between 0° and 70°E, and Australia/New Zealand between
90 and 30°S and between 140 and 180°E (Figure 9). These records underwent a three-step
transformation in preparation for the comparison with the levoglucosan records (Blarquez
et al., 2014). First the data undergoes a min-max rescaling, next a Box-Cox transformation to
ensure variance homogenization, and finally rescaling the data to obtain Z-scores (Blarquez

et al,, 2014).
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Figure 9. Charcoal synthesis of (a) Southern Hemisphere, (b) South America, (c) Africa, (d) Australia and New Zealand. Blue circles represent
unselected GCD sites, and red dots represent the selected sites.

By splitting the levoglucosan and charcoal records into 500, 200, 100, 50, and 25 year
intervals, temporal patterns of fire events can be better analyzed. In evaluation of the
relationship between the variables of charcoal and levoglucosan, a simple linear regression
model was used. In this case the explanatory variable is levoglucosan and the response

variable is charcoal
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Figure 10. The correlation between levoglucosan recorded at EDC and the charcoal synthesis from the Southern Hemisphere (SH), South
America (SA), Africa, and Australia/New Zealand (Aus).

When observing the output of the linear regression, attention can be brought to two
statistical values, r, the correlation coefficient (Figure 10), and the p-value (Table 2). These
statistical values work together. If the p-value is less than 0.05, the correlation is considered
significant. The correlation coefficient itself, which measures the strength and direction of a
linear relationship between charcoal and levoglucosan within the records, is positive in each
of the five intervals and four regions indicating a positive linear relationship. The strength of
this relationship differs and drops as we move through the different intervals. The 500-year

interval has the strongest linear relationship in each sampled region.
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Table 2. Correlation coefficient through the five selected time intervals of the Southern Hemisphere, South America, Africa, and
Australia/New Zealand. The p-value is based on the usual significance level, alpha = 0.05. If the p-value is <0.05 (red), the correlation is
considered significant. If the p-value is >0.05 (black), the correlation is not considered significant.

Nr.
Sites 500 yr 200 yr 100 yr 50 yr 25yr
Southern 183 | 0634 | 0432 | 0300 | 0219 |0.237
Hemisphere
South 32 | 0300 | 0164 | 0217 | 0231 |0.293
America
Africa 35 | 0612 | 0398 | 0281 | 0160 | 0.095

Australia and

142 0.575 0.365 0.203 0.075 | 0.064
New Zealand

4.3 Identification of phases

After studying the temporal trend, the record was split into seven phases (Figure 11a-g) to

better evaluate the potential transitions in fire regimes.

29



Q
—
O

-

Phase 1: Levoglucosan Flux Phase 2: Levoglucosan Flux

(=
~ 8 8
T ¥ Lo,
E E |
2 §- g
2 & - 9
c c 31
i o k-]
g 87 5 w2
& §
o
£ S g 21
o o
o o
o 0
T T T \ T T T
3700 3750 3800 3850 3900 3950 4000
Age (yr BP) Age (yr BP)
() (d)
Phase 3: Levoglucosan Flux Phase 4: Levoglucosan Flux
(=1
T 7 = 8 R
= T
g 2 2 °
= = o |
s © g 7
B oo g g
AN 5
w _|
2 o _| 2 -
Q o Q
[&] [&] e 4
o
T T T T
4000 4500 5000 5500 6000 6500 7000 7500 7600 7800 8000 8200
Age (yr BP) Age (yr BP)
(e) (f)
Phase 5: Levoglucosan Flux Phase 6: Levoglucosan Flux
o
o n
— no —
2 E g
g2 g L
5§ - s 7
= £
= € g -
8 3 e
T T T T T T T T f
8400 8600 8800 9000 9200 9300 9400 9500 9600
Age (yr BP) Age (yr BP)
Phase 7: Levoglucosan Flux
[ =
— 53]
T
= i
2 g
c
) -
B
§ B
o
c 4
Q
o
(=
(]
T T T \
9800 10000 10200 10400
Age (yr BP)

Figure 11. The seven phases of the levoglucosan flux. Please note the changes in the axes. (a) Phase 1 of the levoglucosan record spanning
from 38 yr BP to 3672 yr BP. (b) Phase 2 of the levoglucosan record spanning from 3709 yr BP to 4019 yr BP. (c) Phase 3 of the levoglucosan
record spanning from 4057 yr BP to 7498 yr BP. (d) Phase 4 of the levoglucosan record spanning from 7539 yr BP to 8319 yr BP. (e) Phase 5
of the levoglucosan record spanning from 8361 yr BP to 9207 yr BP. (f) Phase 6 of the levoglucosan record spanning from 9242 yr BP to
9652 yr BP. (g) Phase 7 of the levoglucosan record spanning from 9686 yr BP to 10479 yr BP.

30




To ensure that the data sets are normally distributed within the phases, a histogram and
Shapiro-Wilk test were utilized. According to the histograms and the p-value calculated for

each section, several phases were already considered to have a normal distribution. As a

result, no log transformation was completed, and the following analysis was conducted

under the assumption of normality.

To determine if the sample means are significantly different between the phases, 21 Welch

Two Sample t-tests were conducted (Table 3). If the p-value was less than .05, the null

hypothesis was rejected and there does appear to be a difference between the averages of

the two groups. If the p-value was greater than .05, there was a failure to reject the null

hypothesis.

Table 3. Welch Two Sample t-test results based on the usual significance level, alpha = 0.05. If the test is considered statistically different
(red), there is a difference between the true averages. If the test is not statistically different (black), there is no difference between the true

averages.

Phase |1 |2 3 4 5 6 7

1 - | 8.479%e-16 | 2.2e-16 | 2.2e-16 | 2.789e-05 | 3.802e-11 | 0.0001

2 - |- 0.1142 | 0.1189 | 0.0151 0.0712 5.201e-06
3 - |- - 0.9929 | 0.0655 0.4082 2.749e-05
4 - |- - - 0.0670 0.4172 2.776e-05
5 - |- - - - 0.2112 0.1121

6 - |- - - - - 0.0005

7 - - - - - - -

A boxplot can help to better compare the distributions between the phases (Figure 12). A

large number of outliers can be observed in phase 1, while outliers are absent from phases

2,4, and 6.
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Figure 12. Phase 1 of the levoglucosan record spanning from 38 yr BP to 3672 yr BP. Phase 2 of the levoglucosan record spanning from
3709 yr BP to 4019 yr BP. Phase 3 of the levoglucosan record spanning from 4057 yr BP to 7498 yr BP. Phase 4 of the levoglucosan record

spanning from 7539 yr BP to 8319 yr BP. Phase 5 of the levoglucosan record spanning from 8361 yr BP to 9207 yr BP. Phase 6 of the
levoglucosan record spanning from 9242 yr BP to 9652 yr BP. Phase 7 of the levoglucosan record spanning from 9686 yr BP to 10479 yr BP.
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5. Discussion

5.1 Atmospheric Transport

Using back trajectory, a method of analysis that traces a parcel of air from the location it
was sampled back to its origin, we are able to determine the potential source contributions
of biomass burning emissions. However, it is not clear that atmospheric transport of today
was constant throughout the Holocene. According to a study by Stohl and Sodemann (2010),
the subpolar band located around Antarctica has the lowest probability for transport from
the stratosphere at any time of the year. However, as seen in Figure 13, Antarctica’s interior
has a much higher transport probability than the subpolar band (Stohl and Sodemann,
2010). This is due to the subsidence over Antarctica as well as stratospheric intrusions that

happen within midlatitude cyclones (Stohl and Sodemann, 2010).

a) Spring ) ] b) Fall

,
0 005 0.09 019 038 0.75 1.5 3 6 0 0.05 0.09 019 038 0.75
(%) (%)
Figure 13. Probability that within the last 10 days air has arrived from the stratosphere and entered the lowest 500 m in both spring and
fall. Spring is defined as September, October, and November and fall is defined as March, April, and May. Stohl and Sodemann (2010).

To determine potential sources of levoglucosan the time of year must be taken into
consideration as South America and Australia reach a maximum of biomass burning in the

spring, and Southern Africa reaches a maximum during the winter.
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Figure 14. Potential source contributions of black carbon from biomass burning in both winter and summer. The particles had to spend a

minimum of five days in the Antarctic and reach an altitude of at least 1000 m above sea level. Stohl and Sodemann (2010).

In a study conducted by Hu et al. (2013), Levoglucosan was detected in a sample recovered
from 62.21°S, 97.77°E. The back trajectory determined that this levoglucosan had been
transported by westerly winds from West Antarctica (Hu et al., 2013). At another site in
which levoglucosan was detected, located at 66.40°S, 68.39°E, it would have to be
transported over continental Antarctica by easterly winds as it is south of the ACT (Hu et al.,
2013). As the surface inversion is weaker and there is a breakdown of the circumpolar
vortex in the summer, South America is the likely origin point in both of the aforementioned
samples (Hu et al., 2013). Because the levoglucosan found at 66.40°S, 68.39°E would have
been transported over continental Antarctica, Hu et al. hypothesized that levoglucosan
would have been deposited in continental Antarctica in higher detectable levels (2013). The

ice cores collected from EDC support their hypothesis.

5.2 Vegetation during the Holocene

Biomes and ecosystems continue to shift as the climate shifts. As a result, the biomes and
vegetation patterns we see today are not completely consistent with the biomes and

vegetation patterns present during the Holocene, as seen in Figure 15.
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Figure 15. Vegetation maps produced by BIOME 6000 comparing the vegetation patterns from 0 ka and 6 ka. Harrison and Prentice (2003).

Before satellite records came into existence, our understanding of varying biomes, and
specifically grasslands, is relatively limited (Berangere et al., 2018). In order to better
understand global biomass burning and the resulting emissions, we must consider the
differences in not only the continents, but between grasslands and forests as well

(Berangere et al., 2018).
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5.3 Climatic Variables

Levoglucosan signals are not just subject to atmospheric transport nor is their occurrence
limited to the availability of biomass. While those are two important variables, as without
biomass to be burned and without transport to Antarctica there would be no levoglucosan
to be found, we must consider other variables that can limit or enhance the burning of
biomass. Each variable could cause the levels of levoglucosan to be misrepresented whether
it be by making a fire event seem more extreme, or by limiting transport and thereby
eliminating the fire record. Some of these variables are temperature, precipitation-
evaporation cycle, ENSO, SAM, orbital parameters, as well as the seasonal insolation. Other
variables such as CHa or CO; help to provide context to the levoglucosan record.

In the last ~200 kyr the atmospheric concentration of CHs (methane) has shifted
considerably (Bender et al., 2007). While wildfires are not the top driver of methane
emissions (Table 3) changes in the fire regime and biomes during the Holocene help

substantiate the changes in the CHs record (Chappellaz et al., 1993, Bock et al., 2017).

Table 4. Natural budgets of methane throughout the Last Glacial Maximum, Pre-industrial Holocene, and up to 1993. Chappellaz et al.
(1993).

Preindustrial
Source/sink Present® Holocene LGM

wetlands 115 135 75
wild animals 2-6 15 20
termites 20 20 20
wildlires 5 5 5
ocean/freshwater 10 10 (1]
CH, hydraies 5 5 ]
s0il sink — 10 —10 — 10
total 150 1 By I 20

Methane serves as a climate proxy that, according to Bender et al. (1997), best interprets
changes such as precipitation or temperature. However, in a study conducted by Bock et al.
(2017), methane that is enriched in '3C (6*3CHa), is sourced from geologic emissions of old
methane as well as burning biomass (2017). While the Holocene is the time period under
observation, it is of interest to expand the time period when considering methane in order
to see the increase of 6§'3CH4 emissions leading up to the Holocene as seen in Figure 16

(Bock et al., 2017).
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Figure 16. Methane (6*3CHa) levels from GISP2 in Greenland, TALDICE, EDML, and EDC in Antarctica. These records have been measured
with no krypton interference. Bock et al. (2017).

Decreasing CH4 emissions are observed as peatlands change into bogs which helps to explain
why 63CH4 emissions began to level out throughout the Holocene. However, the biomes
alone cannot account for the increase as observed in Figure 16 (Bock et al., 2013). In the
study that Bock et al. (2017) oversaw, an increase in fire frequency due to the decrease in
herbivorous megafauna is a likely culprit of the extreme changes. In fact, by using the 3C
isotope, Bock et al.’s (2017) study found that the Holocene was impacted by a higher level
of fire activity when compared to the Last Glacial Maximum.

Variations in the fire activity are impacted by several different drivers with temperature
classified as the most important (Battistel et al.,2018). However, temperature is not the
variable that fire is directly dependent on, and there is not a direct linear relationship
between the two (Battistel et al., 2018). Temperature is responsible for influencing and
driving fire-supporting weather (Daniau et al., 2012). Temperature does play a large role in
the precipitation - evaporation balance which is considered the second most important
driver related to fire activity (Daniau et al., 2012; Battistel et al., 2018). This cycle, or
balance, works to explain the amount of fuel available to burn in different environments
(Daniau et al., 2012). The key to higher fire activity and greater amounts of burning biomass
lies within an environment experiencing intermediate moisture levels (Daniau et al, 2012). If
the environment is already considered wet and it experiences an increase in precipitation,
the increase in available precipitation to burn is offset by the fuel being too wet to burn
(Daniau et al, 2012). If what is considered to be a dry environment sees an increase in
precipitation, there will be more vegetation available to burn and in turn, more fire activity

(Daniau et al, 2012).
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Despite an irregular two-to-seven-year pattern, the disruptions in precipitation,
temperature, wind, and atmospheric transport that happen during El Nifio and La Nifia
(ENSO) are fairly predictable (Mufoz-Diaz et al., 2005). While changes in precipitation and
temperature affect the biomass that is available for fuel, changes in geopotential height
(Figure 17) affect the pressure surface and therefore affect the atmospheric transport over

Antarctica (Markle et al., 2012).

Positive ENSO
La Nina

Negative ENSO
El Nifo

850 mb geopotential height anomaly (m)
Figure 17. a) Geopotential height anomalies that occur during a) La Nifia and b) El Nifio. Markle et al. (2012).

Whether it is a typical or ENSO year, cyclonic flow originates from one of two
climatologically low-pressure areas, Amundsen Sea or Ross Sea effecting West Antarctica
(Markle et al., 2012). East Antarctica tends to experience more anti-cyclonic and trans-
continental flow (Markle et al., 2012). The geopotential heights shift according to the
positivity or negativity of the ENSO with positive anomalies being associated with a negative
ENSO and an increase in Amundsen Sea trajectories, and negative anomalies associated
with a positive ENSO and an increase in Ross Sea trajectories (Markle et al., 2012). As EDC is
located in Eastern Antarctica, La Nifia events (positive ENSO) are of particular interest
because there is an increase in trajectories that cross West Antarctica as the low-pressure

system in the Amundsen Sea is stronger (Markle et al., 2012).

Roughly 35% of climate variability in the Southern Hemisphere can be attributed to the
Southern Hemisphere Annular Mode, otherwise known as SAM (Marshall, 2007). Gong and

Wang (1999) proposed an empirical definition to calculate SAM, it is the difference in zonal
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mean atmospheric pressure at 40° and 65°S. Much like ENSO, the conditions in different
parts of Antarctica react differently to positive or negative SAM values (Marshall &
Thompson, 2016). If SAM is positive West Antarctica will experience wet conditions and East
Antarctica will experience drier conditions as seen in Figure 18 (Marshall & Thompson,

2016).

Positive SAM

Negative SAM

850 mb geopotential height anomaly (m)
Figure 18. a) Geopotential height anomalies that occur during a) Positive SAM and b) Negative SAM. Markle et al. (2012).

The wet conditions experienced in Western Antarctica during a positive SAM extend to
South America which endures a southward shift of storms, which may lead to an increase in
aerosol transport (Battistel et al., 2018). In a study conducted by Gomez et al. (2011), stable
isotope temperature estimates for the EPICA Dome C ice core were used to attempt to link
SAM to long-term temperature changes. However, the results indicate that annual
insolation and precession have a greater impact (Gomez et al., 2011).

The amount of solar radiation that a planet receives is called insolation. Insolation, much
like temperature, is a major driver of biomass burning (Zennaro et al., 2015). While
insolation alone does not cause fire, there does tend to be a correlation of insolation and
fire activity (Zennaro et al., 2015). This is due to insolation affecting the growth of

vegetation (Battistel et al., 2018).
5.4 Orbital Parameters

A study by Arienzo et al. (2017) considered South America to be the dominant source of

black carbon in Antarctica and it is postulated that these changes are in part linked to
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insolation. To greater understand insolation patterns affecting the Southern Hemisphere, it
is useful to take a closer look at the Milankovitch cycles: obliquity, eccentricity, and
precession (Campisano, 2012). Affecting the distribution of solar radiation is obliquity
(Timmerman et al., 2014). As the Earth moves through high and low obliquity phases, the
annual mean insolation varies (Figure 16a) (Timmerman et al., 2014). Earth’s orbit is not a
perfect circle, eccentricity measures the shape of Earth’s orbit, and how elliptical it is (Buis,
2021). According to NASA Earth’s eccentricity is small and therefore its effect on insolation
is negligible (Figure 16b) (Buis, 2021). The sun and the moon are gravitational influences
upon Earth, these influences cause Earth to totter on its axis as it rotates and as it orbits
(Buis, 2021). This precession cycle causes the differences in how both hemispheres
experience their seasons (Figure 16c¢) (Buis, 2021). As this cycle is 25,771.5 years long, and
we have 13,000 years until the conditions flip, we can assume that present-day seasons are
similar as to the seasons in the Holocene (Buis, 2021). The Southern Hemisphere
experiences more extremes in solar radiation, hot summers, and little moderation between
seasons (Buis, 2021). As can be seen in all three of the orbital parameters, the cycle is long
and gradual enough to not have a significant impact on the levoglucosan increase that is

observed in the early (3000 yr BP-present) Holocene.
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Figure 19. Orbital parameters a) obliquity, b) eccentricity, and c) precession throughout the Holocene.
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5.5 Charcoal correlation

The analysis and results above appear to indicate an increase in anthropogenic activity
which led to an increase in the burning of biomass during the more recent years. This could
be due to an increase in agriculture throughout the Holocene. Agriculture is an intensive
resource-use system, and its evolution would have been relatively slow (Richerson et al.,
2001). The development of agriculture impact would be sparce in the beginning, but with an
increase in population and land use, this evolution became exponential not linear as can be
seen in the levoglucosan flux (Figure 5) and as will be discussed.

The evidence of correlation between charcoal and levoglucosan is strongest in the Southern
Hemisphere and weaker from individual regions with the exception of Africa which shows a
strong correlation, but a limited number of sites (Table 2). Within the Southern Hemisphere
the correlation appears to increase when the window of time is larger (i.e., 500-year time
interval is higher than the 25-year time interval). This means that the levoglucosan from EDC
better intercepts the long-term variations rather than the short-term variations. Overall, the
correlation is higher within the Southern Hemisphere, suggesting that EDC is able to collect
a hemispheric signature of fires, and indicates a natural synthesis and evolution of fire

occurrence in the Southern Hemispheric level as a whole.

5.6 Levoglucosan phases

We can observe that Phase 7 (9700 yr BP to 10500 yr BP) is statistically different from the
other phases. This is partly because when the Holocene started fire activity was high, due to
the movement from glacial to interglacial (Marlon et al., 2013). At this time CO; and
temperature increased causing the biomass to flourish. The temperature record as seen in
Figure 20 helps support this as the temperature gradient changed abruptly. This rate of
change is important as it is a natural factor that strongly effects fire occurrence as can be
noted in the early Holocene (Battistel et al., 2018). It is likely that wet and dry seasons
began to alternate at this time which promoted fire activity. Moreover, monsoons reached
their maximum about 8,000 yr BP and this played a role in creating wet summers (more
biomass) followed by more arid mid-seasons. During the mid-late Holocene, temperature
slowly decreased likely impacting fire activity. This is evident in the box plot (Figure 12) as

there is a slow and progressive decrease in the mean from Phase 7 to Phase 2. Phase 2 is not
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different from its adjacent Phase 3 or even Phase 4, but it is different from Phase 7. If only
natural factors are assumed, the results indicated in Phase 1 would be unexpected. It is

logical to assume that the signal present in Phase 1 can be deemed anthropogenic.

Southern Hemisphere (60°5-30°S) Reconstruction
Mc‘dlt'wl Warm
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Figure 20. Temperature anomalies between 60°S-30°S. May (2017).

The rate of change in regard to the temperature is lower in the late Holocene. In fact, the
natural climate as a whole did not experience much natural variability in the late Holocene
(Battistel et al., 2018). Therefore, it is logical to assume the signal observed in Phase 1 (40 yr
BP to 3700 yr BP) could be anthropogenic. This increase, that begins between 4000-3000 yr
BP, could be attributed to the impact of early human activities such as agriculture. This is
shown further in Table 3, as it appears the fire regime began to move away from a natural
stability. This could be a result of anthropogenic influence as humans made a move towards
agriculture. According to a study conducted by Stephens et al., land use increases for the
purpose of intensive agriculture can be dated to roughly 3000 years BP at a global level

(Figure 18) (2019).
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Figure 21. Earliest agriculture onset at the common prevalence level which is 1-20% of the land area. Stephens et al. (2019).

As can be noted by Figure 21, the Southern Hemisphere experience delayed and limited
development of agriculture when compared to the Northern Hemisphere (Battistel et al.,
2018). However, Richerson et al. (2001), argues that the use of agriculture would help
groups out-compete the groups that relied upon hunting and foraging. Therefore, during the
Holocene, the Southern Hemisphere would be impacted by a constant move towards

subsistence intensification (Richerson et al., 2001).
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6. Conclusion

In this thesis, | evaluated the levoglucosan record obtained from the analysis of the EDC ice
core collected in Antarctica when the site was actively being drilled from 1993-2004. The
analysis of the record and the comparison with the major climatic variables show that the
fire regime abruptly increased during the early Holocene mainly due to the abrupt transition
from the glacial to the interglacial period. The increase during the Holocene is consistent
with the contribution of natural factors as an increase in temperature affected the biomass
availability and promoted the oscillations between seasonal wet and dry conditions. It is
likely that the high monsoon activity during the early Holocene may have played a role in
enhancing fire activity. During the mid-Holocene, the decrease in monsoons as well as the
stabilization of the climate may have contributed to a reduction in the fire occurrence.
Finally, around 3500 yr BP, fire increased to values even higher than during the Early
Holocene. This increase is quite unexpected since natural factors did not fully corroborate
the increase. This change in fire regime is therefore more likely due to anthropogenic
factors that are related to an increase or intensification of the agricultural activity required
to create open spaces or from taking advantages of slash-and-burn agriculture. This increase
occurs noticeably earlier than the industrial revolution indicating that early humans may
have impacted the Earth System even earlier than the currently accepted timeline. This

evidence suggests that a more robust definition of the Anthropocene can account for this.
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