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Abstract

Despite its large volume, Lake Baikal has been experiencing recent changes within its
limnological and biological structure, as well as changes within lake water nutrient and
dissolved organic carbon concentrations. The biological changes within Lake Baikal include
alterations within the distribution and abundance of major phytoplankton and zooplankton
groups. These limnological changes are likely to be from both climate warming and
anthropogenic impact, particularly over the last few decades. Recent shoreline observations
in the South and North regions of Lake Baikal have found large blooms of filamentous green
algae, which has been associated with nutrient enrichment from surrounding settlements and
growing tourism. This highlights the question as to whether the pelagic regions are similarly

showing any signs of anthropogenic driven nutrient enrichment.

The aim of this thesis was to examine if pelagic Lake Baikal is showing any evidence of
eutrophication and/or response to climate warming. The main themes of the research were to
assess the modern-day limnological condition of Lake Baikal in the summer (August 2013)
and winter (March 2013) months, and to examine Baikal’s phytoplankton response to nutrient
enrichment via the construction of mesocosm experiments. High-resolution limnological
change was then reconstructed from sediment cores across the lake. Sites were chosen within
pelagic regions, bays and shallow waters nearby river inflows, and palaeolimnological records
were used to assess primary production changes and floristic changes over the last few
centuries. This timespan enables both natural variability within the system to be explored, and
more recent changes pre and post known human influence within the catchment area (c. 1950
AD). The main palaeolimnological techniques applied for primary production proxies were
sedimentary algal pigments, stable isotope analysis of bulk organic carbon and diatom valve
concentrations. Mercury analyses was also applied to water samples and sediment cores as a
pilot study to explore toxic metal pollution at Lake Baikal, due to mining activity along the

Selenga River, and examine historic levels of mercury contamination.

Both modern-day limnological surveys and palacolimnological records seem to be showing
increasing algal biomass (chlorophyll-a concentrations) over the last 60 years, with decreasing
trends in diatom production (from diatoxanthin pigment concentrations and diatom valve
concentrations) in the South basin. Spatial survey data represents a snap shot in Baikal’s
limnology in late summer (August 2013), and shows higher than expected concentrations of
total phosphorus within the mixing layer, which fall within the meso-eutrophic range.

Dissolved organic carbon concentrations seem to now be higher within Lake Baikal’s waters,



and both nitrate and silicate concentrations appear to be similar to known previous
concentrations at Lake Baikal. A pilot study of mercury concentrations within Lake Baikal
waters and sediments, show no signs of mercury contamination from mining activity along
the major river inflows, and atmospheric deposition. Experimental results show that within
the pelagic regions of Lake Baikal, nitrogen, phosphorus and silicon are influencing algal
communities, with Si addition stimulating diatom growth, nitrogen and phosphorus addition
stimulating chlorophyte growth, although overall nutrient treatments did not increase
chlorophyll-a yield. Interestingly, experimental findings also highlight the potential influence
of picocyanobacteria populations on silicon cycling. Concentrations of sedimentary
chlorophyll-a concentrations (plus its derivatives) rise prior to major industrial influence
within the Baikal catchment region, and stable carbon isotope records show a positive
correlation with chlorophyll-a concentrations in the South basin, Selenga and Maloe More
sites. Total phosphorus concentrations could be a result of both anthropogenic nutrient
pollution, entering into the lake via the Selenga River, and climate driven changes in lake
stratification and nutrient utilisation by algae. Results from limnological surveys and
palaeolimnological records are thus likely to be reflecting both recent anthropogenic impact
and climate change (rising lake water temperatures, declining ice cover thickness and duration
and increasing river inflow from permafrost thaw), within the pelagic regions, especially given
that recent work provides evidence of toxic cyanobacterial and chlorophyte blooms within the
shallow waters of Lake Baikal. For the Maloe More site, which is a bay off the Central basin,
results show a rise in sedimentary chlorophyte pigments post 1950 AD, suggesting that this
bay region of Lake Baikal is currently being affected more than deeper water sites, by human

influence, showing signs of eutrophication due to a switch in algal community composition.
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The wider research project

This PhD research was part of a wider research project at the University of Nottingham,
funded by NERC, which used silicon isotopes (5°°Si) to examine recent environmental change
and anthropogenic pollution at Lake Baikal. A modern-day §°°Si from waters in August 2013
were collected to look at nutrient DSi utilisation of the spring bloom in Lake Baikal. The
transfer of silicon isotopes into the sediment record was also examined (Panizzo et al. 2016).
Production trends seen from pigment results presented in Chapter Five, support the trends seen
in the vertical profiles of §°Si isotopes within Baikal’s water column in August 2013 (Panizzo
et al. submitted). Furthermore, sedimentary 5°°Si and pigment records (pigment data presented
in Chapter Seven) provide methods of reconstructing changes in algal productivity from the
photic zone, over the last 200 years and last 1000 years. These two timescales were chosen to
examine impacts of recent 19" and 20™ century catchment development and climate change
on nutrient utilisation, and ascertain the response of Lake Baikal to longer term climatic
changes, where the influence is through changes in snow/ice cover and nutrient supply to the

photic zone.
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Chapter One: Introduction

1.1 Anthropogenic impacts on ancient lakes

High levels of endemism are found within all the worlds ancient lakes, and anthropogenic
activity over the past century (agriculture, urban development, industrial development,
anthropogenic climate change) has been resulting in alterations within nutrient concentrations,
nutrient cycling, lake levels, water temperatures, thermal stratification and biological
assemblages (Vander Zanden et al. 1999; O’Reilly et al. 2003; Micklin, 2007; Thackeray et
al. 2013; Francis et al. 2014). For example, Lake Titicaca and the Aral Sea (Abbott et al. 1996;
Cretaux et al. 2013) have experienced lower water levels and Lake Victoria has experienced
drought, as well as recent anthropogenic pressures and increased nutrient pollution from urban
growth (Abbott et al. 1996; Stager et al. 2003). Most of these rapid limnological and ecological
changes have not been seen before in the lakes, occurring at unprecedented rates (Matzinger
et al. 2007), and sites close to polluted river inflows in Lake Ohrid, Lake Victoria and Lake
Biwa, exhibit shifts towards non-endemic species (Sechausen et al. 1997; Tsugeki et al. 2003;
Matzinger, 2006; Matzinger et al. 2007; Lorenschat et al. 2014). These detected shifts towards
non-endemic species and surface water blooms of cyanobacteria (Matzinger et al. 2007), are
a result of eutrophication which is nutrient enrichment within lakes promoting growth of
smaller and more competitive algae. Eutrophication will therefore have detrimental effects on
the ecosystem of these ancient lakes, resulting in the loss of endemic species and water quality

deterioration.

The research in this thesis focuses on the recent ecological changes occurring in Lake Baikal
(Figure 1; Table 1), which is the oldest, deepest and most voluminous lake. Lake Baikal is a
large UNESCO World Heritage site in southern central Siberia (Russia), located between 51°
and 56° North, and 104° and 110° East. The lake formed over 25 million years ago on an active
continental rift (Kozhov, 1963) (Figure I, Table 1). It is more than 600 km long, 80 km wide,
and the deepest point is 1640 m (Kozhov,1963). Due to these dimensions, Lake Baikal has a
water capacity of ¢. 23,600 km’ which is equivalent to all the Laurentian Great lakes together
(Kozhova and Imesteva, 1998). Thus, Lake Baikal holds 20% of the worlds freshwater not
locked up in ice-sheets, with photic zone depths up to 40 m (Kozhova and Izmest’eva, 1998).
Lake Baikal has never been glaciated due to its continental location (Grosswald and Kuhle,
1994), and has low extinction rates (Cristescu et al. 2010). This long-lived lake is an
internationally important freshwater site, known for its great biodiversity, with 75% of its flora

and fauna being endemic (Kozhova and Imesteva, 1998).



Figure 1: Ancient lakes across the globe. See Table 1 for name (Source: Mackay, 2013).
Lake Baikal is shown as number 2.



Table 1: Ancient lakes, defined as those which have experienced at least one full glacial
cycle. Adapted from Herdendorf (1982) but updated from http://www.worldlakes.org/
(Source: Mackay, 2013).

Volume Name Volume Latitude Longitude Origin Country
Rank (km3 )

1 Caspian 78,200  42°00'N 50°00'E  Tectonic Azerbaijan
Iran
Kazakhstan
Russian
Federation
Turkmenistan
2 Baikal 23,600  54°00'N 109°00'E  Tectonic Russia
3 Tanganyika 19,000 6°00'S 29°30'E  Tectonic Burundi
Congo
(Democratic
Republic)
Tanzania
Zambia
4 Superior 12,100  47°30'N 88°00'W Glacial Canada
USA
5 Malawi 7775 12°00'S 34°30'E  Tectonic Malawi
Mozambique
Tanzania
6 Michigan 4,920  44°00'N 87°00'W Glacial Canada
USA
7 Huron 3,540 45°00'N 81°15'W Glacial Canada
USA
8 Victoria 2,760 01°00'S 33°00'E  Tectonic Kenya
Tanzania
Uganda
9 Great Bear 2,292 66°00'N 121°00'W Glacial Canada
10 Great Slave 2,088 62°40'N 114°00'W Glacial Canada
11 Issyk-Kul 1,738  42°30'N 77°15'E  Tectonic Kyrgyzstan
12 Ontario 1,640  43°30’N 77°45°W Glacial Canada
USA
13 Titicaca 932 15°45'S 69°30'W  Tectonic Bolivia
Peru
14 Ladoga 908  61°00'N 31°30'E Glacial Russia
15 Hamouni 510 31°00'N 61°15'E  Tectonic Afghanistan
Helmand Iran
16 Erie 484  42°15'N 81°15'E Glacial Canada
USA
17 Hovsgol 380  51°00'N 100°30'E  Tectonic Mongolia
18 Winnipeg 371 52°30'N 97°45'W Glacial Canada
19 Kivu 333 2°13'S 29°10'W  Tectonic Congo
(Democratic
Republic)
Rwanda

20 Nipigon 320 49°50'N 88°31'W Glacial Canada



The high biodiversity at Lake Baikal is a result of evolutionary processes over millions of
years, and due to the entire water column being oxygenated, allowing for the development of
deep-water faunal communities (Shimaraev et al. 1994). Over 570 algal species have been
identified in the lake, with nearly a third of these being endemic (Kozhova and Izmesteva,
1998; Popovskaya et al. 2006). Endemism is present at each level in the food web, with

endemic diatoms, zooplankton, fish and the world’s only freshwater seal.

Since mid 20™ century, Lake Baikal’s ecosystem and pristine waters have been threatened by
anthropogenic pollution, largely in the form of industrial waste and untreated sewage from
growing shoreline settlements and tourist resorts. The extent of anthropogenic activity within
Baikal’s catchment is discussed in detail in Chapter Two, along with the palaeolimnological
studies which have examined the impact of hunter gatherer communities on Baikal’s aquatic
vegetation, and detected the onset of industrial activity since the 1950s. The extent of these
potential impacts on Baikal’s algal community composition remains largely unknown, and
this research aims to examine the drivers of algal change through the application of
experimental studies (Chapter Four), modern day sampling (Chapter Five) and historic trends

(Chapter Six; Chapter Seven).

1.2 Algal community response to nutrient enrichment

As it is not known how Baikal algal groups might react to changes in nutrient concentrations,
experimental studies are valuable tools to explore changes under controlled nutrient
conditions. Eutrophication in lakes is the enrichment with nutrients (N, P and Si), which often
results in the dominance of competitive non-motile algal groups, such as cyanobacteria
(Schindler, 1971; Hecky and Kilham, 1988; Conley et al. 1993; Riedinger-Whitmore et al.
2005; Callieri, 2007, Heisler et al. 2008). Phosphorus loading from sewage, is one of the main
causes of cyanobacterial blooms, along with warming of the surface waters and changes in the
mixing regime, such as at Lake Erie, one of the Laurentian Great Lakes (Reavie et al. 2014b).
Other factors such as temperature, light and pH may also affect the competitive ability of
cyanobacteria. Silica is utilised by siliceous algae, such as diatoms, and nitrogen and
phosphorus enrichment can result in lower dissolved silicate concentrations by promoting
diatom blooms, leading to silicon limited diatom growth in some lakes (Conley et al. 1993).
This is referred to as the silicon depletion hypothesis (Schleske and Stoermer, 1971; 1972),
which has been observed in the Laurentian Great Lakes (Schelske et al. 1988).
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Figure 2: Conceptual diagram of silicon accumulation in the sediment record (Schelske et

al. 1983).

The silicon depletion theory is applicable to deep lakes and associated with nitrogen and
phosphorus enrichment, which cause an increase in diatom production (Schelske et al. 2006)
(Figure 2). Some of the diatoms produced are sequestered within the sediments, or diatom
dissolution occurs within the deep waters isolated from the photic zone. Once sequestered
within sediments the silica is permanently removed from the water column, however within
the water column, mixing of dissolved silica from the deep layers to the surface waters is a
long-term process (Schelske et al. 1988). As the silicate supplies are depleted by diatom
growth, the excess supply of phosphorus and nitrogen can then be utilised by chlorophytes
and cyanobacteria (Officer and Ryther, 1980), potentially resulting in surface blooms of green
filamentous and cyanobacteria algae. Therefore, long-term Si depletion is of concern in lakes
which are undergoing nutrient enrichment, and could present a future concern for Lake Baikal

if the pelagic waters are eutrophying from anthropogenic nutrient enrichment.

1.3 Early signs of eutrophication at Lake Baikal

The pelagic regions of Lake Baikal have not been recently examined for evidence of
eutrophication, and previous studies have reported that the pelagic deep waters are not
showing any evidence of cultural eutrophication from diatom assemblages (Mackay et al.

1998). This provides a gap for the research within this thesis, to examine the perceived threats



to water quality, which are discussed in detail in Chapter Two, on Lake Baikal. Recently
published palaecolimnological work has found evidence of benthic eutrophication within the
last 5 years, with the occurrence of Spirogyra blooms to water depths of 2—5 m, within the
near-shore waters of Lake Baikal’s North and South basins (Kravtsova et al. 2014; Timoshkin
et al. 2015; 2016). Spirogyra blooms were by coastal settlements in Listvyanka in the South
basin, Khuzhir in Maloe More Bay and Khakusy Bay in the North basin, which are popular
tourist destinations and high concentrations of fecal indicator bacteria have been found
(Timoshkin et al. 2016) (Figure 3). Diseases in endemic Lubomirskiidae sponges, which are
water filters, were found across some of the North and South basin coastal regions, alongside
the Spirogyra blooms (Timoshkin et al. 2015). The bioaccumulation of organochlorine
contaminants within the endemic sponges has been suggested to be the cause of the mortality
(Timoshkin et al. 2016), and nutrient enrichment from inputs of untreated waste water from
shoreline settlements and tourist resorts has been suggested to be the cause of the large
Spirogyra blooms (Kravtsova et al. 2014; Timoshkin et al. 2014; Timoshkin et al. 2016).
Tourist activity is focussed around Baikal’s bays, such as Listvyanka and Khuzhir, and these
regions were visited by c. 300, 000 and c. 500, 000 tourists respectively in 2014 (Timoshkin
et al. 2016). Prior to this recent work (Kravtsova et al. 2014; Timoshkin et al. 2015; 2016),
palaeolimnological studies at Lake Baikal have found large blooms of colonial nitrogen-fixing
cyanobacteria, mainly consisting of Anabaena and Gloeotrichia, in Barguzin Bay, Chivyrkuy
Bay and littoral regions of the North basin (Peshanaya Bay and Baikalskoe harbour), and
within Listvyanka Bay in the South basin (Wantanabe and Drucker, 1999) (Figure 4). Blooms
of Microcystis and Aphanizomenon have also been observed in Maloe More Bay, off the
Central basin, and Chivyrkuy Bay in the North basin (Wantanabe and Drucker, 1999) (Figure
4). These algal species are seen in highly eutrophic temperate lakes, and within Lake Baikal
they have been observed in littoral regions, such as bays into which large rivers flow, such as
close to the Selenga and Barguzin River inflows (Wantanabe and Drucker, 1999) (Figure 4).
Furthermore, previous studies have shown change in water quality via monitoring records in
the Selenga River, with higher concentrations of phosphorus and sulphate concentrations since
the mid 1900s, measured within the Selenga River waters (Sorokovikova et al. 2001;
Sorokovikova et al. 2015a). Localised records of possible diatom response in shallow waters
of the Selenga Delta also show changes in nutrient concentrations of the Selenga Shallows,
with diatom assemblage changes to small increases in Stephanodiscus minutulus in the late

20™ century, being indicative of nutrient enrichment (Mackay et al. 1998).
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Figure 3: Coastal locations where Spirogyra blooms were observed (authors own map and
survey data from Timoshkin et al. 2016).

Diatom studies carried out at Lake Baikal in 1987, 1991 and 1995 show increasing abundances
of the cosmopolitan diatom species, Nitzschia acicularis, within the pelagic waters
(Bondarenko, 1999). The highest proportional increase in Nitzschia acicularis abundance
within phytoplankton samples were found at the shallow waters, near the rivers of the north
and south basin (Bondarenko, 1999). Nitzschia acicularis are thought to be a eutrophic
indicator, however the cause of their abundance increase at Lake Baikal has not been fully
understood (Bondarenko, 1999). This species has no clear seasonal pattern at Lake Baikal,
and is an opportunistic species, colonising niches rapidly due to their high growth rate and
lightly silicified frustules, which means that they can grow in Si limited waters (Bondarenko,

1999; Morley, 2005).
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Figure 4: Location of previously reported algal blooms of colonial cyanobacteria in littoral
regions of Lake Baikal (modified from Wantanabe and Drucker, 1999).

Diatom assemblages from surface sediments collected in the 1990s indicated water quality
deterioration within the near-shore regions (Mackay et al. 1998). Small increases in Synedra
diatom species (Synedra acus var. acus and Synedra acus var. radians) from abundances of <
2%toc.5-10 % were observed in sediments nearby the Baikal Pulp and Paper Mill (BPPM)
in the South basin, and increases in Stephanodiscus minutulus from abundances < 5 % to
abundances of c. 20 % were observed from sediments in the Selenga Shallows (Mackay et al.
1998). Synedra acus var. acus, Synedra acus var. radians and Stephanodiscus minutulus are
all indicative of more nutrient-rich waters (Edlund et al. 1995). Increased abundances of non-
endemic diatoms species, such as Stephanodiscus meyerii, Synedra acus and Cyclostephanos
dubius, were also found within sediment cores from the South basin pelagic regions, with

rising abundances post-1945 (Edlund et al. 1995). Although Edlund et al. (1995) suggests



diatom compositional changes to be a result of anthropogenic pollution (Edlund et al. 1995),
other diatom studies (Flower et al. 1995; Mackay et al. 1998; Bangs et al. 2000) suggest that
climate is the main control on the sedimentary diatom assemblage, and that diatoms do not
provide early signs for pelagic eutrophication. Supporting this latter suggestion, there is
evidence from chlorophyll-a concentrations and biological assemblages for lake warming
affecting the algal biomass in Baikal’s pelagic waters (Moore et al. 2009; Izmesteva et al.
2016). Observed increases in chlorophyll-a concentrations and changes in zooplankton
community structure have occurred alongside rising surface water temperatures (Izmesteva et
al. 2016). Furthermore, it is hypothesised that with lake warming, phytoplankton assemblages
will occur, with a shift from a large endemic spring phytoplankton community to smaller
cosmopolitan species e.g. Synedra and Nitzschia, due to changes within ice-cover dynamics
and thermal stratification. Changes in lake water temperatures, thermal stratification and ice
cover duration/thickness have already been observed at Lake Baikal (Todd and Mackay, 2003;
Izmesteva et al. 2015).

1.4 Anthropogenic climate change impacts on Lake Baikal

Lake Baikal is responding strongly to recent climate warming, with rising surface summer
water temperatures of 2.4°C over the last 60 years, declining ice cover duration by 16 days
over the last century, and increasing summer plankton biomass lake-wide from 0.82 to 1.20
ug/L over the last c. 30 years (Hampton et al. 2008; Moore et al. 2009; Hampton et al. 2014;
Izmesteva et al. 2015). Annual air temperature maps from Southern Siberia show that the
Baikal region has experienced the largest increases globally in air temperatures over the past
50 years (Jones et al. 2012). Over the last 100 years, annual mean air temperatures at Lake
Baikal have increased by > 1°C, which is greater than the global average rate (Shimaraev et
al. 2002; Shimaraev and Domysheva, 2013) (Figure 5). Furthermore, winter air temperatures
are increasing at a greater rate than summer air temperatures (Shimaraev et al. 2002;
Shimaraev and Domysheva, 2013). The upper 25 m of the water column has warmed rapidly
over the last 60 years, resulting in a stronger thermal gradient (Hampton et al. 2008; 2014).
Increasing winter air temperatures have also caused declining ice-cover thickness and duration
(Todd and Mackay, 2003) (Figure 6), with the ice-free season lengthening by 16 days in the
southern basin over the last 130 years (Hampton et al. 2008). A stronger/longer thermal
stratification, along with reduced seasonal ice-cover, has resulted in changes in the relative
abundances and depth distributions of major phytoplankton groups and zooplankton species
(Hampton et al. 2008; 2014; Silow et al. 2016). In lakes, including Lake Baikal, warming of
lake waters have promoted the growth of species better adapted to reduced turbulent mixing,

such as picocyanobacteria (Findlay et al. 2001; Bopp et al. 2005; Hampton et al. 2008).



Diatoms and total algal biomass (inferred from chlorophyll-a concentrations) have been found
to respond to recent warming (Moore et al. 2009; Izmesteva et al. 2015; Silow et al. 2016).
Chlorophyll-a concentrations have increased from 0.5 mg/L to 1.6 mg/L between 1980 and
2005 (Hampton et al. 2008; Moore et al. 2009; Izmesteva et al. 2015) and under ice diatoms
(Aulacoseria baicalensis) have decreased from c. 5 to 3 cells L between 1950 to 2010 (Silow

etal. 2016).

T2
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Figure 5: (1) Annual air temperatures (current and 11-year running average) at Babushkin
Station in southern Lake Baikal and (2) global temperature trends (Shimaraev and
Domysheva, 2013).
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Figure 6: Trends in ice cover duration and thickness over the last century in the South basin
(modified from Todd and Mackay, 2003).

Global climate change is affecting both the lake and its watershed (Yoshioka et al. 2002;
Hampton et al. 2008; 2014; Moore et al. 2009; Izmesteva et al. 2015). Annual precipitation
and snow depth has increased over the last 100 years within the Baikal region (Moore et al.
2009). Measurements of fluvial inflow into the lake show a rise of 300 m’ per second over the
last 100 years (Shimaraev et al. 2002; Moore et al. 2009). Regional permafrost thaw and
greater fluvial inputs are likely to result in higher levels of nutrients and dissolved organic
carbon (DOC) concentrations entering Lake Baikal (Magnuson et al. 2000; Yoshioka et al.
2002; Hampton et al. 2008), influencing both the autotrophic algal and bacterial communities
(Wrona et al. 2006). Coloured DOC can affect the light penetration and therefore the algal
production, and it can also be a supply of nutrients, as microbial activity can break DOC down
to release nutrients (Attermeyer et al. 2014). Increased frequency and severity of forest fires

within Baikal’s catchment will also release nutrients from ash (Moore et al. 2009).

Lake Baikal is divided into the South, Central and North basins, and previous limnological
studies have found the South basin to be more productive than the Central and North basins
(Kozhov, 1963; Kozhova and Izmesteva, 1998; Popovskaya, 2000; Fietz et al. 2005). In lakes
generally, the productivity of a lake is closely linked to the availability of nutrients and light
(Wetzel, 1983), and the supply of nutrients to the epilimnion is determined by both riverine

11



and hydrodynamical processes, namely upwelling, which is driven by temperature and wind
stress, bringing colder nutrient rich deeper water to the surface. Wind, temperature, solar
radiation and water transparency determine the mixing layer depth, and the depth of this layer
in Lake Baikal has been increasing with climate warming (Hampton et al. 2014). Observed
chlorophyll-a trends are coincident with the water temperature increases in the photic layer
during stratification (Hampton et al. 2008; Moore et al. 2009; Izmesteva et al. 2011; 2015).
However, with warming of surface waters to greater depths, a stronger thermal stratification
may last for longer, and is predicted to result in a shift in the pelagic phytoplankton from cold-
water diatoms e.g. Aulacoseira baicalensis to chlorophyte and cyanobacteria picoplankton
(Hampton et al. 2008). Climatic-driven changes within the intensity of thermal stratification
and physical mixing processes within similarly deep oligotrophic lakes, such as Lake Tahoe,
have altered the diatom community structure, favouring the prevalence of small-sized
planktonic diatom species (Winder et al. 2009). In deep temperate lakes, diatoms show strong
seasonal patterns, largely blooming in the spring where mixing conditions and resource
(nutrients and light) supply is optimal (Winder et al. 2009; Jewson et al. 2010; Jewson and
Granin, 2014). Therefore, the occurrence of decreased mixing intensity and stronger/longer
stratification periods with climatic warming are likely to alter Baikal’s diatom abundance and
community structure, and enhance the growth of algal groups better adapted to reduced
turbulent mixing (Findlay et al. 2001; Bopp et al. 2005). Thus, examining Lake Baikal’s
current algal community composition and comparing modern-day records to historical trends
prior to human impact in the region, is an essential starting point to understanding how Lake

Baikal is responding to recent anthropogenic impacts and climate change.

1.5 Research gap

It is important to investigate whether lake Baikal is showing any signs of eutrophication within
the pelagic regions, as the lake is an important freshwater reserve, with high evolutionary
importance and a very long water residence period, which means lake recovery would take
over 400 years to return to pristine conditions if the pelagic waters are eutrophic. We know
that the littoral regions are showing signs of eutrophication, but not sure on the extent of this.
Therefore, it is important to know the extent of eutrophication from human nutrient
enrichment, and to know how algal communities are responding to climate change as the
future global trends will continue to rise. Alongside assessing the extent of nutrient
enrichment, if any, it is important to examine toxic metal pollution from mercury, due to the
rising unregulated mining activity along the Selenga River in Baikal’s catchment, which uses
mercury to extract gold. Toxic elements deteriorate the water quality and bioaccumulate

within the food chains, and mercury has already been found to biomagnify in trophic levels at
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Lake Baikal (Ciesielki et al. 2016). However, it has not been widely measured within the
waters, and unclear on the pelagic concentrations and river inflow concentrations. We know
that the pelagic regions are showing signs of climate warming, with changes in algal biomass
from chlorophyll concentrations, but not sure if this has resulted in floristic changes in the
algal groups, and whether Baikal endemic diatoms and picoplankton have been replaced by
green algae and more cosmopolitan species. We also do not know how climate change is
affecting the carbon cycling, as Lake Baikal is an important carbon sink, and with warming
temperatures melting permafrost and increased river inflow volumes will bring more carbon
into the lake system. It is therefore important to get a measure of these and compare with

historical records to help understand Baikal’s carbon dynamics.

The response of Baikal’s phytoplankton to changes in lake water nutrient concentrations
remains unclear, and only a few nutrient enrichment experiments have been carried out at
Lake Baikal in the summer months. Thus, there is a need to carry out experiments at Baikal
to assess the influence of different nutrient concentrations on algal biomass composition in
both winter and summer, to examine the response of the two main primary producers at Lake
Baikal; diatoms and picocyanobacteria. These will be carried out in the especially vulnerable
regions of Lake Baikal; Maloe More Bay, and in the South basin. There is also a need to
explore both winter and summer biological production, nutrients and DOC concentrations in
Lake Baikal, as anthropogenic climate change is affecting the thermal stratification and ice-
cover periods, with shorter ice cover during the winter and stronger thermal stratification
within the summer. The summer is the most productive season at Lake Baikal, except for large
diatom blooms in spring during Melosira years, as picocyanobacteria largely dominate the
waters during summer stratification. Blooms of picocyanobacteria (Synechocystis limnetica)
generally develop within the pelagic waters during the summer, however Wantanabe and
Drucker (1999) found picocyanobacteria blooms in Lake Baikal’s surface waters during early
spring and summers of 1992-1995, when the water is thermally stratified (Wantanabe and
Drucker, 1999). The South basin has been most affected by lake warming over the last few
decades, with declining ice cover thickness and duration (Todd and Mackay, 2003; [zmeteva
et al. 2016), and therefore to understand the current conditions and algal production at Lake
Baikal, it is important to consider the winter as well as the summer. Changes within the winter
and summer limnology affect the under-ice primary production and the depth distribution of
algal biomass in the water column in the summer. Under ice ecology at Lake Baikal has been
examined by Jewson et al. (2009; 2010), however it is essential to collect modern-day samples
of the phytoplankton, nutrient and DOC concentrations in the winter to explore the impact of

anthropogenic climate change. This is also important as Baikal’s endemics are cold-adapted,
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and increasing water temperatures are hypothesised to alter the proportions of endemic and

cosmopolitan species within the pelagic regions.

Palaeolimnology is an important tool to use at Lake Baikal, as sediment core analyses enable
historic trends in primary production and anthropogenic pollution to be reconstructed.
Geochemical biomarkers (pigments, 8'"°C) are known to be reliable proxies for reconstructing
algal production using sedimentary records and both pigments and diatoms provide an insight
into compositional change (Schelske and Hodell, 1995; Hodgson et al. 1998; Pienitz et al.
2000; Jones et al. 2011; McGowan et al. 2012; Schiiller et al. 2013). Light-harvesting
pigments, chlorophylls and carotenoids, are produced by all photosynthetic organisms and are
essential for photoautotrophic production. Pigments are the most useful technique for primary
production studies at Lake Baikal, as this method records non-siliceous algal groups which
are not preserved within the fossil record, providing a holistic insight into all the major algal
groups. The two dominant primary producers at Lake Baikal are diatoms (largely indicated by
fucoxanthin biomarker in lake waters and diatoxanthin biomarker in sediment samples) and
picocyanobacteria (indicated by zeaxanthin biomarker in lake waters and canthaxanthin

biomarker in sediment samples) (Fietz, 2005).

1.5.1 Hypotheses and objectives

The hypotheses which the research presented in this thesis will test are the following:

1) The development of the South catchment and Maloe More Bay since the 1950s
(Brunello et al. 2004) has led to significant inputs of excess nutrients into the
South basin and Maloe More Bay in Lake Baikal. These nutrient level changes,
along with climatically driven changes in water temperatures (Hampton et al.
2008; 2014) and ice-cover (Todd and Mackay, 2003), have increased algal
biomass to levels that are unprecedented over the last 1000 years and floristic
change. The algal community shift will be towards higher abundance of
chlorophyte pigments with excess nutrient concentrations over the last few

decades.
2) In the North catchment, the lack of development (Brunello et al. 2004) and

nutrient loading into the North basin have minimised any ecological disturbance

in this area of the lake over the last 60 years. Thus, there is no evidence of pelagic
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eutrophication in the North basin, with no algal community shifts to more nutrient

rich diatom species or higher abundances of chlorophyte pigments.

3) There is evidence of climate change impacts within the pelagic regions of Lake
Baikal (Izmesteva et al. 2016), with the South basin responding more than the
North basin, with rising chlorophyll-a concentrations, and a higher magnitude of

change in the South basin compared to the North basin.

4) Lake Baikal phytoplankton will be limited by P, with diatoms being limited to
both P and Si. This will be tested within nutrient enrichment experiments and will

show higher chlorophyll-a and diatom concentrations respectively.

These hypotheses will be tested using pigment biomarkers, to provide information on algal
groups in Lake Baikal, along with using 8'"°C isotopes and diatom assemblages to further
examine algal production and diatom community change respectively. Short-term nutrient

enrichment experiments will be used to test the hypothesis of algal response to nutrient inputs.

Objective 1: Modern day limnological survey across Lake Baikal (hypotheses one and

two)

Contemporary water sampling was undertaken in August 2013 across Lake Baikal and its
catchment, to examine spatial and vertical analysis of nutrients (nitrate, total phosphorus and
silicate) and algal groups, both across Lake Baikal, through the water column and in the major
river inflows. Summer surveys were complemented by additional sampling during March
2013, to capture winter limnology at Lake Baikal, and assess the status of limnological
conditions in Spring and Summer (Chapter Four and Chapter Five). Water samples will be
analysed for phytoplankton pigments, nutrients, major ions and DOC concentrations. This will
investigate the modern-day pigment record and their link to environmental conditions.
Multivariate analyses (e.g. redundancy analysis) will be used to link environmental variables
with phytoplankton pigment assemblages and elucidate the important factors driving

variability in phytoplankton community composition.

Objective 2: Nutrient enrichment experiments (hypothesis four)

The effects of nutrient enrichment on Baikal phytoplankton was tested via the construction of

controlled nutrient enrichment experiments. These short-term bioassays were set up in March
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2013 and August 2013, to examine algal response to the addition of N+P and N+P+Si

treatments (Chapter Four).

Objective 3: Reconstruct the impact of anthropogenic changes since c. 1950 A.D.

(hypotheses one and two)

To investigate the impact of anthropogenic changes on the lake’s ecosystem and algal
community composition, down-core proxy measurements were made from sediment cores
across Lake Baikal over the last 200 years. *'’Pb dated sediments from pelagic South basin,
littoral bay regions, river influenced sites and pelagic North basin were used to examine
historic trends in primary production along a nutrient enrichment gradient, with “pristine”
sites in the North and human influence sites at Maloe More Bay, Selenga River Delta and in
the South basin (Figure 29) (Chapter Seven). The focus of this work will be on using algal
pigments as a measure for the response of algal groups and obtain a fully holistic insight as to
the impact of natural and anthropogenic changes on the lake. Existing work has highlighted
the potential in using photosynthetic pigments to document changes in non-siliceous algal
groups with studies showing the occurrence of individual pigments in Lake Baikal’s water
column and their flux into the sediment record. Pigment records will be complemented by
organic 8'°C, which is a technique that has been widely used in Lake Baikal to constrain
changes in whole-lake productivity, with organic C/N ratios used to verify that the signal is
derived from aquatic rather than terrestrial sources. Published diatom taxonomy, as well as
heavy metal pollutants (mercury) and spheroidal carbonaceous particles (SCP) will further

help to constrain the nature of environmental/anthropogenic changes through this interval.

Objective 4: Examine the impact of natural climatic changes prior to human impact

(hypothesis three)

To understand the impact of natural, climatically driven, variability, the same sediment cores
will be examined back to cover the past ¢. 1,000 years. This period covers two major climatic
events, the LIA and MCA, which likely impacted the ecosystem through changes to snow/
ice-cover and lake stratification. Using the same proxies as used in Objective 3, samples will
be analysed to provide an indication of the impact of natural climatic driven variability on

algal community composition.
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1.6 Using proxy records to investigate past primary production

1.6.1 Sedimentary pigments

Autotrophic algae, which are photosynthesising organisms, produce pigments (both
carotenoids and chlorophylls), and these pigments can be specific to certain algal groups
(Jeffrey et al. 1997). Pigments can be used as biomarkers for algae to assess modern-day
composition within lake waters and to reconstruct past algal communities and ecological
conditions from sedimentary algal assemblages (Bianchi and Canuel, 2011; Reuss et al. 2005;
Villanueva and Hastings, 2000; Schuller et al. 2014). Algal pigments are a valuable tool for
palaeolimnological studies, as not all algae leave morphological remains. Examples include
diatoms, which are comprised of siliceous structures, and are preserved within the sedimentary
record. Thus, algal biomarkers can be used to infer changes in both siliceous and non-siliceous
algal groups. Sedimentary algal pigments can be used to reconstruct past phytoplankton
communities and biomass, giving an insight into the whole-lake primary production, across
multiple algal groups. This is important at Lake Baikal, as picocyanobacteria are a main group
of primary producers. Palacolimnological studies have applied algal pigments to document
changes in water column primary production (Guilizzoni et al. 1983), phytoplankton
community composition (Bianchi et al. 2000), and water clarity/light penetration (Leavitt et
al. 1997) in aquatic ecosystems (Leavitt and Hodgson, 2001). Algal pigments have therefore
been used to assess the impact of cultural eutrophication (increased nutrient load),
acidification, climate change (increased water temperatures and changing ice-cover
dynamics), and ecosystem shifts (changes in zooplankton grazing pressures) in freshwater
lakes (Leavitt et al. 1999; Leavitt and Hodgson, 2001; Kowalewska, 2005; Reuss, 2005;
McGowan et al. 2012). Out of these applications, the most extensive sediment pigment
analyses have been studies investigating nutrient enrichment (Marchetto et al. 2004; Bonilla
et al. 2005; Kowalewska, 2005; Reuss, 2005; Savage et al. 2010; Zhao et al. 2012). At Lake
Baikal, algal pigments preserved in the deep basin sediments present only a small proportion
of the original algal pigment standing stock in the water column. Although despite a small
fraction of the standing stock being preserved (Leavitt and Hodgson, 2001), the algal pigment

record can provide an insight into relative changes in algal production and within algal groups.

There are several methods for analysing phytoplankton pigments in water samples, and these
include HPLC-based pigment analyses, spectrophotometric and fluorometric methods,
measuring algal biomass in the laboratory and in situ. In water samples, pigment analyses
have been used to determine phytoplankton community structure, and provide information on

primary production, trophic state and water quality. High-performance liquid chromatography
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(HPLC) phytoplankton pigments have been found to be in good agreement with standing crop
algal group estimates from taxonomic phytoplankton analyses within the photic zone of deep
temperate and alpine lakes, and marine waters (Andersen et al. 1996; Buchaca et al. 2005;
Greisberger and Teubner, 2007). This agreement in HPLC inferred algal group assemblage
and phytoplankton analyses is not the case below the photic zone (Andersen et al. 1996;
Buchaca et al. 2005). Overall, HPLC pigment analysis is considered to sometimes be more
representative of algal biomass and community composition than microscopic phytoplankton
counts alone (Millie et al. 1993; Roy et al. 1996; Muylaert et al. 2006). This is as, for example,
small picocyanobacterial cells group together, making accurate counts difficult. HPLC
pigment analysis enables samples to be processed quickly, generally allowing for faster high
resolution measurements of total algal (chlorophyll-a concentrations) down the water column,
than from phytoplankton counts alone. However, specifically, HPLC pigment analysis gives
individual pigments, unlike spectrophotometric analysis which combines chlorophyll
degradation products with chlorophylls, and does not measure individual carotenoids
(carotenes and xanthophylls). Spectrophotometry measures chlorophyll based on its known
optical properties, scanning between 600 to 700 nm wavelengths (see Chlorophyll-a
spectrophotometric analysis section). Fluorometric analysis measures chlorophyll (with its
degradation products) and can also separately measure carotenoid concentrations from

picocyanobacteria.

Palaeolimnological studies allow any recent ecological changes to be put into context with
long-term variability to assess the lake conditions prior to major human influence and during
past climatic changes. Algal pigments can be quantitatively analysed in lake waters and
sediments using reversed-phase High Performance Liquid Chromatography (HPLC)
techniques (Chen et al. 2001; McGowan et al. 2012). Individual pigments and their
degradation products can be biomarkers of algal groups, and thus used to infer the algal
community composition. Algal pigment studies previously carried out at Lake Baikal
highlight the use of fossil pigment biomarkers to trace changes in algal production during the
Holocene (Fietz, 2005; Fietz et al. 2007), and over Pleistocene timescales (Soma et al. 2001;
2007). Furthermore, contemporary Baikal pigment studies have investigated spatial, vertical
and seasonal variation in phytoplankton assemblages (Fietz and Nicklisch, 2004; Fietz, 2005;
Fietz et al. 2005). However high-resolution studies of Baikal algal community response to

nutrient enrichment over the last 150 years remains an important scientific gap to research.
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Figure 7: Chemical structures of chlorophyll-a and carotenoids; fucoxanthin (xanthophyll)
and B-Carotene (carotene) (Reuss, 2005).

Pigments are bound in pigment-protein complexes, and the major pigment groups include
chlorophylls, carotenoids and ultraviolet radiation (UVR) absorbing pigments. Chlorophylls
are magnesium coordination complexes of four cyclic tetrapyrroles, with a fifth isocyclic ring,
known as a phorbin (McGowan, 2013) (Figure 7). There are four major groups of
chlorophylls, which are Chl-a, Chl-b, Chl-c and bacteriochlorophylls, with the latter being
produced only by photosynthesising bacteria (McGowan, 2013). Carotenoids are comprised
of a long aliphatic polyene chain of isoprene units with double bonds, and different
carotenoids are formed by the modification of the end groups (McGowan, 2013). The two
groups of carotenoids are carotenes, such as P-carotene, which are hydrocarbons, and

xanthophylls, such as fucoxanthin, which are oxygenated derivatives of carotenes (Figure 7).

Pigments are labile organic compounds, being degraded by chemical, photochemical and
biological processes, however pigment stability is not the same across all the chlorophylls and
carotenoids (7able 2). The most stable carotenoids include alloxanthin (cryptophyte), lutein
(chlorophyte), zeaxanthin (many cyanobacteria), canthaxanthin (colonial cyanobacterial) and
B-carotene (found in most algae) (Leavitt and Hodgson et al. 2001; McGowan, 2013). The
least stable carotenoids include peridinin (dinoflagellate biomarker), neoxanthin (chlorophyte
biomarker) and violaxanthin (chlorophyte biomarker) (Leavitt and Hodgson et al. 2001;
McGowan, 2013). Within the chlorophyll-a derivatives, the most resistant degradation
product is pheophytin-a and the least stable chlorophyll pigment is Chl-c¢ (dinoflagellate,
diatoms and chrysophytes biomarker pigment) (Leavitt and Hodgson et al. 2001; McGowan,
2013).
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In general, chlorophylls contain nitrogen and are more prone to oxidative degradation than
carotenoids, forming coloured breakdown products (Reuss, 2005). These tetrapyrrole
derivatives of chlorophyll-a include chlorophyllide-a, pheophorbide-a, pheophytin-a,
pyropheophytin-a and pyropheophorbide-a and the derivatives of Chl-b include
pheophorbide-b and pheophytin-b (Figure 8). Chlorophyll-a undergoes three primary early
diagenetic reactions; demetallation (phacophytins), loss of the COOCH; group (pyro
derivatives), and loss of the phytol chain (phaeophorbides and chlorophyllones) (Villanueva
and Hastings, 2000). Chlorophyllide-a is formed by chlorophyllase, which is the removal of
the phytol side-chain by enzyme activity. Pheophorbide-a is product of herbivorous grazing
(Welschmeyer and Lorenzen, 1985a) from the loss of Mg™" from chlorophyllide-a, or the loss
of the phytol side-chain from pheophytin-a. Pheophytin-a forms from the loss of Mg~ from
the haem ring of chlorophyll-a, due to bacterial decay, metazoan grazing or cell lysis (Daley
and Brown, 1973). Furthermore, pyropheophytin-a and pyropheophorbide-a are formed from
zooplankton grazing, with the removal of the methylcarboxylate group (-COOCH3;) (Bianchi,
2007). Another chlorophyll-a derivative is steryl chlorin ester (SCE), formed from bacterial
activity and zooplankton grazing (King and Repeta, 1994; Harradine et al. 1996; Talbot et al.
1999b; Soma et al. 2005). However, SCEs are difficult to detect with standard HPLC methods,
which do not use mass spectroscopy. These are formed through the esterification of the pyro-

pheophorbide-a or pyro-pheophytin-a with sterols (Soma et al. 2005).

In contrast to the chlorophylls, carotenoids degrade directly to produce colourless compounds,
which are undetectable by spectrophotometric techniques (Moss, 1978; McGowan, 2013). As
an exception to most colourless carotenoid degradation products, carotenoid chlorin esters, for
example fucoxanthinol pheophorbide esters, are derivatives of carotenoids (McGowan, 2013).
There are differences in the resistance of carotenoids to degradation, such as B-carotene, which
is more stable than xanthophylls. The lower stability is due to the presence of oxygen and the
5,6-epoxy group in some xanthophylls, such as fucoxanthin and peridinin, which are very

susceptible to microbial decay (Porra et al. 1997).

Pigment degradation and preservation processes have been studied within the water column
via sediment traps and grazing experiments (Fietz, 2005; Schiiller, 2014), and analysing
surface sediments. Studies have found a bias in the pigments preserved due to degradation.
This bias is a result of rapid degradation of pigments as they sink from the photic zone, with
90% of the standing stock being lost in the water column, and degradation also occurs during
burial within the sediments (Furlong and Carpenter, 1988; Hurley and Armstrong, 1990;
1991). Zooplankton grazing can modify pigments into degradation products and transfer

pigments to the lake sediments via faeces (Leavitt, 1993). Algal pigments within the water
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column, exposed to light and oxygen, can also degrade as they sink down to the sediments,

which can take weeks/months (Leavitt et al. 1993; Cuddington and Leavitt, 1999) (Figure 9).

Table 2: Algal pigments with their diagnostic algal groups and pigment stabilities (modified
from Leavitt and Hodgson et al. 2001 and McGowan 2013). Bchl-a — bacterial chlorophylls.
Stability is how resistant the pigment is to degradation, with 1 being the most stable and 4

being the least stable.

Pigment Affinity Stability
Chl-a All photosynthetic algae, higher plants 3
Chl-b Green algae, euglenophytes, higher plants 2
Chl-c Dinoflagellates, diatoms, chrysophytes 4
Bchlaa and b Purple sulfur and nonsulfur bacteria )
Bcehlac,d ande Green sulfur bacteria )
Pheophytin-a Chl a derivative 1
Pheophytin-b Chl b derivative 2
Pheophorbide-a Grazing, senescent diatoms 3
Pyro-pheo pigments Derivatives of ¢ and b phorbins 2
Steryl chlorin esters Chlorophyll derivatives from grazing )
B-Carotene Most algae and plants 1
Alloxanthin Cryptophytes 1
Fucoxanthin Diatoms, chrysophytes, dinoflagellates 2
Diadinoxanthin Diatoms, dinoflagellates, chrysophytes 3
Diatoxanthin Diatoms, dinoflagellates, chrysophytes 2
Peridinin Dinoflagellates 4
Canthaxanthin Colonial cyanobacteria 1
Zeaxanthin Cyanobacteria 1
Lutein Green algae, euglenophytes, higher plants 1
Neoxanthin Green algae, euglenophytes, higher plants 4
Violaxanthin Green algae, euglenophytes, higher plants 4

The sinking rate of algal pigments influences the pigment composition preserved within the
sediments, with the composition of biomarkers favouring fast-sinking algal pigments (Reuss,
2005). The mechanisms which promote fast sinking algal pigments down the water column
are the aggregation of algal cells from algal blooms (Kiorboe et al. 1994) and faecal pellets
from zooplankton grazing, which remove pigments from degradation in the water column
(Leavitt, 1993). Along with photo-oxidation, microbial activity degrades algal pigments, and
thus the water column is where most pigment degradation occurs (Leavitt et al. 1993;
Cuddington and Leavitt, 1999; Bianchi, 2007). Once algal pigments reach the sediments,
degradation can occur via oxidation and microbial activity (Leavitt, 1993). Pigment
degradation within the surface sediments is particularly prevalent in lakes with oxic bottom
waters, such as Lake Baikal, where oxidised layers in the sediment core can extend over the

top 20 cm (Vologina et al. 2010).

21



e
\\“\\a . N NH N
\o‘o" Yool
o “phytol : .
N N CH; A o b
cH, H COiCH, -
Mo 4 COOH CH, R2 = COCH,
oo Chlorophyllide a oy R
] 2 0=t Carotenol chlorin ester
CH; A o P + 5 o
n, Mo, %g Mg’ > °
0=C > N\
O —CxHw = / .
Chlorophyll a \ + fucoxanthin .
Vo dehydrate
N N
) Dieckmann r'm 13
. v LN -COOCH, e condensation
: TN oA T -H.0 N
NN N 4 { N
; CH; A o b—n HN 4
A cu, M COiCHy i ) ’ |
Ly T - phyto COOH . o
g Pheophorbide a CH: o on
. CHs 13%17°-Cyclopheophorbide-a-enol
CH, A o COOM c
cHy M COCHy pyro-Pheophorbide a S
0=t 5 3
0—CaHn - COOCH, 2 %
Pheophytin a g
=
. 2
NH N g
NH N
HN
N N4 N
N HN
CH; 0 esterified Ly W
CH; hydrolysis, ) | o
0=c¢ esterification on
0—CxMiwo CHy o o
pyro-Pheophytin a da, Chlorophyllone a

O=C 0 Stere

Steryl chlorin ester

Figure 8: Chlorophyll-a degradation pathways to form chlorophyll-a transformation

products (Schiiller, 2014).

22

CHy



In situ
production

Littoral Suspended .
production - e ( Zooplankton ) Digest

Oxidation +
Rearrangement
/1Y
Sonen Oxidation
//// A # Saturation

. Rearrangement
Half-life 9
Weeks-Months
e el mm) Saturation

record

Millenia-Century
—

Figure 9: Conceptual diagram of pigment flux and degradation in the water column and
sediments (modified from Reuss, 2005 and Leavitt, 1993).

Algal pigments have been analysed in the lake waters at Lake Baikal in the summer and spring
(Fietz, 2005; Fietz et al.2005) and within the lake sediments (Soma et al. 1996; Airs et al.
2000; Fietz et al. 2007; Tani et al. 2009). Despite the large water depths in the pelagic basins
(> 800 m) and the oxygenated bottom waters, algal pigments have been detected within the
sediments and used to infer past climatic conditions via production changes (Fietz ef al. 2007).
Chlas, which consist of chlorophyll-a and its derivatives, have been used as a production proxy
at Lake Baikal (Fietz, 2005). Chlas is used as a measure of algal production in Lake Baikal’s
sedimentary record, as intact chlorophyll-a concentrations tend to be either minimal or below
detection limits due to the exposure of algal pigments excessive levels of oxygen, light,
microbial and grazing activity within the water column and surface sediments. This extent of
degradation results in predominantly the preservation of chlorophyll-a derivatives, which can
be used as a measure of relative total algal abundance when combined with intact chlorophyll-
a measurements. Certain stable carotenoids have been found preserved in Lake Baikal’s
sediments and used to reconstruct past contributions of diatoms, chrysophytes,
picocyanobacteria, chlorophytes and cryptophytes within the total algal assemblages (Soma
et al. 1996; Fietz, 2005; Fietz et al. 2005). Other studies at Lake Baikal have focussed on
chlorophyll-a derivatives, namely steryl chlorin esters (SCE), to reconstruct past

phytoplankton biomass over the last 4.5 Ma years (Soma et al. 1996; Airs et al. 2000; Tani et
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al. 2002; 2009). Lipids of n-alkanes, fatty acids and sterols have also been used as another tool
to reconstruct biological production at Lake Baikal (Russell and Rosell-Melé, 2005). Perylene
has been detected at Lake Baikal (Soma et al. 1996; Fietz, 2005). Perylene is suggested to
have derived from phytoplankton in anoxic conditions (Aizenshtat, 1973; Laflamme and
Hites, 1978). Perylene is used as an indicator of depositional conditions, tracking changes in

redox conditions (Silliman et al. 1998).

Algal pigments are highly degradable, and oxygen availability plays a major role in controlling
pigment deterioration alongside temperature, light and grazing by zooplankton (Sun et al.
1993; Bianchi et al. 2000). Deep-water ventilation in Lake Baikal maintains high oxygen
concentrations throughout the water column and at the bottom sediment layer (Weiss et al.
1991; Callender et al. 1997b). Furthermore, it has been suggested that the top 2 - 20 cm of the
surface sediments are oxic (Vologina et al. 2000; Miiller et al. 2005). Thus, within oxic
environments, there is faster degradation of algal pigments, and only resistant pigments which
avoid deterioration to colourless end-products can be preserved within sediments, and
analysed to reconstruct past phytoplankton biomass and composition (Leavitt, 1993;
Steenbergen et al. 1994). As a result, previous Baikal photosynthetic pigment profiles consist
largely of chlorophyll derivatives, such as pheopigments and Steryl Chlorin Esters (SCE)
(Soma et al. 1996; Airs et al. 2000; Tani et al. 2009).

1.6.2 Pigment diagenesis at Lake Baikal

There are different controls on pigment degradation in lakes, with the presence of light,
temperature and oxygen promoting pigment diagenesis. In Lake Baikal waters, pigment
degradation is largely from oxic waters, light penetration to water depths of ¢. 40m and
zooplankton grazing. Taking all these into consideration, grazing is likely to contribute the
most to pigment degradation at Lake Baikal, due to extensive decomposition of organic
material due to grazing during sinking down the water column. Those pigments which reach
the lake sediments are then largely affected by the oxic bottom waters and surface sediments
and bacterial activity. Pigment preservation measures have been assessed within Chapter
Seven to examine whether phytoplankton pigments provide a reliable proxy for reconstructing
past production. Fietz (2005) has previously explored pigment degradation, and found that
chlorophylls and certain carotenoids are good indicators of primary production below the
upper oxidised layers of sediment cores from Lake Baikal with the application of correction
values from sediment trap studies to account for pigment degradation. Algal pigments are
highly degradable, and oxygen availability plays a major role in controlling pigment

deterioration alongside temperature, light and grazing (Sun et al. 1993; Bianchi et al. 2000).
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Deep-water ventilation in Lake Baikal maintains high oxygen concentrations throughout the
water column and at the bottom sediment layer (Weiss et al. 1991; Hohmann et al. 1997;
Callender et al. 1997; Ravens et al. 2000). Most degradation takes place in the water column,
and the photic zone in Lake Baikal extends over ¢. 20 — 40 m across the lake (Fietz, 2005).
Within the water column, degradation models applied at Lake Baikal show that chlorophyll-
a flux decreased from c. 300 pmol m™ to < 100 pmol m™ below 250 m, where it remained
relatively stable (Fietz et al. 2005). Differential degradation has been observed between the
South and North basins, with more degradation in the water column in the South basin (Fietz,
2005). Studies of pigment and lipid biomarker fluxes down the water column in the South
basin of Lake Baikal also shows that over 90% of chlorophyll and its degradation products,
and lipid biomarkers, are lost prior to permanent burial in the sediments (Fietz et al. 2005;

Russell and Rosell-Mele, 2005).

The high levels of oxygen within Baikal’s bottom waters provide an unstable environment for
pigment preservation. It has been suggested that the top 2 cm of surface sediments are oxic,
and at sites with low sedimentation rates of organic carbon the top 5 cm of the surface
sediments are oxic (Miiller et al. 2005; Maerki et al. 2006). Furthermore, up to 30 cm of some
sediment cores at Lake Baikal have been found to be oxic (Granina et al. 2000; Vologina et
al. 2000; Miiller et al. 2005). At the Academician Ridge region, more than 60 cm of the
sediment core was oxidised (Vologina et al. 2000; 2003). In contrast, at sites with high
production, such as the Selenga Delta, oxygen penetration has been found to only extend over
the top 5 mm of the sediment core (Vologina et al. 2000). Oxygen penetration within Baikal’s
sediments is greater at sites with lower sedimentation rates, and organic material within
pelagic deep basins can be exposed to oxic conditions for years, and even decades, given a
mean annual sedimentation rate between c. 0.02 - 0.65 mm yr”' (Vologina et al. 2003; Sturm
et al. 2016). Thus, unlike most other deep lakes, fossil pigments remain within oxic conditions
for several decades at Lake Baikal. Burial efficiency is the amount of organic carbon lost after
deposition, and this has been assessed using oxygen profiles to examine the oxygen exposure
time for pigments (Maerki et al. 2006). Oxygen profiles from pelagic South and North basin
of Lake Baikal suggest low burial efficiencies of 16 % and 3 % of original organic carbon
being preserved respectively (Maerki et al. 2006). Oxidised layers within Baikal’s sediment
cores can be identified (Vologina et al. 2003; 2010) by the formation of layers of iron (Fe) and
manganese (Mn) oxide crusts that represents the transition between oxic and anoxic
sediments, indicating the redox boundary (Deike et al. 1997; Miiller et al. 2002; Vologina et
al. 2003; Granina et al. 2004; Och et al. 2014; Torres et al. 2014). Within oxic environments,
there is faster degradation of algal pigments, and only resistant pigments which avoid

deterioration to colourless end-products are preserved within sediments (Leavitt, 1993;
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Steenbergen et al. 1994). As a result, previous Baikal photosynethic pigment profiles consist
largely of chlorophyll derivatives, such as pheopigments and Steryl Chlorin Esters (SCE)
(Soma et al. 1996; Airs et al. 2000; Tani et al. 2009). However, SCEs cannot be detected on a
HPLC alone, and have not been measured within Chapter Seven. Chapter Seven examines the
difference in pigment preservation between the oxic and anoxic sediment layers, to assess how
much of an influence oxic layers have on the pigment signal down-core and if their presence

significantly affects the reliability of reconstructing past production.

Stable chloropigments (pheophytin-b, pheophytin-a, pyropheophytin-a), stable sedimentary
carotenoids have been detected in deep Baikal sediment samples, which include; diatoxanthin,
alloxanthin, lutein, canthaxanthin and B-carotene (Soma et al. 1996; Fietz, 2005; Fietz et al.
2007). In contrast xanthophylls with epoxide groups, such as fucoxanthin, were not detectable
in the Baikal sediments (Soma et al. 1996; Fietz, 2005; Fietz et al. 2007). Unstable pigments
from large diatoms, such as fucoxanthin and chlorophyll-c, have a very fast sinking rate of 60
— 100 m d"' (Ryves et al. 2003), which means that these pigments do not undergo as much
modification from light induced degradation processes compared to pigments from smaller
algae, such as chlorophyta and cyanobacterial picoplankton (Fietz, 2005). Furthermore,
selective grazing is an important factor in pigment preservation, as large diatoms suffer less
from zooplankton grazing compared to picoplankton (Hurley and Armstrong, 1990). The
grazer size influences the rate of pigment degradation, as faecal pellets of mesozooplankton,
such as cladocerans have higher sinking rates than those of microzooplankton, such as
protozoa (Welschmeyer and Lorenzen, 1985a). The major zooplankton groups at Lake Baikal

are cladocerans, rotifers and copepods (Hampton et al. 2014).

Pigment transformation is also dependent on gut passage time, as both micro and
mesozooplankton can degrade pigments into fluorescent degradation or colourless products
(Klein et al. 1986; Burkill et al. 1987; Barlow et al. 1988; Head and Harris, 1992). Carotenoids
are generally more stable than chlorophylls in the presence of light, oxygen (Leavitt and
Findlay, 1994) and grazers (Strom et al. 1998). However, in Baikal’s oxic sediments the
carotenoids were found to be more susceptible to decomposition compared to chlorophylls
(Soma et al. 2001a), with fucoxanthin being the most susceptible to decomposition and
zeaxanthin being the most stable carotenoid pigment (Leavitt and Findlay, 1994). Similar
problems are known from diatom valve analyses, where Battarbee et al. (2005) reports that
differential dissolution of diatom species occurs mainly at the water to sediment interface.
However, these parent pigment decay products have been proven by many studies to be good
indicators of past and present phytoplankton biomass (Leavitt and Hodgson, 2001; Chen et al.
2003a; 2003b; Fietz, 2005; Reuss et al. 2005).

26



The noted differences in pigment preservation found between the South and North basin
(Fietz, 2005) are likely to be due to variances in mixing water column depth, ice cover,
temperature (Shimaraev et al. 1994) and productivity (Kozhov, 1963; Kozhova and Izmesteva,
1998), with chlorophyll-a fluxes being reported to be highest within the South basin sediment
traps and surface sediments, while the TOC was distributed evenly (Soma et al. 1996; Fietz,
2005). Correlation between surface sediment pigments and pigments within the standing crop
have been made at Lake Baikal and show that surface sediments were mainly comprised of
chlorophyll derivative pigments, due to diagenetic processes, unlike within the water column
which has higher concentrations of intact chlorophyll-a (Fietz, 2005). Sediment trap studies
at Lake Baikal show that the largest proportion of degradation occurred within the upper 250
m of the water column before settlement into the traps, with an exponential rise in chlorophyll-
a degradation products (pheophytin-a) from c. 2.5 to 6 umol g in the upper 250 m (Fietz,
2005). Extensive degradation occurred at the sediment surface before permanent burial, with
much lower concentrations in the oxidised core top than even in the deepest sediment traps at
c. 1400 m in the South basin, due to anoxic conditions in the sediment traps (Fietz, 2005). The
main pigments detected within the settling material over the 16 months of deployment in 2001
— 2003 were from heavy non-edible diatoms, which accounted for 87% of the chlorophyll-a,
whereas small light edible phytoplankton, such as picocyanobacteria, was strongly degraded
and zeaxanthin only contributed to 2% of the chlorophyll-a (Fietz et al. 2005). These findings
are similar to sediment traps studies in deep basin fjords in New Zealand (Schiiller and Savage,

2011; Schiiller et al. 2014).

1.6.3 Diatom assemblages

Sedimentary diatoms provide a good biological tool to use at Baikal to investigate climate and
water quality changes, over the last 1000 years (Edlund et al. 1995; Flower et al. 1995; Mackay
et al. 1998; Bangs et al. 2000; Mackay et al. 2003; Mackay et al. 2005) and longer time scales
covering the Pleistocene and Pliocene (Grachev et al. 1998; Morley et al. 2005; Rioual et al.
2005). Changes in diatom assemblages have been seen with climate variability, with shifts in
the abundances of the major endemic diatom species; with relative abundance increases in
Aulacoseira baicalensis and relative abundance decreases in Cyclotella minuta since the
cooler climatic conditions in the Little Ice Age (LIA) (Edlund et al. 1995; Mackay, 2007).
Despite diatoms providing a useful proxy for past production, diatom dissolution can affect
the reliability of interpretations from the fossil diatom assemblages in the sediments. Ryves et
al. (2003) found that only 1% of diatom valves are preserved in the sediments at Lake Baikal,

similar to within marine sediments, due to dissolution. Microbioturbation and bacterial
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activity also promotes dissolution within the surface sediments, and zooplankton grazing can
increase the susceptibility of diatom valves to dissolution due to fragmentation (Mackay,
2007). An example of a diatom species which is highly susceptible to dissolution in Lake
Baikal is Nitzschia acicularis. Nitzschia acicularis is tolerant of pollution and only observed
in the pelagic lake waters, as it is not preserved within the sediments of deep basins (Mackay

etal. 1998).

Sediment trap studies at Lake Baikal show differential dissolution across the diatom taxa
(Ryves et al. 2003). This differential dissolution is assessed via the comparison between
phytoplankton assemblages within the water column and assemblages within the trap material
(Ryves et al. 2003). Dissolution was found to affect all the diatom species at Lake Baikal,
however heavily silicified species, such as Aulacoseria baicalensis, were most resistant to
dissolution and lightly silicified species, such as Synedra species and small centrics (e.g.
Stephanodiscus meyerii species) were more prone to dissolution (Ryves et al. 2003).
Dissolution can bias the inferences made from the diatom assemblages preserved in the
sediments. Thus, to account for diatom dissolution at Lake Baikal, diatom dissolution indices
(Ryves et al. 2001; 2009) and species-specific correction factors have previously been applied
to the sedimentary diatom data (7able 3) (Battarbee et al. 2005). These consider the
differential dissolution of diatom species and allow the composition of source diatom
populations to be reconstructed. Sample dissolution indices, which are developed by using a
simple pristine/dissolved classification, allow the diatom preservation to be quantified (Ryves
et al. 2009). These have been applied to palacoclimate diatom studies at Lake Baikal (Mackay
et al. 1998; Morley, 2005; Rioual et al. 2005). Correction factors for the main taxa have been
calculated from the estimates of the ratio of diatoms produced in the water column to diatoms
preserved in the sediment (7able 3) (Battarbee et al. 2005). The application of these
dissolution-based correction factors, to adjust the diatom species abundances, have been found
to improve the palaeoclimatic reconstructions at Lake Baikal (Battarbee et al. 2005; Mackay

et al. 2005; Mackay, 2007).
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Table 3: Diatom correction factors (Battarbee et al. 2005). Preservation factors for five of
Baikal’s major diatom species are calculated as the ratio of planktonic diatom taxa and
sedimentary diatom accumulation rate. Correction factors are calculated from the estimates
of the ratio of planktonic diatoms to diatoms preserved within the sedimentary record.

Aulacoseira | Aulacoseira Cyclotella Stephanodiscus | Synedra
skvortzowii | baicalensis | minuta/ornata meyerii acus
Correction 142.78 36.16 10.84 354.6 679.34
factor
Preservation 0.007 0.027 0.092 0.003 0.001
factor

1.6.4 Geochemistry of organic matter

Organic matter (OM) is comprised of a mixture of lipids, carbohydrates and proteins, as well
as other constituents produced by organisms living both within the lake and in the catchment
(Meyers, 2003). Carbon has two stable isotopes; '>C and "*C, and the fractionation between
these two is expressed as 8"°C. If the 8"°C of total organic matter is controlled by algal growth
rates, then it can be used as a primary production proxy (Brenner et al. 1999; Wang et al. 2009;
Torres et al. 2012). The "°C of OM is governed mainly by the 8"°C composition of dissolved
inorganic carbon (DIC), which is comprised of dissolved carbon dioxide, bicarbonate and
carbonate (Marchitto, 2007). DIC is utilised by primary producers, and the 8"°C of organic
carbon is also governed by the isotope fractionation of DIC during carbon fixation (Kluijver
etal. 2014). If primary production is controlling the 8'"°C signal, then an increase in production
leads to an increase in the 5"°C values. The basis of using carbon isotopes, is that the 5"°C of
organic carbon produced photosynthetically responds to the rate of primary productivity in
the water column (Schelske and Hodell, 1991; Meyers, 2003), as algae preferentially utilise
the lighter carbon isotope ('°C) rather than the heavier (°C), creating lake waters with DIC
more enriched in the heavier carbon isotope ("*C). It is assumed that the carbon isotopic ratio
(C/™C) is enriched (increases) or depleted (decreases) with increases or decreases in primary
production. Several other processes affect the carbon isotopic composition of algal derived

organic matter at Lake Baikal (Figure 10).

These include algal composition and abundance, concentration of atmospheric carbon dioxide,
lake-water pH, temperature, nutrient limitation, algal growth rates and lake residence time
(Laws et al. 1995). The 8"C values are also influenced by the contribution of microbial
biomass (Teranes and Bernasconi 2005; Kluijver et al. 2014), and thus any increases or
decreases in the 8"°C values cannot be solely attributed to a single carbon source (i.e. solely

phytoplankton or terrestrial).
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Figure 10: 6" C values for the major sources of carbon into lakes (Leng and Marshall,
2004).

The approach of using 8"C to reconstruct past production assumes that there are no other
controls on the carbon isotopic composition of sediments. A major caveat to this is that carbon
is derived from both terrigenous and aquatic sources, which will have different isotopic
signatures, and therefore a mixture of carbon material complicates the interpretation (Wei et
al. 2010). The fractionation from dissolved CO, to organic material with lake water can
depend on both CO, concentration and temperature, for example low 8'"°C values can be due
to increased atmospheric CO, concentrations (Wolfe et al. 1999). The concentration of
dissolved CO, for photosynthesis within lake waters affects the 8"°C signal of lake OM, as for
example, with low dissolved CO, concentrations algae begin to utilise HCO; as their carbon
source, which can result in higher (more positive) 8"°C values which are closer to the §'"°C
values found within Cy4 plants (Meyers and Lallier-Verges 1999). The §"°C of lake water total
dissolved inorganic carbon (TDIC) is influenced by the inflow of ground waters, which have
isotopically lower 8"°C values due to the interactions with rocks and soils, especially in
limestone areas (Meyers and Lallier-Verges 1999). Closed basin lakes with a long residence
time have a greater exchange between surface water and atmospheric carbon dioxide
concentrations as well as progressive removal of §'°C by photosynthesis, as compared to open
basin lakes with a short residence time (Morley, 2005). In Lake Baikal, a variety of factors
will influence the 8"C values, as discussed in the 1.6.7 Carbon dynamics at Lake Baikal
section. One of the main factors to consider, which is important for algal pigments (as

discussed in the 1.6.2 Pigment diagenesis at Lake Baikal section), is the presence of
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oxygenated bottom waters at Lake Baikal. Oxic layers within the sediments will affect the
8'3C values, as oxidation of sedimentary organic matter results in the relative depletion of *C
y org P

in the TDIC reservoir (Lamb et al. 2002).

The carbon isotope composition of bulk organic material can provide information on carbon
sources (Meyers and Lallier-Verges 1999), as higher plants, such as trees, utilise the C; Calvin
pathway of incorporating organic matter. This cycle preferentially removes 8'°C with an
average discrimination of -20 %o (O’Leary, 1988). Plants such as arid grasses use the C4 Hatch-
Slack pathway, which discriminates at -4 to — 20 %o (Meyers and Lallier-Verges, 1999).
Therefore, C, plants have a higher 8"°C value than C; plants (Figure 11).

-5
] C4 Land Plants
-10 7 Grasses and lower
plants
m
(m) ]
o 15 4
(D' 4
>
i% -20
*o ] Al C3 Land plants
] gae Trees and higher plants
-25 -
'30 T T T T T T T T T T
5 10 15 20 25 30
C/N Ratio

Figure 11: 6"°C and TOC/N values of algae, C3 plants and C4 plants (Meyers and Lallier-
Verges, 1999).

The total amount of autochthonous and allochthonous OM preserved within the sedimentary
record may only represent a small fraction of that originally produced, due to oxidation during
settling prior to its incorporation into the sediment. Despite this, bulk organic carbon still
provides important sources of information from 8'"°C isotopes, even if a large proportion of
organic carbon is removed via degradation (Meyers and Eadie, 1993; Meyers et al. 1995;
Hodell and Schelske, 1998). Lehmann et al. (2002) found that from both oxic and anoxic
incubation experiments, that the 8"3C of bulk OM decreased by 1.6 %o, due to bacterial
degradation in the water column and early diagenesis in the sediments. The TOC/N ratio can
be affected by diagenesis by the preferential degradation of high-N compounds, resulting in
higher TOC/N values (Fenchel et al. 1998). Considering degradation, isotopic composition of

bulk organic matter can sometimes be used to determine the source of organic material (Lamb
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et al. 2004), although lacustrine algae have a similar range of 8"°C values to most Cs terrestrial
plants (Figure 11). The TOC/N ratio of OM is used to distinguish algal derived carbon from
vascular and non-vascular plant compositions, as the TOC/N ratio values are generally < 10
in aquatic plants (Talbot and Johannessen 1992). This is as algae are protein rich and relatively
high in nitrogen, and will generate a low TOC/N ratio while lignin and cellulose rich higher
plants such as trees will generate higher TOC/N ratios (Meyers, 1994). Therefore TOC/N
ratios are important to determine whether the 8'°C signal is aquatic and not terrestrial. Previous
work reports that TOC/N values of Baikal’s bulk sediments range between 9 to 12
(Prokopenko et al. 1993), which suggests negligible influence from terrestrial input and a
predominate carbon source from algal production. To further examine the carbon source,
alongside TOC/N ratios, rock eval (Meyers and Teranes, 2001) and n-alkanes analyses

(Brincat et al. 2000) can be applied to help interpret lacustrine and terrestrial carbon sources.

1.6.5 Rock Eval Pyrolysis

Rock Eval pyrolysis can be used to further identify and characterise the potential carbon
source. The most useful derived measurements from Rock Eval pyrolysis for lake studies are
the Hydrogen Index (HI) and the Oxygen Index (OI), which are thought to reflect the origin
of sedimentary OM (Meyers and Teranes, 2001) and compliment TOC/N data. The HI
indicates algal content of the bulk sediments and the OI is used as a measure of oxidation
(Meyers and Teranes, 2001). Three main types of OM (Types I, II and III) are distinguished
using a van Krevelen-type HI-OI diagram, but these types are also controlled by the degree of
oxidation and alteration during thermal maturation (Talbot and Livingstone 1989) (Figure 12).
Type I sediments arise from material that is rich in hydrocarbon from microbial biomass or
waxy land plants, Type II from algal OM and Type III from woody plant material (Meyers
and Teranes, 2001).
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Figure 12: Rock Eval Van Krevelen-type diagram for sedimentary organic matter; shows
the three types of organic matter and the oxidation pathway (Meyers and Lallier-Verges,
1999).

In sediments, a range of HI values between 200 — 300 mg hydrocarbons (HC)/g/ TOC is
generally used to infer algal derived organic matter in marine and lake systems, and a threshold
of 100 mg HC/g/ TOC is used to characterise the shift to mainly terrigenous organic material
(Stein and Fahl 2004; Stein and Macdonald 2004; Hare et al. 2014). However, some terrestrial
material, such as lipid-rich leaf waxes, have similar HI and OI values to algal derived carbon,
and there is differentiation between these is achieved via C/N ratios and lipid biomarker data
(Luniger and Schwark, 2002). Generally, variations within the HI values of lake sediments
are caused by several processes (Talbot and Livingstone 1989; Meyers and Lallier-Verges,
1999). Very low HI values can be a result of terrigenous-derived woody organic matter and/or
bacterial degradation and oxidation (Tissot and Welte 1984; Hunt 1995). A decrease within
the HI values could be due to reworking of organic matter during transportation through the

water column, oxidation, and microbial degradation (Luniger and Schwark, 2002).

1.6.6 Applications of the 8" C record

The 6"°C record can be used to track changes in climatically driven catchment vegetation
changes, changes in algal production from climate and/or cultural eutrophication, and changes

in the carbon cycle of the lake. Carbon isotopes (8'°C) from sedimented total organic carbon
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in lake sediments have been used as a proxy for recent aquatic production over the last century
(Meyers, 1994; Schelske and Hodell, 1991; Schelske and Hodell, 1995; Hodell and Schelske,
1998; Lu et al. 2010; O’Beirne et al. 2015), in response of lakes to historic anthropogenic
activities, such as nutrient loading. Positive shifts in 8"°C values related to increased
productivity have been found by Mackenzie (1985), Schleske and Hodell (1991), Meyers and
Ishiwaterii (1993), Schleske and Hodell (1995), Wolfe et al. (1999) and Prokopenko et al.
(1999). 5"°C records have been used in the lower Laurentian Great Lakes for this purpose,
particularly Lake Erie and Lake Michigan, in the United States and Canada (Schelske and
Hodell, 1991; 1995; Lu et al. 2010; O’Beirne et al. 2015). These lakes have a history of
anthropogenic phosphorus enrichment from industry and agriculture, being severely impacted
by eutrophication in the 20™ century (Charlton et al. 1993; Charlton and Milne, 2005 as cited
in Ostrom et al. 2005; Michalak et al. 2013; Rucinski et al. 2014). Lake Erie was well known
as an example of a eutrophic ecosystem (Stoermer et al. 1985a as cited in Reavie and Allinger,
2011; Barbiero et al. 2002; Ostrom et al. 2005; Allinger and Reavie 2013; Steffan et al. 2014).
The application of 3°C at these Great Laurentian Lakes found increases in lacustrine
production (an increase in 8'°C) with historic changes in anthropogenic phosphorus loading
during the development of the watershed, and subsequent decreases in 8"°C were related to
the implementation of phosphorus abatement programs in the mid 1970s (O’Beirne et al.
2015). Along with using 8"°C as a primary production measure, Biogenic Silica (BSi) content
of sediments can be used as an estimate of siliceous microfossil abundance. BSi records at
Lake Superior also show evidence of a low-level eutrophication at the time of European
habitation and watershed development in the late 1800’s (Schelske et al. 2006). In contrast to
the lower Great Lakes, Lake Superior has been less subjected to anthropogenic pressures
(Allan et al. 2013; Rucinski et al. 2014), being classified as a deep cold oligotrophic lake
(Dobiesz et al. 2010), comparable to Lake Baikal although it is shallower than Baikal, by c.
800 m in the deepest part. This is relevant to Lake Baikal, as Lake Superior is a similarly large
and deep oligotrophic lake which is experiencing rising lake water temperatures (Austen and
Colman, 2008) and climatic driven changes within its pelagic diatom assemblages, with

increases in Cyclotella comensis in surface sediments (Reavie et al. 2014).

Past changes in carbon in Lake Baikal and environmental conditions over longer time scales
have been investigated using 8'"°Croc (Meyers and Lallier-Verges, 1999; Meyers, 2003; Liicke
and Brauer, 2004; Wantanabe et al. 2004; Swann et al. 2005; Wei et al. 2010; Prokopenko and
Williams, 2001; Mackay et al. 2016). At Lake Baikal, carbon dynamics over the Holocene
have been investigated using bulk sediment 8" Croc , and the record shows the influence of
glacial and interglacial climates on 5" Croc values (Mackay et al. 2016). The 8" Croc record

at Lake Baikal has also been used to investigate past climatic conditions, inferred from algal
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production changes, over the last ¢. 20,000 years (Prokopenko and Williams, 2001; Morley,
2005) and last 75,000 years (Prokopenko et al. 2001). This highlights the use of 8"*Croc as a
proxy for algal production at Lake Baikal, supporting its application to sediments presented
within this thesis, to reconstruct primary production changes over the last 200 years (Chapter
Seven) and longer term within the last millennium (Chapter Six). Prokopenko et al. (1993;
2001) suggests that at Lake Baikal the 8"°C signal of bulk sediments is derived from algal

growth and can therefore be used as a production proxy.

1.6.7 Carbon dynamics at Lake Baikal

Large freshwater lakes, such as Lake Baikal, have an influence on the global carbon cycle,
removing carbon from the atmosphere and storing it within the sediments (Alin and Johnson,
2007). However, the carbon burial efficiency at Lake Baikal is reduced by the oxygenated
bottom waters (Sobek ef al. 2009). Degradation in Baikal’s surface-water interface (Weiss et
al. 1991), leads to lower values of TOC within the sediment record. A large proportion of
particulate organic carbon (c. 30%) is suggested to be mineralised within the water column
(Miiller et al. 2005), and thus TOC values within Lake Baikal’s sediments are below 3 % in
the pelagic deep basins, due to mineralisation and the exposure of surface sediments to oxygen
for decades (Maerki et al. 2006). Despite the extent of TOC dissolution, the measurement of
organic carbon can still be used to examine relative changes in algal production at Lake Baikal

(Mackay et al. 2016).

Pelagic phytoplankton are the main carbon source at Lake Baikal, and due to the enormous
size of the lake only a small proportion of organic material contributing to the dissolved carbon
pool is sourced from terrigenous organic matter (Prokopenko and William, 2003). These
terrigenous sources of carbon in Lake Baikal include DOC from vegetation succession and
soil leaching (Hanson et al. 2004; Cole et al. 2007). Carbon isotopic analyses on Baikal’s
pelagic food web further support that pelagic phytoplankton produce most the organic carbon
(Yoshii et al. 1999). The pelagic food web structure at Lake Baikal only consists of five major
trophic levels (phytoplankton, mesozooplankton, macrozooplankton, fish and seal), and 8"°C
values can be used to estimate dietary composition of each level (Yoshii et al. 1999). The
carbon isotope data shows that 8"°C increases further up the trophic level as the food source

becomes more 8"°C-enriched (Yoshii et al. 1999).
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Table 4: 6" C and TOC/N values at Lake Baikal (Prokopenko et al. 1993; Prokopenko and
Williams, 2001, Morley, 2005).

8°c TOC/N
Composition of modern spring phytoplankton (1994):
Phytoplankton (pelagic north basin) -32.3 6.4
Phytoplankton (pelagic south basin) -31.1 7.5
Phytoplankton (pelagic central basin and selenga delta) -29.7 6.9
Zooplankton -31 to -25 45t07
Surface sediment -27.4 13
Soil organic matter/ watershed -234 20
Selenga River Channel -23.2t0-26.3 55t012.9

Modern day isotopic 8"°C values of pelagic phytoplankton and zooplankton at Lake Baikal
are -29.7 to -32.3 %o and -25 to -31 %o respectively, and TOC/N ratio values of 6.4 to 7.5 and
4.5 to 7 respectively (Table 4) (Prokopenko and Williams, 2001). The 8"°C values of Baikal’s
phytoplankton are generally lower than surface sediment 8"°C values, with average surface
sediment 8'°C values of -27.4 %o, ranging between -24 and -33 %o as surface sediments contain
terrestrial material (Prokopenko et al. 1993; Morley, 2005). The Selenga River Channel has
3"C values between -23.3 %o and -26.3 %o within its sediments (Morley, 2005), and soils in
the watershed have a 8"°C value of c. -23.4 %o (Prokopenko et al. 1993). The TOC/N ratio
values are highest in the catchment soils (c. 20) (Prokopenko et al. 1993) and Selenga River
Channel (between 5.5 to 12.5) (Morley, 2005), being lowest in the surface sediments (largely
ranging between 7 —13) (Prokopenko et al. 1993; Morley, 2005) and modern day
phytoplankton (6.4 — 7.5) (Prokopenko and Williams, 2001) (Figure 13). 8"°C values have
been obtained for specific algal and zooplankton species at Lake Baikal (Yoshii et al. 1999).
Aulacoseira baicalensis diatom species have the most positive 8"°C values at Maloe More (-
17.7 %o) and the least positive 8'"°C values in the Central basin and at Barguzin Bay (-28.6 —
29.6 %o) (Yoshii et al. 1999). The two dominant zooplankton species, Epischura baicalensis
and Cyclops kolensis, have a range in 5"°C values between -22.8 %o to -29.9 %o and -25.9 %o
to 26.5 %o respectively, across the lake (Yoshii et al. 1999).
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Figure 13: 6" C and TOC/N values of phytoplankton, surface sediment, tributaries, soil
catchment from Lake Baikal (Prokopenko et al. 1993) and land plants (C; and C,) (Meyers
and Lallier-Verges, 1999) (Source: Morley, 2005).

The catchment area of Lake Baikal is mainly comprised of C; plants, with very little
contribution of organic matter from C, plants (Prokopenko and Williams, 2001; Morley,
2005). However, despite minor influence of terrestrial input on the deep basins organic matter
as inferred from TOC/N values below 12, the 8"°C signal within Baikal’s bulk sediments can
be influenced by factors other than primary production. These include degradation, diatom
abundance, near-shore productivity due to the influence of macrophytes, catchment DOM and
terrestrial input from mature soils (7able 5). An increase in catchment DOM results in higher
8"3C values, whereas lower 8"°C values are a result of increased diatom abundance and
increased terrestrial input (7able 5). However terrestrial input has minimal influence on
pelagic bulk sediment carbon isotopic values due to the large size of lake Baikal, with sites
presented in this thesis being > 5 km from the shoreline. Ice cover does not affect the 3"°C
values, and it is unknown whether ice cover affects the TOC/N ratio values. Furthermore, gas
hydrates, which are unique to Lake Baikal, are localised in the Central and South basin near
the Selenga Delta, and do not influence all the lake. Gas hydrates are very unlikely to be a
factor controlling TOC content, TOC/N ratio or 8"C values (Mackay et al. 2016). Thus,
alongside algal productivity being the most likely influence on the 8"°C values, the algal

composition (i.e diatom or picocyanobacteria dominated) will have an impact on the §"°C
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values, as higher diatom abundance will result in lower 8°C values and higher

picocyanobacteria abundance will result in higher 3'"°C values.

The possible drivers of an increase in TOC content and decrease in TOC/N ratio values of
sediments could be a result of increased diatom abundance, increased picocyanobacterial
abundance and increased pelagic productivity (7Table 5) (Mackay et al. 2016). An increase in
terrestrial input from mature soils would also result in higher TOC content, although the
TOC/N ratios would increase, indicating terrestrial organic material (Table 5). There are
problems with using 8"C values and TOC/N ratios from lake sediments, as microbial
reworking can alter the isotopic content, and bulk organic matter represents a mixture of
carbon making it difficult to identify the carbon source. To further understand the carbon
dynamics and the 8"°C signal, individual biomarkers have been analysed for their carbon
isotopic composition within Lake Baikal’s sediments (Russell and Russell-Mele, 2005). These
biomarkers include major lipid classes of n-alkanes, fatty acids and sterols (Russell and
Russell-Mele, 2005). Lipid biomarker analyses on Baikal’s bulk sediments further support
that within the deep pelagic basins, algal input dominates the organic carbon content, with
some contribution from terrestrial plants from the surrounding environment (Russell and

Russell-Mele, 2005).
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Table 5: Processes affecting the TOC, TOC/N and 6" C values of organic carbon at Lake

Baikal (modified from Mackay et al. 2016).

Process TOC TOC/N s"c
Increased diatom abundance Increase Decrease Decrease’
Increased picoplankton abundance Increase Decrease Unknown*
Increased pelagic productivity Increase Decrease No change’
Increase in near-shore productivity Decrease Unknown Increase’
Increased gas hydrate release’” No change No change No change
Increased atmospheric p CO,* No change No change No change
Increased ice cover’ Decrease Unknown No change
Catchment DOM No change Increase Increase’
Increased terrestrial input from mature soils Increase Increase Decrease’
Increased C; terrestrial input’ NA NA NA

1: Diatoms are the main primary producer during spring and autumn, and pelagic diatoms range between

-28 %o to -35 %o (mean -29 %o). Over 90% of organic matter in Lake Baikal is derived from phytoplankton.

2: Within the pelagic regions of Lake Baikal no isotopic discrimiation takes place due to the size the HCO;
pool (Yoshii et al ., 1999).

3: Aquatic macrophytes in littoral regions of Lake Baikal have higher §"°C values between -5 %o to -18 %o

and benthic algae have higher §"°C values than pelagic algae, ranging between -5 %o to -11 %0 (mean -9 %o)
(Kiyashko et al ., 1998; Yoshii, 1999; Yoshii et al ., 1999).

4: Little research has examined C fractionation in picoplankton, although higher 8"C values than diatoms
have been suggested, ranging between -22 %o to - 30 %o (Sakata et al ., 1997).

5: Developed soils results in an increase in 13C—depleted respired CO, (Hammarlund, 1992; Ruess et al ., 2010).
6: Dissolved organic matter from catchment rivers has 8"°C values of -26 %o to -27 %o (Yoshioka et al ., 2002).
7: Isotopic analyses of long-chain 7 -alkanes did not detect any C, plants within Baikals watershed during the
late Quaternary (Brincat et al. , 2000).

8: Higher atmospheric CO, concentrations during the Holocene resulted in lower 8"C values of organic matter
(Prokopenko et al ., 1999), although no relationship between Holocene CO2 concentrations and §"C values
was found by Mackay et al (inpress).

9: Diatom production as inferred from biogenic silica is lower than during glacial periods than interglacial
periods (Mackay, 2007). However due to low under ice primary production and higher CO, solubility

in colder waters, isotopic discrimiation is not considered to be important (Watanabe ef al ., 2004).

10: Sedimentary methane hydrates which are unique to Lake Baikal (Granin and Granina, 2002) are

suggested to not have a large influence on §"°C values. This is as only 10s of megagrams of methane have
been measured at Lake Baikal (Schmid ef al ., 2007), and teragrams of methane would need to be emitted to

result in a decrease in 8"C values as suggested by Prokopenko and Williams (2004).
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1.7 Mercury as a pollution indicator

Mercury (Hg) is produced by both natural and anthropogenic sources, however technogenic
mercury concentrations have risen alongside industrial development. Mercury is a potentially
toxic trace element, and anthropogenic sources include industrial, agricultural and mining
activity within Baikal’s catchment area. Mercury is then transported into Baikal’s pelagic
waters via river inflows. Mercury has been used within agricultural pesticides and to extract
gold (Koval et al. 2000). The main anthropogenic mercury sources of technogenic
contamination are in the Irkutsk-Cheremkhova industrial zone, from thermal energy and
power plants (Koval et al. 1999), and the Selenga River (Koval et al. 2000). Riverine inputs,
particularly from the Selenga River, are an important source of mercury into Lake Baikal, due
to mining activity within Northern Mongolia and the cities of Ulan Ude and Selenginsk
(Figure 28). Bioaccumulation of potentially toxic elements have been found within the
benthic and pelagic food chain of Lake Baikal (Watanabe et al. 1998; Perrot et al. 2010;
Ciesielski et al. 2016). Mercury has been measured in water from riverine and pelagic sites at
Lake Baikal, and within plankton, zooplankton, fish and the livers of Baikal seals (Koval et
al. 1999; Ciesielski et al. 2016). Biomagnification of mercury has been found at Lake Baikal,
which is when mercury is transported along the food chain and concentrations rise at each
higher trophic level (Ciesielski et al. 2016). Biomagnification can therefore result in severe

toxicological effects in aquatic top predators (Watanabe et al. 1998).

Fluxes of mercury (Hg) and methylmercury (MeHg) into Lake Baikal from water, atmosphere,
biota and sediments has been previously investigated from surveys carried out in September
1990, June 1992 and March 1993 (Figure 14) (Leermakers et al. 1996). Higher concentrations
of mercury were found in the wet deposition (119 ng/g), compared to the dry deposition (54.6
ng/g) and river inflows (59.4 ng/g) (Leermakers et al. 1996). Atmospheric deposition of
mercury at Lake Baikal is therefore a major source, and sources of atmospherically derived
mercury are further discussed in Chapter Two. Previous sedimentary mercury analyses have
found the Central basin to have higher Hg concentrations in surface and down core sediments
over the last c. 250 years (range between 40 — 70 ng/g) than cores taken in the South basin
and Selenga Shallows in Lake Baikal (range between 10 — 40 ng/g) (Leermakers et al. 1996).
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Estimated annual mercury fluxes in Lake Baikal
(fluxes in kg/year)

Rain Snow Atmosphere
9.95 ng/L Tot Hg 26.9 ng/L Tot Hg 1.45 ng/m3 TGM
0.192 ng/L MeHg 0.16 ng/L MeHg 0.011 ng/m3 PM
0g0q0
Wet Deposition Dry Deposition
119 Tot Hg 54.6 Tot Hg
1.95 MeHg
INFLOW . I OUTFLOW

Water

0.25 ng/L Tot Hg
0.013 ng/L MeHg

Fish
8.7 ng Hg/g fw MeHg

59.4 Tot Hg
5.3 MeHg

15 Tot Hg
0.78 MeHg

2.2 MeHg

BIOTA

SEDIMENTATION
21.5 Tot Hg

Sediments

40 ng/g dw

Figure 14: Annual mercury fluxes in Lake Baikal. Flux measurements taken in 1991, 1992
and 1993 (modified from Leermakers et al. 1996).

1.8 Nutrient enrichment experiments

Experimental studies report useful methods to further understand the role of nutrients on algal
communities (Schlinder, 1977; Elser and Kimmel, 1986; Hecky and Kilham, 1988; Sterner et
al. 2004). Nutrient enrichment experiments have been extensively applied to both freshwater
and marine systems, via small-scale in situ mesocosm approaches (Oviatt et al. 1986; Schelske
et al. 1986; Elser et al. 1990; Cottingham et al. 1997; Graneli et al. 1999; Camacho et al. 2003;
Gilpin et al. 2004; Gobler et al. 2006; Marcarelli et al. 2006; Veraart, 2008; Felisberto et al.
2011) and whole-lake fertilisation (Carpenter et al. 2001; Vadebancoeur et al. 2001;
Vadebancoeur et al. 2003), such as in the Experimental Lakes Area (ELA) in Canada
(Schindler, 1974; Schindler and Fee, 2011). These experiments are conducted to determine
nutrient limitation of phytoplankton, i.e. which nutrients are controlling algal biomass. The
ELA studies found phosphorus to be the main limiting nutrient (Schindler et al. 2008; Wang
and Wang, 2009; Paterson et al. 2011; Schindler, 2012). However other studies suggest that

biological fixation of atmospheric nitrogen is not sufficient to meet algal demands for nitrogen
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and maintain phosphorus limitation of lake production, supplying less than 10% of the
nitrogen needs of primary producers in eutrophic lakes (Howarth et al. 1998 as cited in Patoine
and Leavitt, 2008; Patoine and Leavitt, 2008). Thus, many nutrient enrichment studies
highlight the importance of both nitrogen and phosphorus as limiting nutrients on lake
production (Leavitt et al. 2006; Conley et al. 2009; Paerl, 2009; Paerl et al. 2011; 2014; Scott
and McCarthy, 2011). Although phosphorus and nitrogen are commonly the focus of
eutrophication, studies have also highlighted the importance of silica on diatom production
(Hamilton, 1969; Kilham, 1971; Officer and Ryther, 1980; Hecky and Kilham, 1988), and
marine studies have found silicon accumulation within picocyanobacterial cells (Baines et al.

2012).

1.9 Summary

Overall Lake Baikal is under threat from anthropogenic activity within the catchment, which
is discussed further in Chapter Two, with the sources of pollution, both from the river inflows
and atmospheric deposition. Recent work has shown evidence of signs of eutrophication
within the littoral regions of Lake Baikal, and there is no current published research which has
considered the current limnological state of Baikal’s pelagic waters. Lake Baikal’s
limnological structure is also under pressure from rising regional temperatures, which are the
shortening of the ice cover season, and deepening of the thermocline depth. Baikal’s
limnology is further discussed in Chapter Two. Algal pigments are a well-known technique
to consider all the algal groups, and despite their high lability especially within a lake such as
Baikal, they have previously been shown to provide reliable primary production proxies, and
this thesis provides an opportunity to test the application of this technique over more recent
timescales, the last couple of centuries. Carbon isotopes will also be important, to see if they
agree with the production trends from the pigments. The mercury analyses, although it is a
pilot study, is an important aspect to this project, to enable understanding into the human
impact on Baikal’s waters and extent of industrial pollution. Furthermore, the nutrient
enrichments provide a key way to looking at how Baikal’s algal community might respond to

excessive nutrient enrichment, double the previously published levels during a ‘pristine”’ state.
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Chapter Two: Site Description

As discussed in Chapter One, Lake Baikal is a large ancient tectonic lake which is under
pressure from anthropogenic activity and climate change. Anthropogenic activity largely
began within Baikal’s catchment since the 1950s, and regional air temperatures have increased
by c. 1.2°C over the last 60 years (Shimaraev and Domysheva, 2013). Previous studies have
shown how Lake Baikal is responding to climatic changes (Hampton et al. 2008; Moore et al.
2009; Izmesteva et al. 2015; Silow et al. 2016), and signs of eutrophication have been found
within the littoral regions (Timoshkin et al. 2016). This study aims to explore the response of
pelagic Lake Baikal to anthropogenic nutrient enrichment and/or climate change.
Contemporary and historic limnological conditions will be examined at Lake Baikal, to
investigate if there is pelagic eutrophication or changes related to lake warming.
Palaeolimnological changes over the last 200 years will enable primary production pre and
post anthropogenic influence (c. 1950 AD) to be examined, and longer term records will

enable recent primary production changes to be put into context with natural variability.

2.1 Lake Baikal Basin

Lake Baikal is located on an active rift zone, and can be divided into three main basins; the
North basin is separated from the Central basin by the Academician Ridge, which is an
underwater mountain range. The Central basin is separated from the South basin by the

Buguldeika Ridge and the more than 20 km wide Selenga River Delta (Figure 15).
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Figure 15: (a) Longitudinal profile of Lake Baikal, (b) Transverse profile of the South basin
and (c) position of transect on Lake Baikal (modified from de Batist et al. 2002; Vologina
and Sturm, 2009).
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The delta regions of the lake; Selenga, Upper Angara and Barguzin rivers are up to several
kilometres wide (Figure 16). Thus, the geomorphology at the bottom of the basins is full of
undulating ridges and large turbidite deposits, which are discussed further in Chapter Six, and
are a result of mass movement on the tectonic rift boundary. In total 365 inflowing rivers feed
the lake and there is only one outflow, the Angara River in the South basin. The three largest
tributaries which flow into Lake Baikal are the Selenga, Barguzin and Upper Angara
(Callender and Granina, 1997), with the Selenga being the largest of the three (Figure 16).
These rivers contribute to over 92% of the riverine inputs, bringing nutrient-rich waters into
the delta regions (Genkai-Kato et al. 2002). Therefore, Baikal’s catchment area is 560,000
km?, spanning both southeast Siberia and northern Mongolia (Kozhov, 1963) (Figure 16).

LAKE BAIKAL BASIN N

= Drainage Basin Boundary
—--= International Boundary
----- Oblast or Republic Boundary
——  River
@ Lake
.

Selected City

t Severobaikalsk

The Angara R.
flows into the
Yenisey R. before
reaching the
Arctic Ocesn Buryatia

Republic

Irkutsk Oblast

\Ust-
;f" (‘Ordynskiy

Buryatia s
o Republic
/e,

3 3\ — RUSSIAN
'\ \Zakamensk .. ( FED. 7
\"\,,l-.., 4 .’
o
N L
- .\.-,
S
~—— W
Tosontsengel MONGOLIA

0 100 km
[ —

Boundaries and locations are approximate

ILEC/53 37N/108. 17 £/2 30805 and should not be considered authoritative.

Figure 16: Lake Baikal and catchment (Brunello et al. 2004).

The overall mean water residence time for Lake Baikal is over 300 years (Brunello et al. 2004)
and the water residence time differs for each basin, being lower in the South basin and highest
in the North basin. The catchment area is forested predominately by Scots pine (Pinus

sylvestris) and Siberian larch (Larix sibirica). The geological structure of Lake Baikal’s
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catchment is made up of formations which differ in age and composition. The main rock types
are granite and other igneous rocks, and the lithology of the lake catchment is largely
comprised of Archaean and Proterozoic rocks (Heim et al. 2007) (Figure 17). At the edge of

Lake Baikal there are quaternary lake, river and glacial formations (Heim et al. 2007) (Figure

17).
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Figure 17: Lithological map of the Lake Baikal catchment (Heim et al. 2007).

Permafrost is extensive within the Baikal catchment region, especially around the Selenga
River basin. Continuous and discontinuous permafrost dominate c. 30% of the east and west
sections of the Selenga River basin, and sporadic and isolated permafrost dominate the south
sections (Sharku, 1998; Torngvist et al. 2014 as cited in Mackay et al. 2016). Permafrost is
degrading within the Baikal region due to warming, human impact and increased wildfires

(Sharkuu 1998; Romanovsky et al. 2010; Zhao et al. 2010; Torngvist et al. 2014).

2.2 Climate controls in the regions

The climate within the region is arid and continental, as the Primorsky Mountain Range (1000
— 1500 m a.s.l) on the western coast of Lake Baikal blocks moisture carried by the Atlantic
Westerlies (Gustokashina and Bufal, 2003; Bezrukova et al. 2013). Mean January and July
temperatures within the Baikal region are c. -19.7°C and 15.4°C respectively (Galaziy, 1993;
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Bufal et al. 2005; Bezrukova et al. 2013). The summers within this continental region are
short, warm and wet and the winters are long, dry and cold (Mackay et al. 2016). The timing
of ice cover formation and break-up at Lake Baikal is driven by large-scale atmospheric
circulation patterns, which include the North Atlantic Oscillation (NAO), Arctic Oscillation
(AO) and the Siberian High (Livingston, 1999; Todd and Mackay, 2003). The position and
intensity of the Siberian high, which is a cold anticyclone that forms over eastern Siberia in
winter, dominates the climate, along with the jet streams, and both the summer and winter
monsoons (Mackay et al. 2003). In the winter, the Siberian high-pressure system brings cold
Arctic air into the region from the Kara Sea to central Asia (Gong and Ho, 2002 as cited in
Mackay et al. 2016), which influences the intensity of the East Asian Winter Monsoon
(EAWM) (Wu and Wang, 2002 as cited in Mackay et al. 2016). In spring the Siberian high-
pressure decreases and the air masses move towards Europe. The weakening of the Siberian
high pressure is variable within the Baikal region, and this affects the timing of the ice-off
period and spring bloom development. In the summer months, the Asiatic Low moves towards

the Baikal region, bringing moisture from the Indian Ocean.

2.3 Limnology

Three different zones occur in the water column of Lake Baikal; the euphotic zone which
extends between 4 and 50 m water depths, the aphotic zone, which is mixed by convective
cooling down to 200 m during autumn and down to 300 m by warming in the spring, and the
permanently stratified aphotic zone, which is the oxic deep water zone from approximately

300 m to the bottom waters (Fietz et al. in prep) (Figure 18).
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Figure 18: Diagram of Lake Baikal’s water column from the euphotic zone to the sediment
surface.
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The water masses below the mixing layer are homothermal (c. 4°C; Granin et al. 1991;
Shimaraev et al. 1994), and Lake Baikal has permanent high oxygen content within its deep
waters, throughout the water body (Fietz et al. in prep). This is due to deep-water ventilation
and turbulent diffusion from weak stratification of the water masses (Weiss et al. 1991;
Shimaraev et al. 1993; 1994; Hohmann et al. 1997; Dobretsov et al. 2000; Wiiest et al. 2005).
Deep-water ventilations occur regularly (Weiss et al. 1991; Shimaraev et al. 1994; Wiiest et
al. 2005), and the two mechanisms suggested to be driving this deep-water ventilation are
thermal instability (Weiss et al. 1991) and cabbeling (Shimaraev et al. 1993; 1994). Cabbeling,
is the sinking of denser water as the warmer littoral waters mix with the colder pelagic waters,
and this occurs at thermal bars within the lake (Shimaraev et al. 1993; 1994). Thermal bars
form close to the coastal regions in Lake Baikal in the spring due to faster warming of shallow
waters, compared to deeper pelagic waters (Likhoshway et al. 1996). Thermal instability
involves the relationship between temperature and pressure, with plumes of colder water
sinking from the upper zone (0 — 250 m) to displace the deeper permanently stratified waters
in spring (Shimaraev and Granin, 1991; Ravens et al. 2000). During spring, the surface waters
(c. 4°C) are above colder waters and the boundary between the upper waters and the deeper
waters is known as the mesothermal temperature maximum (MTM), where T= T.q
(temperature at maximum density), with temperature decreasing at a rate of 0.021°C bar™ with
depth due to increasing pressure (Chen and Millero, 1986 as cited in Morley, 2005). Free
convection does not occur between upper and lower waters, as the water at the boundary is at
maximum density (Shimaraev et al. 1994). Convection only occurs when the boundary
between these two zones is deepened, by wind stress or salinity, forming a plume as the
temperature of the upper waters become closer to the T,q (Weiss et al. 1991). This theory is
disputed by Hohmann et al. (1997), as it is unclear as to how the upper waters can cross the
MTM. Instead Hohmann et al. (1997) suggests that plumes of colder denser water occur in
areas where water masses of differing temperatures and salinity meet horizontally, such as
where the Selenga River waters meet the colder North Basin waters at the Academician Ridge.
Therefore, both low primary productivity and efficient deep-water mixing of Lake Baikal
ensures permanently oxygenated bottom waters with a high oxygen penetration depth in the

sediments (Weiss et al. 1991; Vologina et al. 2003).

Lake Baikal is a dimictic temperate lake, circulating twice a year in the spring and autumn,
and its waters stratify in the summer months, with mixing depths of c¢. 20 m (Wetzel, 2001).
Stratification develops during the summer as solar radiation heats surface waters faster than
the water-mixing rate, resulting in an upper warm layer (epilimnion) and lower cooler layer
(hypolimnion) either side of the metalimnion (Morley, 2005). In the autumn, a net heat loss

causes the epilimnion to become cooler and denser. Autumn turnover is formed from the
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sinking water from the epilimnion, which results in the metalimnion deepening, until the entire
water column circulates, and this temperature loss continues until the water is 4°C or less.
During winter ice development, an inverse stratification forms as cold, less dense water lies
above warmer denser water at ¢. 4°C. Then during ice break-up in spring, the lake overturns
and becomes isothermal, which allows for direct summer stratification to develop (Morley,
2005). However, even during homothermy, due to the size of Lake Baikal, convective currents
and the wind-induced overturn is limited to the upper 250 — 300 m, forming two layers; the
upper 250 m where mixing occurs and the lower zone from 250 m where the water is
permanently stratified (Shimaraev 1977; Shimaraev and Granin 1991; Ravens et al. 2001).
Water renewal occurs twice a year for the upper layers of the water column, and it takes a
mean of 8 years for complete deep-water renewal (Weiss et al. 1991). Below 300 m, deep-
water renewal differs between basins, taking c. 11.2, 10.4 and 6.2 years in the South, Central
and North basins respectively, before the deep water returns to the surface (Weiss et al. 1991;
Peeters et al. 1997). Due to the size of Lake Baikal, spanning several latitudes, the South and
North basins have different ice-off timings and length of summer stratification. The lake
freezes earlier in the north basin (December) than the South basin (January), and ice-off begins
earlier in the South basin (March) than in the North basin (April). Therefore, the South basin
becomes ice-free and stratifies in the summer months before the North basin, having a longer

growing season.

2.4 Seasonal phytoplankton trends in Lake Baikal

Diatoms are one of the main primary producers and in the spring, they bloom underneath the
ice, with planktonic species growing within the water column (Jewson et al. 2009) (Figure
19). During the summer, non-siliceous autotrophic picoplankton account for up to 90% of the
total primary production and then in the autumn diatom populations are re-established in the
water column, with blooms of Cyclotella minuta (Back et al. 1991; Popovskaya et al. 2004)
(Figure 19). The dominant Baikal diatom species vary from year to year, with Melosira years
(which are now known as blooms of Aulacoseira baicalensis) and Synedra acus years
(Antipova, 1963; Votintsev et al. 1975; Popovskaya, 2000 as cited in Sorokovikova et al.
2012). The occurrence of Melosira (Aulacoseira baicalensis) ‘high productive’ years are a
natural phenomenon on Lake Baikal, occurring every 3 — 4 years, at least in the South basin
during spring and can have up to 10 times greater algal biomass compared to non-Melosira
years (Bondarenko and Evstafev, 2006). Pre-Melosira years are often marked by high
abundances of Cyclotella minuta, and Melosira years are often followed by Synedra years
(Rychkov et al. 1989 as cited by Morley, 2005). These large under-ice blooms of Aulacoseria

baicalensis have been suggested to be meteorologically driven (Shimaraev, 1971 as cited in
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Katz et al. 2015) and astronomically driven by solar activity (Bondarenko and Evstafev, 2006).
Katz et al. (2015) found that the peak abundance of Aulacoseira baicalensis shifted by 1.6
months later across a 50-year time series, corresponding with the delay in ice-on timing that
has been associated with climate change. Kozhov (1955, 1963) as cited in Katz et al. 2015
found that there is no evidence for nutrient controls of Aulacoseira blooms but suggests that
water temperatures in the months leading up to ice cover might create favourable conditions
for blooms if they promoted retention of a large “seed bank™ of Aulacoseira cells in the photic
zone. In addition to autumn water temperatures, light availability through the ice cover plays
a major role in the formation of large Aulacoseira blooms (Kozhova, 1961; Jewson et al.

2009).
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Figure 19: Seasonal phytoplankton trends of the two dominant primary producers (diatoms
and picocyanobacteria) at Lake Baikal (Moore et al., 2009).

2.5 Palaeolimnological and palaeoclimate records at Lake Baikal

Regional climate reconstructions have previously been conducted using palynological records
and geochemical data from lakes on the shore of Lake Baikal, namely Lake Kotokel and Lake
Khall (Figure 20) (Tarasov et al. 2009; Mackay et al. 2013b). Lake Kotokel is located on the
eastern coast of Lake Baikal (Tarasov et al. 2009), and Lake Khall is a small shallow lake
located to the south of Ol’khon Island, on the west coast of Lake Baikal (Figure 20) (Mackay
et al. 2013b). These records show similar climatic trends to regional climate modelling (White
and Bush, 2010), showing declining atmospheric precipitation and increase in continentality

over the mid to late Holocene. This decrease in precipitation occurred alongside a change in
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seasonality, with the strengthening of Westerlies within the region resulting in greater winter
snow accumulation. Higher winter snow accumulation, along with drier summers, favoured
the spread of drought resistant Scots pine (Pinus sylvestris) (Tarasov et al. 2009; White and
Bush, 2010; Mackay et al. 2013b). Furthermore, the Lake Khall geochemical record shows a
period of relative stability which coincides with the Medieval Climate Anomaly (MCA), and
cool, moist conditions which coincide with the timing of the LIA (Mackay et al. 2013b).

Diatom production proxies such as BSi have been used to reconstruct diatom response to long-
term climatic changes and biogenic silica concentrations have been directly linked to
insolation forcing (Qui et al. 1993; Colman et al. 1995; Williams et al. 1997; 2001; Kashiwaya
et al. 1999; Karabanov et al. 2000; Prokopenko et al. 2001). This highlights the use of algal
production proxies at Lake Baikal in reconstructing past climates. Biogenic silica records have
shown changes in climate inferred from diatom production over the Holocene (Qui et al.
1993), the MIS 3 and early MIS 2 (Swann and Mackay, 2006), over the last 250 ka years
(Colman et al. 1995) and 5 Ma years (Williams et al. 1997). Diatom assemblages (Morley,
2005; Mackay et al. 1998; 2003), carbon isotopes (Prokopenko and William, 2001) and
phytoplankton pigments (Fietz et al. 2007) have also been used to examine limnological
change at Lake Baikal in relation to climate, and pollen records have been used to examine
past vegetation histories (Demske et al. 2005; Bezrukova et al. 2003). These records show
changes towards higher Chlas (Fietz et al. 2007) and diatom valve concentrations (Morley,
2005), greater forest vegetation within Baikal’s catchment (Demske et al. 2005), and lower
8"°C values (as discussed in Chapter Six) (Prokopenko and William, 2001), during warm

climatic conditions, in comparison to glacial periods.

Both diatom and biogenic silica records report changes in primary production in relation to
variations within Milankovitch orbital parameters (precession, obliquity and eccentricity)
(Colman et al. 1995; Williams et al. 1997). Diatom assemblage records provide information
on past climates over the last 2.5 Ma years, showing diatom extinctions related to transitions
to glacial periods, and speciation within the interglacial periods (Julius et al. 1997; Grachev
et al. 1998; Khursevich et al. 2001). Diatom assemblage changes within a sediment core from
the Vydrino Shoulder in the South basin also shows similarities between diatom shifts and
North Atlantic climate events recorded in the GISP2 ice core, during the late glacial-Holocene
transition, suggesting teleconnections between Central Asia and the North Atlantic (Morley,
2005). In addition to algal production records, regional vegetation history from long sediment
records at Lake Baikal span over the Holocene (Bezrukova et al. 2003) and Quaternary period
(Miiller et al. 2001; Demske et al. 2002). Palaeolimnological records from fossil pigments and

diatoms at Lake Baikal show that the last interglacial (Eemian, MIS 5e¢) in central Asia lasted
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c. 10.5 ka years (Rioual and Mackay 2005; Fietz et al. 2007), and the short-lived mid-Eemian
cooling event detected within the last interglacial matches up with the North Atlantic records
(Karabanov et al. 2000). Furthermore, the timing of the glacial periods as inferred from zero
values of biogenic silica concentrations, match the glacial periods within the marine §'°0
profile (Colman et al. 1999). Diatom production records show millennial-scale variability
during the Holocene, linked to Northern Hemisphere cooling, with the occurrence of ice-
rafting (Heinrich) events, Dansgaard-Oeschger Events and Bond Cycles at Baikal
(Prokopenko et al. 2001). An oxygen isotope record of diatom silica from Lake Baikal also
provides evidence for Holocene cooling events (Mackay et al. 2011). These cooling events
have been suggested to be related to variations within solar radiation and melt-water outburst

event from the Laurentide ice sheet (Mackay et al. 2011).
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Figure 20: Location of Lake Khall and Lake Kotokel on the coast of Lake Baikal.

Across the Northern Hemisphere, short-term climate events within the late Holocene have

been detected from sediment records, which are referred to as the Little Ice Age (LIA) and the
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Medieval Climate Anomaly (MCA) (Campbell et al. 1998; Jones and Mann, 2004 as cited in
Mackay 2007). Palaeoclimate records show clear regional fluctuations which correspond with
the LIA and MCA periods (Nesje et al. 2005 as cited in Mackay, 2007), and mid to high-
latitude continental regions, such as Lake Baikal, experienced lower temperatures during the
LIA period compared to similar regions close to the North Atlantic (Bradley, 2003 as cited in
Mackay, 2007). Therefore, this cooling during the LIA period impacted Baikal’s ecosystem
(Mackay et al. 1998). Regional temperatures over the last 1000 years within Asia have been
reconstructed using tree ring reconstructions, and climatic changes do not fully match up in
timing and magnitude with climatic changes observed (D’ Arrigo et al. 2000; Cook et al. 2013).
For example, the transition to colder climatic conditions during the LIA occurred earlier in the
Arctic, Europe and Asia than in North America or the Southern Hemisphere regions (PAGES
2k Consortium, 2013) (Figure 21). Regional climatic changes within the Baikal region in the
late Holocene may not necessary match up in timing and magnitude with observed short-lived

climatic events, such as the LIA, in the North Atlantic.

Pollen records show changes in regional vegetation assemblages in response to these climatic
changes over the last millennium at Lake Baikal, with increasing abundance of fir (4bies) in
the mid-taiga forest mountain, suggesting higher winter temperatures and precipitation with
intensification of winter cyclonic activity during the MCA (Bezrukova ef al. 2006). The MCA
was then followed by an expansion of scrub pine (Pinus), spruce (Picea), and larch (Larix)

with cooler climatic conditions in the LIA (Bezrukova et al. 2006).

Volcanic-solar downtumns —

23

Arctic

Europe

Asia—

North Tree rings
America | pyjlen

Australasia

South
America |

Antarctica—

<3

1 200 400 600 1800 2000

Figure 21: Temperature reconstructions across the continents over the last 2000 years
(PAGES 2k Consortium, 2013).

A previous palacolimnological study at Lake Baikal detected sedimentary diatom assemblage

changes at the timings of the MCA and LIA (Mackay et al. 2005). Past diatom assemblages
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have also been used to infer snow cover over the last 1000 years, and during the LIA the
diatom assemblages suggest increased snow cover, which is likely to be a result of increased
intensity of the Siberian High and weakening of the North Atlantic Oscillation within the
region (Mackay et al. 2005). The onset of the LIA at Lake Baikal is shown by changes within
the abundances of spring blooming and autumnal blooming diatoms, namely Aulacoseira
baicalensis and Cyclotella minuta, and not by total diatom concentrations (Mackay et al.
1998). It is suggested that continuous snow cover on Lake Baikal and a prolonged cooler
climate during the LIA resulted in conditions which promoted the growth of Cyclotella minuta
over under-ice blooms of Aulacoseira baicalensis (Mackay et al. 2011). However, a climate
reconstruction study from the 8'*0 isotopic composition of diatom silica at Lake Baikal does
not provide evidence for the LIA in the late Holocene (Mackay et al. 2011). This has been
suggested to be due to the LIA being a short climatic event of low magnitude, in comparison
to late glacial climatic changes, which have been detected via diatom assemblage changes
(Mackay et al. 2011). Therefore, photosynethic pigments are vital to use at Lake Baikal to
examine climatic changes over the last 1000 years, as they provide a complete picture of past
algal production and of other algal groups, and not just diatoms as inferred from biogenic

silica records.

2.6 Social and economic pressures at Lake Baikal

The Baikal region has a long history of hunter-gatherers and pastoralists from at least 8800
cal. yrs BP (Bezrukova et al. 2006; Nomokonova et al. 2010; Mackay et al. 2013), and since
the late Holocene pastoralists dominated the Ol’khon region (Nomokonova et al. 2010).
Despite the long history of prehistoric populations around Lake Baikal, human impact on
vegetation was local and not intensive enough to affect the regional vegetation development
(Tarasov et al. 2007). Therefore, before the 1950s there is no evidence of anthropogenic
activity within the lake sediment pollen and charcoal records (Demske et al. 2005; Tarasov et
al. 2007). Lake Mo-33b is a small shallow lake, located in the Selenga River watershed in the
southern part of the Bulgan Province, in central Mongolia (Figure 22), and sedimentary pollen
analysis has been carried out to examine vegetation change (Tian et al. 2014). Low economic
activity, such as forest clearing for pastures, forest fires, agriculture occurred prior to 1950
(Kozhova and Silow, 1998), and pollen records from Lake Mo-33b show that agricultural
activities largely began in the 1980’s (Tian et al. 2014), with increased regional farming

resulting in higher abundances of Pediastrum spp. within Lake Mo-33B (Tian et al. 2014).
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Figure 22: Location of Lake Mo-33b in Mongolia (modified from Tian et al. 2014).

Pediastrum spp is Chlorophyceaen green algae, and has been suggested to be indicative of
nitrogen-rich waters (Mackay et al. 2013). The appearance of Pediastrum spp. within the
palynological record from Lake Khall has been observed since c. 1845 AD (Mackay et al.
2013). The rise in Pediastrum spp. at Lake Khall largely occurred over the last c. 100 years,
with increases more than 3-fold in abundance over the last c. 50 years (Mackay et al. 2013).
The appearance of Pediastrum spp. at ¢. 1845 AD coincides with the intensification of animal
husbandry within the Lake Baikal region and the influx of Russian settlers (Tarasov et al.
2007). Following this, tree-felling by local populations occurred, although this is not observed
within the palynological record (Sizykh, 2007; Mackay et al. 2013). Despite observed changes
within aquatic plant assemblages in the mid 19™ century, major human impact has only been
the major driver of larger scale regional vegetation changes over the last 60 years, with crop
cultivation and herding explaining a greater proportion of variance within the pollen record
than climate (Tarasov et al. 2007; Tian et al. 2014). The increase in Pediastrum spp. within
the palynological record from Lake Khall (Mackay et al. 2013b) and within Lake Mo-33b also
highlights a recent phase of human impact within the Lake Baikal region, over the last c. 50

years.

Vegetation land cover data from 2000 to 2010 was collected from http://www.esa-landcover-
cci.org (by S. Virdis), and reductions in forest cover, increases in cropland, and increases bare
and shrub land have been observed (S. Virdis per comms). The predominant land cover

changes observed over the last decade within Lake Baikal’s catchment have been increases
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within the area of cropland (increase by 40,000 ha), deciduous shrubland (30,000 ha) and
grassland (35,000 ha), and decreases within regional forest cover (15,000 ha, 1,700 ha and
6,000 ha in needle-leaved evergreen tree cover, broadleaved deciduous tree cover and needle-

leaved deciduous tree cover respectively) within the southern catchment area (Figure 23).
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Figure 23: Land cover map of Lake Baikal’s catchment Area. Produced by S. Virdis
(unpublished) (Data source: http.//www.esa-landcover-cci.org).
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2.6.1 Pollution sources in and around Lake Baikal’s watershed

Since the 1950s, pollution sources have become of national and international concern, from
industry, mining, urban growth and tourism (Brunello et al. 2004). There are several large
cities and industrial centres around Lake Baikal, including Irkutsk, Angarsk, Cheremkovo and
Usolye-Sibirskoye (Figure 24) (Van de Vel et al. 2010). Human population within the lake’s
basin is relatively sparse, and reaches over one million within all the cities combined (Van de
Vel et al. 2010). One of the main cities, Irkutsk, which is not within the catchment but along
the Angara River, has a population of c. 640,500 (McConnell et al. 1996; Russian Federal
State Statistics Service, 2011). Another main city is Ulan-Ude, which is in Baikal’s watershed
along the Selenga River and has a population of c. 400,000 (McConnell et al. 1996). The
population of Ulan Ude has increased from c¢. 21,000 in 1923 to c¢. 250,000 in 1970 and c.
400,000 in 2010 (McConnell et al. 1996; Russian Federal State Statistics Service, 2011). The
current population of c. 640,500 in Irkutsk has been relatively stable over last few decades
(McConnell et al. 1996; Russian Federal State Statistics Service, 2011). Angarsk has a smaller
population today, of 23,000, and Severobaykalsk in the north, was founded in the early 1970’s
has a population of c. 25,000 (Russian Federal State Statistics Service, 2011).

Increasing pressures from shoreline settlements and tourism within Baikal’s catchment have
been observed and are causing greater loading of phosphorus and nitrogen into the littoral
regions of the lake (Ciesielki et al. 2006), due to outdated sewage-treatment plants in coastal
cities (Timoshkin et al. 2016). As discussed previously in this thesis, there is now evidence of
eutrophication in Baikal’s coastal waters, with algal blooms of Spirogyra found in 2013 along
the northwest coast near the town of Severobaikalsk (Timoshkin et al. 2016). It is unknown if
there have been any changes in nutrient concentrations within the pelagic regions, and what
impact changes in lake water nutrient concentrations would have on Baikal’s pelagic
phytoplankton (Mackay et al. 2006; Moore et al. 2009). Previous limnological surveys show
higher phosphorus concentrations within the Selenga River waters (Sorokovikova et al. 2015)
than previous measurements in the 1960s -1980s (Votinstev et al. 1965; Tarasova and
Mescheryakova, 1992; Sorokovikova and Avdeev, 1992; Sorokovikova et al. 1995). Primary
production in the Selenga River has risen four-fold between 1961 and 1990 (Sorokovikova
and Avdeev, 1992), alongside gradual increases in phosphorus concentrations (Tarasova and
Mescheryakova, 1992; Sorokovikova et al. 2001). An increase in the sulphate concentrations
from atmospheric precipitation and wastewater discharges over the last 60 years in the Selenga

River waters and small tributaries flowing into the South basin have been recently reported,
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highlighting the deterioration of water quality from pollution (Sorokovikova et al. 2015a;
2015b).

Over the last 10 years, urban areas within Baikal’s catchment area have increased by c. 15,000
hectares (S. Virdis per comms). The main industries are energy, logging, oil and fuels,
chemicals and hydro-electricity, and the major industrial centres, Ulan-Ude, Angarsk,
Shelekhov, and Baikalsk, are located within 0-100 km of the lake (McConnell et al. 1996; Van
de Vel et al. 2010). Irkutsk is another major industrial centre on the outflow from the Angara
River, which is not located within the watershed, but is a potential source of atmospheric

pollutants into Lake Baikal.
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Figure 24: Main settlements within Lake Baikal’s watershed and along the outflow, the
Angara River. Triangles represent settlement areas.

Industrial development began in the 1950s, with point source pollution from pulp and paper
mills and power stations situated around the lake, mainly in Irkutsk, Angarsk, Baikalsk and
Selinginsk (Brunello et al. 2004) (Figure 24). In contrast, there are only a few industrial
regions in the watershed of the North Basin, which include Severobaikalsk and Nijneangarsk
(Rose et al. 1998). Point source pollution in the north includes effluents from partially treated
sewage, which enters the lake at Severobaikalsk (Rose et al. 1998). Along with sewage,
factory waste products enter the South basin, both directly and from rivers, especially the
Selenga River (Rose et al. 1998). The two pulp and paper mills in the region were constructed
on the South basin shore in Baikalsk, and along the Selenga River, in Selinginsk (Lindstrom-
Seppi et al. 1998; Stepanova et al. 2000). The Baikalsk Pulp and Paper Mill (BPPM) (Figure

24), located in Baikalsk on the South Basin shoreline, was the major polluter of the lake, due
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to its emissions and release of wastewaters directly into the lake, which had high levels of
sulphates, chlorides, and organic compounds (Lindstrom-Seppé et al. 1998; Brunello et al.
2004; Kotelevtsev et al. 2000). The BPPM produced over 50,000 cubic meters of water
pollution and 20,000 tons of air pollution annually (Brunello et al. 2004), and it has been
shown that the Baikalsk mill caused enhanced levels of persistent organic chlorines in the
southern basin, particularly in the 1960s to 1970s (Maatela et al. 1990; Oyuna et al. 2003).
Emissions of methanethiol were also released from the BPPM (Toda et al. 2010) and are

currently being released from the pulp mill in Selenginsk.

Bioaccumulation of organic chlorine compounds and chemical elements within the food web
has been detected within the livers of Baikal seal, plankton, zoobenthos and fish (Watanabe
et al. 1998; Ciesielski et al. 2006; Imaeda et al. 2009; Isobe et al. 2009; Iwata et al. 1995;
Nakata et al. 1995; Imaeda et al. 2009; Hirakawa et al. 2011), and levels of dioxin and
dibenzofuran (PCDD/Fs) within Baikal’s freshwater seals have been reported to be high, being
similar to the levels detected within the Baltic Sea seals (Tarasova et al. 1997). The outbreak
of the morbilivirus in the late 1980s, which resulted in high mortality rates within the Baikal
seal population, has been associated with this increasing organochlorine pollution from the
BPPM, as organic chlorine compounds caused immunosuppression (Galazii, 1991; Grachev
et al. 1989; Nakata et al. 1995; Nakata et al. 1997). Thus, due to the emissions of pollutants,
effluent wastewater discharges and ground water contamination, the BPPM was officially
closed in 2013 for the protection of Lake Baikal (Environmental Monitoring of Lake Baikal
website, 2015).

Industrial activity within the Baikal region was greatest during the 1990s, and then the level
of pollution decreased due to a fall in economic activity and the inclusion of Baikal on the
UNESCO World Heritage list in 1996 (Brunello et al. 2004). Tourism started to increase in
the 1990s, along with navigation activity. Increasing tourism around the shore of bays, such
as Litsvyanka and Maloe More, is a growing environmental threat to Lake Baikal, as tourist
resorts and boats release waste directly into the lake (Kravtsova et al. 2014; Timoshkin et al.
2016). The spread of Elodea canadensis, an alien species of submerged macrophyte, which
was found in the bays, along shorelines and within pelagic regions of the lake, in the 1970s,
has been linked to navigational activity (Kozhova and Pautova, 1985 as cited in Kravtsova et
al. 2010; Kozhova and Izhboldina, 1992). Another pollutant; microplastics (< 5 mm in size)
from household plastics could also disrupt Baikal’s aquatic foodweb, and these have been a
growing concern for the Laurentian Great Lakes (Eriksen et al. 2013; Driedger et al. 2015).

Microplastics have been found in high concentrations in Lake Hovsgol (Free et al. 2014), next
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to Lake Baikal, where the level of pollution is suggested to be higher than at the Great Lakes.

However, microplastic pollution has not yet been reported in Lake Baikal

Along with industrial enterprises, mining activity within the Baikal catchment has increased
substantially over the last decade (Brunello et al. 2004). Gold mines are largely in operation
in the northeastern Mongolian region, releasing pollutants into the Selenga River (Stubblefield
et al. 2005; Chalov et al. 2012; Thorslund et al. 2012). Over the last 10 years many of the sub-
basins of the Selenga River have been used for mining gold, silver and coal (Chalov et al.
2012). In 2011, there were 204 small-scale gold mining companies operating in Northern
Mongolia along the Selenga River (Batimaa et al. 2011), and the Zaamar Goldfield has been
reported as a major source of heavy metals (Thorslund et al. 2012) (Figure 25). Mining
activity within the region uses mercury to extract the gold (Thorslund et al. 2012), which is
then transported into Lake Baikal via river waters. The Selenga River has been suggested to
be already very polluted, with elevated levels of heavy metals and suspended sediment
transport (Thorslund et al. 2012). Lake Baikal’s watershed has a significant risk of mercury
pollution due to a large technogenic mercury placer for gold mining in the Boroo River, a
tributary of the Selenga-Orkhon river (Tumenbayar et al. 2000). High levels of pollutants (Al,
Fe, Cu, As, Mo and Hg) from mining have been reported in several Mongolian rivers,
including the Tuul River near the Ulan Bator and Zaamar Goldfield (Lee et al. 2006; Bayamba
and Todo, 2011; Thorslund et al. 2012; Chalov et al. 2014) (Figure 25). However, mercury is
not used in the extraction process in the Zaamar mines (Lee et al. 2006; Thorslund et al. 2012).
Thus, current levels of metals in Baikal are greatest in the southern basin, due to the inflowing
Selenga River waters (Jambers and VanGrieken, 1997). Tributaries are the major source of
pollution at present, accounting for over 80% of the total pollution into the lake (per comms
E.A. Silow). Industrial, mining and domestic effluents from riverine inputs have not been
observed to be affecting Baikal’s pelagic water quality, however atmospheric pollutants can
be carried over larger distances and have therefore be found in remote regions of the lake

(Rose et al. 1998).

2.6.2 Pollution sources in Lake Baikal’s airshed

Contamination of Lake Baikal by air pollution has been recognised as a problem since the
early 1990s (Kokorin and Politov, 1991; Rose et al. 1998; Cofala et al. 2005; Van de Vel et
al. 2010), however local air quality data is sparse (Van de Vel et al. 2010). Industrial emissions
from factories around Lake Baikal have been increasing (Stewart, 1990; Obolkin et al. 2010).
The largest coal power plants within the region are situated in Irkutsk and Angarsk, close to

the south basin shore, and emit plumes of sulphur dioxide and nitrogen oxide gases into the
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atmosphere (c. 130 and 80 thousand tons per year respectively) (Obolkin et al. 2013). The
anthropogenic sulphur dioxide and nitrogen oxide gases are then deposited in the lake at high
concentrations, as the atmospheric jet flows constrain transformation and dissipation of the
plume gases (Obolkin et al. 2013). During the winter months, atmospheric contaminants
accumulate in the ice, and are deposited into the lake during ice-off (Obolkin et al. 2014).
Pollutants indicative of fossil fuel combustion, spheroidal carbonaceous particles (SCPs) in
sediments, have increased over the last 50 years; increases were greatest in the southern basin
at sites nearest to Irkutsk (Rose et al. 1998), although small increases were evident in the North

basin too (Rose et al. 1998).
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Figure 25: Location of sampling stations in Mongolia for atmospheric aerosols (modified
from Zhamsueva et al. 2012).

Industries in the Irkutsk region release fly-ash, sulphates and metals into the atmosphere, and
the SCP records indicate that the industry within the region started in the 1950s (Rose et al.
1998). The largest sources of sulphur dioxide and particulates are from Angarsk (c. 250,000
tonnes yr' of sulphur dioxide and particulates combined), situated along the Angara River,
followed by Irkutsk and Bratsk (Rose et al. 1998). There are smaller industries within the
South basin at Shelekhov, Usolye-Sibirskoe, Cheremkhovo, Sludyanka, Ulan-Ude and
Kamensk (Rose et al. 1998). In total, there are 16 industrial regions around the South basin,
with four of these being situated along the Selenga River, such as Ulan-Ude and Gusinoozersk
(Rose et al. 1998). In contrast to the South basin, there are only two small industrial regions
on the North basin shore (Severobaikalsk and Nijneangarsk), emitting less than 50,000 tonnes
yr' of sulphur dioxide and particulates combined (Rose et al. 1998). Emissions from power

stations, industry and transport from industrial cities (Ulan Bator and Siikhbaatar) in Mongolia
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(Figure 25) have been measured (Zhamsueva et al. 2012). Measurements of atmospheric
aerosols consisting of sulphate ions, nitrate ions and ammonium ions were taken in 2005 —
2010 at Sainshand station in the Gobi Desert, Ulan Bator, Siikhbaatar and Baruun-Urt (Figure
25). These emissions have resulted in acidification and eutrophication of soils and water at

these sampling station locations in Mongolia (Figure 25).

The sedimentary SCP records show high concentrations of contaminants within both the south
and northern part of the lake (Rose et al. 1998), the heavy metal record suggest an increase in
lead (Pb) concentrations in the 1950s and 1960s in the South basin which are a result of
pollution and not natural variation, with no anthropogenic Pb enrichment in the Central and
North basins (Boyle et al. 1998). This suggests that long-distance Pb pollution is minimal and
any atmospheric signal may have been lost in the background noise in the Central and North
basins, and that Pb pollution from industrial sources has only occurred in the South basin. This
is also shown by the high SCP concentrations detected within this south basin region.
However, this work is c. 20 years old, and recent changes in SCP and Pb enrichment, from
industrial activity within the region remain unknown. Higher concentrations of industrial
sulphur oxides and particulates have been found in the South basin, in comparison to Central
and North basin concentrations, although the industries in Irkutsk Oblast and the Selenga have
an impact on the atmosphere over the entire lake (Malderen et al. 1996; Rose et al. 1998).
Plumes of sulphur and nitrogen oxides from large coal power plants on the southern shore of
Lake Baikal have been found to have caused acidification of the Pereemnaya River waters
(Figure 20), a small tributary feeding into the South basin (Obolkin et al. 2016). These
emissions are sourced from the Irkutsk Oblast, one of the developed industrial centres in East
Siberia, which release over 100,000 tonnes of sulphur dioxide and ¢. 60,000 — 80,000 tonnes
of nitrogen oxides annually (Obolkin et al. 2016). The Pereemnaya River is c. 100 — 150 km
from the Irkutsk Oblast emission source, and prevailing north-west winds transport these
emissions towards the lake. Concentrations of sulphate and nitrate ions have been found to be
2 — 3 times higher than in pelagic Lake Baikal (Obolkin et al. 2016). Higher sulphate and
nitrate ions have resulted in changes in the chemistry and acidification of the Pereemnaya
River waters, causing lower pH levels of c. 6.8 in comparison to values with the lake and other

tributaries (pH of c. 7.8) (Obolkin et al. 2016).

Nitrogen and mercury are also atmospherically deposited into Lake Baikal, and the major
sources nearby are from India, China and Japan, with > 5 kg N ha™'yr" of nitrogen emissions
(Phoenix et al. 2006) and > 100 g/km’® of mercury emissions (UNEP Global mercury
Assessment, 2013), in the mid-1990s and 2010 respectively (Figure 26, Figure 27). Total

atmospheric reactive N has more than doubled since the 1900s due to anthropogenic activities
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including intensive agricultural practices, increased fossil fuel combustion and rising vehicle

use (Galloway et al. 2008).

Latitude (deg)

Figure 26: Global nitrogen deposition (kg N ha” yr') (Dentener et al. 2006 as cited in
Galloway et al. 2008).
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Figure 27: Global mercury deposition in 2010 (UNEP Global mercury Assessment, 2013).
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Efforts have been taken to minimise environmental pollution at Lake Baikal, and numerous
environmental laws have been created to control logging, to protect spawning grounds of the
endemic omul, to convert the Selenginsk paper and pulp mill to a closed cycle water system
and to shut down the BPPM (Mackay et al. 1998; Environmental Monitoring of Lake Baikal
website, 2015). Protected areas and national parks have been set up through the Baikal
catchment during the 1970s and 1980s (Environmental Monitoring of Lake Baikal website,
2015). Water levels at Lake Baikal have also been impacted by the construction of
hydroelectric power stations and dams. There have been four dams constructed on the Angara
River since the 1950s for hydroelectric power (the Irkutsk dam, Bratsk dam, Ust-Ilisk dam
and Boguchany dam), and the Irkutsk dam increased the water levels in Lake Baikal by more
than a metre (Jagus et al. 2015). Prior to the construction of the Irkutsk reservoir, the water
level of Lake Baikal was controlled by atmospheric pressure and wind (Jagus et al. 2015). The
rise in water level impacted the lakes ecosystems, causing flooding and disrupting the Selenga
delta’s ecosystem, and spawning grounds of the Baikal omul fish (Jagus et al. 2015). However,
currently there are growing threats from lower water levels due to activities by the dam on
coastal communities, and the threat of the construction of the Shuren dam, and possibly others,

upstream on the Selenga in northern Mongolia (Mackay, 2015).

2.7 Summary

Lake Baikal is a superlative lake, which is undergoing threats from environmental change and
anthropogenic pollution. Most of the pollutants (c. 83%) are bought into Lake Baikal via
rivers, namely the Selenga River, which contributes to over 50% of river inflow into the lake
(Silow, 2013; 2014). The remainder of the pollutants are bought in from the atmosphere
(15%), with the Baikal Pulp and Paper Mill (BPPM) contributing to < 1% when it was
operating between 1961 to 2013 (Silow, 2013; 2014). Economic activities within the Baikal
region began post 1950, with the construction of power stations and pulp and paper mills, log
rafting, intensive use of mineral fertilisers and the development of transportation, including
the Baikal-Amur railroad (Silow, 2013; 2014). Both tourist and population numbers are vague
within the Baikal region, with no clear historic record, but post 1950, there has been population
growth in shoreline settlements and mass tourism, since the construction of the railroad
(Silow, 2013; 2014). Tourism has been a growing phenomenon within the region since Lake
Baikal was listed as a world heritage site in 1996, largely attracting tourists to the shoreline
region during the summer season. Thus, within this thesis, sampling and coring sites have
been chosen across Lake Baikal (Chapter Three) to examine whether there are any signs of
pollution within the pelagic regions, given that algal blooms from human influence have

already been seen within the shoreline region (Timoshkin et al. 2016).
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Chapter Three: Methodology

3.1 Water samples

Fieldwork was carried out in March 2013 and August 2013. Water surveys in the South basin
were conducted in spring, to examine under-ice ecology. Sites along a transect in the South
basin (BAIK13-1, BAIK13-4 and BAIK13-5) (Figure 28) were sampled in both seasons, in
winter before ice-thaw and during the summer stratification period. Water sampling sites
across Lake Baikal, in the South basin, Central basin, North basin, Maloe More Bay, Selenga
Shallows and Chivsky Bay were surveyed in August 2013, alongside catchment river inflow
sites (Figure 28). In March 2013 and August 2013, samples were collected with a Van Dorn
sampler from depths of 1, 3, 5, 10, 20, 30, 100, 180 m for analysis of algal pigments, nutrients
and dissolved organic carbon. Approximately 4 L of water was collected at each water depth
and filtered through a zooplankton mesh. sampling down the water column took place at 3
sites (BAIK13-1, BAIK 13-4 and BAIK13-5) in March 2013 in the South basin, and 15 sites
in August 2013 across the three basins (Figure 28). Water samples were accompanied by
measurements of pH, redox potential, dissolved oxygen, conductivity, temperature and
chlorophyll-a logged every 3 seconds using a YSI EXO2 sonde. Light intensity was measured
every 1 m to a maximum depth of 70 m using Licor (Brand) light meter. Multiple chlorophyll-
a measurements (HPLC, spectrophotometric and fluorescence) were obtained as an estimate
of phytoplankton biomass and the three techniques have been compared. Spectrophometric
methods of chlorophyll-a analysis involves the measurement of chlorophyll-a samples at four
different wavelengths (See 3.5.4 Chlorophyll-a spectrophotometric analysis section). Water
samples for mercury analyses were collected in August 2013 from 2 sites along the Selenga
River, 5 sites within the Selenga Delta, and 5 sites within the pelagic lakes waters. Spot
samples from three main inflowing rivers (Selenga, Barguzin and Upper Angara) were also
collected along with water samples from several smaller tributaries entering the South basin
(Vydrino, Mishika, Snezhnaya, Khara-Murin and Solzan Rivers), for nutrients and dissolved

organic carbon analyses.
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Figure 28: Map showing the water sampling sites across Lake Baikal and in the catchment.
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3.2 Nutrient enrichment experiments

Previous work at Lake Baikal shows that depending on the environment, some diatom species
are silicon limited (Jewson and Granin, 2014), but it is unclear how nutrient availability
(nitrogen, phosphorus and silicon) impacts other major algal groups; chlorophytes and
picocyanobacteria at Lake Baikal. Studies suggest nutrient enrichment is occurring in the
coastal regions from settlements as inferred from the Spirogyra blooms (Kravtsova et al. 2014;
Timoshkin et al. 2016), although nutrient concentrations have not been measured. Therefore,
it is unknown how benthic and pelagic phytoplankton at Lake Baikal respond to nutrient
enrichment (N, P, Si). Short-term nutrient enrichment experiments were conducted as a pilot
study for this thesis, to examine the bottom-up factors that limit Baikal phytoplankton, which
include nutrients. Temperature was not applied as a treatment within these experiments, as the
experiments are solely focussing on algal response to nutrient enrichment. As the temperature
was not monitored however, this may have had a slight influence on the algal communities
during the experimental periods (6 — 11 days). Results from nutrient enrichment experiments
are presented in Chapter Four, where the natural nutrient supply has been doubled within the
nutrient experiments. These experiments have been conducted in the spring (Figure 29) and
summer to examine whether nutrient limitation differs between seasons. The water collected
for these experiments was sourced from the South and Central basins, which are assumed to

be relatively similar as both are influenced by Selenga River inflows.

Figure 29: Nutrient enrichment experiment conducted underneath the ice at BAIK 13-4
during the March 2013 field expedition. Mesocosm bags containing water samples from the
DCM layer and nutrient treatments were suspended from string underneath the ice at 3 m
water depth.

Water samples were collected in March 2013 from the South basin (at BAIK13-4) at 3 m

water depth (as high chlorophyll-a concentration was found at this depth). Water samples were
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also collected from the Central basin (at BAIK13-12) in August 2013 from the deep
chlorophyll maxima (DCM) layer at 35 m water depth, for algal pigment, nutrients and
dissolved organic carbon analyses. This is as the DCM represents the position of peak algal
production within the water column. Mesocosms (plastic bags) were set-up in triplicate, with
three treatments: nitrogen plus phosphorus (N+P), nitrogen plus phosphorus plus silicon
(N+P+Si); plus, a control treatment. Each mesocosm was filled with c. 2 L of lake water,
which had been previously filtered through a zooplankton mesh to remove grazers. These
mesocosms were closed, consisting of plastic bags suspended from string underneath the ice
at 3 m water depth (at BAIK13-4 in the South basin) for the under-ice experiment in March
2013. Ice was removed regularly from the water surface to allow sunlight penetration through
the ice to the mesocosms in the water column. The second experiment in March 2013 was
carried out by hanging the mesocosms within the field laboratory. In August 2013, mesocosms
were placed within littoral waters of Maloe More. The bags were attached with string from
the shoreline and extended to distances of 6 m from the shore, and were at water depths of c.
90 cm. Phosphorus (potassium dihydrogen phosphate) and nitrogen (potassium nitrate) were
added to each 2 L N+P and N+P+Si mesocosm, to obtain a concentration of 100 pg/L and
1.25 mg/L respectively, which is more than four-fold higher than the phosphorus and nitrogen
concentrations of Baikal’s waters (Table 6). Silicon (metasilicate Na,Si0;) was added to each

2 L NPSi mesocosm, for a concentration of 6 mg/L (Table 6).

Water samples were collected for analyses on day 0 after the nutrient treatments were applied,
and the last day of the experiment being after 7 days (for the March 2013 under ice
experiment), 6 days (for the March 2013 field laboratory experiment), and 11 days (for the
August 2013 experiment). Water samples were measured for TP, N, Si, major ions, DOC and
pigment concentrations. 30mL water samples were also collected for phytoplankton cell
analyses and preserved with Lugol’s Iodine solution. Phytoplankton cell counts were not
carried out during this project, and represent a potential future opportunity to examine
phytoplankton cell counts alongside pigment inferred phytoplankton compositions. Growth
rates were examined for picocyanobacteria, chlorophytes and diatoms by calculating the rate
of change in pigment concentrations (zeaxanthin, lutein and fucoxanthin respectively) from

day 0 of the treatment until the final day.
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Table 6: Nutrient treatments added to the mesocosms in March and August 201 3.

Nutrient Estimated Total concentration in
concentration in mesocosm
Baikal waters
Total Phosphorus 25 100
(ng/L)
Silicate (mg/L) 1.5 6
Nitrate (mg/L) 0.3 1.2

3.3 Short cores

Short cores (< 65 cm) were collected using a UWITEC corer in March and August 2013 from
a total of 10 coring stations in the South and North basins, Selenga Delta and Maloe More
Bay, which is an isolated bay off the Central basin (Figure 28, Table 8). Maloe More Bay was
chosen, as it is a tourist destination and away from any major river inflows. Sites nearby the
BPPM and Selenga Delta in the South basin and within Maloe More are considered as
“vulnerable” areas of Lake Baikal to nutrient enrichment from social and economic
development in the watershed. Sites within the pelagic North basin are considered to have
experienced no anthropogenic nutrient enrichment, but will have experienced climate driven

changes.

Multiple cores were collected at each coring station, to allow for pigment, 8"°C and *'°Pb
analyses to be carried out at the University of Nottingham on one of the sediment cores, and
detailed sediment lithology to be carried out by E. Vologina at the Earth’s Crust Institute in
Irkutsk (Table 7). Cores at each coring station were taken next to one another and the co-
ordinates of their location are displayed in Table 7. As detailed sediment lithology was carried
out on cores separate to pigment and 5'"°C analyses, their location does need to be taken into
consideration. Despite slight differences in location however, any turbidites detected in one
sediment core is highly likely to affect a nearby sediment core, as turbidites cover several

meters to several kilometres across Lake Baikal’s basin.
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Table 7: Sediment cores collected at the South basin, Selenga, Maloe More Bay (MM),
Chivsky Bay (CH) and North basin coring stations in March 2013 and August 2013

University of Nottingham and Earth’s Crust Institute in Irkutsk.

Core Basin N E Date Location of
analyses

BAIK13-1C South 51°46°04.2” | 104°24°58.6” | Mar 13 UoN
BAIK13-1A South 51°46°04.4” | 104°24°58.7” | Mar 13 EC Institute
BAIK13-4F South 51°41°33.8” | 104°18°00.1” | Mar 13 UoN
BAIK13-4C South 51°41°33.8” | 104°18°00.1” | Mar 13 EC Institute
BAIK13-7A South 51°34°06” 104°31°43” Aug 13 UoN
BAIK13-7B South 51°34°06” 104°31°43” Aug 13 EC Institute
BAIK13-10A | South/Selenga | 52°11°07” 106°05°38” Aug 13 UoN
BAIK13-10B | South/Selenga | 52°11°07” 106°05°38” Aug 13 EC Institute
BAIK13-11C | South/Selenga | 52°27°00” 106°07°32” Aug 13 UoN
BAIK13-11A | South/Selenga | 52°27°00” 106°07°32” Aug 13 EC Institute
BAIK13-14C | Centra/MM | 53°21°03” 107°29°88” Aug 13 UoN
BAIK13-14B | Centra/MM | 53°21°03” 107°29°88” Aug 13 EC Institute
BAIK13-15A | Central/MM | 53°23°27” 107°35°34” Aug 13 UoN
BAIK13-15B | CentralMM | 53°23°27” 107°35°34” Aug 13 EC Institute
BAIK13-16B North/CH 53°52°26” 109°09°49” Aug 13 UoN
BAIK13-16A North/CH 53°52°26” 109°09°49” Aug 13 EC Institute
BAIK13-18A North 54°47°31.4” | 109°14°15.3” | Aug 13 UoN
BAIK13-18C North 54°47°22.3” | 109°14°27.0” | Aug 13 EC Institute
BAIK13-19B North 55°38°54.9” | 109°46°54.6” | Aug 13 UoN
BAIK13-19A North 55°38°57.8” | 109°46°57.7" | Aug 13 EC Institute
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All coring stations were > 5 km from the shore, and some of the coring sites coincided with
former locations of cores taken at Baikal (Mackay et al. 1998). These include BAIK13-7,
which was cored at the same location as the previous core BAIK38 (Mackay et al. 1998), and
BAIK13-10 which was cored at the same location as the previous core BAIK17 (Mackay et
al. 1998). BAIK13-11 was cored at the same location as the previous core BAIK19 (Mackay
et al. 1998) and BAIK13-18 was cored at the same location as the previous BAIK29 (Mackay
et al. 1998). Cores were taken in the same location as those in Mackay et al. 1998 to extend
the published diatom record, by analysing the top 2 cm of the sediment cores. Cores were
extruded and sliced in the field in 0.25 cm - 0.5 cm thick sections, to reconstruct change at
high-resolution, particularly over the last 200 years. The top water-sediment interface interval
of the sediment cores was split into three samples and samples were frozen at -25°C. Sediment
samples were analysed for algal pigments, diatom assemblages, total organic carbon (TOC),
8"3C, total organic carbon to nitrogen atomic ratios (TOC/N), *'°Pb dating, mercury and Rock

Eval measurements (7Table 9).

Table 8: Location of the coring sites across Lake Baikal, core length and water depth of

sites.

Site Location North East Core length (cm) Water depth (m)
BAIK13-1 51°46'04.2" 104°24'58.6" 22.7 1360
BAIK13-4 South basin 51°41'33.8" 104°18'00.1" 20.5 1350
BAIK13-7 51°34'06" 104°31'43" 47.5 1080
BAIK13-10 South basin/Selenga 52°11'07" 106°05'38" 53.5 66
BAIK13-11 South basin/Selenga 52°27'00" 106°07'32" 64.0 345
BAIK13-14 Maloe More 53°21.033 107°29.885' 29.0 200
BAIK13-15 Maloe More 53°23.270 107°35.346' 29.5 220
BAIK13-16 |Chivsky Bay/North basin 53°52'26" 109°09'49" 59.0 650
BAIK13-18 . 54°47'31.4" 109°14'15.3" 57.5 890

North basin
BAIK13-19 55°38'57.8" 109°46'57.7" 64.9 460

Table 9: Analyses carried out on the sediment cores.

Site Sedi y pig; Di TOC, $"*C and TOC/N 2%pp dating Mercury Rock Eval
BAIK13-1 X X X X X
BAIK13-4 X X X X
BAIK13-7 X X X X
BAIK13-10 X X X X X X
Selenga River X
BAIK13-11 X X X X

BAIK13-14 X X X X

BAIK13-15 X X

BAIK13-16 X X

BAIK13-18 X X X X

BAIK13-19 X X X X X X
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3.4 Core lithology and magnetic susceptibility

Sediment lithology and magnetic susceptibility of short cores taken at the same coring stations
(Table 8) were analysed at the Earth’s Crust Institute in Irkutsk by E. Vologina. Garden ‘oasis’
was applied to the tops of the core, to remove excess water and form a solid seal (Figure 30).
Surface sediments of these cores were not disturbed with the addition of garden ‘oasis’. The
cores were cut in half without further material being lost, and measured for sedimentary
structures, including oxidised layers, and sediment composition (biogenic-terrigenous
sediments, turbidite, sandy sediment, diatoms, clay, silt, sand, plant remains) (Vologina et al.
2010). Oxidised layers were detected by the presence of Fe and Mn oxide deposits, which
form at the oxic-anoxic interface (Miiller et al. 2002, Och et al. 2012). The ultimate cause for
the accumulation of Fe/Mn oxides is unknown (Torres et al. 2014), although some proposed
mechanisms include changes in sedimentation rates, carbon organic accumulation rates,
porosity and O, supply to the sediment (Torres et al. 2014). Fe and Mn oxide layers form
underneath the depth of maximum O, penetration, and have been found in the reducing
sediments at Lake Baikal, below the upper surface Fe/Mn oxide layer (Torres et al. 2014). As
sediment accumulates, the buried Fe/Mn layer dissolves due to anaerobic oxidation of CH4 by
sulphate and/or Fe oxides in the deeper sediment, and the formation of the upper Fe/Mn oxide
layer by the flux of O, from the water column into the sediment (Torres et al. 2014). However,
some Fe/Mn layers are preserved in the sediment, and the mechanism behind this remains
unknown, as potential reductants (Mn, Fe, TOC and CH,) are abundant. The detected oxidised
layers within sediment cores presented in Chapter Seven represent periods of longer exposure
to oxic conditions. Pigment data collected within these identified oxidised layers have not,
however, been excluded from core analyses, due to findings presented in Chapter Seven.
These findings were that pigment preservation, as indicated from Chlas concentrations, within
sediment layers identified as ‘oxic’ was not substantially less than pigment preservation with

anoxic sediment layers.

Alongside detecting oxidised layers, smear slides of the biogenic-terrigenous sediments were
taken to analyse fossil diatoms and grain size composition under a light microscope at
magnification x 100 (Vologina et al. 2010). Magnetic susceptibility of sediments was
measured at intervals of 1 cm using a Bartington-point sensor (SI-units), which measured the

degree of magnetisation of the sediments (Searle, 2008; Vologina et al. 2010).
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Figure 30: Sediment cores with green oasis at the top to remove excess water and allow for
cores to be cut in half for lithology and magnetic susceptibility analyses.

3.5 Sample processing

3.5.1 Nutrient and DOC analyses

In the field the 25 mL waters samples were preserved with 1.5 mL 278:722 H,SO4, and stored
at 4°C prior to TP analyses. Total phosphorus (TP) analyses were performed on unfiltered
water samples following persulphate digestion using the molybdate blue method (Mackereth
et al. 1978). Silicate (SiO4) analyses were performed on filtered (0.45 pm) water samples,
using the molybdate yellow reactive method (Eaton et al. 1995). Nitrate (NO;-N) and major
ion concentrations were determined from filtered (0.45 um) water samples, using a Metrohm
Basic 792 ion chromatography system (Metrosep A Supp 4-250 column, with 1 mmol sodium
bicarbonate and 3.2 mmol of sodium carbonate eluent at 1.0 mL min™). The major ions
analysed were sodium (Na"), potassium (K"), magnesium (Mg”"), calcium (Ca>"), chloride
(CI), nitrate (NO5-N) and sulphate (SO*}). Filtered 30 mL samples for dissolved organic
carbon (DOC) analysis were acidified in the field with 0.24 mL 25% H,SO,, and analysed at
Loughborough University using a Shimadzu TOC-5000 analyzer.
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3.5.2 Limnological parameters

Light attenuation coefficients (K, unit: m") were calculated at each water-sampling site from
the irradiance versus depth relationship, which was constrained to log-linear. Euphotic zone
depths were determined from the regression between log transformed % of surface light
through the water column and depth, to identify the depth at which 1% of the surface light
penetrated (y intercept) (Saros et al. 2005). The deep chlorophyll maximum (DCM) was
defined as the water depth where chlorophyll-a concentrations were the highest in the YSI
sonde dataset. The thickness of the whole DCM layer for each site was determined from values
greater than 90% of the total chlorophyll-a average within the water profile. The depth of the
mixed layer was established from the YSI sonde temperature profiles, using the
rLakeAnalyzer version 1.4 package in R to calculate the top and bottom depths of the
metalimnion (Winslow et al. 2014). A depth correction was applied to the YSI sonde dataset
to consider drift whilst sampling down the water column. This was generally applied below

50 m in the water column.

3.5.3 Primary production measures using phytoplankton pigments

Algal pigments are used to examine modern-day and historic algal community composition
and biomass. All photosynethic algae produce carotenoids and chlorophylls, and certain
pigments are diagnostic for some algal groups. Algal pigment biomarkers were used within
this thesis to assess algal biomass and community composition, using reverse-phase high-
performance liquid chromatography (HPLC), in the School of Geography, Nottingham, UK.
This analytical technique isolated and separated the algal pigments, due to their different
polarities. A modified method (Chen et al. 2001) was used to separate the carotenoids,
chlorophylls and their derivatives from the pigments samples, and separation methods used
are detailed in McGowan et al. (2012). During HPLC analyses, pigment samples travel
through a column (Figure 31), at high pressure, and those which are polar (more water soluble)
elute from the column earlier than those which are more lipid soluble (Leavitt and Hodgson,
2001; McGowan, 2013). Therefore, the retention time is the amount of time the pigment is
retained on the column, and pigments elute in a certain order from the column (McGowan,
2013) (Figure 32, Figure 33). Then a photodiode array (PDA) spectrophotometer scans the
pigment at multiple UV and visible wavelengths (300 — 750 nm) to produce an absorbance
spectrum (McGowan, 2013) (Figure 31).
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Figure 31: Systematic diagram of the HPLC system (modified from Czaplicki, 2013).

Water samples were filtered (a known amount of water was filtered between 1 — 3 L), through
a GFF (0.45um pore size) filter paper, and the filter papers were folded and wrapped in tin
foil, and then stored frozen until HPLC pigment and spectrophotometric Chl-a analyses was

carried out on the filter paper samples.

Frozen sub-samples of sediment core intervals were freeze-dried a few days prior to HPLC
analyses, and stored in the cold and dark. Filtered water samples and c. 5 g of freeze-dried
sediment were extracted overnight in an acetone, methanol and water mixture (80:15:5 by
volume), stored at -20°C. The supernatant was then decanted, with three successive solvent
washes, and filtered using a 0.22 um PTFE syringe filter. Samples were dried under nitrogen
gas and then stored in the freezer, until being re-dissolved in injection solution (70:25:5
acetone: ion-pairing reagent stock solution: methanol) and injected into the HPLC unit

(Agilent 1200 series).

Each pigment sample had a 52-minute run, and within the batch of samples and first and last
samples were calibration ‘green’ standards, which is a pigment extract from grass as it
contains chlorophyll-a and its derivatives, chlorophyll-b and carotenoid pigments (lutein and
B-carotene), to provide standard pigment retention times. The solvents used for the chosen
method (Chen et al. 2001) were solvent A (80:20 methanol: ammonium acetate), solvent B
(90:10 acetonitrile: de-ionised water), and solvent C (ethyl acetate) (Table 10). These solvents
were de-gassed for 5 minutes using a sonicator prior to the sample analyses, and pigments

were separated at a flow rate of 1 ml min™.
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Table 10: Solvent separation gradients modified from Chen et al. (2001).

Time Solvent A Solvent B Solvent C | Flow (mL/min™)
(mins) (%) (%) (%)

0 100 0 0 1

4 0 100 0 1

38 0 25 75 1

39 0 25 75 1

43 100 0 0 1

52 100 0 0 1

Pigments were identified and quantified from the chromatograms by comparing retention
times and spectral characteristics with calibration standards (DHI Denmark) (Figure 32;

Figure 33). Pigment concentrations were expressed as nmol, and sedimentary pigment
concentrations were calculated relative with TOC %. Pigment concentrations are corrected
with organic carbon content, as a method to further correct the pigment record from the
influence of minerogenic material and pigment degradation from mineralisation of bulk
organic content (McGowan, 2013). A TOC % correction is applied to the Lake Baikal pigment
records in this thesis, although this correction may not account fully for pigment degradation,
due to the large water column depths, high light penetration levels and oxic conditions within

the bottom waters and surface sediments.

Equation below for pigment concentration calculation:

Pigment conc = [Peak area / Calibration slope] x [Total volume (uL) / Injection volume (uL)]

(nmol g OC)

Extraction weight (g) x [% organic]

Lutein

Absorbance
Absorbance

300 400 500 600 700 800 350 400 450 500 550
(a) Wavelength (nm) ) Wavelength (nm)

Figure 32: A chromatogram of chlorophylls and carotenoids (modified from McGowan,
2013; Leavitt and Hodgson, 2001).
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Figure 33: HPLC chromatogram output of eluting pigments (modified from McGowan,
2013, Leavitt and Hodgson, 2001); (1) Chl c, (2) fucoxanthin, (3) UV-absorbing compound,
(4) alloxanthin, (5) diatoxanthin, (6) lutein-zeaxanthin, (7) canthaxanthin, (8) Chl b, (9) Chl

a, (10) pheophytin b, (11) pheophytin a, (12) f3-carotene.

3.5.4 Chlorophyll-a spectrophotometric analysis

In addition to YSI sonde chlorophyll-a and HPLC chlorophyll-a measurements, total algae
(measured as chlorophyll-a) was estimated by filtering known quantities of lake water through
47 mm Whatman (0.45 pm) GF/F glass-fibre filter papers, and wrapping the filter paper
immediately in labelled foil. The filter paper was stored frozen and then cut into strips, placed
into a glass vial and c. 5 mL of extraction solvent (80 % acetone, 15 % methanol and 5 %
nanopure deionised water) was added. Samples were stored at 4°C for 12 hours, then the
solvent was decanted into centrifuge tubes and centrifuged at 700g for 10 minutes. Samples
were then analysed using a spectrophotometer, which was blanked using extraction solvent
and multiple wavelengths were measured for each sample (750, 665, 645, 630, 480, 430 and

410 nm), to obtain measurements for chlorophyll-a.

Chlorophyll a was then calculated manually as shown by the equation below:

Chl—a (l,l,/L) = (1 1.85(A665 — A750) —-1.54 (A645 — A750) -0.08 (A630 — A750)) X E/V

E = Volume of the extraction solvent (mL)

V = Volume of water filtered (L)
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3.5.5 Diatom valve analyses

Sedimentary diatom valve analysis techniques are applied to examine modern-day diatom
assemblage composition and historical trends from diatom compositional changes down-core.
Surface sediment samples (upper 2 cm) were analysed for diatoms, and no chemical
pretreatments, such as HCI or H,O,, were used. The top 2 cm of the sediment cores were
analysed for diatoms as this covers c. at least the last 20 years, which enables the published

diatom records (Mackay et al. 1998) to be built upon.

The methodology followed previous protocols for diatom analysis on Lake Baikal sediment
samples (Mackay et al. 1998), as Flower (1993) suggested that chemical pretreatments on
Baikal diatom samples affected the frustule preservation, especially of lightly silicified diatom
species. Approximately 0.1 — 0.3 g of wet sediment per samples was put into a plastic
centrifuge tube, weighed and then washed three times in distilled water. To calculate diatom
concentrations, a known weight of divinylbenzene microspheres (approximately 1 — 2 g) was
then added to the cleaned samples (Battarbee and Kneen, 1982). Subsamples of the
suspensions were diluted and settled out onto coverslips until dry. The cover slips were fixed
onto slides by heating with Naphrax on a hotplate at 130°C. A total of 300 valves were counted
at x1000 magnification by using an oil immersion lens and phase contrast under a light
microscope. Diatom dissolution was measured by categorising large endemic diatom species;
Aulacoseira baicalensis (Meyer) Simonsen, Cyclotella baicalensis, Cyclotella ornata and
Cyclotella minuta (Skv.) Antipova, into three stages of valve preservation. The diatom species
were chosen as they made up over 60% of the diatom assemblage. A diatom dissolution index
(DDI) (Flower and Likhoshway, 1993) was then calculated using the equation below (Mackay
etal. 1998):

DDI = Z":xl, / 2":.\'1,+z":xzx
=1

=1 =1
n = Number of taxa
x1; = Number of valves in preservation stage 1 (pristine)

X,; = Number of valves in preservation stage 2 and above
If all the Aulacoseira baicalensis and Cyclotella minuta/ornata/baicalensis valves are affected

by dissolution then DDI=0, but if the valves are pristine then the DDI=1. Indices have been

combined to express the index as dissolution per sample.
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Correction factors were applied to the main diatom taxa (Aulacoseira skvortzowii, Aulacoseira
baicalensis, Cyclotella minuta/ornata, Stephanodiscus meyerii, Synedra acus) in this thesis,

which make up > 80 % of the diatom assemblage (Table 3) (Battarbee et al. 2005).

3.5.6 Geochemistry of organic matter

8"°C values and TOC/N % ratios were measured at the same sampling intervals as the algal
pigment samples. Sample preparation was carried out in the laboratories at the University of
Nottingham, UK, and sample analysis was carried out at in the organic geochemistry facility
at the British Geological Survey (BGS). Sediment sub-samples were treated overnight with
5% HCL to remove carbonate, rinsed in deionised water and dried at 40°C. Dried samples
were then ground into a fine powder, homogenised and weighed into a tin capsule for
combustion using a Costech ECS4010 elemental analyser. Samples were then analysed using
a VG Optima dual inlet mass spectrometer. Carbon stable isotope ratios were expressed per
mil (%o) and calculated relative to known international standards of Vienna Pee Belemnite
(VPDB) for 8"°C. To account for the change in 8"°C of atmospheric carbon dioxide from
anthropogenic fossil fuel burning over the past two centuries, a Suess effect correction was
applied to the bulk carbon values, using the equation from Verburg (2007). Typical analytical
errors at the laboratory were < 0.2%o for 5'"°C. The suess effect calculation was applied to the

sediment samples dating back to c. 1850 AD, using *'’Pb chronologies.

Equation for Suess corrections (Verburg, 2007):
Suess effect correction =

(7.77x 10" x YO - (1.22x 10" x Y)+ (7. 16 x 10* x YH - (2.11 x 10* x Y?) + (3.33 x
10" x Y?) - 273.72x Y + 91703.26

Y —Year

3.5.7 Rock Eval and n-alkanes analyses

Rock Eval analyses were carried out to help interpret the TOC/N ratios which indicate mixed
sources of carbon, and to further identify the main carbon source from the hydrogen index,
which is a measure of the amount of algal material. The oxygen index from Rock Eval
analyses provides a degradation measure. For Rock Eval analysis, approximately 60 mg of
sediment was used, and samples were outsourced to the organic geochemistry facility at the
British Geological Survey (BGS) for preparation and analysis. Samples were heated up to 300
— 650 °C in an inert atmosphere of N», and the residual carbon was oxidised from 300 — 850°C.

Hydrocarbons were measured via a flame ionisation detector as they were released during the
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two-stage pyrolysis, and CO and CO, levels were monitored during thermal cracking of the
bound organic matter. Rock Eval analyses produces 13 acquisition parameters (Lacey et al.
2014), which are determined by integrating the amounts of OM, CO and CO,, such as SI
(hydrocarbons previously generated) and S2 (hydrocarbons generated through cracking of
bound organic matter). Hydrogen Index (HI) (S2 * 100/TOC) and Oxygen Index (OI) (S3 *
100/TOC) values were calculated.

3.5.8 Mercury analyses

Mercury analyses were conducted as pilot work, on both water samples and sediment cores,
to obtain modern-day concentrations and historic trends down cores to assess mercury
contamination at Lake Baikal. Water samples and freeze-dried sediment samples were
outsourced to the Environmental Radiometric Facility at University College London, UK
(UCL). Mercury analyses on sediment samples followed procedures in Yang et al. (2010), and
freeze-dried samples were digested with 8 mL aqua regia at 100°C on a hotplate for 2 hours
in rigorously acid-leached 50 mL polypropylene digestion tubes. Standard reference material
and sample blanks were digested with every 20 samples. Digested samples were analysed for

mercury using cold vapour-atomic fluorescence spectrometry (CV-AFS).

In the field, water samples for mercury analyses (120 mL) were acidified with 1.25 mL HCL
and stored at 4°C prior to analyses. For water sample analyses, 45 mL of water samples were
added with 0.25 mL concentrated HCL (Romil, pure grade), 0.25 mL 0.1N BrO;7/Br” (purified)
and sealed for 30 minutes, then added with 15 ug/L 12% NH,0H-HCL, and the samples were
diluted to 50 mL. The prepared water samples were analysed for mercury using gold trap CV-
AFS (Kopp et al. 1972). For water sample mercury concentrations, less than 4 ng L™, the

measurement errors are +/- 0.4 ng L.

3.5.9 Radiometric dating

The radionuclide *'°Pb has a half-life of 22.3 years, and this is produced by both the
atmosphere and in the earth, occurring naturally as a product of the ***U decay series. *'’Pb is
a widely used natural radioactive isotope to date recent sediments over the last 150 years, as
unsupported *'°Pb is largely derived from atmospheric fallout. *’Cs (half-life of 30 years) and
*' Am are artificially produced radionuclides, which are derived from nuclear weapons testing
and nuclear reactor accidents and are deposited into the lake sediments via atmospheric fall-
out. Therefore, *’Cs and **' Am can act as marker horizons within the recent sediment record

and provide calibration of the *'°Pb chronology. *’Cs is a global peak concentration found in

all sediments, being deposited in 1964 AD, due to nuclear bomb testing (Appleby, 2001). *'°Pb
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is produced in the decay series of 2*U (Uranium), which includes daughter elements of radium
(***Ra), radon (***Rn), lead (*'°Pb) bismuth (*'°Bi) and stable isotope of lead (***Pb) (Appleby,
2001). In soils, ***Ra which is a product from ***U and has a half-life of 1602 years, decays to

**Rn in 3.8 days, releasing ***Rn into the atmosphere (Handong and Appleby,

an inert gas
2016). *Rn in the atmosphere then decays to release four daughter products, one being
unsupported >'°Pb, which attach to airborne particles and are deposited into lake systems via
wet deposition or dry deposition (Handong and Appleby, 2016). This fall out *'°Pb
accumulation (atmospherically derived) is called unsupported *'°Pb. In contrast to
unsupported *'°Pb, supported *'°Pb is a product of in-situ decay of ***Ra (Noller, 2000).
Supported *'’Pb is measured using gamma spectrometry, measuring the **°Ra activity, and

unsupported >'°Pb is calculated by subtracting supported *'’Pb from the total *'°Pb activity
(Appleby, 2008).

All short cores, except BAIK13-16 and BAIK13-15 were >'°Pb dated. BAIK13-16 was not
dated as the sediments within this short core contained late Pleistocene clays, and BAIK 13-
15 was not >'’Pb dated due to financial limitations. Wet density and dry weight measurements
were obtained for *'’Pb dating samples. Wet density was measured using a 2cm’ capacity brass
phial, and dry weights were obtained by weighing samples prior to and after freeze drying for
the calculation of dry mass accumulation rates (DMAR). Subsamples of wet sediment were
freeze-dried to determine dry-mass accumulation rates (DMAR), and dried sediment samples
were analysed for '°Pb, **°Ra, "’Cs and **' Am by non-destructive direct gamma spectrometry
(Appleby et al. 1986). This was done at the Environmental Radiometric Facility at University
College London, UK (UCL), using ORTEC HPGe GWL series well-type coaxial low
background intrinsic germanium detector. All cores analysed contained good records of *'°Pb
in recent sediments. Dates were calculated by using both the CRS (constant rate of supply)
*1%pp dating model and these dates agreed with the "*’Cs record (Appleby and Oldfield, 1978).
The CRS model is applied as in recent years climatic and anthropogenic activity has altered
the flux of unsupported *'°Pb into lake sediments, due to erosion and sedimentation (Appleby,
2001). The CRS model assumes uniform atmospheric *'’Pb flux, and non-uniform
sedimentation (Appleby and Oldfield, 1978). Stable sedimentation rates after 1940 have been
used to extend the chronologies over the last 200 years by constructing an age-depth model
for each *'’Pb dated sediment core. Previous work shows that this is the best technique, due
to the large errors that arise from radiocarbon dating recent sediments at Lake Baikal, although

a caveat to this approach is that chronologies beyond the *'°Pb dating limit are tentative.
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3.6 Numerical analyses

3.6.1 Pigment measures and accumulation rates

From the *'°Pb chronologies, sedimentation rates (cm/year), total organic carbon flux (g
OC/cm™yr"), dry mass flux (g DW/cm™yr™"), pigment flux (both g pigment per OC cm™ yr'
and g pigment dry weight cm™ yr') and mercury flux (ng cm™ yr') were calculated. Pigment
preservation condition was calculated by the ratio of chl-a to total pheo-a pigments
(pheophorbide-a, pheophytin-a, pyropheophytin-a) (Leavitt and Hodgson, 2001). The UV
radiation (UVR), also referred to as a water clarity index, was calculated for the sites which
had UVR absorbing compound in the core sediments. Historic changes in algal exposure to
UVR were measured as changes in the ratio of UVR-absorbing compound to the sum of four
abundant carotenoids (alloxanthin, diatoxanthin, lutein and zeaxanthin) and multiplying by
100 (Leavitt et al. 1997). The ratio of carotenoids (fucoxanthin, alloxanthin, diatoxanthin,
lutein, zeaxanthin and canthaxanthin) to Chlas, which include chlorophyll-a and its derivatives
(pheophorbide-a, pheophytin-a, pyropheophytin-a) were calculated to explore the
contribution of certain algal groups to total algal biomass, and measured as concentrations
(nmol of pigment per g of OC). The ratios of fucoxanthin to zeaxanthin and diatoxanthin to
canthaxanthin were calculated to explore the abundances of diatom pigments in relation to
cyanobacterial pigments. The ratio of chl-b to chlas were calculated to explore the abundance
of chlorophyte pigments in relation to total algae. Pigment ratios can also be used to assess
preservation conditions, as the chlorophyll-a: total pheo-a pigment ratio can be used to
indicate the concentrations of intact chlorophyll-a in relation to chlorophyll-a derivatives

(Leavitt and Hodgson, 2001; Fietz, 2005).

3.6.2 Carbon mass accumulation rates

To estimate organic carbon burial at Lake Baikal, carbon mass accumulation rates (CMAR; g
C m” yr') were calculated (Meyers & Teranes, 2001), using %TOC measurements and
sedimentation rates. CMARs were calculated for the past c. 150 years, from sediment cores
across Lake Baikal (Table 8). Raw CMAR values have been presented in Chapter Seven, and
have not been corrected for sediment focussing. Previous studies which have used lake
sediment cores from central, deep locations have applied correction factors, to account for
sediment focussing (Anderson et al. 2013; Heathcote et al. 2015). This is as sediment
focussing can result in carbon burial rates being higher than expected. Whilst other studies,
where lake sediment cores were not located within deep regions of the lake (Mackay et al.
2016) or carbon content in sediments is very low (TOC < 2%) (Dong et al. 2012), correction

factors have not been applied to carbon burial. Within this thesis, the sediment cores from
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BAIK13-7A and BAIK13-11C (Figure 28), located on Vydrino Shoulder and Buguldeika
Ridge respectively, are not subject to sediment focussing as these are inter-basin highs, and
hence correction factors are not needed. For sites, however, which are located within deep
basins (BAIK13-1C, BAIK13-4F and BAIK13-18A), Maloe More Bay (BAIK13-14C) and
nearby delta regions (BAIK13-10A and BAIK13-19B), sediment focussing needs to be

considered when interpreting results in Chapter Seven.

3.6.3 Comparison tests

Nutrient and DOC concentrations within the mixing layer have been compared between the
South basin, Central basin and North basin sites. For limnological survey comparisons,
Selenga sites are situated in the South basin and Maloe More sites have been included within
the Central basin groups. Around 40% of the Selenga River waters feeds into the South basin,
and Maloe More is a bay next to the Central basin (Figure 28). Statistical analyses were carried
out to test lake-wide trends in phytoplankton pigment, nutrients and DOC concentrations. A
Shapiro-Wilks normality test was applied to the log-transformed pigment datasets from the
lake waters, and the nutrients and DOC data, using R. A non-parametric Kruskal Wallis test
was applied with a post hoc test (Nemenyi test with a chi square tie correction method) to data
with p value < 0.05 from the normality test, and an ANOVA and Tukey post hoc test was
applied to datasets with p > 0.05 in the R package for basin comparison. Either a Kruskal
Wallis or ANOVA test were performed on the datasets to examine whether the mean pigment,
nutrient and DOC concentrations within the mixing layer in the pelagic south basin, Selenga

Delta, Maloe More and pelagic north basin are significantly different from one another.

Normality assumptions were tested for nutrient enrichment pigment data (zeaxanthin,
fucoxanthin, lutein and Chl-a concentrations) with Shapiro Wilks test and significant
differences between means were assessed using the R package. As p value were > 0.05, one-
way ANOVA and Tukey HSD were performed on the nutrient enrichment pigment datasets,

and the three treatments were control, N+P and N-+P+Si.

For comparing oxic and anoxic sediments in the sediment cores, sedimentary primary
production measurements pre and post 1950 AD, a paired t-test was performed on datasets
using the R package. Pearson correlation coefficient analyses were carried out to explore

relationships between the datasets and tested for significance (p < 0.01).

Ordinations using the CANOCO version 4.5 software package were performed on the datasets

from the lake waters. Detrended correspondence analysis (DCA) were first applied and if the
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gradient length of the first DCA axis is less than 2, then principal components analysis (PCA)
ordination was applied. Pigment data were log-transformed prior to PCA analyses, and PCA
axis one scores were obtained from standardised pigment data using the R package. PCA axis
one scores were obtained from sedimentary pigment data, to assess floristic changes down-
core. Redundancy analysis (RDA) was carried out on the average pigment concentrations
within the mixing layer and environmental variables, to examine if any of the variables are
correlated with the phytoplankton pigment distributions across the three basins. Pigment and
environmental variable data (nitrate and sulphate concentrations) was log-transformed, and
forward selection of environmental variables was carried out with Monte Carlo permutation
tests, with 499 permutations, and variables were tested for significance using p-value < 0.05.
Variables with p value < 0.05 are assumed to have an influence on the spatial distribution of

phytoplankton pigments within the mixing layer.

Zonation was carried out on the square root transformed pigment stratigraphic profiles using
CONISS and b-stick analyses to test the significance of the zones using rioja within R. The
zonation method applied was CONISS, which performs stratigraphically constrained cluster

analysis by the method of incremental sum of squares (Grimm, 1987).

3.6.4 Mann-Kendall analysis

To examine the algal trends over the last 200 years, Mann-Kendall analyses was carried out
on the stable carotenoids (alloxanthin, diatoxanthin, lutein, zeaxanthin and B-carotene) and
chlorophyll-a and chlorophyll-b. Mann-Kendall (MK) is a non-parametric statistical method
to assess whether there is a monotonic increasing or decreasing trends in the data over time,
and to quantify any trends (Taranu et al. 2015). The analysis uses the Kendall rank correlation,
and the Kendall library in the R package was used to perform these analyses (McLeod, 2011).
The MK correlation coefficient score varies between +1 and -1, with positive values
suggesting an increasing trend in the dataset and negative values suggesting a decreasing
trend. The MK trend test was used to explore whether the concentration of the most resistant
carotenoids and chlorophyll-a, as well as the §8'°C values, increased or decreased, or remained

similar over the last 200 years.

3.6.5 Break point analysis

Break point analyses were carried out on the stable carotenoids (alloxanthin, diatoxanthin,
lutein, zeaxanthin and B-carotene) and chlorophyll-a and chlorophyll-b to examine the timing
of significant changes within the pigment datasets. To determine, if there is a breakpoint,

where it lies in datasets which have a significant increasing or decreasing trend from the MK
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analyses, a two-segment, piecewise linear regression model was applied. The model
determines a sharp change in the directionality of the dataset by fitting two linear regression
models, joined at a breakpoint (Toms and Lesperance, 2003). This was performed in the R
package using the segmented library (Muggeo, 2008). The formula confint was also applied
to determine the 95% CI in the breakpoint. Breakpoint analysis was applied to the most
resistant carotenoids and chlorophyll-a, as well as 8'°C, to estimate the timing of significantly
increasing or decreasing trends. This is different to zonation, as breakpoint analyses use a

single variable whereas zonation uses a range of variables.

3.6.6 Temperature time-series data

Annual temperature data from 1820 - 2015 were sourced from the KNMI Climate Explorer
database (http://climexp.knmi.nl/) from Irkutsk climate station in the South basin of Lake
Baikal. Moving averages were applied to the temperature datasets for each site down-core.
Three different weightings were applied down-core, depending on the age model errors with

smoothing windows over the data of 5, 11 and 21 years.
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Chapter Four: Limnology I — Seasonal sampling in South
Basin

The aims to be addressed within this chapter are to examine the limnological conditions in
spring in the South basin of Lake Baikal, and to compare measurements of algal production
(chlorophyll-a concentrations) and nutrients to previous measurements at Lake Baikal (Fietz,
2005; Straskrabova et al. 2005; Hampton et al. 2008). An additional aim is to explore the
impact of changing nutrient concentrations on Baikal’s pelagic phytoplankton by conducting
nutrient enrichment experiments. These experiments will assess if additions of nitrogen,
phosphorus and silicon result in higher algal biomass and a change in Baikal’s algal
community composition within the mesocosms. Nutrient enrichment experiments will assess
nutrient limitation of major algal groups within Baikal’s waters in both summer (August 2013)

and spring (March 2013).

4.1 Under ice production

Spring and summer have traditionally been considered as the most ecologically significant
growing period in temperate seasonally ice-covered lakes, and as a result limnological studies
have largely focussed on understanding summer rather than winter lake functioning (Salonen
et al. 2009; Hampton et al. 2015). To fully understand the drivers, including nutrient
availability and light limitation, of a lake ecosystem, limnological studies must consider
seasonal dynamics in algal production and composition. In temperate lakes, such as Lake
Baikal, the conditions for phytoplankton development in winter differ greatly from those in
the summer (Babanazarova et al. 2013). In the winter a thin convective layer occurs under the
ice, where temperatures are below 0.5 °C to depths of 25 m, and then temperature increases to
4 °C from 250 m onwards (Fietz, 2005). This is a period of inverse stratification, and mixing
is restricted to the shallow layer under the ice (Fietz, 2005). Late spring is dominated by
diatoms, which grow at the end of the ice-covered season as snow and ice cover decrease and
in the summer picoplankton dominate at Lake Baikal (Belykh and Sorokovikova, 2003).
Winter limnology is important, especially at Lake Baikal, as it is ice-covered for almost half
of the year (January — May) with weak summer stratification occurring for 6 — 8 weeks in
August to September (Hampton et al. 2014). Light, temperature, pH and oxygen all change
under ice and affect the algal assemblage and water chemistry (Jewson et al. 2009). Baikal’s
ice provides a vast habitat for algal cells to grow, and high levels of photosynthesis can occur
at low light penetration levels, even at values as low as 2 % of the surface values (Hampton et

al. 2015). Many of Baikal’s endemic diatoms, bloom underneath the ice in spring. Generally,
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winter algal biomass is less than during the summer (Bertilsson et al. 2013), however this is
not always the case at Lake Baikal, because these diatom species may form large blooms every
3 - 4 years in spring as the ice breaks up, known as Melosira years, which result in winter
production exceeding summer production. The timing of these large under ice blooms are
changing due to lake warming (Katz et al. 2015), and shortened ice cover duration could limit
or even prevent them (Moore et al. 2009). There is bacterial activity underneath the ice in
Baikal (Melnik et al. 2008), and a shorter ice cover duration has been suggested to result in
increased heterotrophic bacterial production (Straskrabova et al. 2005). With reduced seasonal
ice cover, bacterial activity could contribute to up to 20 — 40 % of daily production in the
summer mixing layer waters (Straskrabova et al. 2005). Biological activity also occurs within
the ice, with diatoms, chrysophytes, ciliates and rotifers being detected living (Obolkina et al.
2000; Bondarenko et al. 2012), along with bacteria, viruses and contaminants (Melnik et al.
2008; Hampton et al. 2015). Seasonal phytoplankton primary production has been measured
in the South basin of Lake Baikal between March — October in 1999 and 2000 by Yoshida et
al. (2003), using in situ °C bicarbonate incubations, and results show primary production

values of 79 mg Cm™ day™ in March, and 424 mg Cm™ day™' in August (Yoshida et al. 2003).

The ice also acts as a “second bottom™ at Lake Baikal, allowing productivity to span the whole
lake surface, which can result in greater algal production in the winter months compared to
the summer (Kozhova and [zmesteva, 1998; Timoshkin, 2001; Hampton et al. 2008; Hampton
et al. 2015). Large endemic diatoms which can be ice attached, namely Aulacoseira
baicalensis, dominate the lake waters under the ice, and are kept in suspension within the
water column via convective mixing. Aulacoseira baicalensis have a thermal optimum of 2 —
3 °C, and as they are unable to grow within waters > 8 °C (Richardson et al. 2000), they
produce resting cells, which sink and then re-establish the populations in the spring. The depth
of snow cover has been found to influence the growth of Aulacoseira baicalensis, and their
development occurs when there is little (< 10 cm) or no snow on the ice (Jewson et al. 2009).
Mackay et al. (2005) however shows a correlation between low snow cover and low
Aulacoseira baicalensis abundances within the Central basin sediments only. This has been
suggested to be a result of photoinhibition from greater frequency of clear ice in the Central
basin, compared to the South and North basins (Mackay et al. 2006). To examine modern day
limnological conditions (including water transparency and nutrient concentrations), algal
production, and the influence of climate change, both summer and winter limnology need to
be studied and compared with previous surveys to examine production changes. This is as
shorter ice cover duration will reduce under ice diatom production and increase heterotrophic

bacterial production (Straskrabova et al. 2005; Moore et al. 2009), and greater summer thermal
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stratification and warmer lake temperatures will influence depth distributions and composition

of algal assemblages (Hampton et al. 2015).

4.2 Nutrient limitation

Nutrient limitation of primary production occurs when access to nutrients (nitrogen and/or
phosphorus and/or silicon) becomes unbalanced in relation to the phytoplankton growth
demands (Rast and Thornton, 2005). In oligotrophic lakes, algal growth is usually controlled
by nutrient (N, P, Si) availability (Bonella et al. 2005; Hogan et al. 2014; Whiteford et al. in
press), and thus phytoplankton populations in Lake Baikal will be controlled by nutrient
availability. The most common approach to assessing nutrient limitation of phytoplankton
growth is by deploying nutrient enrichment experiments. Experimental nutrient enrichment
bioassays determine nutrient limitation by measuring the response of phytoplankton to
manipulated nutrient concentrations (Elser et al. 1990; Levine and Whalen, 2001; McMaster
and Schindler, 2005; Symons et al. 2012). Alternatively, nutrient limitation can be assessed
via either correlations between in situ chlorophyll-a and nutrient concentrations (McMaster
and Schindler, 2005), or by comparing nutrient availability in the water column with the
Redfield (1958) ratio (N:P of 16:1 by mass) (Beardall et al. 2001). Nutrient limitation can
differ amongst the algal groups in oligotrophic lakes, for example O’Brien et al. (1992) found
N+P to result in higher abundances of chrysophytes and chlorophytes, and not diatoms or
cyanobacteria. Experimental studies have also found N+P to control chlorophyte populations
(Whalen and Cornwell, 1985; Levine and Whalen, 2001; Lewis and Wurtsbaugh, 2008).
Algal-wide community response has also been reported, with N+P treatments stimulating the
growth of all algal groups (diatoms, chlorophytes and cyanobacteria) (Whiteford et al. in
press). Seasonal variation is an important factor to consider when investigating nutrient
limitation of phytoplankton (Levine and Whalen, 2001), and few studies have investigated
nutrient limitation in both ice on and ice off seasons at Lake Baikal. Jewson et al. (2008)
investigated nutrient limitation of Aulacoseira skvortzowii, and culture experiments found a
link between sporulation, which is the formation of dormant cells, and low phosphate
concentrations (< 15 — 20 pg/L), whereas only 15% of these cells sporulated when nitrate was
limiting (Jewson et al. 2008). Aulacoseira baicalensis require large amounts of silica, and
Jewson et al. (2010) found silicon becomes limiting during Melosira years at Lake Baikal.
The recent finding of anthropogenic nutrient enrichment in the coastal region (Timoshkin et
al. 2016), highlights the need to examine the impact of changing nutrient concentrations on
Baikal’s phytoplankton assemblages in the pelagic zones. Previous work by Jewson et al.
(2015) has investigated seasonal change of three main diatom species at Lake Baikal

(Cyclotella minuta, Cyclotella baicalensis and Aulacoseira baicalensis) and nutrient
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concentrations (phosphate, silicate and nitrate) during 1999 and 2000. The study found a
decline in nutrient concentrations in the summer months (July, August, September) coinciding
with higher temperatures (> 10°C) and higher abundances of Aulacoseira baicalensis. In
contrast, seasonal abundances of Cyclotella minuta and Cyclotella baicalensis do not coincide
with seasonal nutrient concentration and temperature changes (Jewson et al. 2015). To explore
nutrient limitation, this chapter presents data from nutrient enrichment experiments conducted
at Lake Baikal in both March 2013 and August 2013. Winter experiments were conducted in
the pelagic South basin, and the summer experiment used water from the pelagic Central basin.
These sites were chosen as the South and Central basins are both influenced by the Selenga
River. Water from the Central basin was collected during the August 2013 expedition, instead
of from the South basin, as nutrient enrichment experiments were set up on the shoreline of
Maloe More Bay, off the Central basin. Thus, transporting collected water samples from the
Central basin would allow for a smaller storage time on the research vessel, in comparison to

transporting samples from the South basin to Maloe More Bay.

Nutrient enrichment studies at Lake Baikal have differed in their results in terms of limiting
nutrients (Weiss et al. 1991; Watanabe and Drucker, 1999; Goldman et al. 1996; Genkai-Kato
et al. 2002; Satoh et al. 2006). One of the first enrichment studies at Lake Baikal in Summer
1992 was conducted by Watanabe and Drucker (1999), using surface waters from the South
basin, and found nitrate limitation. This agrees with Weiss et al. (1991) who suggested
nitrogen to be the most limiting nutrient, whereas Goldman et al. (1996) reported co-limitation
by both nitrogen and phosphorus in July 1990. A nutrient enrichment study, carried out in
August 2002 in the South and Central basins, also found that phosphate and phosphate plus
nitrate treatments stimulated phytoplankton growth, and therefore reported phosphorus
limitation (Satoh et al. 2006). However, in contrast to these findings, Genkai-Kato et al. (2002)
report that Baikal’s phytoplankton were not deficient in either nitrogen or phosphorus.
Similarly, Verkhozina et al. (2000) reports that the limiting factors on Baikal’s phytoplankton
are not nutrients, but hydrodynamics. Verkhozina et al. (2000) argues that it is the turbulent
mixing of water which determines the dynamics of the phytoplankton biomass, by bringing
nutrient rich deep water to the surface. Verkhozina et al. (2000) states that Lake Baikal should
not become phosphorus limited, as during Melosira blooms nitrogen in the surface layer
declines but phosphorus is never fully depleted (Votyntsev et al. 1975). It is suggested that
phytoplankton biomass should therefore be proportional to the nitrate concentrations
(Verkhozina et al. 2000). Snow cover thickness during ice periods have instead been suggested
to be affecting the interannual variation in phytoplankton by altering the light intensity below
the ice (Verkhozina et al. 2000). The most recent nutrient enrichment study at Lake Baikal in

August 2013 (O’Donnell et al. 2017) supports the argument above, as no nutrient limitation
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of Baikal phytoplankton in pelagic waters were found after a 6-day experiment. The nutrient
concentrations applied in O’Donnell et al. (2017) were 10x the natural concentrations of Lake
Baikal surface waters published by Kozhova and Izmest’eva (1998). Instead, O’Donnell et al.
(2017) reports that nutrient limitation is dependent on location, as results show co-limitation
by N and P of phytoplankton in Proval Bay, which is close to the Selenga Delta, due to an

increase in chlorophyll-a fluorescence by 70% on average.

Prior to O’Donnell et al. (2017), silicon limitation has not previously been examined within
Lake Baikal’s waters. Si addition was not found by O’Donnell et al. (2017) to result in any
positive response in chlorophyll-a fluorescence, unlike the N+P treatments. The experiments
presented in this chapter, conducted in March 2013 and August 2013 were not extensive, but
provide data from pilot studies on nitrogen, phosphorus and silicon enrichment. Although
silicon, nitrogen and phosphorus availability drives diatom growth, previous marine nutrient
enrichment experiments have mainly examined nitrogen and phosphorus and not the effects
of silicon (Lagus et al. 2004; Felisberto et al. 2011; Trommer et al. 2013). Silicon is different
from N and P, which are regenerated by biological activity, as silicon recycling depends on
the dissolution rate of siliceous organisms, the sinking rate and the mixing depth (Kristiansen
and Hoell 2002). Thus, the internal cycle of silica in large lakes is mainly controlled by silica
uptake from diatom production and dissolution of diatoms in the water column or sediments.
Large diatom blooms from nitrogen and phosphorus addition, deplete the dissolved silicate in
the water column, limiting diatom biomass (Schleske and Stoermer, 1971; 1972). Higher
diatom production also leads to greater accumulation of biogenic silica in the sediments, which
reduces the water column DSi reservoir. This is known as the Schelske-Stoermer silica
depletion hypothesis, as discussed in Chapter One, which was developed from studies on the
North American Great Lakes, namely Lake Superior and Lake Michigan (Schelske and
Stoermer, 1971; 1972). Changes in the silica cycle from phosphorus eutrophication have been
observed within the North American Laurentian Great Lakes, as the silica reservoir in Lake
Michigan was depleted by the late 1960s to the extent that silica concentrations become
limiting for epilimnetic diatom production (Schelske and Stoermer, 1972; Schelske, 1985).
Schleske and Stoermer (1971; 1972) hypothesised that the limitation of diatom growth by
reduced dissolved silicon (DSi) concentrations would impact the phytoplankton community,
resulting in the dominance of chlorophytes and cyanobacteria. This DSi depletion has also
been observed in the Baltic Sea (Wulff et al. 1990; Conley et al. 1993; Wasmund et al. 1998;
Humborg et al. 2000).

Reduction of water column silicate occurs in many freshwater and marine systems throughout

the world in response to nitrogen and phosphorus, and examples of increased N:Si and P:Si
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ratios and reduced abundance of diatoms have also been reported from studies in the
Mississippi River (Turner and Rabalais, 1994) and the Black Sea (Humborg et al. 1997).
Studies over the last decade have similarly found DSi depletion to occur at sites of
eutrophication (Muylaert et al. 2009). However, Conley et al. (1993) reviewed the effects of
eutrophication on the biogeochemical cycle of Si, and has questioned the silica depletion
hypothesis, as only a small fraction of diatoms produced in the water column were preserved
in the sediments (Conway et al. 1977; Parker and Edgington, 1976). The argument is that not
a large amount of silicon is lost to the sediments but recycled for diatom growth. The
hypothesis has therefore been questioned due to the lack of permanent sedimentation of
diatoms. Seasonal DSi depletion is also questioned by Conley et al. (1993), as there is a
difference between annual DSi cycle which includes depletion (such as when spring bloom is
terminated by the depletion of DSi) and long-term historical depletion of water column DSi
(burial in the sediments). Schleske (1985) however states that even though most diatom
production is recycled on an annual basis, it only takes a small percentage of diatom
production to be lost in long-residence time systems, like Lake Baikal, for it to have a major
effect on the biogeochemical cycle within the water column. This is due to the accumulation
of biogenic silica in sediments and the bottom waters, and exchange of waters below 200 m
in Lake Baikal takes c. 8 years (Weiss et al. 1991). Palacolimnological studies have used BSi
as a proxy for silicon depletion, such as in Lake Victoria (Verschuren et al. 2002), Lake
Ontario (McFadden et al. 2004) and other lakes (Johnson et al. 2002; Bradbury et al. 2004 as
cited in Schleske et al. 2006). Studies show a decrease in biogenic silica between 1995 — 2001
at Lake Baikal in the South basin with regional warming and increasing algal production
(Shimaraev and Domysheva, 2013). Over Pleistocene timescales, variations in silica content
on glacial —interglacial timescales at Lake Baikal has been linked to climate (Qui et al. 1993;
Colman et al. 1995; William et al. 1997; Kashiwaya et al. 1999; Karabanov et al. 2000;
Prokopenko et al. 2001), with higher silicon utilisation, as inferred from diatom production,
and accumulation within the sediments at warming peaks. Shimaraev and Domysheva (2013)
also state that the modern Baikal diatom production cannot be silicon limited due to the river
input of silicon and vertical water exchange mixing the large silica reserve in the waters from

diatom dissolution.

With the link between silicon and diatoms, N+P+Si treatments have been included alongside
N+P treatments in the experiments carried out in March 2013 and August 2013, as presented
in this chapter. Nutrients and phytoplankton pigments have been measured within each
treatment, at the start and the end of the experiment, and phytoplankton samples were
additionally collected. Phytoplankton cells were not counted within this pilot study, however

do provide a future opportunity to validate the pigment data.
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4.3 Results

4.3.1 Comparison between winter and summer limnological parameters and
nutrients

The results presented in this chapter are from sampling sites BAIK13-1, BAIK13-4 and
BAIK13-5 in the South basin of Lake Baikal, from surveys conducted in both March 2013
and August 2013. All the August 2013 spatial survey dataset is presented in Chapter Five as

these other sites do not have corresponding March 2013 data.

Light attenuation coefficient values ranged between 0.14 to 0.17 m™ in March 2013 and 0.17
m™ in August 2013 (Table 11). In March 2013, photic zone depths range between 15.4 —21.4
m (Table 11). In comparison to summer values, photic zone depths were larger (23.5 — 24.6

m) than in March 2013.

Table 11: Light attenuation coefficient (LAC) values and photic zone depths for March 2013
and for August 2013 at the three transect sites in the South basin.

March 2013 August 2013
Light Attenuation . Light Attenuation .
. } Photic zone depth (m) . . Photic zone depth (m)
Coefficient (m®) Coefficient (m®)
Site
BAK13-1 0.17 19.9 0.17 23.5
BAIK 13-4 0.14 21.4 0.17 24.6
BAIK13-5 0.15 15.4 () ()

Average temperatures within the photic zone in March 2013 were between 0.05 — 0.16 °C and
in August 2013 they were between 5.87 — 6.39 °C (Table 12). Conductivity was slightly higher
in March 2013 than August 2013, with average measurements of 0.10 and 0.07 uS/cm™
respectively. pH was slightly higher in August 2013 than March 2013, with average
measurements of 8.5 and 7.9 — 8.1. Mean TP concentrations were higher in the photic zone in
March than August (Figure 34), with mean values between ¢. 15 —20 pg/L in August and 18
—24 pg/L in March. The largest variability within the photic zone in TP concentrations is
within one of the South basin sites (BAIK13-5) in August 2013, between 1 — 28 pug/L within
the photic zone. Mean silicate concentrations were higher and more variable in the photic zone
in March than August (Figure 35), with mean values between c. 0.4 —0.6 mg/L in August and
c. 0.7 — 0.8 mg/L in March. Mean DOC concentrations were higher in August than March
(Figure 37), ranging between c. 2.2 — 2.3 mg/L in August and c. 1.7 — 1.8 mg/L in March. The
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variability in DOC concentrations is similar, except for in one of the South basin sites in
March. Nitrate concentrations were slightly lower in August than March, with mean values
between c. 0.022 — 0.025 mg/L in August and c. 0.026 — 0.029 mg/L in March (Figure 36).
The largest variation in nitrate values within the photic zone occurs in March, at sites BAIK 13-

1 and BAIK13-5 in the South basin.

Table 12: March and August variables, conductivity, pH and dissolved oxygen (mean values
in photic zone with standard deviation) as there is little variation down the water profile.

Water temperature °C Conductivity pS/cm’ pH Dissolved Oxygen %
Average SD Average SD Average SD Average SD

March (2013) photic zone measurements

BAIK13-1 0.16 0.11 109.9 239 8.2 0.1 100.5 2.6

BAIK13-4 0.06 0.06 101.4 252 8.0 0.0 89.7 3.0

BAIK13-5 0.05 0.06 124.0 2.9 8.0 0.0 102.4 2.0
Water temperature °C Conductivity ;LS/cm'I pH Dissolved Oxygen mg/L

Average SD Average SD Average SD Average SD

August (2013) photic zone measurements

BAIKI3-1 5.87 2.21 75.8 4.8 8.5 0.3 13.4 0.6
BAIKI3-4 640 3.76 77.0 8.5 8.6 03 137 11
BAIK13-5 ) Q) Q) Q) (G (G @) ©
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Figure 34: Variability of TP concentrations in photic zone in March 2013 (green) and
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Figure 35: Variability of silicate concentrations in photic zone in March 2013 (green) and

August 2013 (blue).
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Figure 36. Variability of nitrate concentrations in photic zone in March 2013 (green) and
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Figure 37: Variability of DOC concentrations in photic zone in March 2013 (green) and

August 2013 (blue).
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4.3.2 Comparison between under-ice, summer and past monitoring pigment
composition

In March 2013 chlorophyll-a concentrations from the YSI, spectrophotometric and HPLC
measures are all relatively similar, showing the same trends in chlorophyll-a concentrations
within the photic zone (Figure 38). Chlorophyll-a concentrations in the upper 30 m at
BAIK13-1 range between 0.1 — 1.2 nmol/L (Figure 38). Lower concentrations were observed
at BAIK13-4 and BAIK13-5, between 0.1 — 0.3 and 0.1 — 0.2 nmol/L respectively (Figure
38). These sites also show homogenous values down the water profile in the photic zone,
whereas at BAIK13-1 higher chlorophyll-a concentrations are observed in the upper 10 m
(Figure 38). For the March results, any of these chlorophyll-a measures can be used, but YSI
chlorophyll a is chosen as it provides continuous values in the photic zone rather than just spot

samples at water depth intervals.

In August, the YSI and spectrophotometric chlorophyll-a concentrations were significantly (p
value < 0.005) higher than the HPLC chlorophyll-a values in the photic zone (upper c. 40 m)
(Figure 39). YSI chlorophyll-a concentrations were always higher (Y'SI > Spectrophotometric
> HPLC) (Figure 39). The chlorophyll-a concentrations at these three South basin sites are
relatively similar from the Y SI and spectrophotometric values, and show similar trends down
the water column (Figure 39). In contrast the HPLC chlorophyll-a values were significantly
(p value < 0.005) lower (Figure 39). YSI chlorophyll-a concentrations have therefore been
chosen to compare with March values, as these provide continuous values down the water
column. These YSI chlorophyll-a values have also been chosen to present the summer

chlorophyll-a concentrations in Chapter Five.
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Figure 38: Chlorophyll-a concentrations (nmol/L) down the water column in March 2013,
Red line — YSI chlorophylil-a; blue line — spectrophotometric chlorophyll a; green line —
HPLC chlorophyll-a.
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Figure 39: Chlorophyll-a concentrations (nmol/L) down the water column in August 2013;
Red line — YSI chlorophyll-a; blue line — spectrophotometric chlorophyll-a; green line —
HPLC chlorophyll-a.
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Chlorophyll-a concentration (ug/L)

YSI chlorophyll-a concentrations are higher in August 2013 than March 2013, with mean
values between c¢. 3 — 5 pg/L in August and 0.1 — 0.5 pg/L in March (Figure 40). August has
a larger variability within the photic zone compared to March, although the minimum values

are still higher than the maximum values in March.

®00 0

BAIK13-1 BAIK13-4 BAIK13-5

Figure 40: YSI chlorophyll-a concentrations (ug/L) in photic zone in March 2013 (green)
and August 2013 (blue). No data for August 2013 BAIK13-5.

Under ice chlorophyll-a measurements taken in the South basin in March 2001, 2002 and 2003
at five depths in the photic zone (Straskrabova et al. 2005) were 1.3 ug/L (1.5 nmol/L), 1.6
pg/L (1.8 nmol/L) and 3.8 pg/L (4.3 nmol/L) respectively. Similarly, mean chlorophyll-a
concentrations from Hampton ef al. (2008) for March between 1979 — 2003 were ¢. 1.5 pg/L
with a range between ¢. 1 — 2 ug/L. Mean chlorophyll-a concentrations from December —
February between 1979 — 2003 were < 0.5 pg/L, which shows minimal levels of production,
similar to values observed in March 2013. In line with this, Fietz (2005) measured under ice
chlorophyll-a in March 2001 — 2003 to be 0.7 — 2.0 nmol/L, which is slightly higher than
chlorophyll-a measurements in March 2013. Zeaxanthin, fucoxanthin and lutein
concentrations in March 2013 are similar across the three sites, and range between 0.01 — 0.04
nmol/L, 0.03 — 0.12 nmol/L and 0.01 — 0.11 nmol/L respectively (Figure 41). March 2013

zeaxanthin and fucoxanthin concentrations are significantly lower than August 2013, whereas
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Pigment concentration (nmol/L)

lutein concentrations are similar between seasons. Fucoxanthin and zeaxanthin concentrations

in March 2013 are lower than in March 2003, and lutein concentrations are similar between

March 2003 and 2013 (Fietz, 2005) (Table 13).

0.5 -
= = = = = m—
0.0 4 =— ° - | —— — °
T T T T T T
March 2013 August 2013 March 2013 August 2013 March 2013 August 2013
BAIK13-1 BAIK13-1 BAIK13-4 BAIK13-4 BAIK13-5 BAIK13-5

Figure 41: Photic zone March and August 2013 pigment concentrations (nmol/L) of
zeaxanthin (dark blue), fucoxanthin (light blue) and lutein (dark green) in the South basin at

BAIK13-1, BAIK13-4 and BAIK13-5.

Table 13: Dominant pigment concentrations in March 2003 (Fietz, 2005) and March 2013
in the South basin.

March 2003 (Fietz 2005)

March 2013 (this study)

Zeaxanthin (nmol/L)
Fucoxanthin (nmol/L)
Lutein (nmol/L)

C.

c. 0.1
02-0.7
c.0.02

4.3.3 Nutrient enrichment experiments

0.01-0.04
0.03-0.12
0.01-0.11

Nutrient enrichment experiments were conducted in both winter and summer, to assess algal

community response to nutrient inputs. On the first day of the experiment, pigment data show

that water samples collected in March 2013 from the South basin (at BAIK13-1), for the
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mesocosms, were largely comprised of diatoms (Table 56, Table 58 in Appendix). By the end
of the experiments (Day 7), however, the dominant algal group switched to chlorophytes, as
inferred from higher lutein concentrations (7able 56 in Appendix), in all mesocosm treatments
(Control, N+P and N+P+Si) which were suspended underneath the ice. Within the second
March 2013 experiment, diatoms dominate the algal assemblage on day 0 of the experiment
within the offshore laboratory, and by the end of the experiment (Day 6) there was a switch
to higher concentrations of picoplankton, rather than chlorophytes in all treatments (Control,

N+P and N+P+Si).

ANOVA results show that in the March 2013 under ice experiment and the second March
2013 experiment, pigment concentrations (zeaxanthin, lutein and Chl-a) were not significantly
different between the control and treatments on day 7 and day 6 respectively (Table 14).
Nutrient enrichment did not significantly increase chlorophyll-a concentrations in the March
2013 under ice experiment 1 (Figure 42). Nitrogen and phosphorus addition resulted in higher
mean concentrations of zeaxanthin (mean = 0.06 nmol/L; p values = 0.83) compared to the
control (mean = 0.04 nmol/L). Lutein (mean = 0.11 nmol/L) concentrations were not higher
than control values (0.03 and 0.12 nmol/L respectively). Fucoxanthin concentrations were
significantly higher in the N+P+Si treatment compared to the N+P treatment (p value = 0.03)
and control (p value = 0.02). The addition of nitrogen, phosphorus and silicon resulted in
higher mean concentrations of fucoxanthin (mean = 0.04 nmol/L) compared to the control
(mean = 0.03 nmol/L). In the March 2013 experiment 2, nutrient enrichment did not
significantly increase chlorophyll-a in the laboratory (Control mean = 0.08 nmol/L; N+P =
0.13 nmol/L; N+P+Si = 0.06 nmol/L) (Figure 39). Nitrogen and phosphorus addition resulted
in higher mean concentrations of fucoxanthin (0.02 nmol/L), zeaxanthin (0.08 nmol/L) and
lutein (0.05 nmol/L), compared to within the control (0.004, 0.03, 0.02 nmol/L respectively).
The addition of nitrogen, phosphorus and silicon resulted in higher mean concentrations of

zeaxanthin (mean = 0.15 nmol/L) compared to the control (mean = 0.03 nmol/L).

Within the August 2013 nutrient enrichment experiment, diatoms were also seen to be the
dominate algal group within the water samples collected on Day 0 (Table 60 in Appendix).
Water samples were collected from BAIK13-12 in the Central Basin, at the deep chlorophyll
maxima (DCM) (c. 20m), and captured algal populations from the late Melosira bloom. By
the end of the experiment (Day 11), diatoms remained in high concentration in the Control
and N+P treatments, however picoplankton concentrations increased, to be slightly higher

than diatom concentrations in the N+P+Si treatments (7able 60 see Appendix).
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On day 11 of the August 2013 experiment, zeaxanthin concentrations were significantly
higher between Control — N+P+Si and N+P — N+P+Si (p value = 0.02 and 0.03 respectively),
and lutein concentrations were significantly different between all three treatments (p value <
0.01) (Table 16). Nutrient enrichment did not significantly increase chlorophyll-a in the
August experiment (Control mean = 0.11 nmol/L; N+P = 0.04 nmol/L; N+P+Si = 0.09
nmol/L) (Figure 44). Nitrogen and phosphorus addition resulted in higher mean
concentrations of fucoxanthin (0.45 nmol/L), zeaxanthin (0.05 nmol/L) and lutein (0.04
nmol/L), compared to within the control (0.27, 0.01, 0.01 nmol/L respectively). The addition
of nitrogen, phosphorus and silicon resulted in higher mean concentrations of zeaxanthin
(mean = 0.32 nmol/L) compared to the control (mean = 0.02 nmol/L). Chlorophyll-a and
fucoxanthin concentrations were not found to be significantly different between treatments

within these experiments.
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Figure 42: March 2013 under ice experiment 1 (4) fucoxanthin (B) Zeaxanthin (C)
Lutein (D) Chl-a on day 7. ANOVA results show significant differences between
treatments. (Fucoxanthin concentrations in *C are significantly higher than *A and

%B).
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Table 14: ANOVA results for March 2013 under-ice experiment 1 and Tukey test for
assessing significant difference in pigment concentrations between treatments on day 7.

March 2013 Under-ice experiment in South basin

Treatment F value P value
Fucoxanthin 1.19 0.34
ANOVA Zeaxanthin 0.27 0.76
Lutein 0.17 0.85
Chl-a 4.61 0.04
diff lwr upr P value
Fucoxanthin
N+P-C 0.03 -0.19 0.26 0.82
N-+P+Si - C 0.30 0.08 0.53 0.02
N+P+Si - N+P 0.27 0.04 0.49 0.03
Zeaxanthin
N+P-C 0.02 -0.06 0.09 0.83
N+P+Si - C 0.00 -0.08 0.08 0.99
N-+P+Si - N+P -0.02 -0.10 0.06 0.78
Lutein
N+P-C -0.01 -0.12 0.10 0.96
N+P+Si - C 0.01 -0.10 0.13 0.94
N+P+Si - N+P 0.03 -0.09 0.14 0.83
Chl-a
N+P-C -0.01 -0.12 0.10 0.96
N+P+Si - C 0.01 -0.10 0.13 0.94
N+P+Si - N+P 0.03 -0.09 0.14 0.83

Table 15: ANOVA results for March 2013 experiment 2 in field laboratory and Tukey test
for assessing significant difference in pigment concentrations between treatments on day 6.

March 2013 experiment 2 in field laboratory on South basin shoreline

Treatment F value P value
Fucoxanthin 5.35 0.05
ANOVA Zeaxanthin 3.17 0.13
Lutein 1.61 0.29
Chl-a 0.89 0.47
diff Iwr upr P value
Fucoxanthin
N+P-C 0.01 0.00 0.03 0.13
N+P+Si-C 0.00 -0.02 0.01 0.65
N+P+Si - N+P -0.02 -0.03 0.00 0.06
Zeaxanthin
N+P-C 0.05 -0.09 0.19 0.53
N+P+Si - C 0.12 -0.03 0.27 0.11
N+P+Si - N+P 0.07 -0.08 0.23 0.37
Lutein
N+P-C 0.03 -0.03 0.08 0.31
N+P+Si - C 0.00 -0.06 0.06 0.99
N-+P+Si - N+P -0.03 -0.09 0.04 0.42
Chl-a
N+P-C 0.05 -0.11 0.21 0.58
N+P+Si-C -0.01 -0.19 0.16 0.96
N+P+Si - N+P -0.07 -0.24 0.11 0.50
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Figure 43: March 2013 experiment 2 carried out in the field laboratory and not under the
ice (A) Fucoxanthin (B) Zeaxanthin (C) Lutein (D) Chl-a on day 6. ANOVA results show
significant differences between treatments. (Fucoxanthin concentrations in *B are
significantly higher than *C).
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Figure 44: August 2013 experiment (4) fucoxanthin (B)

Zeaxanthin (C) Lutein (D) Chl-a on day 11. ANOVA results show significant differences
between treatments. (Zeaxanthin concentrations in *C are significantly higher than *4 and
*B, and Lutein concentrations in *E and *F are significantly different from each other and

from the control *D).
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Table 16: ANOVA results for August 2013 experiment and Tukey test for assessing
significant difference in pigment concentrations between treatments on day 11.

August 2013 experiment at Maloe More

Treatment F value P value
Fucoxanthin 0.31 0.75
ANOVA Zeaxanthin 18.18 0.02
Lutein 184.10 <0.001
Chl-a 1.22 0.41
diff lwr upr P value
Fucoxanthin
N+P-C 0.18 -1.00 1.37 0.81
N+P+Si - C -0.02 -1.21 1.17 1.00
N+P+Si - N+P -0.20 -1.39 0.99 0.77
Zeaxanthin
N+P-C 0.03 -0.19 0.26 0.82
N+P+Si - C 0.30 0.08 0.53 0.02
N+P+Si - N+P 0.27 0.04 0.49 0.03
Lutein
N+P-C 0.02 0.02 0.03 <0.001
N+P+Si - C -0.02 -0.02 -0.01 0.01
N+P+Si - N+P -0.04 -0.05 -0.03 <0.001
Chl-a
N+P -C -0.07 -0.27 0.13 0.42
N+P+Si-C -0.01 -0.21 0.18 0.96
N+P+Si - N+P 0.06 -0.14 0.25 0.53

Growth rates for picocyanobacteria from the zeaxanthin pigment concentrations from day 0
of the treatments until the final day of the experiments were calculated (Figure 45). The
growth rates were highest in the August experiment, increasing 0.03 nmol/L per day in the
N+P+Si treatment, and March experiment 2, increasing 0.02 nmol/L per day, in the N+P+Si
treatment (Figure 45). For the N+P treatment, growth rates in all the experiments was < 0.01
nmol/L per day. The March under ice experiment in the South basin found no changes in
growth rates for picocyanobacteria with the treatments (Figure 45). The March experiment
shows the highest growth rate with the N+P treatment, and the August experiment shows the

highest growth rates with the N+P+Si treatment.
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Figure 45: Growth rates for picocyanobacteria (inferred from zeaxanthin concentrations)
chlorophytes (inferred from lutein concentrations) from the day 0 treatments until the final
day of (A) March 2013 under ice experiment 1 (B) March 2013 experiment 2 (C) August

2013 experiment.
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4.4 Discussion

4.4.1 Seasonal measurements and comparison with previous studies

Three different measures of chlorophyll-a have been taken in the winter and summer to
compare the different methods (HPLC, spectrophotometric and fluorescence), to examine
whether they show similar results and to test the accuracy of algal biomass measures in
limnology. Differences within these analytical techniques are observed. The HPLC technique
measures pure chlorophyll-a without interference from chlorophyll-a degradation products,
whereas spectrophotometric and YSI techniques measure both chlorophyll-a and its
derivatives. Results show that the HPLC technique gives lower chlorophyll-a values than
spectrophotometric or fluorometric measurements. Hogan et al. (2014) similarly found lower
chlorophyll-a values using HPLC techniques in comparison to spectrophotometric methods.
Although the magnitude of chlorophyll-a changes down the water profile differs with each
technique, the trends in concentrations are similar between the three measurements. YSI
chlorophyll-a measurements have been chosen to present the chlorophyll-a data in this
Chapter and Chapter Five, as it provides continuous measurements down the water column.
This will provide a representative measurement of the chlorophyll-a concentration in the

photic zone, rather than using spot samples at 1 m, 3 m, 5 m, 10 m, 20 m and 30 m.

Nutrient concentrations (silicate, nitrate and TP) in the photic zone are lower in August 2013
than March 2013 which is due to greater uptake within the summer months. DOC
concentrations are higher in August 2013 than March 2013, which could be linked to greater
phytoplankton production and/or greater fluvial input of terrestrial material. March 2013 algal
biomass measured via chlorophyll-a concentrations is significantly (p value <0.05) lower than
August 2013 values, and is less than spot measurements (lower chlorophyll-a concentrations)
taken a decade prior in 2002-2003 (Fietz et al. 2005) (Figure 46). It is important to consider,
however, that these measurements taken in 2013 and 2003 represent a snap shot in time within
the photic zone, and cannot be used to fully interpret chlorophyll-a concentration trends in

March over time, especially due to the large size of Lake Baikal.
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Figure 46: Spring chlorophyll-a concentrations in photic zone at Lake Baikal in March
2013 (this study) and from previous studies with chlorophyll-a measurements in March 2002
- 2003 (Fietz et al. 2005, Straskrabova et al. 2005; Hampton et al. 2008). These are spot
sample measurement.

In comparison to historical chlorophyll-a data, measurements in March 2013 are still within
the range of interannual variability (c. 0.2 — 3 pg/L), being closer to chlorophyll-a
concentrations observed in December — February between 1979— 2003 (Hampton et al. 2008).
Fietz (2005) measured under ice chlorophyll-a in March 2001 — 2003 which is slightly higher
than chlorophyll-a measurements in March 2013. Diatom and cyanobacterial pigments
concentrations appear to be lower in March 2013 than in March 2003, whereas chlorophyte
pigments do not show any change between the two surveys in 2003 and 2013. This could
potentially agree with the trend published by Silow ef al. 2016 (Figure 47), which suggest a
decline in under ice production of the dominant phytoplankton groups of Lake Baikal. Further
monitoring work would be needed to confirm this, however if there is a declining trend it is
likely that under ice production is likely to be a result of declining ice cover thickness and
duration with increasing regional temperatures. The ice cover thickness in March 2013 was
between 78.5 — 90 cm, which agrees with the decreasing trend of thickness values of ¢. 100
cm in 1950 to thickness values of ¢. 80 cm in 1995 (Todd and Mackay, 2003). Furthermore,
increases in snow cover and lower light penetration would create a less favourable
environment for Aulacoseira baicalensis growth (Jewson et al. 2009; 2015; Jewson and
Granin, 2014). In contrast to Aulacoseira baicalensis, Cylotella baicalensis which similarly
are unable to grow at high temperatures > 8.5 °C, can survive in low light levels (irradiance <

2 umol m™ s™) from increased snow cover on the ice (Jewson et al. 2015). Phytoplankton

109



monitoring at Bolshie Koty in the South basin over the last 60 years shows declining trends
in under ice diatom phytoplankton (Silow et al. 2016). Changes in the under-ice complex
between 1951 — 2010 include a decrease in Cyclotella baicalensis (R* = - 0.047) from c. 3.5
cells L™ in 1950 to c. 1.8 cells L in 2010, and a decrease in Aulacoseira baicalensis (R* = -
0.176) from c. 5 cells L™ in 1950 to c. 3.2 cells L™ in 2010 (Silow et al. 2016) (Figure 47).
The results presented in this chapter appear to be supporting these observed declining trends
in under ice diatom production, and it is likely as result of climate warming which is leading

to less snow and ice cover at Lake Baikal.
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Figure 47: Trends in (A) Aulacoseira baicalensis (cells L) and (B) Cyclotella baicalensis
(cells L) between 1950 - 2010 (modified from Silow et al. 2016).
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4.4.2 Impact of nutrient enrichment on Baikal’s pelagic phytoplankton

Nutrient enrichment experiments carried out in March 2013 show a shift in algal community
composition from the algal pigment concentrations, from Day 0 to the end of the experiment
(Day 6, Day 7 and Day 11 for the three experiments) in all three treatments (C, N+P and
N+P+Si). This shift is from water samples dominated by diatoms, to being dominated by
chlorophytes and picoplankton. In the August 2013 nutrient enrichment experiment, the
addition of Silicon does seem to have an impact on algal community composition, with the
increase in picoplankton populations which are not seen in the Control and N+P treatments.
Thus, to validate these shifts within the algal pigment concentrations, phytoplankton counts

are essential.

The nutrient enrichment experiments presented in this chapter are the first to be carried out at
Lake Baikal which have investigated the impact of nutrient enrichment on major algal groups
(diatoms and chrysophytes, picocyanobacteria and chlorophytes) using HPLC pigment
analyses, rather than solely chlorophyll-a concentrations as a measure of total algae. This
provides an insight into the algal community changes with changing nutrient concentrations.
The study in this chapter found significant N, P and Si effects in the March 2013 experiments,
as the N+P+Si treatment stimulated diatom growth, as shown from an increase in fucoxanthin
concentrations. In the August 2013 experiment N+P additions stimulated an increase in only
lutein concentrations. This suggests a response in chlorophytes with N+P enrichment in the
August 2013 waters, and no response from diatoms or picocyanobacteria. Results show
statistically significant increase in picocyanobacteria growth with N+P+Si additions in March
2013 and August 2013 experiments. Mean diatom pigments (fucoxanthin) increased in
concentration in spring (March 2013 experiment 1) in the N+P+Si treatment, and fucoxanthin
concentrations were significantly different between treatments, suggesting that diatoms were
outcompeted by picocyanobacteria. Picocyanobacteria pigments (zeaxanthin) increased in
concentrations in the August 2013 experiment, showing significantly higher concentrations in
N+P+Si treatments than within the N+P and control treatments on the last day of the
experiment, which suggests Si limitation. Overall the supply of N+P and N+P+Si in the March
and August 2013 experiments did not significantly increase chlorophyll-a yield (p value >
0.05). The N+P+Si did increase the growth rate and concentrations of picocyanobacteria, and
N+P did increase the concentrations of chlorophytes. Nutrient limitation differed amongst the
algal groups, and was more pronounced in the summer than the spring. This is likely to be due
to lower nutrient concentrations in summer from a greater nutrient demand from
phytoplankton growth, largely picocyanobacteria growth, which dominate the water column

in summer stratification.
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All algal cells require silicon, however diatoms (siliceous algae) have generally been
considered to require larger quantities of silicon for the growth of their frustules. Baines et al.
(2012) however found silicon accumulation in marine picocyanobacteria from the eastern
equatorial Pacific and the Sargasso Sea, using synchrontron X-ray fluorescence microscopy
to determine the elemental composition of individual diatoms and cyanobacterial cells of
Synechococcus, which dominate nutrient depleted waters. Similarly, the main picoplankton
species in Lake Baikal are endemic Synechocystis limnetica, which are an chroococcoid
phcoerythrin-rich cyanobacterium (Popovskaya, 1968; Belykh et al. 2006). Baines et al.
(2012) suggests that picocyanobacteria can exert a previously unexpected influence on the
oceanic silicon cycle (Baines et al. 2012). This is important to consider for Lake Baikal, as
picocyanobacteria dominate the lake waters during thermal stratification (Belykh and
Sorokovikova, 2003). These findings resemble some previous indication of significant silicon
accumulations by colonial cyanobacteria in a freshwater lake, Rostherne Mere (Sigee and
Levado, 2000; Krivtsov et al. 2005). The mechanism of silicon accumulation by
Synechococcus (c. 1.5 pm in size) is unknown as methods cannot resolve the precise location
of the silicon associated within the cell. It has been suggested that internal silica deposition
might occur in the periplasmic space between the outer cell wall and the cell membrane, where
it provides a protective function for the cell (Baines et al. 2012). There is uncertainty within
this though, as little is known regarding silicon deposition in picocyanobacterial cells. To
further investigate this result, elemental analyses need to be carried out on picocyanobacteria
cells using, for example, a cryo-focussed lon Beam Scanning Electron Microscopy (FIB SEM)
and Transmission Electron Microscopy (TEM). Elemental analyses would assess the silicon
content of picoplankton cells, by isolating picocyanobacterial cells from the sample and assess
the chemical composition of the internal structure of these small cells. For single cell analyses
of silicon, culture techniques need to be applied. Marine studies have found silicon content
within these cells, however it has not been studied in freshwater systems. It is therefore
important to examine this, as diatoms have previously been thought to be the only algal species

that require sufficient silicon, to influence the silicon concentrations within Lake Baikal.

Primary production of phytoplankton at Lake Baikal has been measured since the 1960s
(Votintsev et al. 1975; Back et al. 1991; Goldman et al. 1996), and between March — October
the contribution of picoplankton to primary production ranged between 41 — 62 % (Yoshida
et al. 2003). This highlights the importance of picocyanobacteria at Lake Baikal, and if silicon
accumulation occurs within picoplankton cells then they also play a major role in the silicon
cycling at Lake Baikal. If the Si is externally bound on picocyanobacterial cells then the
influence of picocyanobacteria on Si cycling is suggested to be minimal, as it is easily

exchangeable (Baines et al. 2012). If the Si is amorphous mineral silica within the
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picocyanobacterial cell walls, then picocyanobacterial will influence the silicon cycle along
with diatoms (Baines et al. 2012). Due to the high abundance of these small picocyanobacterial
cells during the summer months at Lake Baikal and diverse distribution across the entire lake,
in both pelagic and littoral regions, an increase in their biomass which is expected with lake

warming could potentially have a large effect on future silicon cycling at Lake Baikal.

4.5 Summary

There is a difference between winter (March 2013) and summer (August 2013) algal
production and community composition within the South basin, with higher total algae
concentrations and a dominance of picocyanobacteria in the late summer. The spot samples
of chlorophyll-a concentrations within this chapter and previous work suggest that winter
(March 2013) chlorophyll-a measurements are lower than published values in 2003. It is
important to note that these chlorophyll-a concentrations in March 2013 and March 2003
provides only a snap shot in time in winter limnology, and a single data point could be either
noise or a trend in chlorophyll-a. Thus, further monitoring work is required to validate a
declining trend in under ice chlorophyll-a concentrations. Given this caveat in the survey data,
lower chlorophyll-a concentrations in March 2013 compared to March 2003 could be
supporting a recent trend found in the South basin of Lake Baikal, by Silow et al. 2016, of

declining under ice diatom production, over the last few decades.

Experiment results suggest that nitrogen, phosphorus and silicon are influencing algal
communities, with nutrient treatments resulting in higher concentrations of diatom,
chlorophyte and picocyanobacteria pigments. Nutrient enrichment, however, overall did not
result in greater algal yield. As algal dominance is shifting in both control and nutrient
enriched treatments, this suggests controls other than nutrient availability impacting algal
communities, and suggests that climate (light and temperature) is playing a key role. From
analysing the mesocosm samples on the last day of the experiment, nutrient treatments did not
result in changes in the final chlorophyll-a yield, but resulted in difference in lutein and
picocyanobacteria pigment concentrations and growth rates. Results from the nutrient
enrichment experiments show that the addition of nitrogen and phosphorus did promote algal
growth in Baikal’s winter or summer waters. The response to nutrient treatments was from
diatoms, picocyanobacteria and chlorophytes. Picocyanobacteria did not respond to N+P but
responded to N+P+Si, which suggests silicon limitation. Chlorophytes responded to N+P,
which suggests no silicon limitation, and diatoms did respond significantly to both N+P and
N+P+Si in the March experiments. Nutrient treatments did not stimulate growth across all

algal groups (diatoms and chrysophytes, chlorophytes and cyanobacteria), showing no
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community-wide response with similar nutrient demands. Silicon promoted the growth of
picocyanobacteria in both the winter and summer experiments, which is a non-siliceous
organism, rather than largely promoting the growth of diatoms. This highlights the importance
of silicon as a nutrient. Silicon concentrations are likely to increase with lake warming due to
increased catchment erosion and river inflows. Further work is needed to examine silicon
limitation at Lake Baikal in more detail, considering both spatial and seasonal aspects, as there
are different algal community compositions in the winter and summer waters. It is therefore
likely that nutrient limitation of phytoplankton growth varies across Lake Baikal, as found by
O’Donnell et al. (2017) who reports difference in algal response to nutrients, between a pelagic
south basin site and bay region close to the Selenga River inflow. Thus, due to Lake Baikal’s
great diversity from shallow bay regions to river influenced sites and pelagic deep basin sites,
multiple sites are needed to assess lake-wide algal response to nutrient enrichments, under an
experimental set-up in controlled conditions (constant temperature and light penetration).
Phytoplankton cell counts are also needed to affirm or dispute these findings from the pigment

data.
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Chapter Five: Limnology II — Spatial and vertical summer
limnological survey

5.1 Limnological surveys Lake Baikal

Lake Baikal has one of the longest phytoplankton monitoring records in the world, which
extends back to the 1800s and detailed surveys since the mid 20™ century (Popovskaya, 2000;
Fietz et al. 2005; Hampton et al. 2008; Hampton et al. 2014; Izmesteva et al. 2016; Silow et
al. 2016). A review of phytoplankton monitoring at Lake Baikal by Popovskaya (2000) reports
the early investigations of algal flora to have been carried out by Gutwinsky (1891),
Dorogostaisky (1904), Meier (1930), Yasnitsky (1930), Skvortzow (1937) and Antipova and
Kozhov (1957). These studies were focussed within the South basin of Lake Baikal, at the

biological station in the region of Bolshie Koty (Figure 48).
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Figure 48: Location of Bolshie Koty sampling station on the shore of the South basin, and
previous water sampling sites from past limnological surveys between 1977 — 2003 by
Hampton et al. 2008 (modified from Izmesteva et al. 2016).

Sporadic phytoplankton monitoring has been carried out at Lake Baikal since the late 1800s,

mainly focussing on the South basin, and since the early-1900s more systematic monitoring
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has taken place near Bolshie Koty in the South basin. Inter-annual lake-wide monitoring then
began from the 1960s onwards by Popovskaya (2000). The first spatial survey of
phytoplankton was carried out, from 1964 to 1990 at an annual resolution (Popovskaya, 2000),
at a total of 70 sampling stations across the lake. Monthly phytoplankton surveys were carried
out at Bolshie Koty between 1977 to 2003 (Hampton et al. 2008), and between 1951 to 2010
(Silow et al. 2016). A multiparameter limnological study at Lake Baikal was conducted by
Fietz (2005), and this survey examined regional, vertical and spatial variability in
phytoplankton pigments between 2001- 2003. This was over a decade ago and provides
measurements to compare with results presented in this chapter, to assess change over a 10-
year period, as well as an insight into spatial, seasonal and annual variations in phytoplankton
community composition and abundance, particularly over the last 60 years. Furthermore,
Popovskaya et al. (2015) has carried out a survey between 2007 to 2011, to assess spring
phytoplankton in the pelagic zones of Lake Baikal, and compared results with past records
from 1964 — 1990 (Popovskaya, 2000). The comparison between these surveys shows that
spring species composition (mainly Aulacoseria baicalensis, Synedra acus var. radians,
Aulacoseira islandica and Stephanodiscus meyerii) has remained relatively stable, and any
changes in phytoplankton biomass have been coincident with silicon concentrations, rather

than nitrates, phosphates or temperature.

The first spatial survey of nutrients (total phosphorus, nitrate and silicate), DOC and
phytoplankton pigments (chlorophylls and carotenoids) in Lake Baikal and major river
inflows are presented in this chapter, being collected in August 2013. This survey, alongside
the August 2013 spatial survey (26 sampling locations) of surface temperatures, nutrients
(total phosphorus and total nitrogen), and chlorophyll-a, conducted by O’Donnell et al. (2017)
in Lake Baikal provide a comprehensive insight into summer limnology at Lake Baikal. While
the temporal coverage in these surveys is limited to late summer, these comprehensive surveys
provide a benchmark for future monitoring work to compare to. Before this, the last extensive
spatial surveys of autotrophic production at Lake Baikal (Fietz and Nicklisch, 2004; Fietz et
al. 2005), regional algal community composition (Fietz and Nicklisch, 2004; Fietz et al. 2005),
vertical algal assemblage (Hampton et al. 2008; 2014) and DOC (Yoshioka et al. 2002) were
conducted in 2002-2003 (Fietz and Nicklisch, 2004; Fietz et al. 2005), 1955 - 2000 (Hampton
et al. 2008; 2014) and 1999 (Yoshioka et al. 2002). The last detailed spatial survey of the lake
in 2002-2003 found the South basin to be more productive based on chlorophyll-a
concentrations than the North (Fietz, 2005), but the reasons behind this pattern are unclear and
it is unknown as to whether they have changed over the last decade. High-resolution surveys,
both spatially and temporally, are important measures to assess how increasing surface lake

water temperatures are influencing Lake Baikal, as regional temperatures have been rising
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rapidly over the last few decades (Jones et al. 2012), with rising regional average annual air
temperatures from the 1970s, from c. -0.5 °C to > 1 °C (Shimaraev and Domysheva, 2013).
Limnological changes include shifts in algal and zooplankton groups in terms of their depth
distribution in pelagic regions (Hampton et al. 2014). Heavy diatoms have moved down the
water column by 1.9 m y™' between 1955 — 2000, whilst other phytoplankton groups have not
shifted in their vertical position with the stronger thermal gradient within the upper 50 m of
the water column (Hampton et al. 2014). Zooplankton groups moved to shallower positions
within the water column (0.57 — 0.75 m y™') over the period of 1955 — 2000 (Hampton et al.
2014). Observed changes in primary production from chlorophyll-a concentrations and water
transparency from secchi depth measurements are also noted over the last 60 years (Izmesteva
et al. 2016). Mean lake-wide chlorophyll-a concentrations within the upper 50 m of the water
column have increased from c. 0.75 pg/L to 1.2 pg/L and mean lake-wide secchi depth

measurements increased from 6.8 m to 8 m between 1975 — 2005 (Izmesteva et al. 2016).

Monitoring studies have not just been restricted to the summer months, but have interannually
monitored changes in algal production (chlorophyll-a concentrations) (Hampton et al. 2008).
Long term monitoring studies over the last 60 years have captured the periodicity of large
under-ice blooms, known as Melosira blooms, which are largely characterised by Aulacoseira
baicalensis and occur approximately every 3 years (Hampton et al. 2008; Katz et al. 2015).
The most extensive survey at Lake Baikal, in terms of temporal monitoring has recently been
published (Imesteva et al. 2016). This survey entailed annual summer sampling between 1977
to 2003 at 79 lake-wide stations (Figure 4§8), monitoring changes in chlorophyll-a
concentrations, zooplankton assemblages, lake-water temperatures and water transparency
(Imesteva et al. 2016). Lake-wide differences in chlorophyll-a concentrations over the 26-year
period highlight the influence of warming surface lake temperatures on production, from the
trends of water temperature and chlorophyll-a concentration between 1975 - 2005 (Izmesteva
et al. 2016). In contrast to this survey, a single station survey carried out in only the South
basin shows very detailed changes in chlorophyll-a concentrations and secchi depths, with
measurements taken every 10 - 14 days over a 60-year period since 1945 (Hampton et al.
2008). The increasing algal production and water transparency trends observed at this single
site in the South basin every few weeks (Hampton et al. 2008) match those trends observed
across the entire South basin from data collected once a year, and have been associated with
lake warming (Imesteva et al. 2016). For the rest of the lake though, the North and Central
basins show different trends to the South. Water transparency deepened in the North and
Central basins, with an increase of 1.4 m in mean secchi depth over the 26-year period. This
spatial heterogeneity suggests a decline in productivity in the Central and North basin, and an

increase in the South basin, emphasising the need for extensive monitoring in large lakes.
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A large seasonal study of vertical phytoplankton assemblages down the water column in the
South basin has also been carried out between 1994 — 2005 (Jewson et al. 2008; 2009; 2010;
Jewson and Granin, 2014). Routine samples were collected to depths of 1,400 m on a
monthly/bimonthly schedule, along with silicate and phosphate measurements (Jewson et al.
2008; 2009; 2010; Jewson and Granin, 2014). More recent spatial surveys include
phytoplankton analyses at two depth profiles in the South basin and across the surface waters
of the lake by Morley (2005) between 2001 - 2002, and surveys of photosynethic pigments
both vertically and spatially across the lake by Fietz (2005) between 2001 - 2003. Primary
production is not uniform across Lake Baikal (Popovskaya, 2000) and differences in
phytoplankton composition and gradient changes in phytoplankton biomass between the
North and South basin have been mainly attributed to ice cover dynamics. For example,
Popovskaya et al. 2015 shows that maximum concentrations of spring phytoplankton have
been found in the South and Central basins, with the lowest phytoplankton biomass in the
North basin. Additionally, Fietz and Nicklisch (2004) report a decrease in picocyanobacteria
abundance from the South to the North. Fietz and Nicklisch (2004) also found greater summer
production in the South basin and delayed ice break-up production in the North basin at the
same time in 2001. This pattern is a result of differences in ice cover duration between the two

basins.

Differences in algal communities between the North and South basin had previously been
observed in June 1991 (Bondarenko et al. 1996) and May 2000 (Kozhova and Kobanova,
2002), with larger algal species (e.g. Aulacoseira baicalensis) in the North, and smaller algal
species in the South and Central basins. Bondarenko et al. (1996) also reports that the regions
of highest algal biomass were the sites by river inflows and within eutrophic littoral waters.
Remote sensing has observed spatial patterns in chlorophyll-a, showing a latitudinal gradient
in concentrations, from low to high chlorophyll-a concentrations from the North to South
basin (Heim et al. 2005). The influence of river inputs is also highlighted from remote sensing,
with intense fluvial inputs of suspended particulate matter concentrations from the Selenga
River, Barguzin River and Upper Angara River (Heim et al. 2005). Thermal bars which form
within littoral regions in Lake Baikal influence the distribution of algal species, as waters
within these regions are warmer and more nutrient-rich (Likhoshway et al. 1996). These
thermal bars form in the summer due to circulation dynamics, and bring nutrient rich deep
water up to the surface via cabbeling (Botte and Kay, 2000). Higher abundances of certain
diatom species, such as Nitzschia acicularis and Aulacoseria skvortzowii have been found at
these locations, whereas within pelagic waters, beyond the thermal bars, higher abundances

of Cyclotella spp and A. baicalensis were present (Likhoshway et al. 1996).
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The main influences on Baikal’s phytoplankton dynamics include the timing of ice break up
and the river waters flowing into the lake which affect the strength and duration of summer
thermal stratification (Goldman et al. 1996). Fietz (2005) found that thermal stratification was
driving the lake-wide pigment distribution, with higher mean sum of carotenoids, mean
chlorophyll-a concentrations and autotrophic picoplankton (APP) biovolume at sites with
higher mean lake water temperatures due to stronger thermal stratification (Fietz, 2005).
Hampton et al. (2015) reports lake warming over the last few decades to be driving depth
distribution of major algal groups within the water column, in particular heavy diatoms. Heavy
diatoms, which rely on mixing to remain suspended, shifted down the water column by 1.9 m
y"' (Hampton et al. 2014). As well as climate (water temperature, ice cover duration and snow
depth), water chemistry and nutrient limitation could affect the spatial distribution of major

algal groups across Lake Baikal (Goldman et al. 1996; Satoh et al. 2006).

5.2 Vertical distribution of phytoplankton

Phytoplankton biomass is vertically structured in Lake Baikal, with the formation of deep
chlorophyll maxima (DCM) (Bondarenko et al. 1996; Popovskaya 2000). The DCM layer can
form in deep transparent lakes, developing in some lakes after ice break-up due to ultraviolet
radiation (UVR) avoidance (Sommaruga, 2001; Modenutti et al. 2013). Beyond this layer of
maximum production, algal biomass generally declines although a secondary peak can be
observed in the profile due to sinking algae. Fietz (2005) has published vertical profiles of
total algae from continuous water column measurements, showing these DCM layers across
Lake Baikal in July 2002 and July 2003. These show chlorophyll-a maxima within the mixing
layer, at around 10 and 20 m water depth in the South basin (Fietz, 2005). In the North basin,
this DCM was positioned between 10 and 50 m water depth, and within the mixing layer
similar to the pelagic South basin DCM position (Fietz, 2005). More pronounced DCM were
observed in pelagic basins compared to the littoral regions, with high concentrations in the
South and Central basin (2 — 3 nmol L) than the North basin (0.5 — 1 nmol L™) (Fietz, 2005).
Eutrophication can cause DCM to move towards the surface as the algal biomass within the
epilimnion increases, which causes shading and reduced light penetration (Klausmeier and
Litchman, 2001; Zhang et al. 2012). This phenomenon has been observed in limnological
studies from the Laurentian Great Lakes (Barbiero and Tuchman, 2001) (Lake Erie and Lake
Ontario) which have a long history of excessive nutrient loading (Millie et al. 2009). However,

knowledge on recent changes in the DCM in Lake Baikal is scarce.

This chapter will compare limnological parameters (mixing layer depth, DCM depth and light

attenuation coefficients) and primary producers among the pelagic North, Central and South
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basin sites. As well as abyssal sites, littoral sites such as Maloe More Bay, river influenced
sites, such as by the Selenga Delta and water bodies within the Selenga Delta catchment area
are included within the spatial survey in August 2013. The survey, across both the lake and
catchment area, is to identify potential sources of nutrient enrichment deriving from the
watershed. Chemical compositions of all major river inflows into Baikal were sampled in
August 2013 from 36 different sites. Phytoplankton composition and biomass were examined
across the three basins, at 15 lake sites, using chlorophyll and carotenoid pigments. The
modern-day spatial patterns of phytoplankton pigments and environmental variables (nutrients
and DOC concentrations, major ion concentrations, pH, dissolved oxygen, conductivity,
temperature and light attenuation coefficient) will be explored, to further examine the
mechanisms driving any observed differences in primary production, and help to understand
algal autoecologies. Furthermore, this chapter provides an update on the pelagic algal
community composition and biomass, across the lake and down the water column, a decade
later from the last spatial survey conducted by Fietz (2005). The results from August 2013
have then been compared with previous work at Lake Baikal, and with other large lakes, and
along with the distribution of the primary producers, their relation to light, nutrients and
dissolved organic carbon (DOC) has been examined. This study represents a detailed spatial
survey of summer nutrient concentrations in Lake Baikal. Although it provides a snapshot in
time, the highest abundances of primary producers are observed in the summer months (Fietz,

2005) and this survey will provide a benchmark for future ones to compare against.

Limnological results from this chapter will also aid with interpreting the down-core
sedimentary pigment records. Alongside assessing biological and water chemistry patterns,
mercury pollution within the Selenga River and pelagic lake waters will be examined. This is
as potentially toxic elements, such as mercury, have been increasing at Lake Baikal over the
last few decades and bioaccumulate within the food chain (Ciesielski et al. 2016). Mercury
analyses at selected sites have therefore been carried out to assess modern day water quality

and examine if the Selenga River is a major source of mercury pollution.
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5.3 Results

5.3.1 Lake-wide nutrient distributions

Mean TP concentrations within the lake mixing layer ranged from 10 — 32 pg/L across the
lake, with distinct differences between South basin and North basin sites (p value = 0.010),
and Central basin and North basin sites (p value = 0.002) (Table 17; Table 18, Figure 49).
Highest pelagic TP concentrations were found close to major river inflows (Selenga River and
Upper Angara rivers), and at the southernmost site closest to Baikalsk. TP concentrations were
at least two-fold higher in the river inflows than the lake. Concentrations ranged from 50 —
130 pg/L in the Selenga River, 14.4 — 107.2 pg/L in the smaller South basin tributaries
(Vydrino, Solzan, Khara-Murin, Snezhnaya, Mishika Rivers), and 67.3 — 71.3 pg/L in the
Barguzin River, which enters the Central basin (Figure 49). Mean mixing layer silicate
concentrations were not significantly different between the South and North basin (p value =
0.06), although the Central basin sites, including Maloe More Bay, generally had lower silicate
concentrations (0.4 — 0.5 mg/L), being significantly different to the South and North basin (p
value = 0.002 and < 0.001 respectively) (Table 17; Table 18; Figure 49). Mean silicate
concentrations ranged from 0.4 — 0.9 mg/L, but were, on average, ten-fold higher within the
inflowing rivers (Figure 49). Mean mixing layer DOC concentrations ranged between 1.72 —
2.51 mg/L and significantly different between the South and North basins (p value = < 0.01)
(Figure 49; Table 17; Table 18). DOC concentrations are greater in the river waters than the
pelagic lake water sites, ranging from 7.3 — 16.0 mg/L in the Selenga River waters, 4.3 — 7.1
mg/L in the smaller south basin tributaries, 13.0 — 15.9 mg/L in the Barguzin River waters and
3.1 — 4.3 mg/L in the Upper Angara River waters. Mean mixing layer nitrate concentrations
ranged between 0 — 0.06 mg/L across the lake and were slightly higher in the South basin
compared to the Central and North basin (Figure 49). The Central basin, including Maloe
More, has significantly lower nitrate concentrations than the South (p value = < 0.001) and
the South basin had significantly higher mean nitrate concentrations compared to the North

basin (p value = 0.005) (Table 17; Table 18; Figure 49).
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Figure 49: (A) Average total phosphorus (ug/L), (B) silicate (mg/L) (C) nitrate (mg/L) and

(D) DOC (mg/L) concentrations in the mixing layer across the three basins and major river

inflows. Triangles show the location of settlements in the catchment. Shading represents the
Baikal catchment region.
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Table 17: Results from normality, ANOVA, and KW tests performed on nutrient and DOC

concentration datasets.

Normality P value ANOVA K-W Chi K-W P

Test P value Squared value

DOC 0.963 0.033 (-) 14.900 <0.001

TP 0.837 <0.001 (-) 14.137 <0.001
Silicate 0.987 0.650 <0.001 (-) (-)

Nitrate 0.908 <0.001 (-) 30.490 <0.001

Table 18: P values presented from post-hoc tests for significant differences in nutrient
concentrations between the South, Central and North basins.

S-N S-C C-N

DOC <0.001 0.137 0.425
TP 0.010 0.527 0.002
Silicate 0.061 0.002 <0.001
Nitrate 0.005 <0.001 0.163

Major ion concentrations of lake waters were similar across the three basins (Figure 52; Table
19). Sulphate and chloride concentrations were approximately two-fold higher within the river
water samples compared to the pelagic lake waters, with mean sulphate concentrations of 3.62
mg/L and mean chloride concentrations of 0.35 mg/L in the pelagic South basin mixing layer
waters, and mean sulphate concentrations of 7.36 mg/L and mean chloride concentrations of

0.86 mg/L in the Selenga river waters (Table 19).
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Table 19: Average major ion concentrations within the mixing layer across the three basins
and in the major river inflows.

) . Concentrations (mg/L)

Site/Basin Na' K’ Mg ca® o sos
BAIK13-1 South 3.35 0.94 2.85 13.75 0.39 4.19
BAIK13-4 South 3.27 0.83 3.01 13.66 0.34 4.05
BAIK13-5 South 3.38 0.75 3.16 15.12 0.34 0.00
BAIK13-7 South 3.44 0.64 3.06 15.06 0.36 4.09
BAIK13-8 South 3.38 0.76 3.19 15.03 0.32 4.13
BAIK13-9 South 3.38 0.79 3.01 14.81 0.34 4.17

BAIK13-10 South 3.50 0.62 3.13 13.77 0.33 4.08
BAIK13-11 South 3.47 0.61 3.17 15.13 0.36 425
BAIK13-12 Central 3.26 0.66 3.13 14.70 0.33 4.14
BAIK13-13 Central 3.48 0.70 3.23 14.96 0.35 4.30
BAIK13-14 Central 3.48 0.63 3.14 15.23 0.32 4.01
BAIK13-16 North 3.40 0.80 3.11 15.43 0.39 4.59
BAIK13-17 North 3.35 0.77 3.01 13.97 0.32 4.05
BAIK13-18 North 3.65 0.63 3.13 16.08 0.33 4.07
BAIK13-19 North 5.57 0.73 5.30 13.61 0.36 4.12
Average in mixing South 3.40 0.74 3.07 14.54 0.35 3.62
Jayer Central 3.41 0.66 3.17 14.96 0.33 4.15

North 3.99 0.73 3.64 14.77 0.35 4.21

Selenga river inflow average 5.85 0.83 5.47 21.86 0.86 7.36
Barguzin river inflow average 5.23 0.83 5.22 25.15 0.52 7.48
Upper Angara river inflow average  1.97 0.25 1.60 8.76 0.08 2.94

PCA shows higher mean mixing layer concentrations of sulphate, magnesium and sodium at
BAIK13-19 in the North basin (Figure 53). Sites with the highest mean mixing layer silicate
and DOC concentrations are BAIK13-7 in the South basin, BAIK13-10 by the Selenga Delta,
BAIK13-16, BAIK13-17, BAIK13-18. in the North basin (Figure 53). Sites with the lowest
mean mixing layer TP are Central basin (BAIK13-12), Selenga (BAIK13-11), Maloe More
(BAIK13-13, BAIK13-14) and South basin (BAIK13-8) sites, in comparison to the North
basin sites (Figure 53).

Vertical profiles of nutrients (TP, silicate and nitrate) from water column depths from 1 to 180
m show higher concentrations of TP within the deeper waters compared to within the mixing
layer (Figure 50). TP concentrations reach values of 40 pg/L in one of the South basin sites
(BAIK13-7). Silicate and nitrate concentrations are more homogeneously distributed down
the water column, and no clear patterns of higher concentrations within the deeper waters are

observed lake-wide (Figure 50, Figure 51).
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Mean mixing layer and deep layer TP concentrations
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Figure 50: Mean mixing layer (ML) and mean deep water layer (DW) concentrations of
total phosphorus and silicate concentrations.
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Mean mixing layer and deep layer NO3 concentrations
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Figure 51: Mean mixing layer (ML) and mean deep water layer (DW) concentrations of
nitrate and dissolved organic carbon concentrations.
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Mean mixing layer ionic composition
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Figure 52: Mean mixing layer (ML) and mean deep water layer (DW) concentrations of
major ion concentrations.
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Table 20: Comparisons of total phosphorus (ug/L), nitrate (mg/L) and sulphate (mg/L) from
this study (2013) and past measurements from previous publications. TP data sources from
Liebezeit, 1992; Granina and Sigg, 1995; Sorokovikova et al. 2015. Nitrate data sources
from Zilov et al. 2012; Sorokovikova et al. 2012; 2015. Sulphate data sources from Falkner

et al. 1991; Sorokovikova et al. 20135.

(-) means no available data

This study (August 2013)

Previous studies

South 10.4-23.5 2.8
Central 11.30 )
Maloe More 15.3-16.5 )
TP (ng/L) North 17.8-31.5 )
Selenga River 47 - 211 18 - 346
Upper Angara -) 9-23
Barguzin River 67-171 12-181
Snezhnaya River 14.4-272 )
Khara-Murin River 107.2 )
Lake Baikal, Vydrino 22 )
Mishika River 493 )
Solzan River 18.3 (-)
0.04 - 0.07
South 0.001 - 0.06 0.02 - 028
Central 0.00 )
. Maloe More 0.005 )
Nitrate (mg/L) North 0.002 - 0.009 ©)
Selenga River 0.006 - 0.021 0.002-0.4
Upper Angara 0.003 - 0.061 0.02 - 0.27
Barguzin River 0.015 0.03-0.21
Snezhnaya River 0.013 - 0.034 )
Khara-Murin River 0.012 )
Lake Baikal, Vydrino 0.011 )
Mishika River 0.016 )
Solzan River 0.012 (-)
South 4.05-4.25 5.42
Central 4.14 5.94
Maloe More 4.01-4.30 -)
Sulphate (mg/L) North 4.05-4.59 5.53
Selenga River 7.31-10.41 7.6-18.7
Upper Angara 0-6.124 55-8
Barguzin River 6.58 -10.17 7.1
Snezhnaya River 4.27-6.59 55-11.6
Khara-Murin River 4.490 4.8-12.6
Lake Baikal, Vydrino 6.670 )
Mishika River 0.000 )
Solzan River 0.000 4.8 -37.1
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Table 21: Comparisons of silicate (mg/L) and DOC concentrations (mg/L) from this study

(2013) and past measurements from previous publications. Silicate data sources from

Jewson et al. 2010; Sorokovikova et al. 2012, Jewson and Granin, 2014. DOC data sources

from Yoshioka et al. 2002; 2007.

(-) means no available data

This study (August 2013)

Previous studies

South 0.47-0.63 04-0.9
Central 0.36 )
Maloe More 0.48 - 0.50 )

Si (mg/L) North 0.46 - 0.89 -
Selenga River 5.28-11.33 )
Upper Angara 3.29-3.43 )
Barguzin River 4.04 - 4.56 )

Snezhnaya River 3.82-3.83 )
Khara-Murin River 4.38 )
Lake Baikal, Vydrino 1.11 )
Mishika River 4.99 )
Solzan River 0.60 (-)
South 1.72-2.15 1.17-1.23
Central 2.18 1.18-1.22
Maloe More 2.17-2.19 )
DOC (mg/L) North 2.07-2.51 1.16-1.22
Selenga River 7.29-17.93 6.5
Upper Angara 3.14-4.42 )
Barguzin River 13.07 - 15.87 1.77 - 6.07
Snezhnaya River 4.77-17.14 )
Khara-Murin River 8.04 )
Lake Baikal, Vydrino 4.33 1.36
Mishika River 5.17 1.34
Solzan River 2.53 (-)
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Table 22: TP concentrations within surface waters across Lake Baikal and upper waters
from tributaries between 1995 to 2009 (unpublished data from Prof. E. Silow)

Site Time of year Total Phosphorus
concentrations (pg/L)
Lake wide January 5.9-13.0
Lake wide February 6.2 -16.2
Lake wide March 7.5-9.8
Lake wide April 5.5-14.0
Lake wide May 52-14.2
Lake wide June 49-14.3
Lake wide July 3.9-13.0
Lake wide August 0-7.8
Lake wide September 0-7.2
Lake wide October 29-17.5
Lake wide November 29-175
Lake wide December 4.6 —-10.1
Upper waters of Summer 10 - 30
tributaries
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Figure 54: (A) TP concentrations from August 2013 and past measurements in 1995 and
2010 - 2012 (Liebzeit, 1992; Granina and Sigg, 1995, Sorokovikova et al. 2015) (ug/L); (B)
DOC concentrations (mg/L) from August 2013 and past measurements from Yoshioka et al.

2002; 2007 from South, Central and North basin and river waters (Selenga, Barguzin,

Vydrino and Mishika River).
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5.3.2 Mercury concentrations

Mercury analyses was undertaken in this thesis, as a pilot study, to examine whether there are
any signs of mercury contamination in the river waters, lake waters or preserved within the
sediment records. As discussed in Chapter Two, mercury contamination is a growing threat at
Lake Baikal, from both atmospheric and from local sources from mining activity along the
Selenga River. Very little work has been carried out looking at mercury concentrations in Lake
Baikal, with the most recent work published by Meuleman et al. 1995 and Leermakers et al.
1996. Thus, there is a gap in this knowledge, and the results presented in this chapter provide

a benchmark for future work to compare mercury concentrations against.

Spot samples of mercury concentrations range between 6.0 — 8.1 ng L™ in the Selenga River
waters, and within the Selenga Delta waters the values range between 0.3 — 5.5 ng L™ (Figure
55). In the pelagic lake waters, mercury concentrations reach 3.2 ng L™ in the North basin,
near the Upper Angara and range between 0.0 — 1.6 ng L™ in the pelagic lake waters, with the
lowest concentrations in the Central basin at BAIK13-12 and the highest nearby the Selenga
Delta at BAIK13-10 (Figure 55).

50 km

Figure 55: Mercury concentrations (ng L) in pelagic lake sites in the South, Central and
North basins and within the Selenga River.
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Within the lake and river waters, mercury concentrations, were above detection limits within
all the samples. The spot samples of mercury concentrations measured within the lake waters
in August 2013 were higher than previously published values of 0.77 - 0.14 — ng L™ in June
1992 -1993 from pelagic Baikal waters (Meuleman et al. 1995; Baeyens et al. 2002), and
comparable to mercury concentrations within the open ocean (0.2 — 0.7 ng/L) (Kim and
Fitzgerald, 1986; Mason and Fitzgerald, 1990 cited in Meuleman et al. 1995). The highest
mercury concentrations (3.2 ng L") were found at BAIK13-19 in the North basin, the closest
site to the Upper Angara River (distance of c. 10 km), which is two-fold higher than values

within the pelagic South and Central basins.

Along with surface water mercury measurements, mercury concentrations were measured
down-core on BAIK13-1C in the South basin, BAIK13-10A close to the Selenga River, and
BAIK13-19B close to the Upper Angara River (Figure 28). Surface sediments were not
showing a similar spatial trend to the water samples, as surface sediment mercury
concentrations are higher in the South basin (67.3 ng/L) than close to the Selenga Delta (47.7
ng/L) or Upper Angara in the North basin (51.1 ng/L) (Figure 56).
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Figure 56: Down-core mercury concentrations at South basin (BAIK13-1C), Selenga
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5.3.3 Limnological parameters and chlorophyll-a measurements

Chlorophyll-a concentrations presented within this chapter were collected using the YSI
sonde, and provide continuous measurements down the water column to water depths of c.
120 m. The differences between the chlorophyll-a concentrations measured using YSI, HPLC
and Spectrophotometry are discussed in Chapter Four. YSI chlorophyll-a concentrations range
between 0.3 to 8.47 pg/L in the surface waters across Lake Baikal, which is comparable to
chlorophyll-a measurements obtained from another spatial survey in August 2013 by
O’Donnell et al. (2017) (range of 2.5 to 10 ug/L). In this thesis, spatial differences in mean
chlorophyll-a concentrations within the mixing layer and deeper waters are observed within
the dataset. Mean August mixing layer chlorophyll-a concentrations from the YSI sonde
dataset were significantly (p value = < 0.01) higher in the South basin (mean 4.3 pg/L;
maximum c. 8.5 pg/L) than the North basin (mean = 1.2 pg/L; maximum = 2 pg/L) sites
(Figure 57). Central basin mixing layer chlorophyll-a concentrations were significantly lower
than the South basin sites (p value = < 0.01) and similar to the North basin sites, with mean
concentrations ranging between 0.34 — 0.90 ug/L. North basin deep water chlorophyll-a
concentrations ranged from 1.1 — 2.7 pg/L, which is similar to the Central basin deep water
chlorophyll-a concentrations. There was a marked difference in the distribution of
chlorophyll-a in the North and Central basins where deepwater exceeded mixed layer
concentrations in 6 of the 7 sites. This pattern was reversed in the South basin where mixed

layer chlorophyll-a concentrations always exceeded those in the deepwater (Figure 57).

The vertical distribution of chlorophyll-a is heterogenous across the lake, with DCM
positioned at different water depths. Distinct DCM are not present at all the sites across the
lake. The sites which do not show a clear DCM are BAIK 13-4, BAIK13-5 and BAIK13-7 in
the South basin and BAIK13-10 in the Selenga Shallows (Figure 58; Figure 59). BAIK13-4,
BAIK13-5 and BAIK13-7 in South basin show surface layers of high chlorophyll-a
concentrations (> 3 pg/L), and BAIK13-10 in the Selenga Shallows shows high chlorophyll-
a concentrations (c. 5 — 7 ug/L) between c. 10 — 30 m. The rest of the sites across the lake
exhibit distinct DCM, especially at BAIK13-12 in the Central basin and BAIK13-14 in Maloe
More, which reach chlorophyll-a concentrations of 10 — 12 pg/L (Figure 60). Thus, the DCM
is most pronounced and the thickest in the Central basin (BAIK13-12) and Maloe More
(BAIK13-14) than within the South and North basin or by the Selenga Delta (Figure 60). The
DCM layer, forms further up the water column within all the South basin sites, compared to
the Central and North basin. In all the South basin sites, the DCM formed within the top 4 m
of the epilimnion, and extended to depths of 20.2 — 46.5 m, beyond the euphotic zone depth.
BAIK13-7 in the South basin (Figure 58; Table 23) had the highest light attenuation
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coefficient (0.28 m™) and a DCM layer between 0.5 — 20.7 m, which extended beyond the
mixing layer depth at 6.2 m, with secondary chlorophyll-a maximum at 42.7 — 44.6 m, beyond
the euphotic zone depth. In the Central basin sites the DCM layer formed lower down the
water column, beginning at depths of 7.1 — 31.5 m and extended to depths of 32.5 — 79.7 m
(Figure 58; Table 23). There is greater variability in the DCM layer thickness and position in
the North basin, which started at depths of 2.8 — 9.0 m and extended to depths of 17.0 — 58.8
m (Figure 61; Table 23).

Pigment analyses suggest that diatoms and picocyanobacteria are the major algal groups
across Lake Baikal. In the South basin, zeaxanthin is the largest contributor to algal biomass
at the DCM layer (0.64 — 1.77 nmol/L), whereas, at the Selenga and North basin sites both
fucoxanthin and zeaxanthin have similar concentrations (0.69 and 0.72 nmol/L respectively)
(Table 24). At BAIK13-12 in the Central basin and BAIK13-14 at Maloe More, with the
highest chlorophyll-a concentrations at the DCM (12.67 and 10.72 pg/L respectively),
fucoxanthin is the largest contributor to total algal biomass (0.28 and 0.63 nmol/L
respectively). In the South basin, Chivsky Bay and near the Upper Angara, the sites with the
shallower DCM, picocyanobacteria are dominant within the algal biomass in the DCM layer

(Table 24).

In 2013, highest chlorophyll-a concentrations were detected within the mixing layer of the
South basin sites. However, these average concentrations within the mixing layer do not
consider the DCM, which develop in deep oligotrophic lakes in the summer (Camacho, 2006;
Saros et al. 2005; Modenutti et al. 2013). This DCM generally sits close to the thermocline
depth in the South basin sites, similar to the chlorophyll maxima in Lake Michigan and Lake
Huron (Barbiero and Tuchman, 2001), but is positioned further below the mixing layer depth
in the Central and North basin sites (Figure 57). This may be due to less algal shading in the
mixing layer within the Central and North basin sites. The DCM layer varies in thickness
across the three basins, forming further up the water column in the South basin sites, compared
to the Central and North basin. This contrasts with the DCM measurements in 2002-2003 at
Lake Baikal, which shows shallower DCM in the Central and North basin, and deeper DCM
in the south basin (Nakano et al. 2003; Fietz et al. 2005), than the chlorophyll maxima

positions in August 2013 (Figure 57).

DCM generally fall close to the mixing layer depth in the South and North basin sites, whereas
in the Central basin sites the DCM is positioned the deepest relative to the mixing layer
(Figure 57). Light attenuation coefficients (Kd) were highest in the South basin sites (p >

0.05), reaching values of ¢. 0.28 m™', mean 0.19 m™ and the lowest summer light attenuation
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Chl-a conc. (ug/L)

Water depth (m)

coefficients of < 0.1 m™ were found at the Central basin sites (mean 0.1 m™) (Figure 57).

North basin sites had intermediate light attenuation (mean 0.18 m™). Photic zone depths

extended to c. 40 m within the Central basin sites, and were shallower within the South and

North basin sites, reaching depths of c. 20 — 30 m. The mixing layer depths (ranging between

4.3 — 23.7 m) were consistently shallower than the euphotic zone depths (ranging between

16.9 — 43.3 m) at all lake sites (Figure 57).
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Figure 57: A) Average YSI Chlorophyll-a concentrations within the mixing layer and deep
water layers. Red dotted line: Mean chlorophyll-a concentrations at DCM within the south
basin, central basin, Maloe More and north basin from previous study in 2002 — 2003
(Fietz, 2005). (B) Limnological parameters (euphotic zone depth, mixing layer depth and
deep chlorophyll maxima) at each water-sampling site across the three basins. Grey bars
represent the light attenuation coefficient (K,) values across the lake. DCM represents the

water depths of the maximum chlorophyll concentrations down the water column.
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Figure 58: YSI chlorophyll-a concentrations (ug/L) showing the DCM profiles in the South
basin. Sites which do not exhibit a distinct DCM (BAIK13-1, BAIK13-4, BAIK13-5 and
BAIK13-7) are still presented.
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Figure 59: YSI chlorophyll-a concentrations (ug/L) showing the DCM profiles in the South
basin. A site which does not exhibit a distinct DCM (BAIK13-10) is still presented.
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Figure 60: YSI chlorophyll-a concentrations (ug/L) showing the DCM profiles in the Central
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basin.
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Table 23: DCM layer thickness within the South, Central and North basins sampled in

August 2013.
DCM layer
Site Min depth (m) Max depth (m) Thickness (m) Average chl concentration (ug/L)
BAIK13-1 0 37 37 2.97
BAIK13-4 0.2 43.5 433 4.07
BAIK13-5 0.3 46.5 46.2 2.92
South basin BAIK13-7 0.5 20.7 20.2 7.34
BAIK13-8 2.4 24.1 21.7 3.62
BAIK13-9 4.4 35 30.6 3.39
BAIK13-10 9.9 30.9 21 5.24
BAIK13-11 2.3 24 21.7 2.53
BAIK13-12 31.5 79.7 48.2 5.45
Central basir BAIK13-13 7.1 32.5 254 2.3
BAIK13-14 10.7 52.4 41.7 6.57
BAIK13-16 0.1 45 44.9 2.02
North basin BAIK13-17 9 39.5 30.5 5.26
BAIK13-18 2.8 58.8 56 2.03
BAIK13-19 8.9 17 8.1 1.97

Table 24: Zeaxanthin and fucoxanthin pigment concentrations at the DCM layer in the
South, Selenga, Central, Maloe More and North basin sites in August 2013.

Site Zeaxanthin conc. (nmol/L) Fucoxanthin conc. (nmol/L)
BAIK13-1 0.64 0.00
BAIK13-4 1.71 0.00
BAIK13-5 1.34 0.00
South

BAIK13-7 1.77 0.00
BAIK13-8 1.74 0.00
BAIK13-9 1.17 0.00
BAIK13-10 0.72 0.69

Selenga
BAIK13-11 1.68 0.00
Central BAIK13-12 (-) 0.28
Maloe More BAIK13-13 0.51 0.44
BAIK13-14 (-) 0.63
BAIK13-16 0.42 0.32
North BAIK13-17 0.50 0.36
BAIK13-18 0.60 0.44
BAIK13-19 0.04 0.05

DCM across Lake Baikal in previous spatial surveys show different profiles (Figure 65), with
DCM at 20 — 30 m in the South basin, 10 — 15 m at the Selenga, 15 m in the Central basin and
no clear peak observed in the North basin (Nakano et al. 2003; Fietz et al. 2005). The peak in
the chlorophyll-a concentrations range from 4 — 10 ug/L in the South basin, 7 ug/L at the
Selenga, 3.5 pug/L in the Central basin, and 2 - 11 ug/L in the North basin. In comparison to
previous studies, the August 2013 concentrations are higher, with values in the South, Selenga

inflow, Central and North basin ranging between 1.25 — 1.5 ug/L, 2 — 3 ug/L, 3.5 pg/L and
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0.5 — 0.6 pg/L respectively (Nakano et al. 2003; Fietz et al. 2005). In 2002/2003 the DCM
reached deeper positions in the water column in the South basin, between 20 — 30 m, whereas
in the North basin chlorophyll-a concentrations were relatively homogenous down the profile,
with no clear peaks (Fietz et al. 2005). The DCM was positioned within the mixing layer in
the South basin sites, and this chlorophyll-a concentration was higher than at all the nearshore
sites (Fietz et al. 2005). Similar to the South basin sites, the DCM within the Central and North
basin sites were found within the mixing layer (Fietz et al. 2005). Diatoms and chrysophytes
were the major contributors to the total chlorophyll-a, except in the South, which largely
comprised of chlorophytes (Fietz et al. 2005), and these regional trends are suggested to have
been driven by temperature and stratification (Fietz et al. 2005). The August 2013 pigment
data shows that since 2001-2003 there has been a shift from the South basin mixing layer
waters being largely dominated by chlorophytes (Fietz et al. 2005), to picocyanobacterial
pigments (Figure 67, Figure 68).

5.3.4 Distribution of phytoplankton pigments

PCA of pigment datasets in the mixing layer show that the highest pigment concentrations
(carotenoids and chlorophylls) lie within the South basin and Selenga Delta sites, except for
site BAIK13-1 in the South basin (Figure 64). The patterns are less distinct down the water
column, with no distinct distribution of pigments amongst regions. The dominant carotenoids
detected within the mixing layer were zeaxanthin (cyanobacteria), fucoxanthin (diatoms and
chrysophytes), peridinin (dinoflagellates) and lutein (chlorophytes) (Figure 62, Figure 63).
Other carotenoids (not presented) were also detected in lower concentrations including
neoxanthin and violaxanthin (chlorophytes), alloxanthin (cryptophytes), diadinoxanthin
(diatoms) and B—carotene. The highest concentrations of chlorophylls and carotenoids were
found in the South basin sites (Figure 62; Figure 63). Mean mixing layer zeaxanthin
concentrations in the South basin were 0.98 nmol/L, being higher compared with the Central
and North basin sites (0.33 and 0.6 nmol/L respectively) (Figure 62; Table 25; Table 26;
Table 27). Concentrations of fucoxanthin were significantly higher in the South than North
basins (p value = < 0.01) with fucoxanthin concentrations in the South basin (0.38 nmol/L)
being double those in the North (0.18 nmol/L) (Figure 62, Table 25; Table 26, Table 27).
Lutein concentrations within the mixing layer were not significantly different between the
three basins, despite higher values observed within the South basin site, reaching
concentrations of 0.22 nmol/L, and average mixing layer concentrations of 0.11 nmol/L in the
South basin compared to 0.02 nmol/L and 0.03 nmol/L in the Central and North basin

respectively (Figure 63).
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Table 25: Results from normality tests, ANOVA, and KW tests performed on mixing layer
pigment datasets.

Normality P value ANOVAP | K-W Chi K-WP
Test value Squared value
Zeaxanthin <0.001 (-) 21.137 <0.001
Fucoxanthin 0.006 <0.001 (-) (-)
Lutein 0.177 0.667 (-) (-)
Chl-a <0.001 (-) 199.879 <0.001

Table 26: P values presented from post hoc tests which indicate if there is any significant
difference in concentrations between the South, Central and North basins.

S-N S-C C-N

Zeaxanthin 0.056 <0.001 0.052
Fucoxanthin <0.001 <0.001 0.226
Lutein 0.729 0.946 0.719
Chl-a <0.001 <0.001 0.990

Table 27: Mean concentrations mixing layer HPLC pigments (nmol/L) (fucoxanthin, lutein
and zeaxanthin) and YSI chlorophyll-a (nmol/L) data in the South, Central and North

basins.
South Central North
Zeaxanthin 0.98 0.33 0.59
Fucoxanthin 0.38 0.14 0.18
Lutein 0.11 0.02 0.03
Chl-a 3.42 1.02 1.46
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Figure 62: Mean phytoplankton pigment concentrations within the mixing layer; (A)
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biomarker). South basin zeaxanthin concentrations are significantly different to the Central
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Figure 64: PCA of mean pigment concentrations in the mixing layer and each site.

In comparison to past limnological measurements taken in July 2001 — 2003 by Fietz et al.
(2005), YSI chlorophyll-a concentrations within the mixing layer are greater in August 2013
than fluorometric chlorophyll-a concentrations measured in June 2001 — 2003 within the
South, Selenga, Central and North basin sites. Chlorophyll-a concentrations increase from c.
1.5 nmol/L to c. 4.8 nmol/L, and from c. 2.4 nmol/L to ¢. 5.1 nmol/L in the South basin and
Selenga Delta sites respectively (Figure 65). Central and North basin sites show a smaller
magnitude of increase, and Maloe More shows a large decrease in chlorophyll-a
concentrations, from c. 6.1 nmol/L to c. 1 nmol/L, within the mixing layer (Figure 65). At the
DCM, chlorophyll-a concentrations are also higher in August 2013 than June 2001 — 2003, in
the South basin, Central basin and North basin sites, including Maloe More (Figure 65).
Chlorophyll-a concentrations at the DCM increase by more than two-fold within these
regions, with concentrations between c. 0.5 — 6 pg/L in 2001-2003 and between c. 2 — 12.5
ug/L (Figure 65). Alongside changes in concentrations, the position of the DCM in the water
column has deepened within the Central, Maloe More and North basin sites to depths > 40 m
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(Figure 66). DCM within the South basin has remained similar, although the range has
increased from c. 30 — 45 m to c. 20 — 48 m. Mixing layer depths have become shallower in
the South basin and Maloe More sites, with ranges between ¢. 10 —20 m to ¢. 4 — 24 m between
2001-2003 and 2013 respectively in the South basin, and a decrease in mixing depths from c.
30 m to 5 — 8 m in Maloe More (Figure 66). Fucoxanthin and zeaxanthin pigment
concentrations show changes over this period at certain regions within the lake. Fucoxanthin
concentrations within the mixing layer declined from c¢. 0.5 — 2 nmol/L to < 0.25 nmol/L in
Maloe More, and from c. 0.25 — 0.75 nmol/L to < 0.8 nmol/L in the North basin sites (Figure
67). Zeaxanthin concentrations within the mixing layer increased from c. 0.3 — 0.75 nmol/L
to 0.6 — 1.6 nmol/L in the South basin, c. 0.1 — 0.3 to 0.7 nmol/L in the Central basin and c.
0.1 nmol/L to 0.3 — 0.9 nmol/L in the North basin sites (Figure 67). Lutein concentrations are
lower in August 2013 than previous measurements in 2001-2003 (Fietz, 2005), with lower
mixing layer values in the Selenga, Maloe More, Central and North basin sites (Figure 68).
The range of lutein concentrations within the South basin varies from c. 0.15 — 0.2 nmol/L in

2001-2003 (Fietz, 2005) to c. 0.04 — 0.22 nmol/L (Figure 68).
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2001 — 2003 (Fietz et al. 2005) of (A) deep chlorophyll maxima depth, (B) mixing layer
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2001 — 2003 (Fietz et al. 2005) of (A) fucoxanthin concentrations (nmol/L) and (B)
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5.3.5 Correlations between phytoplankton pigments and physico-chemical
variables

Relationships between limnological (physical and chemical) variables and phytoplankton
pigments within the mixing layer were explored via PCA methods to understand the
distribution of pigments across the lake. From the RDA results, limnological variables
(temperature, conductivity, pH, dissolved oxygen, oxidation-reduction potential and light
attenuation coefficient) were not correlated with the phytoplankton pigment assemblages
within the mixing layer across the basins. Similarly, nutrient concentrations (TP, silicate,
nitrate and major ions) were not significantly correlated with total algae and carotenoids. DOC
concentrations show a relationship with the pigment distribution, as inferred from the RDA
analyses (p value = 0.02) using forward selection with Monte Carlo permutation tests (Figure
69). There is likely to be autocorrelation within these datasets, however the DOC
concentrations appear to be related to picocyanobacteria (zeaxanthin) pigment. This trend
suggests higher DOC concentrations are found alongside lower zeaxanthin pigment
concentrations in the mixing layer (R> = 0.41, p value = 0.01) (Figure 70). DOC
concentrations do not show a strong relationship with other pigments. Light attenuation
coefficients show a positive correlation with total algae (Chl-a) (R* 0.28, p value = 0.05) and

no correlation with DOC concentrations (R* 0.04, p value = 0.46).
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5.4 Discussion

5.4.1 Increased algal production in the mixing layer over the last decade

Picocyanobacteria (zeaxanthin pigment), diatom and chrysophytes (fucoxanthin pigment) and
chlorophytes (lutein pigment) were the major algal groups detected within the August 2013
waters. Algal group assemblages, as inferred from pigments, shows differences between the
August 2013 and 2001-2003 compositions from Fietz et al. (2005). The South basin, Selenga
Shallows, Central basin, Maloe More and North basin mixing layer waters show higher
concentrations of lutein (chlorophyte pigment) in July 2001-2003 than August 2013. Higher
concentrations of zeaxanthin were found in the South basin, Central basin and North basin in
August 2013 than July 2001 — 2003. Fucoxanthin concentrations are only higher in the South
basin in August 2013 than July 2001- 2003. The difference in diatom pigment concentrations
within the mixing layer over the last decade could be due to changes in the vertical distribution
of algae, and therefore greater abundances of diatom forming below the mixing layer at the

DCM in August 2013 compared to July 2001 — 2003. Higher picocyanobacteria pigments
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could be a result of lake warming and stronger thermal stratification, although it is unclear
why there is less chlorophyte pigment in the pelagic waters in August 2013 compared to July
2001 — 2003. Both the 2001-2003 July and August 2013 surveys found that the South basin
has higher abundances of pigments, which is likely to be a result of earlier ice-break up within
the South basin than the North basin, and the Selenga River influences the earlier onset of

thermal stratification within the South basin.

Our 2013 study of summer-time autotrophic production confirmed the continued increase of
chlorophyll-a concentrations in the South basin over recent decades. The largest difference in
chlorophyll-a concentrations between the 2001/2003 (Fietz et al. 2005) and 2013 values was
in the South basin and Maloe More (Figure 65). The South basin mixing layer chlorophyll-a
concentrations increase by 2-fold, whereas, there is a decrease in the mixing layer chlorophyll-
a concentrations in Maloe More by 6-fold (Figure 65). This is due to changes in the depth
distribution of algae, as the DCM at Maloe More is deeper in 2013, and the mixing layer depth
is ¢. 22 m shallower, compared to in 2002/2003 (Figure 66). The South basin has continued
to be more productive than the Central and North basin. Mean summer (July/August)
chlorophyll-a concentrations in the upper 50 m of the water column have increased in the
South basin, from 0.5 pg/L to 1.6 pg /L between 1980 - 2005. This trend has continued with
average mixing layer chlorophyll-a concentrations in the South basin of 3.8 ug /L in 2013
(this study). Lake-wide chlorophyll-a increases have also been found at Lake Baikal between
1977 and 2003, from 0.82 to 1.20 pg /L (Izmesteva et al. 2016). However, although this
increasing trend was seen in all three basins, only the South basin showed a significant
increase in chlorophyll-a (Izmesteva et al. 2016). Mean YSI chlorophyll-a concentrations in
the South basin mixing layer in August 2013 are higher than the interannual variability of

chlorophyll-a concentrations between 1979 and 2003 (Moore et al. 2009).

The largest fucoxanthin concentrations in the summer mixing layer were found in the South
basin (Figure 62) and from sediment traps diatom populations at BAIK13-1 consisted largely
of smaller more competitive species, namely Synedra acus (Panizzo et al. 2016). Synedra acus
is one of the fastest growing planktonic diatoms in Lake Baikal (Jewson et al. 2015) which
blooms under the ice and as ice breaks up (Izmest’eva et al. 2006). Below silicate values of
0.5 mg/L diatoms lose the ability to reproduce effectively (Jewson et al. 2010), and the average
silicate concentrations within the South, Central and North basins in August 2013 were 0.6,
0.5 and 0.7 mg/L respectively (Figure 49). Low Si concentrations within the summer mixing
layer can be explained by the sinking out of silica into the bottom waters, leaving only a small
proportion of silica recycled in the mixing layer (Miiller et al. 2005). Therefore, during

summer stratification non-siliceous autotrophic picoplankton dominate the algal production
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within the mixing layer, and diatoms are re-established in the water column by convective
mixing in autumn and spring (Jewson et al. 2010). August 2013 pigment data in the South and
North basin support this, as picocyanobacteria dominate the mixing layer as shown from the
zeaxanthin pigment concentrations, which are more than double the fucoxanthin (diatom
pigment) and lutein (chlorophyte pigment) concentrations (Figure 62; Figure 63). In Maloe
More and the Selenga Shallows, mixing layer concentrations of zeaxanthin and fucoxanthin
are similar (Figure 62). This could be a result of different mixing within the pelagic deep
basins and shallower regions, such as Maloe More and the Selenga Shallows. The greatest
zeaxanthin concentrations were detected in the mixing layer of the South basin, than the
Central and North basins. Results show that higher zeaxanthin concentrations within the South
basin than the Central and North basin, is not due to nutrient availability, as the concentrations
of total phosphorus and silicate are not significantly higher within the South basin mixing
layer compared to the Central and North basin. Thermal stratification is also not a factor
explaining higher zeaxanthin concentrations within the mixing layer, as the mixing layer depth

is not deeper within the South basin compared to the Central and North basin.

Diatom and picocyanobacterial abundance in the mixing layer has also increased over the last
10 years in the South basin; concentrations of fucoxanthin and zeaxanthin increasing from
0.25 — 0.37 nmol/L and 0.5 - 0.98 nmol/L respectively (Figure 67). This could be a result of
changes in the ice cover dynamics, with earlier ice break up in the South basin compared to
the North basin, resulting in a longer stratification period to enable the summer phytoplankton
assemblages to establish and grow (Hampton et al. 2008). However, this could also be a result
of'a change in the depth distribution of the algae, as the DCM position is deeper in the Central
basin in August 2013, and the mixing layer depths are shallower than in 2001/2002 (Figure
66). In Maloe More there are lower concentrations of diatom, picoplankton and chlorophyte
pigments in the mixing layer in 2013 than 2001-2003, and again this could be a result of
changes in the DCM to deeper positions, with higher concentrations of these algal groups
being found below the mixing layer depth. A deeper DCM is a result of greater light
penetration through the water column at Maloe More, as shown by the higher light attenuation
values at the Maloe More, compared to the pelagic South and North basin. In the North basin,
there are fewer diatoms in 2013 than in 2001-2003, but more picoplankton, which could be a
result of changes in the ice cover duration, as air temperatures within the Baikal region
continue to show an increasing trend over the last decade (Shimaraev and Domysheva, 2013).
Therefore, the decrease in diatoms in the mixing layer might be linked to changes in the depth

distribution of diatoms with a deeper DCM forming in August 2013.
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5.4.2 Depth distributions of algae across the lake and changes in lake
functioning over the last decade

The functioning of Lake Baikal over the last decade has changed, due to greater algal biomass
in the mixing layer of the South basin, restricting production in the deeper waters. The data
suggests that the deeper layers of maximal productivity in some of the Central and North basin
sites, compared to the South basin, is a result of lower algal production within the mixing
layer. Light attenuation coefficients were positively correlated with chlorophyll-a
concentrations (R2 = 0.28; p-value < 0.05), and not with DOC concentrations. Thus,
phytoplankton biomass may be having a slight influence on light dynamics within the water

column, rather than DOC concentrations.

Coloured dissolved organic matter (CDOM) can be an important determinant of light
penetration through the water column, such as in boreal lakes (Thrane et al. 2014), alpine and
subalpine lakes (Rose et al. 2009a) and North American lakes (Williamson et al. 1996).
However, this is not the case in this study, as photodegradation destroys CDOM in Lake
Baikal (Sugiyama et al. 2014). Over the last 10 years, the light dynamics within Lake Baikal
have changed in the South basin, with secchi depth measurements decreasing from 7 to 4.5 m
from 2003 to 2013 (Fietz et al. 2005). This is likely to be a result of increases in phytoplankton
biomass since the last spatial survey in 2001-2003, from average concentrations of 1.43
nmol/L (Fietz et al. 2005) to 3.31 nmol/L (this study). This is supported by a recent study
(Izmesteva et al. 2016), which found higher secchi transparency, between 1977 to 2003, in
both the Central and North basins of Lake Baikal, but not in the South basin as the secchi
depth measurements reduced over the 26-year period. This suggests an increase in
productivity in the South basin, and a decline in productivity in the Central and North basin

(Izmesteva et al. 2016).

Greater light penetration from reduced algal shading, and hence a lower light attenuation
coefficient, moves the DCM layer deeper down the water column in Maloe More (BAIK13-
14) and the Central basin (BAIK13-12). The DCM extended beyond the photic zone to depths
0f 52.4 — 79.7 m in all the Central basin sites. The algal cells accumulate at depths with higher
nutrient concentrations and lower solar irradiance (Kiefer et al. 1972; Barbiero and Tuchman,
2004; Camacho, 2006). The recruitment of phytoplankton from the surface populations will
then limit the rate of nutrient recycling into the mixing layer, and trap algal cells below the
thermocline. This is observed at BAIK13-12 in the Central basin, where maximal productivity
begins at 31.5 m, which is below the mixing layer depth at 7.5 m. Photoadaptation, which is

the adaptation of an organism to changing light levels, has been suggested to play an important
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role in the DCM formation at Lake Superior (Barbiero and Tuchman, 2001; Sterner, 2010),
where the DCM sits close to the photic zone depth (Watson et al. 1975). However, the
dominant mechanisms driving the DCM formation remains unclear in deep lakes such as Lake
Baikal, as depth differential zooplankton grazing, photoinhibition of phytoplankton, nutrient
distributions and UVR exposure also have an impact (White and Matsumoto, 2012).

Mean chlorophyll-a concentrations are greater than the previously published mean values of
1.43 nmol/L in the South basin, and 1.0 nmol/L in the North basin from a spatial survey 10
years ago (Fietz et al. 2005). Alongside increases in production (chlorophyll-a concentrations)
over the last 10 years (Fietz et al. 2005; Hampton et al. 2008; Moore et al. 2009), this study
also found that DOC concentrations, both across the lake and within river waters were greater
than previously published values (Yoshioka et al. 2002; Yoshioka et al. 2007; Sugiyama et al.
2014). Mixing layer depths in the South and Central basin are currently shallower than
previous surveys, and there is greater autotrophic production than previous surveys, and
deeper algal production in the Central and North basin, compared to the South. Over the last
10 years observed disparities in the chlorophyll-a concentrations, within the water column and
between sites, highlights the differences in algal production between the South and North
basins. In comparison with the 2002-2003 spatial survey, the deep chlorophyll maximum was
positioned within the mixing layer in the South basin, Central basin and North basin sites, and
no deeper-water production was observed in the Central and North basin (Fietz et al. 2005).
The data from this study shows that lake functioning has changed in the past 10 years, due to
the shift towards shallower DCM positions in the South basin sites, and deeper DCM positions
in Maloe More and the North basin sites (Figure 66), resulting in higher algal production in

deeper waters compared to within the mixing layer (Figure 57).

5.4.3 Spatial distribution of nutrients and comparisons with previous
measurements

Total phosphorus concentrations

A recent spatial survey which was also conducted in August 2013 (O’Donnell et al. 2017),
found TP concentrations Lake Baikal to range between 4.9 to 42.7 pug/L. These values are
comparable to some TP concentrations presented in this chapter, which range between 10 to
32 pg/L in the lake waters. O’Donnell et al. (2017) has reported that the above TP
measurements agree with those from Votintsev et al. (1995) and Kozhova and Izmesteva
(1998). Data collected in the 1990s, however, shows average mixing layer TP concentrations
of 2.8 pg/L in the South basin (Liebezeit, 1992; Granina and Sigg, 1995 as cited in Callender
et al. 1997a), compared with values of c. 15 pug/L in the South basin in August 2013, presented
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in this study (Figure 49). Furthermore, TP concentrations measurements of surface waters
between 1995 to 2009 range between 0 — 16.2 pg/L in lake waters across the year, with August
measurements reaching 7.8 pg/L (Prof. E. Silow, unpublished data) (Table 22). TP
concentrations of 0 — 16.2 pg/L are suggested to reflect natural variability of nutrients within
Baikal’s waters (per. comms. Prof. E. Silow). South basin and Central basin TP concentrations
presented in this thesis (10.4 — 16.1 ug/L), collected in August 2013, are almost double the
August values measured between 1995 — 2009 (7.8 ug/L; Prof. E. Silow unpublished data),
but within the range measured by O’Donnell et al. (2017) in 2013 (4.9 — 25 ug/L). The highest
TP concentrations presented in this chapter were measured close to the Selenga Delta (20.6
png/L) and in the North basin (17.8 — 31.5 pug/L), being almost triple the values measured by
Prof. E. Silow and slightly higher than values measured by O’Donnell et al. (2017) (15.5

pg/L).

These measurements show only a snap shot in time, and thus it is still not fully known whether
the nutrient concentrations at Lake Baikal have remained similar or changed over the last 10
years, due to the lack of TP data available for Lake Baikal and its tributaries. Total phosphorus
concentrations, presented in this thesis, in August 2013 show differences between basins, with
higher mean mixing layer values in the North basin compared to the South and Central (Figure
49). The total phosphorus values measured from all the open lake-water sites in August 2013
were generally less than 25 pg/L, falling within the moderately eutrophic range (Yang et al.
2008). This is higher than expected but is comparable with recent TP measurements published
at Lake Baikal (O’Donnell et al. 2017). The largest range and highest TP concentrations in the
river inflows are found in the Selenga River waters, between 47 — 211 ug/L, which is similar
to recent TP inflow data (2010 — 2012) reported in Sorokovikova et al. (2015), with Selenga
River TP values between 18 — 346 pg/L (Figure 49). After the Selenga River, the Barguzin
River has the next highest concentrations, 67 — 71 ug/L (in this study) and 12 — 181 pg/L
(Figure 49) (Sorokovikova et al. 2015). However, the values measured in August 2013 are
over two-fold higher than those measured by Prof. E. Silow between 1995 — 2009 in Baikal’s
tributaries (10 - 30 pg/L).

Despite the TP values at Lake Baikal suggesting an increasing trend in lake water
concentrations over the last decade, it is important to note that the samples in this chapter are
only a snap shot of Baikal’s limnology at that time, and it is important to consider any
analytical error during the undertaking of TP analyses. With both these considered, the TP
measurements taken in August 2013 in this PhD research and by O’Donnell et al. (2017) in
the pelagic South basin waters are similar and some measurements fall within the natural

variability of TP concentration at Lake Baikal. The results in this chapter therefore highlight
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the importance of future monitoring nutrient concentrations at Lake Baikal, to see if rivers and

shoreline settlements are enriching the pelagic lake waters in phosphorus concentrations.
Nitrate, sulphate and silicate concentrations

Nitrate, sulphate and silicate concentrations within the lake waters are similar across the three
basins in August 2013 (Figure 49, Table 19). This is comparable to previous work, as nitrate,
sulphate and silicate concentrations measured in 1988 show no variability in concentrations
across Lake Baikal or over the last 60 years (Falkner et al. 1991; 1997). Furthermore, in
comparison to nitrate concentrations in the South basin (Zilov et al. 2012), the values in the
upper 50 m of the water column in August 2013 have remained very similar to those between
1957 and 2008 (Table 20). In Lake Baikal’s tributaries, measurements taken in 2010 — 2012
(Sorokovikova et al. 2015) show that the nitrate concentrations in the Selenga River are
comparable to this study, and higher within the Upper Angara and Barguzin River in August
2013 (Table 20). Previous water quality investigations in Baikal’s main tributaries from 2010
—2012 found an increase in sulphate concentrations in the Selenga River waters from the mid-
20™ century to present day, from 6.2 — 8.6 mg/L to 7.6 — 18.7mg/L (Sorokovikova et al. 2015a;
2015b). In comparison August 2013 results show an average sulphate concentration of 7.36
mg/L in the Selenga River waters, with highest values of 10.4 mg/L. The major ions data from
Sorokovikova et al. (2015a) reports the deterioration of the water quality in the Selenga River
and in the small tributaries of South Baikal, due to wastewater discharges and atmospheric
precipitation pollution. This study confirms these findings, with similar sulphate
concentrations found in the Selenga River (7.31 — 10.41 mg/L), Snezhnaya River (4.27 — 6.59
mg/L) and Khara-Murin River (4.49 mg/L) (Table 20).

Silicate concentrations measured along a transect from the Selenga River Delta show
decreasing values from 2 — 2.6 mg/L to 0.6 — 0.7 mg/L in 2003 — 2004 (Sorokovikova et al.
2012). Over the last 10-years seasonal silicate concentrations in the South basin have changed,
with higher concentrations of 1 — 1.25 mg/L in 2003 (Jewson and Granin, 2014), than in
August 2013 (mean mixing layer value of 0.54 mg/L). This decreasing trend in silicate
concentrations has also been seen in the South, Central and North basin, between 1994 —2001,
with a decrease in average lake values from 1 mg/L to 0.6 — 0.8 mg/L (Shimaraev and
Domysheva, 2013). Low silicate concentrations have been observed in periods of high diatom
productivity at Lake Baikal, with the silicon reserves reflecting climatic variations (Shimaraev
and Domysheva, 2013). The low silicon concentrations found in August 2013 could be a result
of an Aulacoseira bloom in spring 2013, depleting the silicate levels for the summer

stratification period. This is as a recent study has found that the Aulacoseira bloom has shifted
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by 1.6 months between 1950 - 2000, due to later onset of ice-cover associated with climate
change over the 50-year period (Katz et al. 2015). To further support this, the August 2013
silicate concentrations are comparable to previous measurements obtained during years of
high biomass (0.3 — 0.5 mg/L) (Jewson et al. 2010; Jewson and Granin, 2014). During the last
spatial survey in 2001-2003, there was no Aulacoseira bloom, as the spring peak in
phytoplankton did not reach the biovolume of Aulacoseira years (Fietz et al. 2005). However
due to the large store of silica in Lake Baikal’s waters, and the vertical water exchange, it has
been suggested that at present silica import cannot be a limiting factor for diatom production

(Shimaraev and Domysheva, 2004).

Dissolved organic carbon concentrations

The DOC values within the pelagic lakes waters ranged from 1.7 to 2.6 mg/L, slightly higher
than previously published values of 1.0 — 1.3 mg/L in the pelagic regions of Lake Baikal in
1997 — 1998 across all basins (Table 21) (Yoshioka et al. 2002) and 2006 in the South basin
(Sugiyama et al. 2014). DOC mixing layer concentrations were significantly different between
basins, with mean mixing layer values higher in the North basin compared to the South basin
(Figure 49). In comparison with pelagic values, higher concentrations are found at the river
influenced sites (Figure 49). Elevated DOC concentrations are found within the river inflows,
with values reaching up to 17.9 mg/L in the Selenga River. These high DOC concentrations
are not seen in the pelagic open lake region. Summer mixing layer DOC concentrations were
higher than deeper water values (Figure 51), which is similar to previously published DOC
values in Baikal’s pelagic waters (Sugiyama et al. 2014). DOC concentrations in nutrient-poor
alpine lakes have reported DOC concentrations between 0.5 — 17.4 mg/L (Perez and
Sommaruga, 2006) and the average DOC concentration within Lake Superior is 1.2 mg/L
(Waples et al. 2008). Pelagic DOC values in August 2013 are very low, despite much higher
concentrations measured in the river inflows, ranging between 4 — 15 mg/L (Figure 49).
Similarly, DOC studies at Lake Baikal found values of 4.3 mg/L within the Selenga, Barguzin
and Upper Angara river inputs (7able 21) (Suzuki et al. 2008; Yoshioka et al. 2002). Over the
last two decades, DOC concentrations in Lake Baikal’s pelagic waters and river inflows,
namely the Selenga, Barguzin, Vydrino and Mishika River have increased (Figure 54), as
shown by the August 2013 data presented in this chapter (Yoshioka et al. 2002; 2007;
Sugiyama et al. 2014).
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5.4.4 Correlations between phytoplankton pigment distribution and
environmental variables

There is no correlation between nutrients and the algal community composition across Lake
Baikal, despite the finding that nutrient concentrations within the pelagic waters differ
significantly between the basins. Within the South and North basins the TP concentrations
were slightly higher close to the Selenga River and Upper Angara River respectively (Figure
69). Generally, there is no clear difference in silicate, nitrate, sulphate and other major ions
(Na, K, Mg, Ca) concentrations between littoral, profundal and river-influenced sites across
the lake. There is a correlation between DOC and phytoplankton pigments, in particular
picocyanobacterial (P-value < 0.05). Any relationship between DOC and picocyanobacteria
is not known in Baikal, although DOC inputs drive the microbial loop, which recycle nutrients

for phytoplankton growth.

Higher DOC concentrations in August 2013 compared to a decade ago is likely to be due to
precipitation and temperature increases within the Baikal area. This is as increased regional
precipitation would result in greater fluvial input of DOC from the catchment into the pelagic
lake waters, and increased regional temperatures would result in greater permafrost thaw and
the release of DOC into the fluvial waters. Even though carbon cycling within Lake Baikal
remains unclear, the mechanisms, which could be keeping DOC so low, could be
photodegradation (Osburn et al. 2009) and microbial activity, which degrades DOM via
respiration (McGowan et al. 2015). The findings support this, as DOC concentrations are not
correlated with light attenuation coefficients, which suggest that the DOC is colourless and
does not determine the 1% attenuation depth. There is a negative relationship between
chlorophyll-a and DOC, and DOC has the strongest negative relationship with zeaxanthin
concentrations (R* = 0.41, p < 0.05), the picocyanobacterial biomarker. Studies in small
Scandinavian lakes have reported that the highest abundances of picocyanobacteria are within
lakes with low DOC concentrations, and DOC explained the most variation in
picocyanobacteria biomass and production (Drakare et al. 2003). The relationship between
DOC and picoplankton highlights the important role of the microbial loop within Baikal’s
ecosystem. DOC inputs stimulate the microbial food web and result in increases within the
nutrient recycling and carbon processing. As autotrophic phytoplankton cells leak DOC,
higher heterotrophic bacterial activity is generally found with higher phytoplankton biomass
in clear lakes (Drakare et al. 2003), and microbes will reduce DOC concentrations of these
waters and release nutrients (phosphorus and nitrogen) to fuel greater phytoplankton growth.
Furthermore, the potential relationship between DOC and picocyanobacteria may be a result

of a switch from autotrophic to heterotrophic growth within the Baikal’s picoplankton
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populations, with the utilisation of DOC (Anderson and Mclntosh, 1991; Calvo-Diaz et al.
2011; Parvathi et al. 2014). However, it is unknown to what extent Baikal phytoplankton may
be mixotrophic (Hampton et al. 2008). Another possible explanation for this observed pattern
might be viral activity, with viral induced picoplankton mortality resulting in higher DOC
concentrations (Wilhelm and Suttle, 2014).

5.4.5 Spatial distribution mercury

The mercury concentrations show a gradient from higher concentrations in the Selenga River
water to low concentrations in the pelagic lake waters. Mercury concentrations within the
Selenga Delta in June 1992 -1993 (Meuleman et al. 1995) were lower (0.26 ng L) than in
August 2013 (0.3 — 5.5 ng L™). Furthermore, mean mercury concentrations measured in the
Selenga Shallows and Listvyanka Bay in March 2010 were 0.6 ng L and 0.9 ng L™
respectively (Ciesielski et al. 2016). These previous mercury concentrations within the
Selenga Shallows and Listvyanka Bay (Ciesielski et al. 2016) were lower than concentrations
within August 2013 of 1.6 ng L™ near the Selenga Delta and 1.4 ng L in the pelagic South
basin (Figure 55). Thus, the results suggest a spatial gradient of mercury concentrations
(Selenga River > Selenga delta > pelagic lake waters), with higher concentrations in the
Selenga river and lowest values in the lake. This pattern is expected due to the mining activity
along the Selenga River. Mercury concentrations within Lake Baikal’s pelagic waters are very
low, being comparable to oceans, and are comparable to concentrations of mercury in
unpolluted waters (Kim and Fitzgerald, 1986; Mason and Fitzgerald, 1990; Meuleman et al.
1995). Whereas mercury concentrations in polluted lake waters are between 2 — 25 ng/L
(Bloom and Effler, 1990 as cited in Meuleman et al. 1995). Therefore, August 2013 mercury
concentrations from the pelagic zone suggest unpolluted waters, while in the Selenga Delta
and along the Selenga River, elevated concentrations highlight the influence of the Selenga
River as a source of mercury pollution. The high mercury concentration observed in the North
basin waters at BAIK13-19 also highlights the importance of the Upper Angara River, with
contamination from industry in the North basin catchment. Sedimentary records of mercury
show no significant contamination of the pelagic regions of Lake Baikal, due to the low
concentrations preserved within the sediments from the South basin, Selenga and North basin.
Sedimentary mercury concentrations are comparable with previous studies, between c. 40 —
70 ng g (Leermakers et al. 1996). These values within the surface sediments are likely to
reflect global atmospheric background levels of deposition, which are c. 25 ng g and 29 ng

g (Leermakers et al. 1996).
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5.5 Summary

Results from the August 2013 spatial survey provide a detailed snap shot in time, in the late
summer limnology at Lake Baikal. When comparing the data to previously published
chlorophyll-a monitoring records at Lake Baikal, it needs to be taken into account that a single
data point can represent either a trend or noise within the dataset. Thus, to validate these
results, spatial surveys taken over a 2-3 year period would have been needed. With this in
consideration, summer chlorophyll-a concentrations in the South basin appear to be
continuing along the increasing trend published in Hampton et al. (2008), as they show higher
concentrations than values measured in 2003. Over the last decade, average summer
chlorophyll-a, diatom and picocyanobacterial pigment concentrations seem to have increased
in the pelagic South basin mixing layer since 2001-2003 measurements (Fietz et al. 2005).
Higher chlorophyll-a concentrations were detected within the mixing layer of the South basin
sites, and the DCM layer formed within the upper 4 m of the epilimnion, extending to depths
of 20.2 — 46 m, beyond both the mixing layer and euphotic zone. Picocyanobacteria were
detected in highest abundances in the South basin sites, within the top 20 m of the water
column, contributing the most to the chlorophyll maxima layer. Algal biomass affects the light
dynamics within the lake and DOC concentrations appear to have little influence on the light
penetration. DOC measurements show higher concentrations in the river and pelagic lake
waters than previous measurements (Yoshioka et al. 2002), and forecasted increases in DOC
inputs, from permafrost thaw and greater fluvial inputs into Lake Baikal are likely to influence
the algal community composition, due to the recycling of nutrients from microbial activity
(Moore et al. 2009), and an observed link between picocyanobacteria and DOC

concentrations.

Over the last decade, the limnological functioning of Lake Baikal appears to have changed,
due to greater algal biomass than previously in the mixing layer of the South basin, restricting
algal production further down the water column. Both local thermal stratification and the
inflow of more nutrient rich waters could be the cause of greater algal biomass and less deep-
water production in the South basin sites, than the Central and North basins. TP concentrations
within the pelagic waters of Lake Baikal are higher than expected, falling within the
mesotrophic and bordering on the eutrophic range. The highest TP concentrations were
measured close to the Selenga Delta and in the North basin, being two-fold higher than
measured TP concentrations between 1995 to 2009 which reflect natural variability. As this
suggests a potential increase in TP concentrations in over 10 pg/L between 2009 to 2013, it is
important to consider any potential analytical error in these values. But it is similarly important

to note that these values are comparable to the range of TP measurements collected from a
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survey conducted at the same time, in late summer (2013) (O’Donnell et al. 2017), using a
similar digestion method. Thus, the TP concentrations suggest a new phenomenon in the
nutrient concentrations of Lake Baikal’s pelagic waters, and the possibility of anthropogenic
impact needs to be investigated further as it is unlikely that these values are not solely a natural

cause.

Nitrate concentrations within the lake waters are very low, and largely below detection limits,
and silicate concentrations appear to be lower than previously published values. Results also
show no significant accumulation of mercury. From the survey data alone, the TP
measurements are suggesting the input of nutrients into Lake Baikal, largely from the major
river inflow, the Selenga River, and possible anthropogenic impact. However, to assess
whether pelagic Lake Baikal is showing any signs of eutrophication, Chapter Seven will
provide insight into historic algal trends. Chapter Seven also attempts to disentangle climate
with anthropogenic impacts at Lake Baikal, by looking into palacolimnological changes pre
and post known anthropogenic impact in the region, in 1950, and by looking at past pollution
records which include SCP records published at Lake Baikal. It is however likely, that due to
the massive size and hydrodynamics of Lake Baikal, any anthropogenic impact on pelagic
Lake Baikal, at the moment, is being diluted by the volume of water, and are only showing up
in the littoral regions as found by previously published work with algal blooms on the
shorelines. Findings from a recently published study (Izmesteva et al. 2016) supports this
work, by showing no evidence of pelagic cultural eutrophication in Lake Baikal. Climate-
driven processes, and possible anthropogenic impact as well, appear to be driving the changes
in the functioning and production over the last decade, with greater deeper water production
in the Central and North basin (deeper DCM) and higher biomass in the South basin with
shallower DCM.
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Chapter Six: Recent palaeoproductivity in context within
Longer-term variability

6.1 Longer-term reconstruction of environmental change at Lake Baikal

The aims of this chapter are to compare modern (last 200 years) palacolimnology at Lake
Baikal to natural Holocene variability within the system and past environmental changes
within the region. Recent production changes observed over the last 200 years as presented in
(Chapter Seven) need to be put into a longer-term context. This chapter will be comparing the
pigment and carbon isotope records over the last two centuries, to the records over the entire
short cores, which extend to cover up to the last millennium. The upper sediments of these
short cores have been *'°Pb dated (Chapter Seven), however dates have not been obtained for
older sediments, due to the complexities of radiocarbon dating Baikal sediments (Piotrowska
et al. 2004). Although these short cores have not been AMS “C dated, they still provide a
method of comparing recent trends with longer-term changes. This chapter will also compare
the production trends over the last 200 years with previous records at Lake Baikal within the
Holocene and the Kazantsevo (Last interglacial) (Fietz, 2005; Fietz et al. 2007), which is
equivalent to Marine Isotopic Stage (MIS) 5e. This will enable us to see if the recent trends
observed are distinct or similar to past production changes at Lake Baikal. Pigment ratios
(Diatoxanthin:Chlas, Canthaxanthin:Chlas, Lutein: Chlas and Chlb:Chlas) are used within this
chapter to assess the contribution of algal groups to total algae, such as diatoms,
picocyanobacteria and chlorophytes. Mean ratios have been calculated for sediments > 200
years and < 200 years to compare the two intervals, and examine changes in the algal group
proportions. Regional production records will be examined to explore lake-wide response
and/or basin response, to determine the spatial and temporal difference in trends within (or

between) the records.

Lake Baikal has a wide variety of sedimentary environments, consisting of abyssal plains,
delta fans, littoral bays and underwater highs. Tectonic large lakes, such as Lake Baikal,
provide records which span from hundreds to millions of years, however the palaeoclimate
record can be complicated by currents, turbidites and tectonics (Colman et al. 2003; Charlet
et al. 2005). Due to secondary processes and large mass flows, coring locations were selected
based on the deposition environment, to minimise the influence of turbidites. This further
highlights the importance of site selection for coring, to collect a sediment core to analyse
continuous environmental change, without large hiatuses which cannot be accounted for in

the record and with suitable preservation conditions for pigment analyses. The three basins
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(South, Central and North) are c. 200 km long with steep border-fault margins (Colman et al.
2003). Turbidites are prevalent on the deep basin floors (Nelson ef al. 1995; 1999; Colman et
al. 2003), and postglacial sediments typically consist of diatomaceous and fine-grained mud,
interbedded with coarse silt or mud turbidite layers (Colman et al. 2003). Sedimentation rates
vary greatly across Lake Baikal, and as discussed in Chapter Seven, this will have an impact
on pigment preservation. The highest sedimentation rates are near the mouths of large rivers
(2.32 — 10.7 mm/yr), and the lowest sedimentation rates within the deep basins (0.705 — 1
mm/year), and at underwater ridges (0.015 — 0.025 mm/year) (Vologina and Sturm, 2009).
Thus, across Lake Baikal, the areas of different sedimentation are deep water pelagic regions
with turbidites, littoral regions without turbidites, under water ridges with pelagic sediment
accumulated under calm conditions, delta areas where sediments are largely terrigenous
material and shallow water Maloe More region where there are abundant sands and poorly

sorted terrigenous material (Sturm and Vologina, 2001; Vologina and Sturm, 2009).

Deep basin sites tend to be subject to turbidite sedimentation within Lake Baikal (Peck et al.
1994), and sedimentation rates vary across basins. Maximum rates of sedimentation are
observed in the South basin (1 mm/year) and Central basin (0.91 mm/year), and the minimum
sedimentation rates are observed in the North basin (0.705 mm/year) (Sturm and Vologina,
2001). The differences in the sedimentation rates in the basins is due to the different biologic
productivities and different amounts of terrigenous material supplied to the lake. Regions in
Lake Baikal which have been found to lack turbidites within the sediment cores are underwater
ridges, such as the Academician Ridge, which separate the North and Central basin. The
Holocene sedimentation rate at the Academician Ridge is c. 0.005 — 0.025 mm/year (Colman
et al. 1993; Vologina et al. 2003; Vologina and Sturm, 2009). Similar to the Academician
Ridge, the surface sediment of Buguldeika ridge lacks turbidites, and has higher sedimentation
rate of 0.2 — 0.86 mm/year due to the Selenga River (Kuzmin et al. 2001). Regions with high
sedimentation rates are delta sites near the mouths of large rivers, such as Proval Bay in the
northern part of the Selenga Delta (Vologina and Sturm, 2009). Proval Bay was formed by an
earthquake within the Selenga Delta region in 1862 (Vologina et al. 2010), and the
sedimentation rates have been found to vary between 2.32 mm/year (Vologina et al. 2007b)

to 10.7mm/year (Tulokhomov et al. 2006), depending on the proximity to the Selenga River.

High-resolution sedimentary records of environmental change over the last millennium at
Lake Baikal can be affected by the presence of turbidite layers, although magnetic
susceptibility techniques can be applied to help identify turbidites down a sediment core
(Flower et al. 1995; Lee et al. 1998, Vologina et al. 2010). Sediment cores retrieved from

across the whole lake have been studied since the early 1990s by the Baikal Drilling Project
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and other palaeoclimate studies (Colman et al. 1995; Grachev et al. 1998; Kashiwaya et al.
2003; Kuzmin et al. 2000; Williams et al. 2001; Morley, 2005; Fietz et al. 2007), showing the
large variation in sedimentation rates across Lake Baikal, between the deep basins, fluvial
fans, underwater ridges and littoral bays. Sediment cores collected from littoral zones along
the eastern shore in the North basin and the southern shore on the South basin do not show
any distinct turbidites, and the sedimentation rates are 0.61 — 0.75 mm/year (Bangs et al. 2000;
Sturm and Vologina, 2001). Previously the Academician ridge has been used as a coring site,
as it is undisturbed and relatively shallow with slow sedimentation rates (Williams et al. 2001;
Grygar et al. 2006; Watanabe et al. 2009; Kuzmin et al. 2014), and therefore provides detailed
continuous records over the last 1,000 years. Other cores for high resolution palaeoclimate
records have been taken from sites in shallower waters at isolated inter-basin highs which
separate the sub-basins in Lake Baikal, within the Selenga Delta zone (such as Posolsky
Bank), the Buguldeika Saddle, the Vydrino Shoulder, and the Continent Ridge (Prokopenko
etal. 2001; Gryar et al. 2006; Fietz et al. 2007). However, sediment cores from these locations
have also documented tectonic disruptions (Mats et al. 2000) and influence from bottom-water
currents (Ceramicola et al. 2001), showing depositional, re-depositional and tectonic
processes on these isolated highs and delta regions (Charlet et al. 2005). For example, the
Vydrino Shoulder is the source of turbidites, but the underwater high from where the sediment
cores were taken were free from turbidites as they were not taken from the slopes (Charlet et
al. 2005). Also, the Posolsky Bank is a major tilted fault block and the Continent Ridge is
affected by active faulting (Charlet et al. 2005).

Sediment cores presented within this chapter have been analysed for sedimentary pigments
and carbon isotopes at high-resolution (c. 0.5 — 1 cm intervals which equates to ¢. 5 - 10 years).
To reconstruct changes over the lake, turbidite sections within cores need to be accounted for
and removed from the analyses. In most cores presented in this chapter, the total thickness of
pelagic sediment is greater than the total thickness of turbidites. The sedimentation rate of
turbidites is much higher than the rate of sediment accumulation, and therefore this suggests
that the deposits within these deep-water plains formed mainly under calm sedimentation

conditions (Sturm and Vologina, 2001).

To reconstruct past environmental change, accurate sediment core chronologies are important.
Radiocarbon is frequently used on well-preserved remains of terrestrial plants such as wood
fragments, seeds and leaves, or on plant biomarkers (Bertrand et al. 2012). Bulk sediments are
used for radiocarbon dating when sediments lack well preserved plant remains or when there
is not enough material for compound specific analyses (Bertrand et al. 2012). It has been

previously proposed that radiocarbon ages from bulk sediments do not provide an accurate
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chronology of sediment deposition, as bulk sediments contain a mixture of aquatic and
terrestrial carbon (Bjork and Wohlfarth, 2001). The upper part of cores from Lake Baikal are
not AMS 'C dated, and tend to be *'’Pb dated, as the AMS "C ages of surface sediments can
range between 0.5 — 1.5 ka years BP at Lake Baikal (Tani et al. 2002). This age discrepancy
for surface sediments in Lake Baikal is due to the offset between atmospheric and lacustrine
e ages, known as the reservoir effect. However, the reservoir effect in Lake Baikal has not
been fully evaluated (Tani et al. 2002). Radiocarbon dating is known to be difficult at Lake
Baikal (Colman, 1996), and has been previously applied to bulk sediments from the Baikal
Drilling Project cores. Whereas for the Continent Project work at Lake Baikal, pollen was
used for radiocarbon dates (Piotrowska et al. 2004), rather than radiocarbon dating bulk
sediments. TOC/N ratios have recently been suggested to be useful for correcting bulk
radiocarbon ages from sediments from lakes in Northern Chilean Patagonia (Bertrand et al.
2012). Bertrand et al. (2012) found a link between the fraction of terrestrial carbon as inferred
from TOC/N ratios, and the age offset of the sediments. TOC/N measurements could therefore
be paired with radiocarbon dating of bulk sediments at Lake Baikal, to improve the
chronologies based on radiocarbon dating of bulk lake sediments. There is still debate as to
whether this approach can be used at all the sites across Lake Baikal, and uncertainty in the
best way to carry out radiocarbon dating on Baikal sediments. This chapter does not present
any dates beyond the last 200 years and radiocarbon dating of older sediments is future work

for the project.

Radiocarbon dating will be applied to the sediment cores, instead of *’Si dating, as high
resolution analyses is required to explore recent changes in production. **Si dating technique
has been applied to Lake Baikal sediments from the South basin which cover the last c. 1000
years (Morgenstern et al. 2013). **Si isotope has a half-life of c. 144 years (Fifield and
Morgenstern, 2009), and is produced by the atmosphere via cosmic ray interactions
(Morgenstern et al. 2013). Atmospheric precipitation transports **Si to earth’s surface, and
diatom utilise **Si within their frustules (Morgenstern et al. 2013). This technique can be
applied to the dating gap between *'°Pb dating and '*C dating, being used for sediments > 150
years (Morgenstern et al. 2013). The chronology for **Si has been found to be robust, however
large quantities (> 10 g) of dry sediment are required which restricts the resolution as the
sedimentation rates at Lake Baikal are low, generally c. 0.01 cm/yr (Morgenstern et al. 2013),

and this technique has not been considered for this study.
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6.2 Past carbon records over the Holocene at Lake Baikal

Studies have looked at carbon sequestration from CMAR (Mackay et al. 2016), and
productivity from 8"°C and TOC/N ratios at Lake Baikal over the Holocene (Prokopenko et
al. 1993; 2001; Horiuchi et al. 2000; Prokopenko and Williams, 2003; Ishiwatari et al. 2005;
Morley, 2005; Watanabe et al. 2009; Mackay et al. 2016). A recent study by Mackay et al.
(2016) has examined the influence of forest development in the early Holocene, lacustrine
productivity and changes in permafrost cover in Baikal’s catchment on the carbon dynamics
over the Holocene period. This study has inferred carbon sequestration changes in
correspondence with changes in permafrost conditions at the forest-steppe ecotone in the
Baikal catchment. However, the variability within the 8"°C record from the pelagic South
basin over the Holocene at Lake Baikal is proposed to be due to changes in pelagic and near-
shore productivity, coupled with changes in delivery of carbon to the lake (Mackay et al.
2016). This carbon record at the Vydrino shoulder site in the South basin only extends to 800
yrs BP in the late Holocene. The data presented in this chapter fills this gap to examine recent
Holocene changes in carbon dynamics over the last c. 1000 years in the South (BAIK13-7A),

but also regionally across the lake from the other sites.
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6.3 Results

6.3.1 Core lithology (data produced by E. Vologina)
South basin (BAIK13-1)

BAIK13-1A (51°46'04.2" N 104°24'58.6" E) in the South basin is comprised of largely
biogenic-terrigenous sediment, with diatoms and clay (Figure 71). There are oxidised layers
in in the upper 3.6 cm of the core and at 7.3 — 8.5 c¢m, and turbidite layers with sandy sediments
between 15 — 20 cm and 33 — 37 cm. Magnetic susceptibility is relatively consistent within

the upper 15 cm of the core, and then becomes more variable with peaks between 28- 40 cm.
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South basin (BAIK13-4)

BAIK13-4C (51°41'33.8" N 104°18'00.1" E) in the South basin is comprised of biogenic-
terrigenous sediments and sandy turbidite deposits, with three turbidite layers, one being in
the upper 10 cm of the core (Figure 72). There are also two oxidised layers, at 0 — 2.7 cm and
5.3 — 8.5 cm. Magnetic susceptibility is relatively consistent between 0 — 30 cm, and then

peaks to values of c. 80 (10 SI un).
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Figure 72: Lithology and magnetic susceptibility at BAIK13-4.
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South basin (BAIK13-7)

BAIK13-7B (51°34'06" N 104°31'43" E) in the South basin is comprised mainly of biogenic-
terrigenous sediment, with diatoms and clay (Figure 73). There are two oxidised layers, at 0
—3cm, and 10.5 — 12.1 cm. Turbidites are present at the bottom of the sediment core, at c. 38

- 45 cm. Both magnetic susceptibility and water content are relatively constant down core.
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Figure 73: Lithology and magnetic susceptibility at BAIK13-7.
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South basin/Selenga (BAIK13-10)

BAIK13-10B (52°11'07" N 106°05'38" E) nearby the Selenga Delta in the South basin is

comprised predominately of biogenic-terrigenous sediments (Figure 74). There is one

oxidised layer at the top of the core, 0 — 4 cm, and one turbidite at the bottom of the core 48 —

51 cm. Magnetic susceptibility and water content are relatively constant down-core.
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Figure 74: Lithology and magnetic susceptibility at BAIK13-10.
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South basin/Selenga (BAIK13-11)

BAIK13-11A (52°27'00" N 106°07'32" E) at Buguldeika in the South basin is entirely

comprised of biogenic-terrigenous sediments with no oxidised layers or turbidites present

(Figure 75). The magnetic susceptibility and water content are constant down-core.
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Central basin/Maloe More Bay (BAIK13-14)

BAIK13-14B (53°21.033 N 107°29.885' E) in Maloe More, off the Central basin, is entirely
comprised of biogenic-terrigenous sediment in the top 18 cm of the core, and then it is entirely
comprised of sandy turbidite sediment between 18 — 30 ¢cm (Figure 76). There are no oxidised
layers and the water content decreases simultaneously with increasing magnetic susceptibility

at the transition from organic to sandy sediment.
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Central basin/Maloe More Bay (BAIK13-15)

BAIK13-15B (53°23.270 N 107°35.346' E) in Maloe More, off the Central basin. Similar to
BAIK13-14B, BAIK13-15B is comprised of biogenic-terrigenous sediment in the top 14 cm
of the core, and then entirely comprised of sandy turbidite sediment (Figure 77). There is an
oxidised layer in the upper 5 cm, and water content and magnetic susceptibility mirror each
other below 14 cm.
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Figure 77: Lithology and magnetic susceptibility at BAIK13-15B.
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North basin/Chivsky Bay (BAIK13-16)

BAIK13-16A (53°52'26" N 109°09'49" E) in Chivsky Bay in the North basin is comprised
entirely of biogenic-terrigenous sediment in the top 21 cm with three oxidised layers (Figure
78). There are no sandy turbidite layers present within these Holocene sediments. The
sediment core lithology shifts to late Pleistocene clays from 22 — 60 cm. Pleistocene clays are
identified due to the presence of an endemic diatom species, Stephanodiscus flabellatus,
which is now extinct and indicative of that period (Bradbury et al. 1994). The water content
decreases down-core with c. 50 — 60 % in the Holocene sediments and c. 40 % in the

Pleistocene clays, and magnetic susceptibility varies between c. 20 and 100 (10 SI un).
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Figure 78: Lithology and magnetic susceptibility at BAIK13-16.
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North basin (BAIK13-18)

BAIK13-18C (54°47'31.4" N 109°14'15.3" E) in the North basin has two oxidised layers in
the top 22 cm, at 0 — 4.5 cm and 14 — 19.5 cm) in the sediment core, which is comprised
entirely of biogenic-terrigenous sediment (Figure 79). There is a large sandy turbidite layer
between 22 — 50 cm, and below this layer the sediments are predominately biogenic-
terrigenous. The water content is constant down-core and the magnetic susceptibility is higher

within the sandy sediments, peaking at 49 cm.
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North basin (BAIK13-19)

BAIK13-19A (55°38'57.8" N 109°46'57.7" E) near the Upper Angara River in the North basin
is entirely comprised of biogenic-terrigenous sediments, with no oxidised sediments or sandy
turbidite layers present (Figure 80). Water content is constant down-core and the magnetic

susceptibility decreased between 0 — 20 cm and then remains constant down-core.
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6.3.2 Comparing recent production changes with the longer term

There are significantly (p value < 0.01) greater mean Chlas concentrations over the last 200
years compared within sediments > 200 years, across all the sites (Table 28; Figure 81). South
and North basin sites have a mean Chlas concentration between 84.9 — 246 nmol g"' OC and
89.8 — 138.3 nmol g OC respectively, the Selenga sites have a mean Chlas concentration
between 120.4 — 567.5 nmol g”' OC and Maloe More has a mean Chlas concentration of 306.6
nmol g”' OC. The largest differences in Chlas concentrations between pre and post 1800 AD,
are in the South basin, Selenga and Maloe More sites. The sediments > 200 years BP range
between 5.3 to 73.7 nmol g OC in mean Chlas concentration across the lake. Lake wide,
there were lower diatoxanthin:Chlas ratios in sediments < 200 years. Chlb:Chlas ratios are
higher in sediments < 200 years BP within the South basin, Selenga and Maloe More sites,
but not detected within the North basin. Canthaxanthin:Chlas ratio values were similar within
sediments pre and post 1800 AD. Mean Chlas concentrations are highest in the Selenga Delta
sites and lowest in the North basin sites, in both time intervals (Selenga > Maloe More > South

basin > North basin) (Table 29).

The proportion of diatoms to total algae was greater in sediments > 200 years, than < 200
years, in the Selenga and Maloe More sites, as inferred from the Diatoxanthin:Chlas ratios
(Table 28). In sediments < 200 years diatoms contribute to 12% at both sites, and this declined
to 1.6 % and 2.7 % respectively post 1800 AD. Canthaxanthin:Chlas ratios also show higher
contribution of picocyanobacteria in sediments > 200 years in the South, Selenga, Maloe More
and North basin sites, with values of 1.9 %, 7.9 %, 6 % and 3.5% respectively (Table 28). In
sediments < 200 years the contribution of picocyanobacteria decreased to 0 — 1.3 % within
these sites. In contrast to these algal groups, chlorophyte contribution to total algae, as inferred
from Chlb:Chlas, is higher in sediments < 200 years in the South basin, Selenga and Maloe
More sites, with an increase from 1 % to 13 % in BAIK13-1C sediments, 0.4 % to 1.5 % in
BAIK13-10A sediments and 0.1 % to 0.9 % in BAIK13-14C sediments (Table 28).
Lutein:Chlas ratios show that the proportion of chlorophytes to total algaec was greater in
sediments > 200 years than < 200 years (Table 28). The proportion of chlorophytes to total
algae has decreased between the two time intervals, from 20 % to 7% in Maloe More
(BAIK13-14C), 28% to 3% in the Selenga (BAIK13-10A) and 2.5 % to 0.3 % in the South
basin (BAIK13-1C). Total carotenoid concentrations are significantly higher in sediments <
200 years, than > 200 years in the South basin (BAIK13-1C and BAIK13-4F), Selenga
(BAIK13-10A) and Maloe More (BAIK13-14C). In the North basin site (BAIK13-19B), total
carotenoid concentrations are significantly lower in sediments > 200 years, than < 200 years

(Figure 82).
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Table 28: Mean and SD values of Chlas concentrations, Chlbs/Chlas, Diatox/Chlas,

Cantha/Chlas over the last 200 years and in sediments > 200 years. Turbidite sections have

been removed within the pigment records. (*BAIK13-74 and *BAIK13-184 show high levels

of degradation).
Chlas Chlbs/Chlas  Diatox/Chlas Lutein/Chlas Cantha/Chlas

<200 years BP

Mean 246.0 0.131 0.004 0.003 0.003

BAIK13-1 SD 108.0 0.414 0.010 0.008 0.005
> 200 years BP

Mean 62.9 0.010 0.007 0.025 0.019

SD 51.5 0.053 0.013 0.055 0.032
<200 years BP

Mean 183.2 0.009 0.000 0.017 0.003

BAIK13-4 SD 142.6 0.009 0.000 0.008 0.002
> 200 years BP

Mean 39.6 0.084 0.025 0.129 0.003

SD 30.4 0.086 0.067 0.099 0.011
<200 years BP

Mean 84.9 0.002 ) ©) 0.003

BAIK13-7 SD 85.6 0.004 ) ) 0.004
> 200 years BP

Mean 11.2 0.000 ) () 0.003

SD 21.9 0.000 (-) (-) 0.021
<200 years BP

Mean 567.5 0.015 0.016 0.028 0.010

BAIK13-10 SD 204.4 0.011 0.016 0.031 0.007
> 200 years BP

Mean 73.7 0.004 0.124 0.281 0.079

SD 359 0.011 0.062 0.140 0.053
<200 years BP

Mean 120.4 ©) 0.002 0.014 0.018

BAIK13-11 SD 97.3 ) 0.005 0.021 0.013
> 200 years BP

Mean 37.5 ) 0.023 0.090 0.038

SD 20.3 ) 0.041 0.056 0.013
<200 years BP

Mean 306.6 0.009 0.027 0.074 0.010

BAIK13-14 SD 182.8 0.010 0.021 0.025 0.005
> 200 years BP

Mean 48.8 0.001 0.127 0.208 0.060

SD 24.0 0.003 0.065 0.058 0.030
<200 years BP

Mean 89.8 ©) 0.004 0.000 0.000

BAIK13-18 SD 84.4 ©) 0.015 0.000 0.000
> 200 years BP

Mean 5.4 ) 0.001 0.018 0.009

SD 9.9 ) 0.008 0.076 0.034
<200 years BP

Mean 138.3 ©) 0.003 0.018 0.013

BAIK13-19 SD 83.4 ©) 0.005 0.024 0.007
> 200 years BP

Mean 60.7 ) 0.014 0.025 0.035

SD 41.2 () 0.022 0.023 0.020
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Figure 81: Chlas concentration (nmol g’ OC) (green > 200 years and blue < 200 years).
Turbidite sections are removed within the pigment record. (*BAIK13-74 and *BAIK13-184

show high levels of degradation).

Table 29: Mean values of Chlas concentrations, Chlbs/Chlas, Diatox/Chlas, Cantha/Chlas
over the last 200 years and in sediments > 200 years for the South basin, Selenga, Maloe
More and North basin. Turbidite sections have been removed within the pigment records.

Chlas Chlbs/Chlas Diatox/Chlas Lutein/Chlas Cantha/Chlas

< 200 years BP
South basin 171.36 0.05 0.00 0.01 0.00
Selenga 343.96 0.02 0.01 0.02 0.01
Maloe More 306.64 0.01 0.03 0.07 0.01
North basin 114.09 ) 0.00 0.01 0.01

> 200 years BP
South basin 37.89 0.03 0.02 0.08 0.01
Selenga 55.62 0.00 0.07 0.19 0.06
Maloe More 48.81 0.00 0.13 0.21 0.06
North basin 33.04 (-) 0.01 0.02 0.02
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Total carotenoids concentration nmol OC g-1

Table 30: Results from t-test to examine if Chlas concentrations are significantly different
between the two intervals (> and < 200 years). (*BAIK13-74 and *BAIK13-184 show high

levels of degradation).
Basin Site T-test P value
BAIK13-1 6.92 <0.01
South basin and BAIK13-4 4.65 <0.01
BAIK13-7 3.39 <0.01

Selenga

BAIK13-10 17.45 <0.01
BAIK13-11 3.62 <0.01
Maloe More BAIK13-14 5.89 <0.01
North basin BAIK13-18 3.41 <0.01
BAIK13-19 5.54 <0.01
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Figure 82: Total carotenoids concentration (nmol g OC) (green > 200 years and blue <
200 years). Turbidite sections are removed from the pigment record. (*BAIK13-74 and
*BAIK13-184 show high levels of degradation).

Mean &"°C values post 200 years ranged between -27.4 %o to 28.9 %o in the South basin, -25.9
%o to -27.2 %o at the Selenga, -27.0 %o at Maloe More, and -26.8 %o to -29.1 %o in the North
basin (Figure 83; Table 32). Before 1800 AD, mean 8'"°C values range between 27.2 %o to -
28.1%o in the South basin, -26.4 %o — 26.9 %o at the Selenga, -25.8 %o at Maloe More and
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between -27.7 %o to -28.5 %o in the North basin. The largest variation in 8"°C values pre 1800
AD is observed within South basin sites; BAIK13-7A and Maloe More (BAIK13-14C), and
post 200 years the largest variation is observed at BAIK13-4F and BAIK13-7A. Mean §"C
values are more positive post 1800 AD than pre 1800 AD at only BAIK13-10A and BAIK 13-
19B (Table 32). In contrast, mean &'"°C values pre 1800 AD are more positive than post 1800
AD at a large number of sites across the lake; BAIK13-1C, BAIK13-11C, BAIK13-14C and
BAIK13-18A. At sites BAIK13-4F and BAIK13-7A, mean 8"C values are similar pre and
post 1800 AD.

Table 31: Results from t-test to examine if total carotenoid concentrations are significantly
different between the two intervals (> and < 200 years). (*BAIK13-7A4 and *BAIK13-184
show high levels of degradation).

Basin Site T-test P value
BAIK13-1 8.46 <0.01
South basin and BAIK13-4 -5.72 <0.01
BAIK13-7 -0.28 0.79
Selenga
BAIK13-10 7.89 <0.01
BAIK13-11 -1.85 0.08
Maloe More BAIK13-14 -4.73 <0.01
North basin BAIK13-18 -2.63 0.02
BAIK13-19 8.46 <0.01

Mean TOC content post 1800 AD ranged between 1.9 — 3.1 % in the South basin, 2.6 — 3.0 %
at the Selenga, 3% at Maloe More and 2.1 — 2.5 % in the North basin. Pre 1800 AD, mean
TOC content range between 1.4 — 2.2 % in the South basin, 2.2 — 2.6 % at the Selenga, 1.9%
at Maloe More and 1.6 — 1.9 % in the North basin (Figure 84; Table 32). The largest variation
in TOC content pre 1800 AD is seen in the South basin at BAIK 13-4, and post 200 years the
variation is similar across the sites. Mean TOC content is higher post 1800 AD than pre 1800
AD, at BAIK13-1C, BAIK13-7A, BAIK13-10A, BAIK13-11C, BAIK13-14C, BAIK13-18A
and BAIK13-19B, and no difference in mean TOC content between these two time intervals
is seen at BAIK 13-4 (Figure 84; Table 32). Mean TOC/N ratios post 1800 AD range between
10.4 — 11 in the South basin, 9.0 — 10.1 at the Selenga, 9.0 at Maloe More and 8.9 — 11.0 in
the North basin. Pre 1800 AD, mean TOC/N values range between 11.0 — 12.6 in the South
basin, 9.8 — 10.1 at the Selenga, 9.1 at Maloe More and 9.5 - 11.3 in the North basin (Figure
84; Table 32). The largest variation in TOC/N ratios pre and post 1800 AD is observed in the
South basin at BAIK13-4F. Mean TOC/N ratios are lower post 1800 AD than pre 1800 AD,
at BAIK13-1C, BAIK13-7A, BAIK13-10A, BAIK13-11C, BAIK13-14C, BAIK13-18A and
BAIK13-19B, and no difference in mean TOC/N ratios between these two time intervals is

seen at BAIK13-4F (Figure 84; Table 32).
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Table 32: Mean and SD values 0f5]3C, TOC content and TOC/N ratios over the last 200

years and in sediments > 200 years. Turbidite sections have been removed within the
pigment records.

613C TOC TOC/N

<200 years BP

Mean -28.9 3.1 10.6

BAIK13-1 SD 0.2 0.4 0.4
> 200 years BP

Mean -28.1 2.0 11.0

SD 0.8 0.5 0.8
<200 years BP

Mean -27.4 2.2 11.0

BAIK 13-4 SD 0.6 0.6 1.0
> 200 years BP

Mean -27.4 2.2 11.0

SD 0.6 0.6 1.0
<200 years BP

Mean -27.4 1.9 10.4

BAIK13-7 SD 1.6 0.6 0.6
> 200 years BP

Mean -27.2 1.4 12.6

SD 0.7 0.3 3.0
<200 years BP

Mean -25.9 3.0 10.1

BAIK13-10 SD 0.5 0.3 0.2
> 200 years BP

Mean -26.4 2.6 10.6

SD 0.2 0.2 0.4
<200 years BP

Mean -27.2 2.6 9.0

BAIK13-11 SD 0.4 0.5 0.2
> 200 years BP

Mean -26.9 2.2 9.8

SD 0.3 0.2 0.5
<200 years BP

Mean -27.0 3.0 9.0

BAIK13-14 SD 0.4 0.5 0.2
> 200 years BP

Mean -25.8 1.9 9.1

SD 1.0 0.2 0.3
<200 years BP

Mean -29.1 2.5 8.9

BATK13-18 SD 0.3 0.9 2.7
> 200 years BP

Mean -28.5 1.6 9.5

SD 0.5 0.5 0.6
<200 years BP

Mean -26.8 2.1 11.0

BAIK13-19 SD 0.2 0.3 0.3
> 200 years BP

Mean -27.7 1.9 11.3

SD 0.3 0.2 0.7
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Figure 83: 0""C values (green > 200 years and blue < 200 years) at sites in the South basin,
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Figure 84: TOC/N ratio (green > 200 years and blue < 200 years) at sites in the South
basin, Maloe More (MM) and North basin. Turbidite sections are removed within the

TOC/N record.
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Figure 85: TOC content (green > 200 years and blue < 200 years) at sites in the South
basin, Maloe More (MM) and North basin. Turbidite sections are removed within the
TOC/N record.
Table 33: Results from t-test to examine if TOC, TOC/N ratio and 6" C values are
significantly different between the two intervals (> and < 200 years).
| TOC % TOC/N (%) o8C
Basin Site T-test P value T-test P value T-test P value
BAIK13-1 10.31 <0.01 -1.85 0.07 8.46 <0.01
. BAIK13-4 -2.77 0.01 -6.57 <0.01 -5.72 <0.01
South basin and
Selenca BAIK13-7 0.21 0.83 -4.57 <0.01 -0.28 0.78
& BAIK13-10 7.66 <0.01 -7.47 <0.01 7.89 <0.01
BAIK13-11 4.72 <0.01 -7.14 <0.01 -1.84 0.08
Maloe More BAIK13-14 9.99 <0.01 0.32 0.76 -4.73 <0.01
. BAIK13-18 3.95 <0.01 -0.91 0.38 -2.62 0.02
North basin
BAIK13-19 4.05 <0.01 4.53 <0.01 8.46 <0.01

6.3.3 Spatial comparison of short cores across Lake Baikal

The sites close to major rivers, the Selenga (BAIK13-11C) and Upper Angara (BAIK13-19B)

have no turbidites (Figure 86). These sediment cores have the least interference from

turbidites and smaller oxidised layers which is likely to be due to the higher sedimentation

rates, in comparison to the pelagic deep south and north basin sites. The coring sites within

the South basin are very variable, with turbidite layers throughout and large oxidised layers in

the upper 10 cm (Figure 86). BAIK13-4F in South basin is the only sediment core which

shows the presence of turbidite layers within the sediment interval which covers the last 200
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years (Figure 86). The smallest oxidised layers within the upper sediments of the cores are
found within the Maloe More sediments (BAIK13-14C and BAIK13-15B), BAIK13-19B by
the Upper Angara in the North basin and BAIK13-11C opposite the Selenga Delta (Figure
86). Despite the presence of turbites in the South basin, Maloe More, Selenga and North basin
sediment cores, proxy records can still be used to reconstruct past changes in primary
production, by removing the associated intervals within the pigment and 8"C records.
BAIK13-16B in Chivsky Bay in the North basin is the only sediment record which is known
to cover all the Holocene period, due to the presence of Pleistocene clays, identified from the
sedimentary lithology profiles (Figure 86). Despite the shallower depths at this site (650 m)
compared to the pelagic basins (> 1,000 m), this core however has a large oxidised layer
extending over the upper 15 cm of the sediment core, and the pigment records largely consists
of chlorophyll degradation products, if any pigments at all. This core therefore does not
provide a reliable pigment record to reconstruct longer term changes in primary production.
As found in Chapter Seven, the cores which provide the most reliable pigment records are
BAIK13-1C (South basin), Baik13-10A (Selenga Shallows), BAIK13-14C (Maloe More) and
BAIK13-19B (North basin). For the 8"°C records, these sediment cores can be used for longer
term reconstructions, if the turbidite sections are removed, and the diatom records within the
surface sediments of BAIK13-4F, BAIK13-11C, BAIK13-14C, BAIK13-18A and BAIK13-
19B can still be used.

1RQ



North basin
Baik13-16 Baik13-18 Baik13-19

pper Angara

& River 0_}\, e [ e 0
+ (R &
i + A
+ ~ +
1048201 1040
-~ + ~ +
+ e + A~
~ + ~ o+
Maloe More 20 20':"’
. . il gl
Baik13-14Baik13-15 T3
b
0 o T 3010
i ~ * e
+" .
+ A~
04~ ¥
.o+
+.
Y H
i .\v._f_::
50_ S0
cm [LLLH + ~/
1] ~ M
+ ~/
60
Selenga om [7F
Baik13-10 Baik13-11
South basin 0T 0 704
i~ + + A/ an
Baik13-1 Baik13-4 Baik13-7 * o ~ |
0= River e ]
0T==F 0 Angara §, 10—"’\","“ 10 4 + |4
o~ + = P> o + o~
+ s o + /| I~ +
~ +H | a A [ + A~/
104+ ~|=| 10 ] 204* | 204~ +
~ + :v + ~ +[}~ + A/
o + /| I~ +
b4 %L ::'m AL + .~
208521 | 204 04+~ | s+
A~ F o + + ~
+ A + A~ ~ +
~ b9 <5 + ~
+ J+ovl| 404~ +
301+ | a0 R +
.A>+~w cm/ =", 5 ] I~ +
AR R‘.. ¥ =2 2 N
e A 3 ol | soqt
40+~ gﬂﬂ-ﬁ;’: patad
oM |~ 4 _ ~F
T + A/
o] 60 +
cm |+ ~/
Sediment composition Sedimentary structures &
(left column) textures (right column)
ctay (2] o
Holocene biogenic- [ ] oxidized sediment
terrigenous mud . .
silt @ dense greenish layer
[TIJJ]] Late Pleistocene clay oxidized crust
— sand =] Sarowatie ™"
hydrotroillite
o fragments of
II' turbidite (Holocene) oxidized crust
[ e
sandy sediment :l reduced sediment
[=] o
+++| diatoms E lens
plant remains

Figure 86: Sediment cores collected in March 2013 and August 2013 in the South basin,
Maloe More, Selenga and North basin. (*BAIK13-7 and *BAIK13-18 show high levels of
degradation).
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The sediment depths analysed below are associated with the section of the core > 200 years
BP. These depths are focussed upon within this chapter to compare the results from the *'°Pb

dated sediment cores presented in Chapter Seven (< 200 years) to these records (> 200 years).

BAIK13-1C South basin (6 — 22 cm sediment depth)

BAIK13-1C shows peaks in Chla concentrations and chlorophyll degradation products
between 9 — 12 cm to c. 4 nmol g OC (Figure 87). Lutein, diatoxanthin and canthaxanthin
peak between between 9 — 12 ¢cm, to concentrations of ¢. 8, 3 and 3.5 nmol g respectively.
8"°C also peak to more positive values between 9 — 12 cm to -27.6 %o and -27.2 %o.. TOC/N
values range between 10 — 12, and peak to values of 14 at c. 21 cm. TOC value generally

range between 1 — 2.5 %.
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Figure 87: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6"°C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-1C
sediment core. Grey shaded areas represent turbidite layers. Green line represents the
sediment depth for the last 200 years from *'’Pb dating. (T — turbidites).

BAIK13-4F South basin (10 — 20 cm sediment depth)

BAIK13-4F shows a peak in Chlas, Chlb and lutein concentrations between c. 13 — 16 cm to
values of ¢. 5-10, 5— 7 and 6 — 14 nmol g OC respectively (Figure 88). TOC % and TOC/N
ratios also increase between c. 13 — 16 cm to values of 4 — 5 and c. 17 — 20 respectively. §"°C

values range between -28.2 %o to -25.3 %o.
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Figure 88: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6"°C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-4F
sediment core. Grey shaded areas represent turbidite layers. Green line represents the
sediment depth for the last 200 years from *'’Pb dating (T — turbidites).

BAIK13-7A South basin (5 — 45 cm sediment depth) (*show high levels of

degradation)
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Figure 89: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6" C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-74
sediment core. Grey shaded areas represent turbidite layers. Green line represents the
sediment depth for the last 200 years from *'’Pb dating. (T — turbidites).
BAIK13-7A shows slight peaks in Chla concentrations downcore to low concentrations of 0.8
— 2 nmol g OC (Figure 89). 8"°C varies downcore, ranging between -26.0 %o to -28.6 %o.

TOC/N ratio values are consistently between 10 — 12, and then peak to values > 30 between

33 -40 cm.
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BAIK13-10A Selenga (11 — 50 cm sediment depth)

In BAIK13-10A Chla concentrations range between 8 — 26 nmol g OC, and total pheo a
pigment concentrations range between 40 — 200 nmol g (Figure 90). Chlb concentrations
peak between 14 — 18 cm to concentrations of 1.2 — 7.5 nmol g' OC. Alloxanthin,
diatoxanthin, lutein and canthaxanthin concentrations vary downcore and show no obvious
increasing or decreasing trends. Alloxanthin concentrations range between 28 — 35 nmol g
OC, diatoxanthin concentrations range between 1.5 — 16 nmol g"' OC, lutein concentrations
range between 8 — 26 nmol g OC and canthaxanthin concentrations range between 1.4 — 10
nmol g” OC. §"°C are relatively constant between -27.0 %o to — 26.0 %o, and TOC values are
consistently between 2.5 — 3 %. TOC/N values show an increasing trend down-core from 10

to 12.
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Figure 90: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6"°C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-104
sediment core. Grey shaded areas represent turbidite layers. Green line represents the
sediment depth for the last 200 years from *'’Pb dating. (T — turbidites).

BAIK13-11C Selenga (9 — 50 cm sediment depth)

At BAIK13-11C Chla, lutein, diatoxanthin and alloxanthin concentrations show higher
concentrations between 20 — 42 cm of 6 — 10,3 —9, 4 — 12 and 1.5 — 4 nmol g”' respectively
(Figure 91). Canthaxanthin concentrations vary between 0.9 — 1.5 nmol g”' OC downcore and
total pheo a pigments range between 20 — 30 nmol g™ OC, with a peak at 21 cm to 150 nmol
g"! OC. 8"°C values vary between -27.5 %o and -26.5 %o, down-core, with TOC % values
between 1.7 — 2.3 % and TOC/N ratio values between 9 — 12.
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Figure 91: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6"°C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-11C
sediment core. No turbidites in sediment core. Green line represents the sediment depth for
the last 200 years from *'’Pb dating.

BAIK13-14C Maloe More (7 — 24 cm sediment depth)
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Figure 92: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6"°C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-14C
sediment core. Grey shaded areas represent turbidite layers. Green line represents the
sediment depth for the last 200 years from *'’Pb dating. (T — turbidites).

There is a peak in Chlorophyll-a concentrations at 7 cm to 30 nmol g OC, and declining trend
in concentrations down-core (Figure 92). Alloxanthin concentrations show little change down
core, ranging between 1.7 — 2.5 nmol g OC, and lutein concentrations show an increasing

trend from 3.5 to 10 nmol g' towards the 200-year horizon. Both canthaxanthin and

diatoxanthin concentrations are higher in the bottom sediments, between 15 — 24 cm, ranging
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in concentrations between 1.5 — 5 and 1.5 — 13 nmol g"' OC respectively. "°C and TOC/N
values increase towards the bottom of the core, peaking to values of -24.8 %o to -22.7 %o
(becoming more positive) and ratio value between 10 - 13. TOC % values show a slight

decreasing trend down core, from 2.3 % to 1%.

BAIK13-15B Maloe More (No 2'’Pb dates; 0 — 22 cm sediment depth)

BAIK13-15B shows decreasing trends in Chla, total pheo-a pigments, Chlb, alloxanthin,
lutein, diatoxanthin and canthaxanthin pigment concentrations down-core, as well as TOC %

(Figure 93).
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Figure 93: Pigment concentrations (nmol per g OM), pigment ratios, TOC % and magnetic
susceptibility values (10° SI un) in the entire BAIK13-15B sediment core. Grey shaded
areas represent turbidite layers. (T — turbidites).

BAIK13-16B North basin (No 210py, dates; 0 — 55 cm sediment depth)

The surface sediments of BAIK13-16B have high concentrations of Chla, total pheo a
pigments, alloxanthin and canthaxanthin pigments which then decrease to undetectable
concentrations between 5 — 22 cm (Figure 94). Lutein concentrations are undetectable and
then peak at 3.7 cm to 0.6 nmol g"' OC. The Pleistocene clay sediments (22 — 55 cm) show
higher concentrations of lutein and canthaxanthin, reaching values of 1.5 nmol g OC. TOC
content decreases from 3.5 % in the surface sediments to 0.2 % at 10.3 cm and remain low
between 1 — 1.8 %. 613C values rise to values of -24.2 %ofrom —28.7 %o between 0 — 22 c¢m,
and then remain between -29.9 %o and -28.7 %o downcore. TOC/N ratios range between 7 —
10 .6 between 0 — 22 cm, peaking at 10.3 to values of 13.2. Between 22 — 55 cm TOC/N ratios

remain atc. 9.6 - 11.4.
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Figure 94: Pigment concentrations (nmol per g OM), pigment ratios, TOC % and magnetic
susceptibility values (10° SI un) in the entire BAIK13-16B sediment core. No turbidites in
sediment core. Blue shaded area represents Pleistocene clays.

BAIK13-18A North basin (4 — 55 cm sediment depth) (*show high levels of
degradation)

BAIK13-18A shows peaks in Chla, lutein, diatoxanthin and canthaxanthin concentrations
between 25 — 55 cm (Figure 95). Pheo-a pigments are not detected between 8 — 20 cm.
Between these sediment depths diatoxanthin and canthaxanthin peak to concentrations of 10
— 13 nmol g OC and lutein is undetectable. TOC content decreases from 2.3 % to 0.8 %
between 8 — 20 cm in the turbidite free sediment interval, and 8'°C values increase from -29.1

%0 to -27.2 %o0. TOC/N ratios range between 8.6 — 10.7 between 8 — 20 cm.

BAIK13-19B North basin (8 — 65 cm sediment depth)

BAIK13-19B shows little change in Chla and total pheo a pigment concentrations down core,
which range between 1.6 — 7.0 nmol g OC and 23.5 — 143.5 nmol g OC respectively (Figure
96). Higher concentrations of diatoxanthin and lutein occur between 30 — 55 c¢m, reaching
values of > 4 nmol g! OC. Canthaxanthin concentrations rise between 17- 60 cm, and reach

concentrations of 3.4 nmol g OC. TOC content range between 1.4 — 2.5 %, TOC/N ratios
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peak between 15 — 30 cm to values > 12, and then stay consistent between 10 — 11.7. §"°C

values range between -27.5 %o and -28.6 %eo.
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Figure 95: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6"°C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-184
sediment core. Grey shaded areas represent turbidite layers. Green line represents the
sediment depth for the last 200 years from *'’Pb dating. (T — turbidites).
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Figure 96: Pigment concentrations (nmol per g OM), pigment ratios, TOC %, 6" C, TOC/N
ratio values and magnetic susceptibility values (10° SI un) in the entire BAIK13-19B
sediment core. No turbidites in sediment core. Green line represents the sediment depth for
the last 200 years from *'’Pb dating.
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Diatoxanthin:canthaxanthin pigment concentration ratios were highest in the Selenga cores
(BAIK13-10A and BAIK13-11C) and showed a decreasing trend towards the surface
sediments (Figure 97). This decreasing trend is also seen in the Maloe More sites (BAIK13-
14C and BAIK13-15B), at a smaller magnitude and later on. South basin and North basin sites
do not show this decreasing trend, only slightly at BAIK13-1C in the South basin. This is
likely to be a reflection of ice cover changes, which could explain the regional differences,
and an explanation for the Selenga having an earlier response and larger change could possibly

be due to the input of Selenga waters.

South basin Vo Selenga — ﬁMane More - ﬁNorth basin V4
"b'\ / ‘b’b‘ 7 "‘.)"\Q 'b'\\ 'b'\b‘ ’5'\03 "b"\(b ’b'\q
& « « & & « « &
X X X X X X X X
3/ 3/ R/ 3/ 3/ R/ R/ RO
& N & & & & & &
& & & & & & & &
< < &) &) < (&) (&) \O
o o o o o o o NS
® ® ° ° ® ® ° ®
S S S S S S B S S
5<
10 A
15 A
20 A
A25<
£
L 30 1
ES]
%35<
O 40 1
45
50
55
60
T T 1 T T 1 T T 1 T T 1 T T 1 T T 1 T T 1 T T 1
5 10 5 10 5 10 5 10 5 10 5 10 5 10 5 10

Figure 97: Diatoxanthin:canthaxanthin ratio. Red line represents sediment depth of last 200
years from *'’Pb dating chronologies.

6.3.4 Comparison with previous studies

In general TOC is low at Lake Baikal because of the slow accumulation rates and oxygenated
upper sediments (Horiuchi et al. 2000; Ishiwatari et al. 2005; Watanabe et al. 2009; Mackay
etal. 2016). Over the Holocene, TOC % values ranged between c. 1-3 % (Mackay et al. 2016),
and TOC/N ratio values fluctuated between 9.8 and 13.8 (mean = 11.6). The 5"°C values from
bulk sediments are influenced by several sources, as discussed in Chapter One, but what makes
Lake Baikal unusual is that cold climates e.g. glacial periods, result in higher 8"°C values than
in warm periods, e.g. interglacials (Watanabe et al. 2004). It is unclear why this is, but Mackay
et al. (2016) has suggested that the most reasonable explanation is to do with changes in

pelagic and littoral communities. Over the Holocene, §"°C values ranged between -27 %o to —
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30.5 %o, with the lowest 5"°C values of c. -30 %o (least positive) found between c. 4 — 8 k BP
(Mackay et al. 2016) (Figure 98). The 8"°C values are less positive (lower) in the early and
mid-Holocene compared to the late Holocene (c. -27 %o to -29 %0) (Mackay et al. 2016). The
8"°C records from the North basin and academician ridge from other studies at Lake Baikal
over the Holocene also show a general trend towards more positive 8'°C values, although these
are at lower resolution (Ishiwatari et al. 2005; Watanabe et al. 2009) (Figure 98, Figure 99).
All these records show a similar range in 8'"°C values (Ishiwatari et al. 2005; Watanabe et al.
2009; Mackay et al. 2016). TOC records at these sites show similar trends over the Holocene,
and ranges in values (Ishiwatari et al. 2005; Horiuchi et al. 2000; Watanabe et al. 2009;
Mackay et al. 2016) (Figure 100).
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Figure 98: 6C. C/N % ratios, TOC % and CMAR values over the Holocene at the Vydrino
site in the South basin (modified from Mackay et al. 2016).

8'"°C values show the greatest variability down-core in the South basin, Maloe More and
Chivsky Bay in the North basin (BAIK13-16B), in comparison to the Selenga and pelagic
North basin sites (Figure 101). TOC content and TOC/N values both show the greatest
variability down-core in the South basin (Figure 102, Figure 103). In comparison to Fietz et
al. (2007), mean 8"C values in the South basin of -21.5 %o to -26.1 %o over the last 7,000
years are higher (more positive) than mean South basin 3"°C values of -27 %o to -28.9 %o

presented pre and post 200 years in this chapter. This is also the case for mean §'"°C values in
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Selenga of -22.8 %o to -26.2 %o over the last 10,000 years and North basin of -22.8 %o to -47
%o over the last 11,000 years (Fietz et al. 2007), as the mean 8"C values pre and post 200
years range between -25.9 %o and -27.2 %o and -26.8 %o and -29.1 %eo.
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Figure 99: Previous 5" C records at Lake Baikal over the Holocene (from Ishiwatari et al.
2005; Watanabe et al. 2009; Mackay et al. 2016) (modified from Mackay et al. 2016).
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Figure 103: TOC/N ratio from South basin, Selenga, Maloe More and North basin sediment
cores.

Previous sedimentary pigment records from Lake Baikal have largely used Steryl Chlorin
Esters (SCE) as phytoplankton markers (Naylor and Keely, 1998; Soma et al. 1996; Tani et
al. 2001). Large quantities of SCEs, formed through zooplankton grazing (Harradine et al.
1996; Talbot et al. 2000), have been observed in Baikal’s sediments (Soma et al. 1996; Tani
et al. 2001). Earlier studies (Soma et al. 1996; Tani et al. 2001) could not compare SCE with
other photosynthetic pigments, as chlorophyll derivatives and carotenoids were not detected
within the sediments. Comparisons between SCE and other pigments were investigated by
Tani et al. (2002) and Fietz et al. (2007) using dated undisturbed sediment cores for pigments,
and found chl degradation products (pyropheophytin-a, pheophytin-a and pheophorbide-a)
and carotenoids (B-carotene, canthaxanthin, zeaxanthin, diatoxanthin, alloxanthin). Past
pigment studies at Lake Baikal have largely examined environmental change over the
Pleistocene period, and within sediments older than 15,000 years BP, pyropheophytin-a and
SCE-a are the dominant chlorophyll-a derivatives (Soma et al. 2001; Tani et al. 2002). These
pigments have been suggested to be the best for reconstructing long-term history of
phytoplankton productivity at Lake Baikal (Soma et al. 2001; Tani et al. 2002). The order of
stability of the main pigments detected within Baikal’s Pleistocene sediments are SCEs-a >
pyropheophytin-a > pheophytin-a > pheophorbide-a (Tani et al. 2002). This order corresponds

to the lipophilicities of these derivatives, i.e the order of reverse-phase HPLC elution.
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Records covering the Last Glacial-Interglacial Transition (LGIT) (Tani et al. 2002) and
Holocene (Fietz et al. 2007) were however at low resolution of 200 — 300 years (Tani et al.
2002) and c. 150 years (Fietz et al. 2005). Sediment cores analysed by Tani et al. 2002 were
taken on steep slopes in the South basin, which may not be representative of pelagic lake
conditions. Tani et al. (2002) shows that pigment profiles (SCE, carotenoids, chl derivatives)
during this period are significantly different from that of biogenic silica records in sediments,
which reflects solely diatom production. Tani et al. (2002) found a decrease in algal activity
during the Younger Dryas period, but this is only in the South basin, and it is uncertain if the
same trend is observed in the North basin. This study found that photosynethic pigments
including carotenoids indicated a general increase in phytoplankton, which started as early as
15, 000 years BP at the beginning of the post-glacial period. This rise in Chlas concentrations
occurred much earlier than the onset of the diatom record from biogenic silica, which

increased after 10, 000 years BP, largely after 5, 000 years BP.

Pigment records from this study have been compared with records over the Holocene from
Fietz et al. (2007) from Vydrino in the South basin, Posolski in the Selenga shallows and the
Continent Ridge in the North basin (Figure 107, Figure 108 and Figure 109). Age models
constructed based on AMS 'C dates on pollen from parallel cores from the same sites
(Piotrowska et al. 2004). Fietz et al. (2007) presents temporal and spatial variations of fossil
phytoplankton pigments and organic carbon during the Holocene at the South, Selenga Delta
and North basins, and during the last interglacial in the North basin. During the Kazantsevo
interglacial, Fietz et al. (2007) suggests that higher Chlas correspond with higher
phytoplankton production and therefore higher water temperatures compared to the glacial
periods. Fietz et al. (2007) also found that highest phytoplankton production during the
Holocene occurred at c. 9 kyr BP at the time of climate amelioration following the Younger
Dryas and short productivity maxima occurred during the late Atlantic and at the
Subboreal/Subatlantic transition (Figure 104). The comparison between Holocene and
Kazantsevo indicated that nutrient availability was different and influenced the recorded

phytoplankton production as well.

At the same sites as these, pollen, diatom, biogenic silica and oxygen isotope analyses have
been performed (Boes et al. 2005; Demske et al. 2005; Granoszewski et al. 2005; Morley et
al. 2005; Rioual and Mackay, 2005). A cooling period at the Atlantic Subboreal transition (5.7
— 4.5 kyr BP) was indicated by a decrease in TOC content and Chlas concentrations, and a
shift in pollen assemblages to lower abundances of Spruce (Picea obovata) (Demske et al.
2005) and decrease in diatom abundances (Karabanov et al. 2000) in the North basin. From c.

4.5 kyr BP to 3.5 kyr BP the Chlas and pheophorbide-a concentrations increased, alongside
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changes in the pollen assemblages, which indicate a Subboreal optimum (Boes et al. 2005;
Demske et al. 2005). At the Subboreal optimum, high diatom productivity and biogenic silica
accumulation has previously been found (Qui et al. 1993; Karabanov et al. 2000). The
Subboreal optimum has been proposed to be the warmest period of the Holocene within the
Baikal region (Karabanov et al. 2000), but the pigment record at the Continent Ridge site from
Fietz et al. (2007) does not support this finding. Instead higher Chlas concentrations are
observed at the Boreal optimum, representing climatic warming (Figure 104). The cores at
Vydrino and Posolski did not reach the Boreal period and hence no comparison with the
Subboreal optimum could be made. Higher Chlas concentrations were found during the
Subboreal compared to Subatlantic at all three sites (Figure 104). Subsequently between 3 kyr
BP and 1 kyr BP at Continent Ridge and between 2 and 1 kyr BP in the South basin and
Selenga cores, cooling periods may be assumed, as Fietz et al. (2007) recorded lowest
concentrations of Chlas and pheophorbide-a, and lowest carotenoids/Chlas ratios during this
period. This was also found by Tani et al. (2001), with the lowest Chlas and carotenoid
concentrations during approximately the same period in a core from the South basin. At the
Continent Ridge site, this cooling was possibly related to the Subatlantic cooling, which is
reflected by the pollen assemblage changes between 3 kyr BP and 2.5 kyr BP (Demske et al.
2005). Thus, these three cores all show strong climate oscillations during the Holocene,
showing lake-wide response to regional climatic changes. Before ¢. 10, 000 years BP there
were very low Chlas (Fietz et al. 2007) and biogenic silica concentrations (Prokopenko et al.
2007), indicating low aquatic productivity. Lower production at Lake Baikal during glacial
periods is due to extended periods of snow and ice cover and reduced growing season for
planktonic diatoms. These previous Holocene studies provide a context to examine the results
presented within this chapter, enabling recent limnological changes to be assessed alongside

longer term changes at Lake Baikal.

The records from Fietz et al. (2007) show the steep decline in pigment concentrations within
the upper 10 cm at the Vydrino (Figure 105), Posolski (Figure 107) and Continent Ridge site
(Figure 106). The pigment record in the Vydrino core below 10 c¢cm is poor, with slight
fluctuations in Chl-b concentrations (Figure 107). In contrast the Posolski site shows large
shifts in carotenoids down-core, with higher concentrations of diatoxanthin, lutein and
canthaxanthin in the mid-Holocene between c. 3 — 4 k yr BP (Figure 108). Similarly, the
pigment record from the Continent Ridge site (Figure 109) show peaks in both carotenoids
and Chlas down-core, although these occur in mid-early Holocene. Turbidites were not
observed within sections of the cores sampled for pigment analyses, and oxidised layers in the

upper 10 cm of the cores has been proposed to be significantly influencing the pigment
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preservation (Fietz et al. 2007). The pigment sections within these cores below 10 cm can be

used to compare with the pigments records presented in this chapter.

Radiocarbon dates have marked the last 1,000 years to cover the upper c. 18 cm at the Vydrino
site, the upper c. 7 cm at the Posolski site and the upper c. 12 cm at the Continent Ridge site
(Piotrowska et al. 2004). Assuming similar sedimentation rates, the last 200 years is covered
by approximately the upper c. 5 cm, c¢. 2 cm and c. 3 cm at the Vydrino, Posolski and Continent
Ridge sites respectively. This is similar within the *'’Pb dated cores at BAIK13-1C and
BAIK13-7A in the South basin, and BAIK13-18A in the North basin. The Posolski site does
not match the sedimentation rates of the cores from the Selenga shallows in this study, as the
upper ¢. 12 cm at BAIK13-10A and BAIK13-11C covers the last 200 years. Sedimentation
rates are also different between cores from this study and Fietz et al. (2007), as BAIK13-4F
in the South basin has large turbidite layers in the upper c. 6 cm and BAIK13-19B in the North
basin is closer to the Upper Angara shallows. This highlights the differences in sedimentation
rates and the difficulties in comparing sediment cores based on sediment depths rather than
ages. The upper ¢. 10 cm of the cores collected by Fietz et al. (2007) in the South basin,
Selenga and North basin are considered unreliable, due to the strong degradation of Chlas
within the oxidised layers. The upper c. 10 cm of the cores cover the last ¢. 500 years at the
Vydrino site, > 1000 years at the Posolski site and the last ¢. 1000 years at the Continent Ridge
site (Piotrowska et al. 2004). Cores from Fietz et al. (2007) therefore do not provide useful
pigment records to cover the last millennium, to assess algal response to late Holocene
climatic events such as the LIA. Pigment records in this study can only be compared to older

sediments in the Holocene and from the last interglacial (Fietz et al. 2007).
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Figure 104: Chlas concentrations in the North, Selenga and South basin sites over the
Holocene (Fietz et al. 2007).
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Figure 105: Fossil pigment concentrations (umol g OC) from the Vydrino coring site in the
South basin (Fietz et al. 2007).
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Figure 106: Fossil pigment concentrations (umol g OC) from the Continent Ridge coring
site in the North basin (Fietz et al. 2007).

Fietz et al. (2007) found the mean Chlas concentrations over the last 5,000 years to be 0.33
pmol g™ (330 nmol g™ at Vydrino, 0.42 pmol g™ (420 nmol g™') at Posolski and 0.09 pmol g
' (90 nmol g) at Continent Ridge (Selenga > South > North). Over the entire Holocene period,
Fietz et al. (2007) found Chlas concentrations between 200 — 1000 nmol g in the South basin,
200 — 2000 nmol g in the Selenga sites and 100 — 800 nmol g™ in the North basin over the
Holocene. Mean Chlas concentrations in this study are also higher in the Selenga and South
basin sites and lowest in the North basin (Selenga > South > Maloe More > North). In
comparison to the last interglacial period, Chlas concentrations are higher, at 0.26 pmol g
(260 nmol g in the North basin (Fietz et al. 2007). This is higher than all the sites, except
Maloe More (BAIK13-14C).

Pigments (diatoxanthin and canthaxanthin concentrations) from the South basin, Selenga
Delta and North basin sites in this study and from Fietz et al. (2007) do not show similar down-
core trends (Figure 107, Figure 108 and Figure 109). Chlas concentrations show similar
down-core profiles in the Selenga Delta and North basin sites within this study and Fietz et al.
(2007), but differ in the South basin sites. The pigment concentrations measured in Fietz et al.
(2007) are also lower than those presented in this chapter. In the South basin, diatoxanthin

peaks to 1.2 nmol g, canthaxanthin peaks to 0.5 nmol g and Chlas peak to 383.6 nmol g
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in Fietz et al. (2007). In the Selenga delta, diatoxanthin peaks to 0.12 nmol g™, canthaxanthin
peaks to 0.11 nmol g and Chlas peak to 44.7 nmol g in Fietz et al. (2007). In the North
basin, diatoxanthin is sparse downcore, canthaxanthin peaks to 0.2 nmol g and Chlas peak
to 20.3 nmol g’ Fietz et al. (2007). The radiocarbon dates from Fietz et al. (2007) suggest that
the upper 30 cm of the sediment cores cover the last c. 2,500 cal BP years in the South basin
and Selenga sites, and in the North basin the upper 20 cm of the sediment core covers the last
c. 4,600 cal BP years. The cores from this study potentially cover longer time scales than

previously thought of c. 1000 years.
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Figure 107: South basin sedimentary pigment profiles at Vydrino site (Fietz et al. 2007) and
BAIK13-1C, BAIK13-4F and BAIK13-7A (this study: nmol g). Red line represents sediment
depth of last 200 years from *'’Pb dating chronologies. Grey line represents horizon for
radiocarbon dating. (*BAIK13-7A4 shows high levels of degradation).
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Figure 109: North basin sedimentary pigment profiles at Continent Ridge site (Fietz et al.
2007) and BAIK13-18A and BAIK13-19B (this study: nmol g). Red line represents sediment
depth of last 200 years from *'’Pb dating chronologies. Grey line represents horizon for
radiocarbon dating. (*BAIK13-18A shows high levels of degradation).
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6.4 Discussion

6.4.1 Recent production changes in context with longer term variability at
Lake Baikal

The pigment records show that over the last 200 years there were higher pigment
concentrations compared to earlier in the sediment record. This is seen across all the sites,
although the magnitude is greater in the South basin, Selenga Shallows and Maloe More, than
the North basin sites. In comparison to Fietz et al. (2007) the Chlas concentrations in the last
interglacial period are higher than the Chlas measured within the sediment records in this
study, except for BAIK13-14C in Maloe More. Previous pigment records from Fietz et al.
(2007) found that the pigment records over the last few centuries were not reliable in the upper
10 cm due to strong degradation within the oxidised layer. In contrast the sediment records
presented in this chapter are higher resolution and results found that Chlas concentrations
within oxidised layer were not significantly lower than concentrations within anoxic layers,
as presented in Chapter Seven. Pigment concentrations within the oxidised layers were
therefore not removed when comparing pigment samples pre and post 1800 AD. One reason
as to why pigment concentrations within the oxic layers are higher might be as degradation is

incomplete.

The longer-term trends which are observed in these short cores, are decreasing diatom pigment
concentrations at all the cores, but particularly at BAIK13-1C, BAIK13-10A, BAIK13-11C
and BAIK13-14C in the South basin, Selenga and Maloe More sites. This decreasing trend in
diatom pigment concentrations is supported by declining diatom concentrations observed
within sediment records from across Lake Baikal (Mackay et al. 1998). This could be linked
to ice cover changes, and the amelioration from the Little Ice Age (LIA). High lutein
concentrations and Chlb/Chlas ratios in the upper 10 cm are found only at the Maloe More
sites (BAIK13-14C and BAIK13-15B). This suggests a recent increase in chlorophytes, with
higher concentrations in comparison to over the longer record at Maloe More, but not at the
rest of the lake sites. Recent floristic changes with greater abundances of chlorophytes at
Maloe More Bay could be an indication of human influence within the Maloe More region,
supporting the findings by Timoshkin et al. (2015) of early signs of littoral eutrophication.
Recent increase in alloxanthin concentrations are distinctively different to longer term
changes, being higher than sediments older than the last 200 years in all the cores, except in
the North basin. The increasing trends in canthaxanthin seen over the last 200 years in the
South basin and North basin (Chapter Seven) are not distinct, as higher canthaxanthin

concentrations are observed in sediments older than the last 200 years.
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Carbon isotope records show more positive 8"°C values in the last 200 years compared to
earlier in the sediment record, at a few sites only, in the South (BAIK13-4F), Selenga Shallows
(BAIK13-10A and BAIK13-11C) and North basin (BAIK13-19B). This differs to the Chlas
concentrations temporal trends. TOC/N ratios down-core suggest that organic matter is
predominantly derived from algal production, except for shifts to higher TOC/N values (> 12)
at BAIK13-4F, BAIK13-16B and BAIK13-19B. This could possibly be a result of degradation
of nitrogen in the sediments, rather than greater terrestrial input, at these pelagic sites as these
sites are > 5 km from the shoreline. In comparison to previous carbon records at Lake Baikal,
the 8"°C values in this study are generally more positive. The 5"°C values at BAIK13-7A in
the South basin follow on from the 8"°C values in the Vydrino record (Mackay et al. 2016).
Values between -29 %o and -26 %o are previously found in the late Holocene (Ishiwatari et al.
2005; Watanabe et al. 2009; Mackay et al. 2016), and the values in this study generally fall
within this range, except for higher values at BAIK13-4F in the South basin and BAIK13-14C
at Maloe More. This suggests that possibly greater production over the last 200 years than in
the late Holocene at BAIK13-4F and BAIK13-14C, if the carbon isotopic composition is
predominately driven by algal production. Alternatively, it could be suggesting greater
abundances of picocyanobacteria, which is shown in the pigment records, with higher
concentrations of canthaxanthin pigments towards the top of the core, and decreasing
diatoxanthin:canthaxanthin pigment ratios. Another reason for higher 8"°C values could be
related to the shift between algal groups, e.g. diatoms to other algae. This is as diatoms have
lower 8"C values (Yoshii et al. 1999), so a decline in diatom abundance could result in an

. o3
increase in & ~C values.

TOC/N ratio values range between 10 — 12 in the late Holocene sediments (Mackay et al.
2016), being similar to values presented within the sediment cores in this chapter. This
suggests no change in the carbon source between the late Holocene and last 200 years, with
no shifts to predominately terrestrial input (values > 12). TOC values within the sediment
cores presented in this chapter are higher than values in the late Holocene from previous
studies, being > 2 % in the surface sediments, and reaching values of c. 6 % in the South basin,
Selenga and Maloe More sites. TOC values measured on late Holocene sediments range
between 1 — 1.8 % (Mackay et al. 2016). TOC values might be higher over the last 200 years

than in the late Holocene, due to greater aquatic production.

In comparison to Fietz et al. (2007), mean §'"°C values in the South basin over the last 7,000
years are higher (more positive) than mean South basin 8'"°C presented pre and post 200 years
in this chapter. This is also the case for mean 3'°C values in the Selenga over the last 10,000

years and North basin over the last 11,000 years (Fietz et al. 2007). This could be due to the



influence of dissolved organic matter from catchment rivers, as DOM has higher 5"°C values
(-26 %o to -27 %o) (Yoshioka et al. 2002) than 8"°C values of diatoms (-28 %o to -35 %o) (Y oshii
et al. 1999). In contrast to the aforementioned, the Holocene core from the Vydrino site in the
South basin presented in Mackay et al. (2016) shows more negative 3'°C values in the early
Holocene compared to the late Holocene period, which is proposed to be a result of forest
development and lower abundances of picoplankton in early Holocene. Furthermore, diatom
fluxes are very high in the early Holocene sediments which could be driving the lower §"°C

values (Mackay et al. 2016).

The pigment and 3'"°C records shown in this chapter provide possible evidence of climate
variability, with warming from the LIA and recent climate warming across all regions.
Previous work at Lake Baikal has reported evidence for the LIA period within the region, with
climatic cooling inferred from diatom assemblage changes (Mackay et al. 2005). However,
the algal production proxies do not show any evidence for the MCA within the region, which
supports findings of previous studies (Morley, 2005). The full extent to which the sediment
cores presented in this chapter cover the Holocene period is unknown, and therefore
radiocarbon dating of sediments > 200 years will enable further examination of the production
proxies in relation to the late Holocene climatic events. The only core which certainly covers
all the Holocene is BAIK13-16B due to the presence of Pleistocene clays at the bottom of the
core. However, the sediment lithology suggest that this core is likely to have suffered from a
hiatus, as the TOC and 8"°C values are relatively high during the Pleistocene clays (Figure 94
in this Chapter).

Most of the sediment cores have turbidite sections within the bottom sediments (below c. 15
cm), but no distinct algal changes occur down-core. The occurrence of turbidite layers disrupt
the reliability of longer term reconstructions of environmental change at these sites. There is
no clear evidence for the onset of the LIA within these sediment cores, although increasing
trend in Chlas concentrations and decreasing diatoxanthin: canthaxanthin pigment ratios
might be reflecting amelioration from the LIA. Nonetheless Morley (2005) detected the LIA
from diatom assemblage changes, not diatom concentrations within the diatom record. It
might be that only certain proxies can be used to detect these smaller scale climatic events,
and diatoms (certain species) are more responsive due to ice cover dynamics rather than other
algal groups detected from pigments. Another explanation could also be the effect of pigment
preservation on the ability of algal pigments to detect the LIA. The carbon record shows peaks
towards higher (more positive) 8"°C values within the sediment cores at BAIK13-1C and
BAIK 13-14C. This could possibly be reflecting the LIA, as previous studies show higher 8"°C
values in the colder periods (Mackay et al. 2016). The 8"C values within glacial periods has
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been found to range between -22 %o and -20 %o, and within the Holocene period they ranged
between — 30 %o and — 26 %o (Prokopenko and Williams, 2003). Higher 8"°C values down-
core could be a result of increased picoplankton abundance, such as at BAIK13-1C and
BAIK13-14C which shows higher canthaxanthin concentrations alongside a peak to more
positive 8"°C values. The peaks in 8"°C values at BAIK13-1C and BAIK13-14C could be due
to the picoplankton concentrations. This peak could be the LIA, as longer periods of ice cover
would result in shorter periods of turnover when diatoms dominate the primary production,
this would result in less diatoms and more picoplankton, as the summer stratification periods
would be longer than the turnover period (Mackay et al. 2016). Greater ice cover could
possibly result in more positive 5'"°C values, due to reduced interaction of the lake waters with
atmospheric carbon dioxide (Prokopenko and Williams, 2001; Morley, 2005). Other published
studies suggest that CO,; is actually more soluble in colder water and primary production is
lower, which would result in no discrimination between carbon isotopes with greater ice cover
(Prokopenko et al. 1999; Watanabe et al. 2004) (Table 5 in Chapter One). More positive 5'°C
values could also result from the reduction of terrestrial input which is depleted in 3"°C due to
the ice cover on the lake, although this is not supported by the TOC/N ratio values with an
increase in values to > 12 or supported by the Rock Eval data for BAIK13-1C presented in

Chapter Seven, with no decrease in the HI values.

6.5 Summary

Difficulties are present when comparing records using sediment depths due to large variation
in sedimentation rates across the lake, and chronologies are essential for time interval
comparisons. Down-core pigment and carbon isotope records presented in this chapter cannot
be used to accurately examine if the LIA or MCA climatic events occurred at Lake Baikal.
Despite this, they do provide a way to examine if recent palacolimnological changes are
distinct from past production changes over the late Holocene. Dated sediment cores from Fietz
et al. (2007) additionally provide comparisons with Holocene sediments older than the last
1000 years and the last interglacial. The next steps of this research are therefore to obtain
radiocarbon dates for these short cores presented in this chapter to further examine these

observed regional and down-core trends and provide a temporal context.

Algal pigment concentrations over the last 200 years are higher than over longer time scales
at all the sites across the lake, and there is a lake-wide trend to higher recent production as
inferred from Chlas concentrations. There is also a lake-wide response from the 8'°C records
over the last 200 years, showing an increasing trend to more positive 5'"°C values. Down-core,

over longer time scales the trends in the Chlas concentrations are similar, however there is
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large variability in the 8"°C trends across the sites. Some of the sediment cores in the South
basin and Maloe More show peaks of higher "°C values than within the last 200 years, and
these coincide with higher picoplankton pigment concentrations. Thus, these peaks to more
positive 8"°C values could be due to decreased interaction of lake waters with atmospheric
carbon dioxide, and increased picoplankton abundances. The 8"C record could potentially be
showing the onset of the LIA at certain sites, and climatic amelioration from the LIA. In
contrast, Chlas concentrations are only showing distinctive trends over the last two centuries,
and thus potentially showing the amelioration from the LIA similar to the 8"C record as
significant positive correlations have been observed at certain sites as presented in Chapter
Seven. 8"°C values over the last 200 years are higher than over longer term in the sediment
core at only at the Selenga site (BAIK13-10A) and South basin (BAIK 13-4F) sites, as the rest
of the sites show higher 8'"°C values lower down the sediment core. The 8"°C values are similar
to past studies, and show more positive values than Vydrino site. Pigments are different to
past records by Fietz et al. (2007), although they show similarities in Chlas in the South,
Selenga and North basin. Floristic changes do occur downcore, with a decreasing trend in
diatoxanthin:canthaxanthin pigment concentrations observed towards the surface sediments
lake-wide, in the South, Selenga and Maloe More. This suggests decreasing abundances of
diatoms in relation to picocyanobacterial populations, which is likely to be a reflection of
declining ice cover duration and thickness. When putting these production proxies into context
with natural variability, Chlas and diatoxanthin:canthaxanthin pigment concentrations are
clearly different between the two time intervals, before and after the last 200 years, with higher
Chlas concentrations and lower diatoxanthin:canthaxanthin ratio values over the last two
centuries. In contrast, the 8"°C values are not significantly different before and after the last

200 years, as large shifts within the 3'"°C values are observed down-core.

The carbon isotope record shows a lake wide response over the last 200 years, with increasing
values, as presented in Chapter Seven. On longer time scales, there is variation in the 8"°C
values across the sites, with no lake wide response or basin specific response. The 8"°C values
over the last 200 years are not more positive than previous values down the sediment core.
Thus, there is an increase in 8"°C values before the last 200 years in records from the South
basin, Maloe More and North basin. These increases in 8"°C values could be reflecting changes
in the ice cover and algal community composition, and might be indicating the LIA. Over the
last two centuries, there is a lake-wide response in 8'°C values and recent trends are likely to
be due to lake warming and/or anthropogenic nutrient enrichment at certain sites, as suggested

in Chapter Seven.
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Chapter Seven: Reconstructing palaeoproductivity over the
last 200 years

7.1 Exploring limnological change over the last 200 years within the
Baikal region

Limnological change since 1800 A.D. has been analysed, to look prior to the natural baseline
of the ecosystem (1900 — 1950 A.D.) and the impact of anthropogenic changes from the 1950s
onwards. This chapter reports temporal trends in production over the last 200 years, using bulk
organic stable carbon isotope (8'3C0rganic) compositions as well as algal pigments, contained in
the sediments of Lake Baikal. Diatom assemblages have been analysed within selected
sediment tops of cores to compare with past records at Lake Baikal. The sites have been
compared to examine both basin response and lake-wide response to any changes over the
past two centuries, and the preservation of algal biomarkers has been assessed. The aims of
this chapter are to compare past biological production across the South basin, Central basin
and North basin, and to identify the timings of algal changes, over the last two centuries.
Palaeolimnological findings within this chapter will also be compared to previous work by
Fietz (2005), which found higher production in the South basin than the North basin of Lake
Baikal. This difference is suggested to be due to the influences of the weather systems (the
North Atlantic Westerlies and the Siberian High). These weather systems control the ice
season at Lake Baikal, and a northward shift would result in the South basin becoming ice-

free earlier than the North basin.

Difference between the North and South basin of Lake Baikal have been found in pigment
preservation (Fietz, 2005), with higher levels of degradation in North basin compared to the
South. This was similarly discussed in Chapter Five. Factors which affect pigment
preservation within lake sediments are burial rates, water column depth, microbial activity and
exposure to oxygen (Leavitt et al. 1993; Cuddington and Leavitt, 1999; Fietz et al. 2005).
Sedimentation rates are generally low within the pelagic regions of Lake Baikal, and previous
studies have found Holocene sediment accumulation rates (SARs) (cm yr') to vary spatially,
with sedimentation rates of less than 0.003 cm yr' in the ridges and banks, and sedimentation
rates of more than 0.03 cm yr' in the deep basins (Colman et al. 2003). All the sites (BAIK 13-
1C, BAIK13-4F, BAIK13-7A, BAIK13-10A, BAIK13-11C, BAIK13-14C, BAIK13-19B)
except for BAIK13-18A in the North basin have SARs > 0.03 cm yr'. Overall the South basin
(BAIK13-1C; BAIK13-4F; BAIK13-7A) has higher average SARs (0.08 cm yr'), than the
North basin (0.02 cm yr'). These values are within the reported range of SAR in the South



basin (0.02 — 0.1 cm yr') (Vologina et al. 2007). Previously published work has found higher
Holocene SARs in the pelagic South basin (0.035 cm yr') compared to sediments near the
steep north-slopes of southern Lake Baikal (0.003 cm yr') (Sturm et al. 2015). Vologina and
Sturm (2009) also found the SARs to be higher in the South basin than the Central and North
basin, with average recent SARs of 0.1, 0.09 and 0.07 cm yr' respectively. This variance is a
result of differences in the biological productivities and amounts of terrigenous material
supplied to the basins (Vologina and Sturm, 2009). Sedimentation rates close to large river
inflows have been found to vary between 0.23 — 1.07 cm yr', and are higher than SARs in the
deep lake basins at Lake Baikal (0.07 — 0.1 cm yr') and on underwater ridges (0.001 — 0.002
cm yr') (Vologina and Sturm, 2009). Previously measured *'°Pb sedimentation rates at Lake
Baikal show similar mean burial rates at sites within the South basin and Buguldieka Saddle
sites (0.01 — 0.02 g cm™ yr'') between c. 1930 — 1990 AD (Table 34) (Mackay et al. 1998).
The lowest mean sedimentation rates were measured in the North basin and Academician

Ridge sites (0.009 g cm™ yr'') between c. 1930 — 1990 AD (Table 34) (Mackay et al. 1998).

Table 34: Previous *'’Pb derived sedimentation rates at Lake Baikal between c. 1930 — 1990
AD (Mackay et al. 1998).

Region Site Location Water depth (m)  Mean sedimentation rates (g cm™ yr')

South basin BAIK6 51°48'38"N 1425 0.021
104°51'38"E

Buguldieka Saddle BAIK19 52°27'00"N 342 0.017
106°07'32"E

Central basin BAIK22 52°59'17"N 1624 (post-1934) 0.052

107°39'58"E (pre-1934) 0.011

Academician Ridge BAIK25 53°33'18"N 307 0.009
107°58'00"E

North basin BAIK29 54°48'01"N 910 0.009
109°12'58"E

South basin BAIK38 51°34'06"N 690 0.011
104°31'43"E

Sedimentary analyses allow temporal trends over the last 200 years, prior to main
anthropogenic influence from c. 1950 AD onwards within the Baikal region (Brunello et al.
2004) to be examined. This chapter will explore if there have been any changes within the
algal production and/or composition via pigments (chlorophylls and carotenoids). Diatom
concentrations and assemblages will also be explored along with any changes in carbon
sequestration from carbon mass accumulation rates (CMARs) and carbon isotopic values, in
response to climate. These records will be compared with ice cover changes from Listvyanka

(between 1868 - 1996) (Todd and Mackay, 2003) and regional mean annual temperature

2714



changes from Irkutsk station in the South basin (between 2013 — 1821). Ice cover data from
Listvyanka station in the South basin is used as an ice cover record for all the cores, as the
variability, but not exact timing, in ice cover at this station is highly representative of that

across all the lake (Todd and Mackay, 2003).

Floristic, production and 8"°C changes before and after industrial influence at Lake Baikal will
be compared, to explore basin and lake-wide response to regional anthropogenic impact.
Industrial activity, mining and shoreline settlements are the main anthropogenic pressures
which began after 1950 AD within the catchment area (Brunello et al. 2004). Thus, the algal
production records from the deep-water pelagic sites (> 800 m) will be compared with those
from the shallower littoral and river-influenced sites, to see if all the pelagic South and North
basins, as well as nearshore regions have a similar response to climate and/or anthropogenic
influence. Spatial differences in pigment assemblages within basins and between basins will
be explored from surface sediments, which are averaged to cover the last 20 years. The last
20 years has been chosen because the largest change in average annual regional temperatures
at Irkutsk are seen over this period, with an increase in average annual temperatures from -5.8

to 0.32°C (Shimaraev and Domysheva, 2013).

Sediment cores were collected from across Lake Baikal, to address the aims of this thesis by
examining sedimentary algal records from sites vulnerable to human influence in the South
basin, Maloe More Bay and close to the Selenga Delta, and ‘pristine’ sites in the North basin.
Multiple sediment cores were collected from each coring station across Lake Baikal to conduct
lithological analyses, algal pigments, 5"°C, *'°Pb and diatom analyses. It is important to note
however that multiple cores were not taken in the exact same location, especially during the
summer (August 2013) expedition when cores were taken from on-board the research vessel.
In the winter (March 2013) however, sediment cores taken from BAIK13-1 and BAIK13-4
coring stations, would be relatively nearby one another due to the stability of the coring
stations on the ice above. Lithology of the sediment cores shows the presence of turbidites,
which are mass structures of slumped material within a sediment core. Turbidites and their
spatial variability across Lake Baikal were discussed previously in Chapter Six. Amongst the
sediment cores collected in March and August 2013, core BAIK 13-4 shows a turbidite within
the upper sediments which cover the last 200 years. Pigment and 8"°C data has therefore been
removed at these sediment depth intervals in the BAIK 13-4 sediment core, despite the *'°Pb

age model curve showing a good fit in the upper sediments of the sediment core (Figure 121).
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7.2 Results

7.2.1 Age models and Sedimentation rates

The sediment cores are mainly comprised of biogenic-terrigenous muds, with turbidite and
oxidised layers, which are distinguished by layers of coarse-grained sands and accumulations
of Fe and Mn oxides respectively. The upper 4 - 11 cm of the sediment cores cover the last
200 years, and within these upper sediments there are oxidised layers present in all cores
except for the Maloe More core (BAIK13-14C). This Maloe More sediment core shows higher
sedimentation rates (c. 0.005 — 0.03 g cm™ yr™') than pelagic deep basin cores (c. 0.002 — 0.02
g cm” yr''), which might account for the absence of a defined oxidised layer in the upper
sediments of BAIK13-14C. The oxidised layers within the rest of the short cores range in
thickness between 0.5 - 4.5 cm. There are also no turbidite layers, except for within a South

basin core (BAIK13-4F).

Turbidites are sedimentary structures formed by mass movement of sediments at the bottom
of the basins. Turbidites result in an increase in sedimentation rates, and these structures need
to be considered during sediment core interpretations. The influence of turbidites on
palaeolimnological work was further discussed previously in Chapter Six. Within this thesis,
the largest range in SARs over this period was found at Baik13-4F in the South basin (0.002
—0.316 g cm™ yr''), which is mostly due to one high value (0.316 g cm™ yr'') in 1998.
Sedimentation accumulation rates (SARs) were the greatest over the last 150 years at the
Selenga Delta (BAIK13-10A and BAIK13-11C) (average SAR of 0.041 g cm™ yr' and 0.016
g cm” yr') and Maloe More Bay (BAIK13-14C) (average SAR of 0.011 g cm™ yr'') (Figure
120). The lowest average SAR was found in the North basin 0.004 g cm™ yr™' at a pelagic deep
basin site (BAIK13-18A). BAIK13-10A (0.005 —0.132 g cm™ yr™') has a large range in SAR,
along with BAIK13-14C (0.002 — 0.300 g cm™ yr') and BAIK13-11C (0.005 — 0.032 g cm™
yr'"). The other deep basin pelagic South basin sites (BAIK13-1C and BAIK13-7A) have very
low sediment accumulation rates over the last 150 years (0.001 — 0.014 and 0.002 — 0.020 g
cm” yr’' respectively), and the other North basin site (BAIK13-19B) has a smaller SAR range
0f 0.004 — 0.021 g cm™ yr'") in comparison to the Selenga Delta site (Figure 120). The lowest
SAR was found at BAIK13-18A in the North basin (0.002 — 0.008 g cm™ yr™).

Sedimentation rates were used to calculate the *'’Pb chronology for each sediment core, age-
depth models were constructed to obtain the sediment intervals which cover the last c. 200
years (Figure 121). Uncertainties within the age-depth models are largest for the BAIK 13-
11C sediment core in the Selenga and BAIK13-19B core in the North basin (Figure 121).
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Sediment cores with the smallest errors in age are BAIK13-1C, BAIK13-4F and BAIK13-7A
in the South basin, BAIK13-10A in the Selenga Shallows and BAIK13-14C in Maloe More
(Figure 121).
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Figure 110: Sedimentation rates for each *'’Pb dated sediment core in the South basin,
Selenga, Maloe More and North basin.

7219



— BAIK13-1C

Depth (cm)

BAIK13-4F

Depth (cm)

-] BAIK13-7A

= 2013 AD)

Age (0

BAIK13-10A

0.0 05 1.0 15 20 25
Depth (cm) Depth (cm)
1 2
80_ BAIK13-11C 00 BAIK13-14C
5150 5 N
— 150
= 120 < ]
S 1 S
C;' 90 c;‘100—
S 6o S 7
30
0 T T T T T T T T 11 0 T T 1
0 1 2 3 4 5 6 7 8 9 0 2 3 4 5 6 7
Depth (cm) Depth (cm)
160
— BAIK13-18A 100 - BAIK13-19B
a
<
[sp]
S
(aV]
1]
=5
[0
(@)
<
T
0.0 05 1.0 15 20 25 3.0 0.0 1.0 2.0 3.0 4.0
Depth (cm) Depth (cm)

Figure 111: Age-depth models with polynomial line-fitting for each *'’Pb dated sediment
core in the South basin, Selenga, Maloe More and North basin. The age units are years

before 2013.
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7.2.2 Investigating pigment preservation

To examine past primary production changes, it is vital to assess whether the pigment records
are predominantly a reflection of production or degradation, by calculating a range of pigment
measures (pigment flux, pigment concentrations nmol per g dry weight and nmol per g of
0OC), and comparing pigment concentrations to burial rates (Hurley and Armstrong, 1990;
Leavitt and Findlay, 1994). Pigment preservation measures can then be used to examine if
pigment concentrations are influenced by sedimentation rates, and therefore pigment
preservation is site-specific, being lower in regions where pigments are exposed to oxic
conditions for a longer period, such as in the pelagic deep basins. Leavitt and Findlay (1994)
suggests that pigment concentrations corrected by organic content should be used, rather than
pigment accumulation rates, to assess phytoplankton abundance in surface sediments, as it
incorporates the mineralisation of labile organic material. TOC corrected pigment
concentrations consider the percentage of total organic carbon preserved within the sediments,
assuming carbon degradation is similar to pigment degradation. Pigment preservation within
oxic and anoxic sediment layers were also assessed by comparing Chlas concentrations, Chlas
accumulation rates and chl-a:pheo-a pigment ratios within these layers at each coring site.
Similarly, carbon mass accumulation rates (CMAR) were compared between oxic and anoxic
sediments. These comparison tests were carried out to assess if pigment and/or carbon
concentrations/flux are significantly different between oxic and anoxic sediments, or if there

is no significant difference between these sediments.

Pigment preservation in oxic and anoxic layers

Mean Chlas (chlorophyll-a and its derivatives) concentrations in the oxic layers are higher
than mean Chlas concentrations in anoxic layers in the South basin, Selenga and Maloe More
Bay and North basin sediment cores. Mean Chlas concentrations in the South basin oxic layers
ranged between 159.1 — 271.3 nmol g OC, and between 20.0 — 208.2 nmol g OC in the
anoxic layers (Figure 153). Mean Chlas concentrations in the North basin oxic layer ranged
between 81.2 — 137.8 nmol g™ OC and are 138.4 nmol g™ OC in the anoxic layer (Figure 122).
A t-test analysis showed significant (p value < 0.01) differences in Chlas concentrations
between oxic and anoxic layers, with higher concentrations in the oxic layers in two of the
South basin sites (BAIK13-4F and BAIK13-7A), one of the Selenga sites (BAIK13-10A) and
in the Maloe More (BAIK13-14C) sediment record (7Table 35). Comparison tests could not be
carried out on one of the Selenga cores (BAIK13-11C) and one of the North basin cores
(BAIK13-19B) as only one sample at the top of these cores was oxic, and the sediments at the

other North basin core (BAIK13-18A) were fully oxidised. In the Selenga sites mean Chlas
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concentrations ranged between 159.1 — 224.9 nmol g"' OC in the oxic layer and 20.0 — 119.7
nmol g" OC in the anoxic layers (Figure 122). The highest mean Chlas concentrations in the
oxic layers were found in Maloe More, which are 505.5 nmol g’ OCand c. 187.3 nmol g”' OC

in the anoxic layer (Figure 122).

Mean Chlas accumulation rate (AR) in the oxic layers were higher than mean Chlas AR in
anoxic layers in all the South basin sites, Selenga, Maloe More Bay and North basin sites.
Mean South basin Chlas AR ranged between 0.008 — 0.347 nmol pigment cm™ yr™' in the oxic
layers and between 0.000 — 0.121 nmol pigment cm™ yr' in the anoxic layers (Figure 123).
Mean Chlas AR in the North basin ranged between 0.035 — 0.037 nmol pigment cm™ yr™' in
the oxic layer and are c. 0.02 nmol pigment cm™ yr' in the anoxic layer (Figure 123). In the
Selenga sites mean Chla AR ranged between 0.28 — 2.35 nmol pigment cm™ yr'' in the oxic
layer and between 0.05 — 0.50 nmol pigment cm™ yr’' in the anoxic layer (Figure 123). Mean
Chlas AR at Maloe More Bay were c. 0.37 nmol pigment cm™ yr'' in the oxic layer and c. 0.04
nmol pigment cm™ yr’' in the anoxic layer of the sediments (Figure 123). A t-test analysis
showed significant differences in Chlas AR between oxic and anoxic layers in one of the

Selenga sites (BAIK13-10A) and at Maloe More (BAIK13-14C) (Table 36).
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Figure 112: Comparison of Chlas concentration (nmol g' OC) between oxic (green) and
anoxic (blue) layers in the sediment cores across the lake over the last 200 years. ANOVA
results showed significant differences (as indicated by an asterisk).

Mean CMAR were higher in oxic layers than anoxic layers in all sites (Figure 124), but only
significantly different (p value of 0.013 and 0.009 respectively) between these two layers at
BAIK13-10A and BAIK13-14C (Table 37). The highest mean CMAR were at the Selenga
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(BAIK13-10A and BAIK13-11C) (0.003 and 0.001 g C m™ yr''), Maloe More Bay (BAIK 13-

14C) (0.001 g C m™ yr'") and South basin, at BAIK13-1C (0.001 g C m™ yr'") (Figure 124).

Thus, significant differences in Chlas concentrations, Chlas AR and CMAR were found at

BAIK13-10A and BAIK13-14C, between oxic and anoxic sediments, with higher values

consistently in the oxic sediments.
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Figure 113: Comparison of Chlas AR (nmol pigment cm™ yr”') between oxic (green) and
anoxic (blue) layers in the sediment cores across the lake over the last 200 years. ANOVA
results showed significant differences (as indicated by an asterisk).
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Figure 114: Comparison of CMAR (g C m™ yr”') between oxic (green) and anoxic (blue)
layers in the sediment cores across the lake over the last 200 years. ANOVA results showed
significant differences (as indicated by an asterisk).

PRRS



Table 35: Results from t-test and p values for comparing Chlas concentrations (nmol g OC
') between oxic and anoxic layers in the sediment cores across the lake over the last 200
years. Sites include South basin, South/Selenga, Central/MM (Maloe More Bay) and North

basin.
Basin Site Chlas Chlas
concentration | concentration
T-test P-value
South BAIK13-1 0.71 0.53
South BAIK13-4 11.74 <0.001
South BAIK13-7 7.08 <0.001
South/Selenga | BAIK13-10 3.74 <0.001
South/Selenga | BAIK13-11 X X
Central/MM BAIK13-14 991 <0.001
North BAIK13-18 X X
North BAIK13-19 X X

Table 36: Results from t-test and p values for comparing Chlas AR values (nmol pigment g
OC cm™ yr') between oxic and anoxic layers in the sediment cores across the lake over the
last 200 years. Sites include South basin, South/Selenga, Central/MM (Maloe More Bay)
and North basin.

Basin Site Chlas AR Chlas AR
T-test P-value
South BAIK13-1 2.07 0.129
South BAIK13-4 3.37 0.015
South BAIK13-7 3.03 0.022
South/Selenga | BAIK13-10 3.87 0.003
South/Selenga | BAIK13-11 X X
Central/ MM BAIK13-14 4.59 0.006
North BAIK13-18 X X
North BAIK13-19 X X

Table 37: Results from t-test and p values for comparing CMAR values (g C m” yr”)
between oxic and anoxic layers in the sediment cores across the lake over the last 200 years.
Sites include South basin, South/Selenga, Central/MM (Maloe More Bay) and North basin.

Basin Site CMAR T-test CMAR P-value
South BAIK13-1 1.83 0.126
South BAIK13-4 2.09 0.052
South BAIK13-7 2.87 0.028
South/Selenga BAIK13-10 3.08 0.013
South/Selenga BAIK13-11 2.14 0.279
Central/ MM BAIK13-14 4.15 0.009
North BAIK13-18 2.78 0.018
North BAIK13-19 241 0.250
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The pigment preservation ratio is the amount of intact chlorophyll-a relative to the amount of
chlorophyll-a degradation products. Preservation ratio was higher in anoxic sediments than
oxic, except for BAIK13-7A (Figure 125). There was a significant difference between oxic
and anoxic sediments at this site (BAIK13-7A), and significantly higher chl-a:pheo-a ratio
values in the anoxic sediments at BAIK13-10A and BAIK13-14C (Table 38). From this
finding the reliability of the pigment preservation index within Lake Baikal’s sediments has

been explored in the ‘Pigment preservation ratio, burial rates and pigment flux’ section.

0.20

0.15

Chla:pheo-a p(igment ratio
S
1
b

0.05 N - B

0.00 - = - L& —

BAIK13-1 BAIK13-4 BAIK13-7 BAIK13-10  BAIK13-11 BAIK13-14  BAIK13-18  BAIK13-19
South basin | MM | North basin

Figure 115: Comparison of chl-a:pheo-a pigment preservation ratio between oxic (green)
and anoxic (blue) layers in the sediment cores across the lake over the last 200 years. T-test
results show significant differences (as indicated by an asterisk).
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Table 38: Results from t-test and p values for comparing chl-a:pheo-a pigment preservation
ratio between oxic and anoxic layers in the sediment cores across the lake over the last 200
years. Sites include South basin, South/Selenga, Central/MM (Maloe More Bay) and North

basin.
Basin Site Chl-a:pheo-a | Chl-a:pheo-a
pigment ratio | pigment ratio
T-test P-value
South BAIK13-1 -2.48 0.029
South BAIK13-4 -2.27 0.038
South BAIK13-7 4.89 0.003
South/Selenga | BAIK13-10 -4.11 0.002
South/Selenga | BAIK13-11 5.74 0.110
Central/ MM BAIK13-14 5.54 0.003
North BAIK13-18 (-) (-)
North BAIK13-19 -1.79 0.324

Burial rates and pigment concentrations

Significant positive correlations (p value < 0.01) were observed between Chlas concentration
(nmol g OC and nmol g"' DW) and burial rates (CMAR and DMAR) at one of the South
basin sites (BAIK13-4F), one of the Selenga sites (BAIK13-10A), Maloe More Bay (BAIK 13-
14C) and one of the North basin sites (BAIK13-18A) (Table 39, Table 40). This significant
trend was also seen in the canthaxanthin concentrations (nmol g OC) in one of the South
basin sites (BAIK13-1C) and in the diatoxanthin concentrations (nmol g OC) in one of the
Selenga sites (BAIK13-10A) and Maloe More (BAIK13-14C) (Table 41, Table 42). These
results suggest that burial was influencing pigment concentrations, within deep basin sites (at
BAIK13-4F, BAIK13-7A and BAIK13-18A), river-influenced sites (at BAIK13-10A) and at
littoral bay sites (at BAIK13-14C).
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Table 39: Correlations between CMAR/DMAR and Chlas concentration per organic
content. Red = negative relationship. Sites include South basin, South/Selenga, Central/MM
(Maloe More Bay) and North basin.

Basin Site CMAR/DMAR Chlas Chlas
concentration | concentration
nmol g’ OC | nmol g" OC
Correlation P value
Coefficient
South BAIK13-1 CMAR 0.190 0.136
South BAIK13-1 DMAR 0.096 0.304
South BAIK13-4 CMAR 0.196 0.051
South BAIK13-4 DMAR 0.099 0.189
South BAIK13-7 CMAR 0.783 <0.001
South BAIK13-7 DMAR 0.607 <0.001
South/Selenga | BAIK13-10 CMAR 0.300 <0.001
South/Selenga | BAIK13-10 DMAR 0.179 0.006
South/Selenga | BAIK13-11 CMAR 0.046 0.378
South/Selenga | BAIK13-11 DMAR 0.001 0918
Centra/MM | BAIK13-14 CMAR 0.630 <0.001
Centra/MM | BAIK13-14 DMAR 0.570 <0.001
North BAIK13-18 CMAR 0.776 <0.001
North BAIK13-18 DMAR 0.290 0.038
North BAIK13-19 CMAR <0.001 0.993
North BAIK13-19 DMAR 0.146 0.144
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Table 40: Correlations between CMAR/DMAR and Chlas concentration per dry matter.
Sites include South basin, South/Selenga, Central/MM (Maloe More Bay) and North basin.

Basin Site CMAR/DMAR Chlas Chlas
concentration | concentration
nmol g'1 DW | nmol g'1 DW

Correlation P value
Coefficient

South BAIK13-1 CMAR 0.223 0.103

South BAIK13-1 DMAR 0.112 0.263

South BAIK13-4 CMAR 0.359 0.004

South BAIK 13-4 DMAR 0.251 0.028

South BAIK13-7 CMAR 0.656 <0.001

South BAIK13-7 DMAR 0.822 <0.001

South/Selenga | BAIK13-10 CMAR 0.432 <0.001
South/Selenga | BAIK13-10 DMAR 0.274 <0.001
South/Selenga | BAIK13-11 CMAR 0.059 0.316
South/Selenga | BAIK13-11 DMAR <0.001 0.982
Centra/MM | BAIK13-14 CMAR 0.636 <0.001
Centra/MM | BAIK13-14 DMAR 0.573 <0.001

North BAIK13-18 CMAR 0.741 <0.001

North BAIK13-18 DMAR 0.292 0.037

North BAIK13-19 CMAR 0.039 0.462

North BAIK13-19 DMAR 0.136 0.160
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Table 41: Correlations between CMAR/DMAR and Diatoxanthin concentrations. Red =
negative relationship. Sites include South basin, South/Selenga, Central/MM (Maloe More

Bay) and North basin.

Basin Site CMAR/DMAR | Diatoxanthin | Diatoxanthin
concentration | concentration
nmol g’ OC | nmol g" OC
Correlation P value
Coefficient
South BAIK13-1 CMAR 0.003 0.667
South BAIK13-1 DMAR 0.002 0.653
South BAIK13-4 CMAR X X
South BAIK13-4 DMAR X X
South BAIK13-7 CMAR X X
South BAIK13-7 DMAR X X
South/Selenga | BAIK13-10 CMAR 0.250 <0.001
South/Selenga | BAIK13-10 DMAR 0.145 0.013
South/Selenga | BAIK13-11 CMAR X X
South/Selenga | BAIK13-11 DMAR X X
Centra/MM | BAIK13-14 CMAR 0.550 0.001
Centra/MM | BAIK13-14 DMAR 0.529 0.001
North BAIK13-18 CMAR X X
North BAIK13-18 DMAR X X
North BAIK13-19 CMAR 0.105 0.221
North BAIK13-19 DMAR 0.439 0.005
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Table 42: Correlations between CMAR/DMAR and Canthaxanthin concentrations. Red =
negative relationship. Sites include South basin, South/Selenga, Central/MM (Maloe More
Bay) and North basin.

Basin Site CMAR/DMAR | Canthaxanthin | Canthaxanthin
concentration concentration
nmol g OC nmol g’ OC
Correlation P value
Coefficient
South BAIK13-1 CMAR <0.001 0.645
South BAIK13-1 DMAR 0.017 0.298
South BAIK13-4 CMAR 0.009 0.691
South BAIK13-4 DMAR 0.011 0.672
South BAIK13-7 CMAR 0.831 <0.001
South BAIK13-7 DMAR 0.710 <0.001
South/Selenga | BAIK13-10 CMAR 0.006 0.621
South/Selenga | BAIK13-10 DMAR 0.013 0.486
South/Selenga | BAIK13-11 CMAR 0.020 0.562
South/Selenga | BAIK13-11 DMAR 0.016 0.610
Centra/MM | BAIK13-14 CMAR 0.021 0.594
Centra/MM | BAIK13-14 DMAR 0.009 0.731
North BAIK13-18 CMAR X X
North BAIK13-18 DMAR X X
North BAIK13-19 CMAR 0.010 0.707
North BAIK13-19 DMAR 0.398 0.009
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Chl-a:pheo-a pigment ratio

Regression analyses were carried out between chl-a:pheo-a pigment ratios and water depth,
to examine whether the water column depth is having an influence on pigment preservation.
Average chl-a:pheo-a pigment ratios in the surface sediments (upper 2 cm) were highest at
Maloe More (BAIK13-14C; chl-a: pheo-a = 0.08) compared to the rest of the sites, and intact
chlorophyll-a was detected at all sites except for BAIK13-18A in the North basin (Figure
126). Pigment preservation was found to be site specific, being higher at Maloe More Bay
(Maloe More Bay > Selenga > South and North basin), with higher pigment preservation at
littoral sites shallower than 600 m in comparison to deep pelagic sites (Figure 126). River
influenced sites (BAIK13-10A and BAIK13-11C; chl-a:pheo-a = 0.03) had similar average
chl-a:pheo-a pigment ratios to one of the South basin sites (BAIK13-7A; chl-a: pheo-a =0.04)
and one of the North basin sites (BAIK13-19B; chl-a:pheo-a = 0.03). The Selenga sites
(BAIK13-10A and BAIK13-11C) ranged in water depths between 60 m to 345 m, and the
lower chl-a: pheo-a pigment ratios compared to Maloe More (BAIK13-14C) could be due to
transportation of degraded material along the Selenga River. Furthermore, one of the pelagic
North basin sites (BAIK13-19B) had a water depth of 460 m, and a similar average chl-a:pheo-
a pigment ratio to a deep pelagic South basin site (BAIK13-7A) with a water depth of 1360
m (Figure 126). This is also likely to be due to the influence of the Upper Angara river waters
into the North basin.
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Figure 116: Chl-a: pheo-a pigment ratio in surface sediments (upper 2 cm) and water
column depth at coring sites across the lake.
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Pigment preservation ratio, burial rates and pigment flux

The pigment preservation ratio can be influenced by pigment flux (Chlas flux) and burial rate
(CMAR, DMAR), as higher burial rate and pigment flux will result in higher chl-a:pheo-a
ratio. Regression correlation coefficients between the chl-a:pheo-a pigment ratio vs chlas AR,
chl-a: pheo-a pigment ratio vs CMAR, and chl-a: pheo-a pigment ratio vs DMAR all showed
a significant (p value < 0.001) positive relationship in two of the South basin sites (BAIK 13-
4F and BAIK13-7A) (R*=0.72 and 0.75), but not in the rest of the sites across the lake (Table
43; Table 44, Table 45). North basin and Maloe More do not show significant trends between
chl-a:pheo-a pigment ratios vs chlas AR, chl-a:pheo-a pigment ratio vs CMAR, and chl-
a:pheo-a pigment ratio vs DMAR. A significant (p value < 0.001) negative relationship (R* =
0.35) was found in one of the Selenga sites (BAIK13-10A), between chl-a:pheo-a pigment
ratio vs chlas AR, chl-a:pheo-a pigment ratio vs CMAR, and chl-a:pheo-a pigment ratio vs
DMAR (Table 43; Table 44, Table 45). This showed that higher pigment flux, carbon burial
and sedimentation rates were not coinciding with higher concentrations of intact chlorophyll-
a at BAIK13-10A. Thus, burial rate was not resulting in higher pigment preservation at the
Selenga Shallows site, whereas at BAIK13-4F and BAIK13-7A in the South basin, higher

burial rate was coinciding with a higher pigment preservation index value.
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Table 43: Regression correlation coefficients and significance values between the chl-
a:pheo-a pigment ratio and Chlas AR. Red = negative relationship. Sites include South
basin, South/Selenga, Central/MM (Maloe More Bay) and North basin.

Basin Site Preservation | Chlas flux nmol | Chlas flux nmol
Ratio pigment OC pigment OC
cm’ yr'1 cm’ yr'1
Correlation P-value
Coefficient
South BAIK13-1 Chl-a:Pheo-a 0.041 0.509
pigment ratio
South BAIK13-4 Chl-a:Pheo-a 0.717 <0.001
pigment ratio
South BAIK13-7 Chl-a:Pheo-a 0.754 <0.001
pigment ratio
South/Selenga | BAIK13-10 Chl-a:Pheo-a 0.347 <0.001
pigment ratio
South/Selenga | BAIK13-11 Chl-a:Pheo-a 0.235 0.036
pigment ratio
Central/MM BAIK13-14 Chl-a:Pheo-a 0.379 0.011
pigment ratio
North BAIK13-18 Chl-a:Pheo-a X X
pigment ratio
North BAIK13-19 | Chl-a:Pheo-a 0.116 0.196

pigment ratio
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Table 44: Regression correlation coefficients and significance values between the chl-
a:pheo-a pigment ratio and CMAR. Red = negative relationship. Sites include South basin,

South/Selenga, Central/MM (Maloe More Bay) and North basin.

Basin Site Preservation | CMARgCm” | CMARgC m™
Ratio yr! yr
Correlation P-value
Coefficient
South BAIK13-1 Chl-a:Pheo-a 0.060 0.418
pigment ratio
South BAIK13-4 Chl-a:Pheo-a 0.681 <0.001
pigment ratio
South BAIK13-7 Chl-a:Pheo-a 0.671 <0.001
pigment ratio
South/Selenga | BAIK13-10 Chl-a:Pheo-a 0.357 <0.001
pigment ratio
South/Selenga | BAIK13-11 Chl-a:Pheo-a 0.036 0.436
pigment ratio
Central/MM BAIK13-14 Chl-a:Pheo-a 0.343 0.017
pigment ratio
North BAIK13-18 Chl-a:Pheo-a X X
pigment ratio
North BAIK13-19 | Chl-a:Pheo-a 0.028 0.534

pigment ratio
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Table 45: Regression correlation coefficients and significance values between the chl-
a:pheo-a pigment ratio and DMAR. Red = negative relationship. Sites include South basin,

South/Selenga, Central/MM (Maloe More Bay) and North basin.

Basin Site Preservation | DMAR g DW DMAR g DW
Ratio em? yr! em” yr!
Correlation P-value
Coefficient
South BAIK13-1 Chl-a:Pheo-a 0.174 0.156
pigment ratio
South BAIK13-4 Chl-a:Pheo-a 0.643 <0.001
pigment ratio
South BAIK13-7 Chl-a:Pheo-a 0.504 0003
pigment ratio
South/Selenga | BAIK13-10 Chl-a:Pheo-a 0.203 0.003
pigment ratio
South/Selenga | BAIK13-11 Chl-a:Pheo-a <0.001 0.993
pigment ratio
Central/MM BAIK13-14 | Chl-a:Pheo-a 0.309 0.025
pigment ratio
North BAIK13-18 Chl-a:Pheo-a X X
pigment ratio
North BAIK13-19 | Chl-a:Pheo-a 0.166 0.118

pigment ratio
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There was no correlation between chl-a:pheo-a pigment ratio and CMAR at all the sites
(Figure 127), i.e. no correlation between pigment preservation and carbon accumulation rate.
Therefore, burial might not be a major factor on pigment preservation at sites other than
BAIK13-4F and BAIK13-7A, if the chl-a: pheo-a pigment ratio is a reliable preservation
indicator. This is a tentative finding though as Lake Baikal’s sediments largely consist of
chlorophyll degradation products with minimal concentrations of intact chlorophyll-a due to

the large water column depths, especially within the pelagic deep basins (> 1,000 m water

depth).
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Figure 117: Chl-a:pheo-a pigment ratio and CMAR (g C m™ yr”") plotted on a log scale at
all the sites in the South basin, Selenga, Maloe More Bay and North basin

Testing pigment co-variation

Pigment co-variation was tested to assess pigment preservation. If all the trends were similar
then it suggests a possible degradation profile, whereas if the pigment concentration trends
differed, then this suggests possible production signals. This is tested between Chlas,
diatoxanthin (diatom pigment) and canthaxanthin (picocyanobacteria pigment), i.e total algae
and two of the major algal groups. Chlas and diatoxanthin concentrations, and diatoxanthin
and canthaxanthin concentrations were not significantly positively correlated in the South

basin, Selenga, Maloe More or North basin sediment cores over the last 200 years (Table 46,
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Table 47). However, Chlas and canthaxanthin concentrations have a significant (p value <
0.001) positive relationship in one of the South basin (BAIK13-7A) (R* = 0.91) and one of
the North basin sites (BAIK13-19B) (R” = 0.48) (Table 46). In the Selenga and Maloe More
sediment records pigments do not co-vary, and showed different trends, suggesting a

production signal rather than a preservation signal.

Table 46: Correlation coefficients and significance testing between Chlas, diatoxanthin and
canthaxanthin pigment concentrations. BAIK13-184 in the North basin has not been
included as no intact chlorophyll-a or diatoxanthin/canthaxanthin pigments were detected.
Red = negative relationship. Sites include South basin, South/Selenga, Central/MM (Maloe
More Bay) and North basin.

Basin Site Pigment Chlas Chlas
concentration | concentration | concentration
nmol g' OC nmol g’ OC | nmol g" OC
Correlation P value
Coefficient
South BAIK13-1 Diatoxanthin 0.004 0.832
South BAIK13-1 Canthaxanthin 0.053 0.450
South BAIK13-4 Diatoxanthin X X
South BAIK13-4 | Canthaxanthin <0.001 0.968
South BAIK13-7 Diatoxanthin X X
South BAIK13-7 | Canthaxanthin 0.907 <0.001
South/Selenga | BAIK13-10 | Diatoxanthin 0.283 <0.001
South/Selenga | BAIK13-10 | Canthaxanthin 0.002 0.769
South/Selenga | BAIK13-11 | Diatoxanthin 0.104 0.177
South/Selenga | BAIK13-11 | Canthaxanthin 0.002 0.852
Centra/MM | BAIK13-14 Diatoxanthin 0.504 0.002
Centra/MM | BAIK13-14 | Canthaxanthin 0.069 0.325
North BAIK13-19 Diatoxanthin 0.009 0.725
North BAIK13-19 | Canthaxanthin 0.480 0.002
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Table 47: Correlation coefficients and significance testing between diatoxanthin and
canthaxanthin pigment concentrations. BAIK13-184 in the North basin has not been
included as no intact diatoxanthin/canthaxanthin pigments were detected. Red = negative
relationship. Sites include South basin, South/Selenga, Central/MM (Maloe More Bay) and

North basin.

Basin Site Pigment Diatoxanthin | Diatoxanthin
concentration | concentration | concentration
nmol g' OC nmol g’ OC | nmol g" OC
Correlation P value
Coefficient
South BAIK13-1 Canthaxanthin 0.335 0.038
South BAIK13-4 | Canthaxanthin X X
South BAIK13-7 | Canthaxanthin X X
South/Selenga | BAIK13-10 | Canthaxanthin 0.001 0.836
South/Selenga | BAIK13-11 | Canthaxanthin 0.012 0.642
Centra/MM | BAIK13-14 | Canthaxanthin 0.030 0.519
North BAIK13-19 | Canthaxanthin 0.235 0.056

There is also a strong relationship between SAR and pigment flux in both oxic and anoxic

sediments (Figure 128), which suggests that burial rate is a main factor in determining

pigment flux.
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Figure 118: Mean Chla AR and SAR within oxic and anoxic sediments at all sites in the
South basin, Selenga, Maloe More and North basin.
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From the analyses discussed above, the pigment records which can be used to address the aims
of this chapter are BAIK13-1C and BAIK13-4F in the South basin, BAIK13-10A and
BAIK13-11C in the Selenga, BAIK13-14C in Maloe More and BAIK13-19B in the North
basin (Table 48). The pigment records which have not been selected for interpretation are
BAIK13-7A in the South basin and BAIK13-18A in the North basin (7able 48). Pigment flux
at BAIK13-1C, BAIK13-4F, BAIK13-10A, BAIK13-11C, BAIK13-14C and BAIK13-19B
were not positively correlated with burial rate, and pigment flux and concentrations were not
significantly higher in anoxic sediments, compared to oxic sediments. Pigments within these
records do not show exponential decline in concentrations, and do not show pigment co-
variation down-core (Figure 133, Figure 134; Figure 136; Figure 137; Figure 138, Figure
140). Whereas both BAIK13-7A and BAIK13-18A have very low sedimentation rates (<
0.002 /cm*/yr') and the pigment records largely consisted of chlorophyll degradation products
(Figure 135, Figure 139). Thus BAIK13-7A and BAIK13-18A are likely to be reflecting

degradation profiles, rather than production trends.

Table 48: Summary table of sediment cores to highlight which pigment records are suitable
for interpretation. Grey indicates pigment records which can be interpreted.

Basin Core Turbidites Oxidised layers SAR Pigment composition
BAIK13-1 No Yes Low (<0.02 g cm? yr')  Chls, carotenoids and degrad products
South basin BAIK13-4 Yes Yes Variable Chls, carotenoids and degrad products
BAIK13-7 No Yes Low (<0.02 g cm? yr') Mainly degradation products
Selenga BAIK13-10 No Yes High (> 0.02 g cm™ yr')  Chls, carotenoids and degrad products
BAIK13-11 No Yes Variable Chls, carotenoids and degrad products
Maloe More BAIK13-14 No No High (> 0.02 g cm™ yr') Chls, carotenoids and degrad products
North basin BAIK13-18 No Yes Low (<0.01 gem?yr") Mainly degradation products
BAIK13-19 No Yes Low (<0.01 gcm?yr") Chls, carotenoids and degrad products

7.2.3 Lake-wide spatial variability in surface sediment TOC, carbon isotopes,
TOCY/N ratios, pigments and diatom assemblages over the past 20 years

Total organic carbon (TOC), stable carbon isotopes (5'°C), TOC/N ratios, algal pigments and
diatom assemblages from core tops from across the lake show spatial variability in aquatic
production. Mean values within the *'°Pb dated surface sediments over the last 20 years were

taken (7able 49), to compare the profundal, littoral and river-influenced sites.
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Table 49: The upper cms which cover the last 20 years at each coring site and the age of the
upper 1 cm at each coring site.

Site Upper cms which cover | Age of the upper 1 cm | Date of the upper 1 cm

the last 20 years (years) (AD)
BAIK13-1 2.0 5 2008
BAIK13-4 4.5 6 2007
BAIK13-7 1.5 12 2001
BAIK13-10 5.0 1 2012
BAIK13-11 2.5 7 2006
BAIK13-14 2.5 4 2009
BAIK13-18 1.0 26 1987
BAIK13-19 1.5 13 2000

TOC, TOC/N and 3"°C

TOC values within the surface sediments (Figure 129) of Lake Baikal ranged between 0.64

% and 3.91 %, with the largest range in the South basin sites. BAIK13-1C had the highest

mean TOC values over the last 20 years (c. 3.3 %) and the largest variation was seen within

BAIK13-4F (c. 1 to 3 %) (Figure 129). Mean TOC values were greatest at Maloe More (mean

= 3.46 %; max = 3.60 %), than the pelagic basin sites (South basin mean = 2.71 %; max =

3.20 % and North basin mean = 3.04 %; max = 3.31 %) and Selenga site (mean = 3.13 %; max

=3.73 %) (Maloe More > Selenga > North basin > South basin) (Figure 129). Although there

was spatial variation in TOC values, there was no significant difference (p value > 0.01)

between the different regions.
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Figure 119: TOC % in the surface (upper 2 cm) sediments (over the last 20 years) in the
South, Selenga, Maloe More (MM) and North basin sites.
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Figure 120: Bioplot of surface sediment 6" C and TOC/N ratio values over the last 20 years
in the South (BAIK13-1C; BAIK13-4F; BAIK13-74), Selenga (BAIK13-104; BAIK13-11C),
Maloe More (BAIK13-14C) and North basin (BAIK13-18A4,; BAIK13-19B) sites. TOC/N
ratio values < 12 indicates predominately algal sources (Prokopenko et al. 1993).

Results showed inter core variability in surface sediment 8"°C values, especially in the South
basin (BAIK13-1C and BAIK13-4F), Selenga (BAIK13-10A) and Maloe More (BAIK13-
14C). Pelagic deep basin sites (BAIK13-1C; BAIK13-7A; BAIK13-18A), except for
BAIK 13-4F in the South basin, had the lowest average 8"°C values (-28.6 to -27.1 %o) in the
surface sediments (Figure 130), compared to river influenced sites (BAIK13-10A; BAIK13-
19B) (-26.8 to -24.9 %o) and littoral bay regions (BAIK13-14C) (-25.8 to -25.3 %o). The
highest 8'"°C values within the surface sediments were found at BAIK13-4F (max = -22.8 %o)
in the South basin, Baik13-10A near the Selenga Delta (-24.9 to -25.6 %0), BAIK13-11C (-
25.8 to -25.7 %o0) and BAIK13-14C in Maloe More. TOC/N ratio values ranged between 8.74
to 14.45, with the largest range in the South basin sites (Figure 130). The lowest TOC/N ratio
values were at BAIK13-11C (8.74 — 8.82) and Maloe More (BAIK13-14C; 8.83 — 9.98), and
the highest TOC/N ratio values were at BAIK13-4F (mean = 12.74; max = 14.45). All sites,
except BAIK13-4F, had TOC/N ratio values < 12, indicating predominately algal sources
(Prokopenko et al. 1993).
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Figure 121: Chlorophyll-a and major carotenoid concentrations in the surface sediments
over the last 20 years in the South, Selenga, Maloe More and North basin sites. (BAIK13-74
and BAIK13-184 pigment data removed).

Table 50: P-values from ANOVA to test if there is a significant difference in pigment
concentrations between regions (South basin, Selenga Shallows, Maloe More and North

basin).
| P- values
Chlorophyll-a  Diatoxanthin Lutein Canthaxanthin Alloxanthin

Selenga - South <0.001 <0.001 0.007 <0.001 0.001

MM - South <0.001 <0.001 <0.001 0.006 0.215
North - South 0.353 0.998 0.883 0.987 0.215
MM - Selenga <0.001 0.922 <0.001 <0.001 <0.001
North - Selenga <0.001 <0.001 0.011 <0.001 <0.001

North - MM <0.001 <0.001 <0.001 0.027 1.000
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Lake-wide, the total chlorophyll-a concentrations ranged between 0.75 and 49.07 nmol g™ OC
within the surface sediments covering the last 20 years (Figure 131). There was lake-wide
variability within the mean chlorophyll-a concentrations (Maloe More > Selenga > South
basin > North basin), and the largest range (29.98 — 49.07 nmol g"' OC) in chlorophyll-a
concentration were found at Maloe More (BAIK13-14C). Surface sediment chlorophyll-a
concentrations at Maloe More were significantly higher than the Selenga (p value < 0.01),
South basin (p value < 0.01) and North basin sites (p value < 0.01) (Table 50). Surface
sediment chlorophyll-a concentrations at the Selenga were significantly higher than both the
pelagic South basin sites (p value < 0.01) and North basin sites (p value < 0.01). The main
carotenoids measured within the surface sediments were lutein, canthaxanthin, alloxanthin
and diatoxanthin. Lutein concentrations ranged from 1.88 to 34.19 nmol g"' OC, being highest
at Maloe More (mean = 25.87 nmol g"' OC; 20.09 — 34.19 nmol g"' OC) (Maloe more >
Selenga > South and North basin). Maloe More and Selenga lutein concentrations were
significantly higher than the South basin sites (p value = < 0.01 and 0.01 respectively) and
North basin sites (p value =< 0.01and 0.01 respectively). Canthaxanthin concentrations were
significantly higher (mean = 5.52 nmol g OC; 3.23 — 8.94 nmol g"' OC) in the Selenga than
Maloe More (p value = < 0.01) and both the South (p value =< 0.01) and North basin sites (p
value < 0.01) (Selenga > Maloe more > South basin > North basin). Alloxanthin
concentrations had the largest range in the South basin sites (mean = 2.34 nmol g"' OC; 0.39
—6.84 nmol g OC), and the Selenga concentrations were significantly higher than the rest of
the sites (Selenga > South basin > Maloe more and North basin). Mean diatoxanthin
concentrations were highest in Maloe More (mean = 3.18 nmol g OC) (Maloe more >
Selenga > South and North basin), and the largest range in diatoxanthin concentrations were
at the Selenga (2.24 — 4.62 nmol g OC). The Maloe More and Selenga surface sediment
diatoxanthin concentrations were significantly higher than both the pelagic South (p value <

0.01) and North basin sites (p value < 0.01) (Table 50).
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Diatom assemblages

Surface sediment (0 — 2 cm) diatom assemblages were largely comprised of Aulacoseira
baicalensis, Aulacoseira skvortzowii, Crateriportula inconspicua, Cyclotella minuta/ornata,
Stephanodiscus meyerii and Synedra acus var. radians. Aulacoseira baicalensis had the
highest abundances, ranging between (9.5 — 74.7 %) across the sites (Figure 132). Surface
sediment abundances of Aulacoseira baicalensis were significantly higher in the North basin
sites compared to the South basin, Maloe More and Selenga site (p value < 0.01) (Table 51)
(North basin > South basin > Maloe More > Selenga). Cyclotella minuta/ornata abundances
had the largest range in the South basin sites (22.2 — 51.3 %), mean abundances are highest
within Maloe More (39.2 %) (Maloe More > South basin > Selenga and North basin), and the
South basin abundances were significantly higher than the North basin (p value <0.01) (Table
51). Similarly, Synedra acus var. radians abundances had the largest range in the South basin
sites (mean = 15.2 %; 4.5 — 30.4 %), and mean abundances were significantly higher than the
North basin (p value <0.01) (Table 51). Mean abundances of Synedra acus var. radians within
the surface sediments were similar within the South basin, Selenga and Maloe More (15.2%,
13.9% and 12.2% respectively). Aulacoseira skvortzowii abundances were significantly
higher at the Selenga than the rest of the sites (p value < 0.01) (Table 51), and the South basin
abundances were significantly higher than the North basin (p value < 0.01) (Selenga > South
basin > Maloe More > North basin).
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Figure 122: Main diatom species abundances in the surface sediments over the last 20 years
in the South, Selenga, Maloe More and North basin sites.
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Mean Stephanodiscus meyerii abundances are lowest at the North basin sites (1.2 %) (Maloe
More > Selenga > South basin > North basin), and the Maloe More abundances are
significantly higher than the rest of the sites (p values < 0.01 - 0.01) (Table 51). Mean
abundances of Crateriportula inconspicua are the lowest at the Selenga (mean = 0.4 %), and
the South basin abundances are significantly lower than the North basin (p value < 0.01)

(Maloe More > North basin > South basin > Selenga).

Table 51: P-values from ANOVA to test if there is a significant difference in diatom species
abundances between regions (South basin, Selenga Shallows, Maloe More (MM) and North

basin).
P- values
Synedra acus S. meyerii C. inconspicua C. minuta/ornata A. baicalensis A. skvortzowii

Selenga - South 0.898 0.984 0.706 <0.001 0.002 <0.001

MM - South 0.439 0.001 <0.001 0.227 0.146 0.145
North - South <0.001 0.061 0.005 <0.001 <0.001 <0.001
MM - Selenga 0.876 0.016 <0.001 0.000 0.662 <0.001
North - Selenga <0.001 0.075 0.002 0.921 <0.001 <0.001

North - MM <0.001 <0.001 0.406 <0.001 <0.001 0.127

7.2.4 Temporal trends over the last 200 years

South basin (BAIK13-1C)

Zonation was carried out on the pigment concentration data using CONISS and b-stick
analyses in R (see Chapter Two for methods). A significant zone boundary falls at 4.5 cm (110
yrs) (Figure 133), and this is the only significant zone over the last 200 years. The pigment
record from BAIK13-1C largely consists of pheo-a pigments (pheophorbide-a, pheophytin-a
and pyropheophytin-a), which range in concentrations between 21.34 —472.02 nmol g OC.
Chlorophyll-a concentrations range between 0.84 — 10.48 nmol g OC. The chlorophyll-
a:pheo-a pigment ratio values are low (0.003 — 0.088), with a peak at 5.1 cm (0.125 nmol g’
OC). Chlorophyll-b concentrations increase from 3.33 to 90.07 nmol g OC in the upper 2
cm, between 2.3 cm and 1.1 cm. The carotenoids present in low concentrations (< 10 nmol g’
: OC) are alloxanthin, diatoxanthin, lutein and canthaxanthin. The Diatoxanthin/canthaxanthin
ratio declines from 2.90 — 3.66 at 3.9 cm. Alloxanthin:chlas ratio values peak at 5.5 cm, 4.5
cm and 0.7 cm, with the highest values in the surface sediment. Chl-h:Chlas ratio similarly
peaks in the upper 1 cm, from 0.57 to 2.14. TOC percentages range between 2.18 % and 3.71
%, with an increasing trend towards the surface and TOC/N ratios range between 9.96 and

11.42. 8"*C values increase from -29.15 %o to -27.31 %o towards the surface.
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South basin (BAIK13-4F)

There is only one significant zone boundary in the pigment over the last 200 years, which lies
at 7.7 cm (120 yrs) (Figure 134). Total pheo-a pigments show an increasing trend, ranging
between 28.71 and 535.93 nmol g"' OC, similar to the chlorophyll-a concentrations, which
range between 0.504 and 11.51 nmol g OC. The chlorophyll-a:pheo-a pigment ratio values
vary down-core, with peaks at 0 - 4.1 cm and 8.7 — 10.3 cm. Chlorophyll-b concentrations
increase to values of 6.57 — 9.28 nmol g”' OC within the top 6 cm. The carotenoids present in
low concentrations (< 10 nmol g' OC) are alloxanthin, lutein and canthaxanthin.
Alloxanthin:chlas is low throughout, with a peak at 9 — 8 cm and 0.8 — 0.3 cm. Chl-b:chl-a
ratio values vary down-core, with generally higher ratio values in the top 5 cm. TOC varies
between 0.71 % and 3.07 %, and TOC/N ratios range between 9.46 to 14.45. 8"°C values
increase from -28.45 %o to -22.87 %o at 4.6 cm. Surface sediment diatom assemblages show
abundance changes, within the dominant diatom species; Aulacoseira baicalensis, Cyclotella
minuta/ornata and Synedra acus var. radians, with an increasing trend in Synedra acus var.
radians abundance from 6.95 to 30.44 %. Diatom concentrations range between 85.1 to 147.1

(10" valves/g dry wt).
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Figure 123: BAIK13-1C in the South basin. Chl-a and derivatives, carotenoids and organics
(only major algal pigments) are shown. Dashed green line indicates onset of human
influence in the Baikal region (Brunello et al. 2004). Grey shading represents recent

sediments (Zone 1).
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Figure 124: BAIK13-4F in the South basin. Chl-a and derivatives, carotenoids, organics
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represents recent sediments (Zone 1).
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South basin (BAIK13-7A) (*likely pigment degradation profile)

A significant zone boundary in the pigment data falls at 3.3 cm (110 yrs) (Figure 135), and
no other significant zone are observed over the last 200 years. Total pheo-a pigments increase
to concentrations of 53.68 — 235.8 nmol g OC™' from 4.96 — 15.23 nmol g"' OC, between 3.3
and 3.5 cm. Similarly, chlorophyll-a concentrations increase to concentrations of 1.81 — 11.5
nmol g OC between 2.7 — 2.2 cm. The chlorophyll-a:pheo-a pigment ratio values increases
alongside the total pheo-a pigments and chlorophyll-a concentrations. Chlorophyll-b is
detected within the upper 2 cm of the core, with concentrations of 1.81 and 2.43 nmol g”' OC
at 1.4 and 0.6 cm respectively. The main carotenoid detected in Baik13-7A is canthaxanthin,
which increases to concentrations of 1.23 — 2.23 nmol g’ OC from 2.2 — 1.8 cm. TOC
percentages increase from 4.3 % to 1.4 % and TOC/N ratios decrease from values of 12.05 to
1.4. 8"°C values range between -25.16 %o to -27.89 %o, with more positive values down-core.
Surface sediment diatom assemblages show a slight increase in Synedra acus var. radians
from abundances of 13.3 % to 17.6 %, and Aulacoseria baicalensis decrease in abundance
from 40.6 % to 25.4 — 34.1 %. Cyclotella minuta/ornata diatom species range between 38.6%
and 24.7%. Diatom concentrations show a decreasing trend from 540.8 to 148.9 —352.9 (10"

valves/g dry wt). DDI values range between 0.6 to 0.2, showing a decreasing trend.
Selenga Delta (BAIK13-10A)

There are two significant zone boundaries within the pigment data over the last 200 years,
with the first zone boundary falling at 7.6 cm (50 yrs) (Figure 136), and the second zone
boundary at 11.2 cm (140 yrs). Total pheo-a pigments increase in concentrations from 179.7
—263.7 nmol g OC between 11.2 — 8.7 cm, to concentrations of 809.3 — 778.9 nmol g™ OC
in the upper 7 cm. Chlorophyll-a concentrations range between 13.6 — 38.0 nmol g"' OC, with
no clear pattern. The chlorophyll-a:pheo-a pigment ratio values show a slight decreasing trend
from 0.16 to 0.02 between 11.2 — 0.3 cm. Chlorophyll-b concentrations range between 1.05
and 11.67 nmol g' OC, with no clear pattern. The carotenoids which are detected are
alloxanthin, diatoxanthin, lutein, zeaxanthin and canthaxanthin. Alloxanthin concentrations
increase from 4.35 to 12.0 nmol g OC, with higher concentrations in zone 1. Diatoxanthin
concentrations decrease from c. 18 to 1.2 nmol g OC" and lutein, zeaxanthin and
canthaxanthin concentrations range between (c. 3 — 25 nmol g OC, ¢. 6 — 16 nmol g"' OC,
and c. 2 —9 nmol g OC respectively). Diatoxanthin:canthaxanthin ratios decreases at c. 6 cm
from c. 4 to c. 0.2. UV absorbing compound is detected within these sediments, and the UV

index reaches values of > 15 at c. 9 cm and in the surface sediments.
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Figure 125: BAIK13-7A in the South basin. Chl-a and derivatives, carotenoids, organics,
diatoms (only major algal pigments and diatom species) and Spheroidal Carbonaceous
Particles (SCP) are shown. SCP data from Prof. N. Rose. Diatom counts made by author
are shown as white bars, and those made by Prof Anson Mackay are shown as black bars
(as published in Mackay et al. 1998). Dashed green line indicates onset of human influence
in the Baikal region (Brunello et al. 2004). Grey shading represents recent sediments (Zone

I).
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3"C values range between -26 %o to — 25.1 %o, showing an increasing trend towards the
surface sediments. TOC is consistent between 2 — 3 % and TOC/N values range between 9.6

to 10.3.

Selenga Delta (BAIK13-11C)

The only significant zone boundary in the pigment data over the last 200 years falls at 5.8 cm
(90 yrs) (Figure 137). Pheo-a pigments rise from c. 26 to > 300 nmol g OC and show an
increasing trend towards the surface sediments. Chlorophyll-a concentrations show a similar
pattern, and increase from c. 3 nmol g' OC at c. 6 cm to c¢. 10 nmol g OC in the upper 4 cm.
The main carotenoids detected are alloxanthin, lutein and canthaxanthin (concentrations < 0.5
nmol g OC). UV absorbing compound is also detected within these sediments, and the UV
index shows peaks (c. 30 — 40) between 5 — 9 cm in the sediment core. Diatom assemblages
within the upper 2 cm show a slight decreasing trend in Aulacoseira baicalensis to abundances
of c. 14 % and Cyclotella minuta/ornata to abundances of c. 20 %, and increasing abundances
of Synedra acus var. radians to abundances of > 20 %. Diatom concentrations show a
decreasing trend towards the surface sediments, from concentrations of c. > 700 (10" valves/g
dry wt) to < 300 (10" valves/g dry wt). DDI values fluctuate between 0.4 to 0.7. 5"°C values
range between -26.9 %o to -25.7 %o, with more positive values within the upper sediments.
TOC shows a subtle increasing trend from 1.8 to 3 % towards the top of the core, and TOC/N

values fluctuate between 8 — 9.

Maloe More (BAIK13-14C)

One significant zone boundary is observed within the pigment data covering the last 200 years,
which lies at c. 4 cm (60 yrs) (Figure 138). Pheo-a pigments increase from 100 nmol g”' OC
to concentrations > 600 nmol g OC towards the top of the core. Chlorophyll-a concentrations
also show this trend, which increase from c. 12 to 50 nmol g OC. The chlorophyll degradation
ratio fluctuates, with higher values at ¢. 3 cm. Chlorophyll-b rises in concentrations from c.
1.4 to 15 nmol g"' OC in the upper 4 cm. The main carotenoids detected are alloxanthin,
diatoxanthin, lutein and canthaxanthin. The diatoxanthin/canthaxanthin ratio decreases at c. 3
cm from c¢. 4 to 1. Diatom assemblages show decreasing abundances of Stephanodiscus
meyerii (from c. 20 % to c. 13 %) and Synedra acus var. radians (from c. 15 % to 10%) within
the upper 2 cm and a general increasing trend in Aulacoseira baicalensis (from c. 15 % to 20

%) and Cyclotella minuta/ornata (from c. 25 % to c. 30 %).
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Figure 127: BAIK13-11C in the South basin, opposite the Selenga Delta. Chl-a and
derivatives, carotenoids, organics, diatoms (only major algal pigments and diatom species)
and Spheroidal Carbonaceous Particles (SCP) are shown. SCP data from Prof. N. Rose.
Diatom counts made by author are shown as white bars, and those made by Prof Anson
Mackay are shown as black bars (as published in Mackay et al. 1998). Dashed green line
indicates onset of human influence in the Baikal region (Brunello et al. 2004). Grey shading
represents recent sediments (Zone 1).
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Diatom concentrations also show a decreasing trend from c. 500 to c. 130 (10" valves/g dry
wt). TOC values show a slight increasing trend from 2 to 3 %, and 8'"°C values range between
-26.4 %o to -25.3 %o with higher values towards the surface sediments. TOC/N ratio values

range between 8 to 9.4.

North basin (BAIK13-18A) (*likely pigment degradation profile)

Over the last 200 years, the only significant zone boundary in the pigment data falls at 1.5 cm
(50 yrs) (Figure 139). Pheo-a pigments increase at 1.7 cm from c. 20 nmol g OC™' to ¢c. 200
nmol g OC. No chlorophyll-a, chlorophyll-b or are carotenoids detected within this core.
Diatom assemblages within the upper 2 cm show a decreasing trend in Aulacoseira baicalensis
(from c. 60 % to c. 50 %), Synedra acus var. radians (from c. 6 % to 1 %). Cyclotella
minuta/ornata diatom species range in abundance between c. 20 to 30 %. TOC values are
consistently at c. 2 %, and TOC/N ratios range between 9 to 10. 3'"°C values remain relatively

constant, ranging between -29.5 %o and -28 %eo.

North basin (BAIK13-19B)

Only one significant zone boundary in the pigment data was observed in the pigment data,
which falls at 7.8 cm (230 yrs) (Figure 140). Pheo-a pigments and chlorophyll-a increase from
60 nmol g OC to 350 nmol g OC, and c. 3 nmol g"' OC to ¢. 20 nmol g" OC respectively.
The chlorophyll degradation ratio mirrors this. The main carotenoids detected are
diatoxanthin, lutein and canthaxanthin, which all increase between 2 — 3 cm.
Diatoxanthin/canthaxanthin ratio shows variation, with several peaks downcore. Diatom
assemblages show decreasing abundances of Aulacoseria baicalensis (from c. 70 to 60 %),
slight increases in the abundance of Cyclotella minuta/ornata (from c. 12 % to 20 %), and low
abundances of Synedra acus var. radians between 0.3 and 1 %. Diatom concentrations range
between 150 and 500 (10" valves/g dry wt). Mercury accumulation rates are relatively
constant and are < 1 ng cm™ yr’'. TOC remains similar at c. 2 % throughout, and TOC/N ratios

range between 10.9 and 11.2. 8"°C values also remain similar, between - 27 %o and -26.8 %o.
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Figure 129: BAIK13-184 in the North basin. Chl-a and derivatives, carotenoids, organics,
diatoms (only major algal pigments and diatom species) and Spheroidal Carbonaceous
Particles (SCP) are shown. SCP data from Prof. N. Rose. Diatom counts made by author
are shown as white bars, and those made by Prof Anson Mackay are shown as black bars
(as published in Mackay et al. 1998). Dashed green line indicates onset of human influence
in the Baikal region (Brunello et al. 2004). Grey shading represents recent sediments (Zone

D).
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7.2.5 Carbon accumulation over the last two centuries
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Figure 131: CMARs between 1840 — 2013 in the Selenga (red line), South basin (black line),

1980
2000

Maloe More (blue line) and North basin (green and grey line).

Carbon mass accumulation rates (CMAR) were calculated for each of the sites, and average
CMAR rates over the last 200 years are highest at the Selenga (BAIK13-10A and BAIK13-
11C) (13.20 gC m™ yr' and 4.21 g C m™ yr'') and in the South basin (2.31 —8.79 g C m™ yr’
" and Maloe More Bay (3.64 g C m™ yr'') (Figure 141). The lowest average CMARs were
found in the North basin, with 2.43 g C m” yr"' and 1.28 g C m™ yr' in the pelagic deep-water
basin (Figure 141). All records show a recent increase in carbon sequestration. However, the
magnitude of this increase varies spatially across the lake, with CMARs at the Selenga Delta
site increasing 50-fold over the last 200 years, 30-fold in the South basin and 15-fold in Maloe
More. In contrast the CMAR at the North basin sites have increased by 2 to 6-fold over the
last 200 years. An exception to this is the site opposite the Selenga delta (BAIK13-11C), which
has higher CMARs in the late 1800s, which may be due to the earthquake reported in 1862
(Vologina et al. 2010). This earthquake occurred in Proval Bay by the Selenga Delta region

78R



and it is possible that the impact of this earthquake would have led to greater sediment

deposition within the Selenga region and result in peaks within CMAR (Vologina et al. 2010).

7.2.6 Carbon isotopic data over the last 200 years
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Figure 132: 5"°C and TOC/N values over the last 200 years from sediment cores taken in the
South basin (BAIK13-1C, BAIK13-4F, BAIK13-7A4), North basin (BAIK13-184, BAIK 13-
19B), Maloe More (BAIK13-14C) and Selenga (BAIK13-104, BAIK13-11C). TOC/N ratio

values < 12 indicates predominately algal sources (Prokopenko et al. 1993).

Spatial trends in 8"°C and TOC/N values over the last 200 years (Figure 142) were similar to
those displayed in the surface sediments over the last 20 years (Figure 130). The carbon
isotope values ranged between -22.9 %o to -29.5 %o across the lake within sediments covering
the last 200 years (Figure 142). The highest carbon isotope values were within the sediments
from the South basin (BAIK13-4F; BAIK13-7A), the Selenga (BAIK13-10A; BAIK13-11C)
and Maloe More (BAIK13-14C). The largest range in carbon isotope values was within
Baik13-4 in the South basin (-22.9 %o to -28.4 %0). The lowest carbon isotope values were
from sediments in the pelagic North basin site (BAIK13-18A). The largest shifts (> 1 %o) in
8"°C values, towards more positive values, over the last 200 years were seen in the South basin
(at BAIK13-4F) (5.5 %o shift), at Maloe More (BAIK13-14C) (1.3 %o) and at the Selenga
(BAIK13-11C) (1.2 %o shift). The TOC/N ratios can be used to further pinpoint the organic

carbon sources and these ranged between 8.7 to 14.4, and largely fell within the aquatic source
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range (< 12) (Prokopenko et al. 1993). The highest TOC/N values were in the South basin
(BAIK13-4F), and this sediment core had the largest range over the last 200 years (9.5 to
14.5). The lowest TOC/N values were in the Selenga and Maloe More sediments, which

ranged between 8.8 to 9.5 and 8.7 to 10.6 respectively. North basin TOC/N values ranged
between 9.1 to 11.5.

7.2.7 Rock Eval data

To further interpret the carbon source and extent of degradation, Rock Eval analyses has been
carried. The highest hydrogen index (HI) (degree of algal material) and oxygen index (OI)
(degree of degradation) values were in the South basin sediments, ranging between 98 - 306,
and 158 - 356 respectively (Figure 143, Figure 144). North basin sediment samples had the
lowest OI values, ranging between 194 - 262 and HI values ranging between 165 - 297. The
smallest range in HI values was within the Selenga sediment core, between 143 - 197 and the
smallest range in OI values, between 194 - 262. The HI and OI values of the sediment samples
suggest both Type II (algal) and Type III (woody plant) organic matter. The variations in the

Ol values suggested differential amounts of oxidation, either from carbon source changes or

degradation.
800 1 . Type I, waxy organic matter
l
I
700 A :
I
! _ - - - Type 11, algal organic matter
600 1 | -
| ]
<00 Lo @BAIK13-19B Zone 1
L ABAIK13-19B Zone 2
[
— [ @®BAIK13-10A Zone 1
T 400 1 v
" I ABAIK13-10A Zone 2
1
b EBAIK13-10A Zone 3
300 A || I’
L @ o @®BAIK13-1C Zone 1
h P\ ° ABAIK13-1C Zone 2
200 1 4y O o @ . .
1 “‘ ) X Selenga River sediments
XK
100 4 /1 o --- A
,' /’ e -7 Type 111, vascular plant organic matter
0 ’ T T T T 1
0 100 200 300 400 500
OI

Figure 133: HI and OI data grouped into significant zones down-core. Data is presented for
sediment cores in the South basin (Baikl3-1C), North basin (Baikl3-19B) and Selenga
(Baikl3-104). Note that the low resolution for this analysis is due to this being a pilot study.
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Figure 134: Down-core HI, OI, HI/OI ratio values, 8"°C and TOC/N values for sediment
cores taken in the (4) Selenga (BAIK13-10A4), (B) South basin (BAIK13-1C) and (C) North

basin (BAIK13-19B).
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7.2.8 Trends in algal production and climate
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Figure 135: Average annual temperature at Irkutsk, ice cover duration at Lystvyanka station

in the South basin and PCA axis one scores on pigment datasets from sediment cores in the

South, North, Maloe More (MM) and Selenga sites. Dashed line represents a significant

zone within the pigment data.

PCA axis one scores provide a summary of compositional changes within the pigment data.

The PCA axis one scores showed the main pigment compositional changes occurred over the

past c. 30 years in the South basin (BAIK13-1C and BAIK13-4F) (Figure 145). At the Selenga

sites, PCA axis one scores suggested a gradual increasing trend in compositional change at

BAIK13-10A over the last century, and the main compositional changes in the early 20"
century at BAIK13-11C (Figure 145). At Maloe More (BAIK13-14C) and the North basin

(BAIK13-19B), PCA axis one scores showed a decreasing trend over the last c. 60 years

(Figure 145). Floristic change with increasing regional temperatures and decreasing ice cover
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duration over the past 200 years was therefore seen only at the South, and not in all the

Selenga, Maloe More and North basin sites.

Mann-Kendall coefficients on the Chlas concentrations showed a significant increasing trend
in the South basin, Selenga, Maloe More and North basin sites. Break-point analyses showed
that a significant increase in Chlas concentrations occurred earlier at the Selenga Delta sites
(break point at 1935 AD; p value = 0.01), and over the last 60 years in the South basin sites
(break point at 1946 AD; p value = < 0.01) (Table 52). There was also a significant increase
in Chlas in the North basin, and most recently at Maloe More (break point at 1984 AD; p value
=<(0.01). Chlorophyll-b concentrations showed an increasing trend over the last 200 years in
the South basin (break point at 1965 AD; p value = 0.02), and a more recent increase at Maloe
More (break point at 2002 AD; p value = 0.02) (Table 52). Mann-Kendall coefficients for
alloxanthin suggested a significant increasing trend at the Selenga sites (break point at 1912
AD; p value = 0.02) and Maloe More. M-K coefficients for diatoxanthin suggested a
significant decreasing trend in the South basin and Selenga Delta (break point at 1940 AD; p
value = < 0.01) (Table 52). Lutein concentrations were significantly decreasing in the South
basin, and Selenga Delta, and significantly increasing at Maloe More (break point at 1958
AD; p value = 0.00). Canthaxanthin showed a significant increasing trend in the South basin
(break point at 1957 AD; p value =< 0.01), and a decreasing trend in the North basin. Mann-
Kendall coefficient trends on the carbon isotope data suggested a significant increasing trend
in the South basin (break point at 1975 AD; p value = < 0.01), Selenga Delta (break point at
1952 AD; p value = < 0.01), Maloe More (break point at 1980 AD; p value = < 0.01). In

contrast, in the North basin there was no significant trend in 8"°C values.
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Table 52: MK trend test coefficients and p-values, and timing of break-point with p-value.
BAIK13-4F is removed due to turbidite layer (* likely pigment degradation profiles).

M-K coefficient values P-value Trend Break point P-value
South Basin (BAIK13-1)

Alloxanthin -0.024 0.896 NONE 2007 <0.001

Diatoxanthin -0.421 0.006 DECREASING 1858 0.15
Lutein -0.437 0.005 DECREASING 1847 0.39
Chlas 0.307 0.020 NONE 2009 0.09
Chlb 0.681 <0.001 INCREASING 1965 0.02

5"°C 0.373 0.006 INCREASING 1975 <0.001
South Basin (BAIK13-4)

Alloxanthin 0.437 <0.001 INCREASING 2008 <0.001
Lutein 0.559 <0.001 INCREASING 1900 0.19

Canthaxanthin 0.254 0.040 NONE 1854 0.27
Chlas 0.542 <0.001 INCREASING 1990 0.18
Chlb 0.468 <0.001 INCREASING 1993 0.08
5°C 0.110 0.377 NONE 1969 <0.001

South Basin (BAIK13-7) *

Canthaxanthin 0.731 <0.001 INCREASING 1957 <0.001
Chlas 0.905 <0.001 INCREASING 1946 <0.001
Chlb 0.394 0.090 NONE 1956 0.48
5"°C -0.543 <0.001 DECREASING 1954 <0.001

Selenga (BAIK13-10)

Alloxanthin 0.004 0.973 NONE 1988 <0.001

Diatoxanthin -0.593 <0.001 DECREASING 1940 <0.001
Lutein -0.405 <0.001 DECREASING 1979 032

Canthaxanthin 0.070 0.955 NONE 1991 0.45

Zeaxanthin 0.205 0.060 NONE 1949 0.15
Chlas 0.600 <0.001 INCREASING 1935 0.01

5"°C 0.922 <0.001 INCREASING 1952 <0.001
Selenga (BAIK13-11)

Alloxanthin 0.747 <0.001 INCREASING 1912 0.02
Lutein -0.494 0.006 DECREASING 1881 0.66
Chlas 0.747 <0.001 INCREASING 1894 0.10

stc 0.020 0.880 NONE 1980 <0.001
Maloe More (BAIK13-14) \

Alloxanthin 0.500 0.007 INCREASING 1908 0.39

Diatoxanthin -0.650 <0.001 DECREASING 1974 0.05
Lutein 0.650 <0.001 INCREASING 1958 <0.001

Canthaxanthin 0.233 0.224 NONE 1922 0.61
Chlas 0.700 <0.001 INCREASING 1984 <0.001
Chlb 0.706 <0.001 INCREASING 2002 0.02
5"°C 0.550 0.003 INCREASING 1980 <0.001

North Basin (BAIK13-18) * \
Chlas 0.363 0.070 NONE 1917 0.02
5°C 0.121 0.584 NONE 1954 <0.001
North Basin (BAIK13-19) \

Diatoxanthin 0.179 0.396 NONE 1976 0.13

Canthaxanthin 0.633 <0.001 INCREASING 1964 0.08
Chlas 0.533 0.004 INCREASING 1961 0.40
5°C 0.183 0.344 NONE 1871 0.08




Diatom pigments (diatoxanthin) declined over the last 200 years in the South basin and
Selenga sites, along with lutein (chlorophyte) pigments, and picocyanobacterial pigments
were showing an increasing trend in both the South basin and North basin. There was more
floristic change in the South basin, Maloe More and Selenga sites than the North basin, as
supported by PCA results (Figure 146), with significant increasing trends in alloxanthin,
lutein and canthaxanthin and significant decreasing trends in diatoxanthin (7able 52). In the
North basin the only significant trends were observed in canthaxanthin concentrations (7able
52). In comparison to the carbon isotopic data, increasing trends were seen in the South basin,
Selenga and Maloe More, occurring earlier at the Selenga Delta, with the most recent changes
at Maloe More. This is similar to the lake-wide Chlas trend. These Mann-Kendall coefficient
trends could be linked to warming over the last 50 years, with greater abundances of
picocyanobacteria in both the South and North basin. The decreasing diatom pigment trend in
the South basin provides evidence of a decline in under-ice diatom production over the last 60

years, as seen in monitoring studies (Silow et al. 2016).
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Figure 136: PCA of pigments over the last 200 years at all sites in South basin, Selenga,
Maloe More and North basin. Grey circles indicate North basin sites and black diamonds
indicate South, Selenga and Maloe More sites. (Removed pigment data from BAIK13-74 and

7.2.9 Pre and post- 1950 AD

BAIK13-184).

Air temperatures within the Baikal region have risen rapidly over the last 50 years and main

anthropogenic influence from industrial activity within the watershed began in the 1950s

(Brunello et al. 2004). Algal production measures (Chlas concentrations, 8"°C, diatom

concentrations, total carotenoid concentrations) have therefore been compared pre and post

1950 AD to examine trends before and after this time period.
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Mean pelagic deep basin Chlas concentrations pre-1950 ranged between 4.96 and 544.1 nmol
g" OCin the South basin (mean = 119.9 nmol g”' OC), and between 6.17 and 168.6 nmol g’
OC in the North basin (mean= 65.3 nmol g OC), and at the Selenga Delta and Maloe More
mean Chlas concentrations are 293.3 nmol g OC and 134.1 nmol g"' OC respectively (Figure
147). All sites across the lake showed higher mean Chlas concentrations post-1950 than pre-
1950, and the largest increase in Chlas concentrations post-1950 occurred at the Selenga Delta
(Selenga Delta > Maloe More >South Basin > North Basin). Similarly, after 1950, the Chlas
concentrations were highest in the Selenga Delta, ranging from 292.3 — 859.2 nmol g"' OC
(Selenga Delta > Maloe More > South Basin > North Basin). Chlas concentrations pre and
post-1950 were significantly different in the South basin, Selenga Delta and Maloe More sites
(p value = < 0.001), but not the North basin (p values = 0.184).

Mean &'°C values became more positive after 1950 at the South basin sites (except BAIK 13-
7A), the Selenga site, Maloe More site, and Baik13-18A in the North basin (not BAIK13-19B
close to the Upper Angara) (Figure 147). However, the mean post-1950 8'"°C values in the
North basin, Selenga Delta and Maloe More were not significantly higher than the pre-1950
values (p values = 0.99, 0.22 and 0.96 respectively).

Mean diatom concentrations were significantly lower post-1950 in the South basin and North
basin, compared to pre-1950 (p value =< 0.01) (Figure 148). Diatom concentrations pre-1950
range between c. 500 — 700 10" valves/g dry wt at BAIK13-7A and BAIK13-11C, and c. 200
—300 10" valves/g dry wt at BAIK13-18A. Post-1950, diatom concentrations decreased to c.
250 — 400 10" valves/g dry wt in the South basin, and < 200 10" valves/g dry wt in the North
basin (Figure 148).

Total carotenoid concentrations were highest at the Selenga (BAIK13-10A) and Maloe More
(BAIK13-14C) (between c. 25 — 60 nmol g"' OC), which is more than two-fold higher than
concentrations within the pelagic deep basin sites (< 10 nmol g' OC) (Figure 148).
Concentrations were higher post-1950 than pre-1950 at the Selenga and Maloe More sites,
and significant difference in concentrations between these two time-intervals were only seen

in the Selenga sites (p values < 0.01) (Figure 148).
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7.2.10 Correlations between Chlas and 6"°C

Correlations were carried out between Chlas concentrations and carbon isotopes to examine
whether these proxies are showing similar trends over the last 200 years. This was tested at
all sites in the South basin (except BAIK13-7A), Selenga, Maloe More and North basin
(except BAIK13-18A), to assess whether there was regional variation in correlations over the
last 200 years, and if they are both potentially showing response to climate and/or

anthropogenic nutrient enrichment or neither.

Significant positive relationships between Chlas concentration and 5'"°C values over the last
200 years were only found at Selenga (R” = 0.50; p value= 0.005) and Maloe More (R* = 0.55;
p value= 0.01) (Table 53). In contrast to these littoral and river influenced sites, the pelagic
South and North basin did not show a significant positive relationship between these two

proxies.

Table 53: Regression coefficients and p-values for correlations between Chlas
concentrations and 6" C across the lake. Core data within the South basin and North basin
have been merged.

Chlas concentrations and 8"°C
R’ P value
South basin 0.15 0.131
Selenga Shallows 0.50 0.005
Maloe More 0.55 0.014
North basin 0.51 0.067

7.2.11 Pigments, 8" C and regional annual temperatures

Correlations were carried out between Chlas and regional annual temperature, diatom
concentrations and regional annual temperature, carbon isotopes and regional annual
temperature and pigment ratios (diatoxanthin:canthaxanthin and Chlb:Chlas) and regional
annual temperature. This is in order to examine whether any of the above show similar and
synchronous changes with increasing regional temperatures over the last 200 years.
Correlations have been carried out between Chlas concentrations vs mean annual temperatures
and 8"°C vs mean annual temperatures at sites within the South basin (BAIK13-1C, BAIK 13-
4F), Selenga (BAIK13-10A, BAIK13-11C), Maloe More (BAIK13-14C) and North basin
(BAIK13-19B) (see Chapter Two for methods on matching sediment measures with
temperatures). Correlations were conducted to assess whether trends in Chlas concentrations
or 8"°C values over the last 200 years are associated regional warming trends, and to examine

if increasing mean annual temperatures coincide with increasing Chlas concentrations and

270



increasing 8"°C values (more positive). If the datasets were not correlated then this suggested

that climate is not driving changes within the pigment and carbon isotope records, which is

likely to be a result of lag in response due to the sensitivity of diatoms to environmental

change.
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Table 54: Correlation coefficients and p-values for correlations between average annual
temperature at Irkutsk and Chlas concentrations, 8°C, diatom concentrations, diatoxanthin:
canthaxanthin pigment ratio and chlb: chlas pigment ratio in the South basin, Selenga,
Maloe More and North basin.

Chlas and temperature 8C and temperature Diatom conc. and temperature
R P value R’ P value R’ P value
South basin 0.16 0.004 0.18 <0.001 0.57 <0.001
Selenga Shallows 0.19 <0.001 0.09 0.020 0.29 <0.001
Maloe More 0.55 0.004 0.54 0.004 0.07 0.522
North basin 0.12 0.098 0.00 0.910 0.02 0.352
Diatox:canthax and temperature Chlb:Chlas and temperature
R P value R’ P value
South basin () -) 0.03 0.125
Selenga Shallows 0.32 <0.001 0.45 <0.001
Maloe More 0.63 0.001 0.04 0.498
North basin (-) (-) (-) ()

There were positive relationships between Chlas concentrations (nmol g OC) and average
annual regional temperatures in the South basin (R* = 0.16; p value = 0.004), Selenga (R* =
0.19; p value =< 0.001) and Maloe More (R*=0.55; p value = 0.004), but not the North basin
(R*=0.12; p value = 0.098) (Maloe more > Selenga > South > North) (Figure 140; Table 55).
There were positive relationships between 8'"°C and average annual regional temperatures in
the South basin (R* = 0.66; p value = < 0.001), Maloe More (R* = 0.57; p value = 0.004), but
not in the Selenga (R” = 0.45; p value = 0.02) or North basin (R* = 0.64; p value = 0.910)
(Figure 150; Table 54). There was a significant negative relationship between diatom
concentrations and average annual regional temperatures in the South (R*=0.57; p value = <
0.001) and Selenga (R* = 0.29; p value = < 0.001), but not at Maloe More (R* = 0.07; p value
= 0.522) or in the North basin (R* = -0.02; p value = 0.352). Furthermore there was a
significant negative relationship between diatoxanthin: canthaxanthin pigment ratios and
average monthly regional temperatures at the Selenga (R* = 0.32; p value = < 0.001) and
Maloe More (R* = 0.63; p value = 0.001), and a significant positive relationship between
Chlb:Chlas and average monthly regional temperatures at the Selenga site (R” = 0.45; p value
=< 0.001) but not the South basin or Maloe More sites.

Diatoxanthin:canthaxanthin ratios showed a declining trend at BAIK13-1C in the South basin
and BAIK13-10A in the Selenga over the last 60 years, a slight decreasing trend at Maloe
More (BAIK13-14C) and no clear pattern in the North basin (at BAIK13-19B) (Figure 151).
The diatoxanthin:canthaxanthin ratio trend coincides with declining ice cover duration and
increasing mean spring (March/April) temperatures (Figure 151). Diatom concentrations
similarly showed decreasing trends over the last 60 years in the South basin (at BAIK13-7A)
and Selenga (at BAIK13-11C) (Figure 151).
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Figure 141: (A) Diatoxanthin:canthaxanthin pigment ratio, Irkutsk regional air temperature
(°C) and ice cover duration (days), (B) Diatom concentrations (10" valves/g dry wet),
Irkutsk regional air temperature (°C) and ice cover duration (days).

To further assess whether temperature or anthropogenic catchment change are driving algal

pigment distribution, RDA analysis was performed on selected cores. The sediment cores
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selected were BAIK13-11C in the South basin, near the Selenga Delta, and BAIK13-14C in
Maloe More Bay. Due to limited historical records, available for anthropogenic data over the
last few decades within the Lake Baikal catchment, such as population records, tourist

numbers, and agricultural output records, a record of tourist activity was created based on

known tourist activity from the literature.
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Figure 142: RDA analysis results of (A) BAIK13-11 in the South basin and (B) BAIK13-14
at Maloe More Bay, examining the influence of air temperature and tourist activity on
down-core sedimentary algal pigments since c. 19504AD. Tourism is significantly (p value >
0.05) correlated with algal pigments in both BAIK13-11C and BAIK13-14, and temperature
(p value > 0.05) in BAIK13-14C. Forward selection with Monte Carlo permutation tests
were applied. ‘Railway construction’ refers to sediments post 1950 AD, ‘Increased tourism
refers to sediments post 1990 AD and ‘Temperature’ refers to Irkutsk air temperatures.

b

A value of ‘1’ was applied to sediment dating back earlier than the construction of the Amur

Railway in ¢.1950, a value of ‘2’ was applied to sediment between c. 1950 to ¢. 1990, and a
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value of ‘3’was applied to sediment intervals post ¢. 1990. This is applied to help disentangle
the impact of climate and human pollution on the algal community assemblages in Lake
Baikal. Results show that at BAIK13-11 there is no significant link between pigment
distribution and temperature (p value > 0.05), but significant relationship between tourist
activity (since the construction of the railway) and algal community composition, with
increases in alloxanthin pigments (cryptophytes) (Figure 152). At BAIK13-14 in Maloe More
Bay, RDA analyses shows a significant relationship between temperature, tourist activity and
algal community composition (p value < 0.05), with increasing concentrations of chlorophylls,
lutein, canthaxanthin, and decreasing concentrations of diatoxanthin (diatom pigment) (Figure
152). These results suggest that both climate and tourist activity are influencing the algal

community with the shallower bay regions, compared to the deeper pelagic sites.

7.3 Discussion

7.3.1 Assessment of reliability of pigment records

The cores which meet the aims of this chapter, providing pigment records, are from the pelagic
South basin (BAIK13-1C and BAIK13-4F), Maloe More (BAIK13-14C), Selenga (BAIK13-
10A and BAIK13-11C) and pelagic North basin (BAIK13-19B). These cores can be used for
interpretation as pigment concentrations (Chlas, diatoxanthin and canthaxanthin) do not co-
vary, and these cores do not show an exponential decay in pigment concentrations which is
indicative of degradation profiles (Fietz et al. 2007). With turbidites removed from BAIK13-
4F the pigment records can be used. BAIK13-11C does not have any turbidites in the sediment
interval covering last 200 years, although similarly to BAIK13-4F the sedimentation rates are
variable. The pigment records which are likely to be showing degradation profiles and were
not interpreted include BAIK13-7A and BAIK13-18A. This is due to the very low
sedimentation rates (< 0.0lg cm™ yr') and pigment compositions of solely degradation
products. Although BAIK13-1C and BAIK13-19B have similarly low sedimentation rates, the

pigment composition consists of chlorophylls, carotenoids and derivatives.

Pigment preservation measures highlight that the pigment record from BAIK13-1C, BAIK13-
4F, BAIK13-10A, BAIK13-11C, BAIK13-14C and BAIK13-18A can provide useful primary
production reconstructions, as the oxidised layers are not significantly influencing the Chlas
concentrations and flux. However, despite this the pigment preservation ratios (chl-a:pheo-a)
are significantly higher in anoxic than oxic sediments at BAIK13-7A, BAIK13-10A and
BAIK13-14C. This is due to the higher concentrations of pheo-a pigments (pheophorbide-a,
pheophytin-a and pyropheophytin-a), which exceed chlorophyll-a concentrations by at least
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10-fold in the upper sediments (0.5 — 5 cm) which are oxidised. BAIK13-7A is likely to be a
degradation profiles, however at BAIK13-10A and BAIK13-14C the chl-a:pheo-a pigment
ratios could be reflecting algal production rather than pigment preservation in the surface

sediments.

The sediment cores with the highest diversity of chlorophylls and carotenoids within the
pigment record are from the Maloe More (BAIK13-14C) and Selenga sites (BAIK13-10A).
The higher preservation state of sedimentary pigments at the Maloe More and Selenga sites
are likely to be due to shallower water depths and greater production, which causes increased
direct deposition rates and better preservation in the sediment. This has also been found by
Fietz (2005) at Lake Baikal, as chlorophyll and carotenoid deposition. Preservation was more
pronounced at sites with high productivity in the euphotic zone, resulting in lower residence
time under oxic conditions due to higher sedimentation rates. Thus, this is the case at BAIK 13-
14C, at Maloe More Bay, which has higher sedimentation rates compared to pelagic basin

sites, and higher algal production in the photic zone (as presented in Chapter Five).

One of the pelagic South basin cores (BAIK13-1C) and one of the pelagic North basin cores
(BAIK13-19B) also show high pigment preservation, with intact chlorophyll-a. At these deep
pelagic sites, (1,360 and 460 m respectively), burial rates are not significantly influencing
pigment preservation, despite the sedimentation rates being similar (0.012 — 0.02 g cm™ yr™)
to the other deep basin sites, which have poor pigment records (BAIK13-7A and BAIK 13-
18A) due to sediment focussing and low sediment accumulation. There is no co-variation
between Chlas, diatoxanthin and canthaxanthin pigments at the South basin (BAIK13-1C),
Maloe More and Selenga (BAIK13-10A) sites. However, there is significant co-variation
between Chlas and canthaxanthin at the North basin site (BAIK13-19B). These sediment cores
in the South basin, Maloe More, Selenga sites and North basin (BAIK13-1C, BAIK13-10A,
BAIK13-14C and BAIK13-19B) have robust age models, with small age errors (2 — 9 years)
in the upper sediments, which cover the last 200 years. These pigment records can therefore
be used to address the aims of this chapter, to examine past production trends in the South and
North basins, and at shallow water sites such as Maloe More and the Selenga. Although the
burial rates are influencing the pigment preservation at Maloe More (BAIK13-14C) and one
of'the Selenga sites (BAIK13-10A) of Chlas and diatoxanthin, these sites have shallower water
depths (200 and 60 m respectively) and the highest sedimentation rates (0.03 — 0.13 g cm™ yr~
". Therefore, pigments at these sites spend less time within the water column, being
incorporated into the sediment records faster, being removed from the oxidised layer within

the upper sediments.
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From the literature, differences in pigment degradation have been found between the South
and North basins of Lake Baikal, with higher degradation in the North basin, assessed from
fluxes of major lipid biomarkers in the water column and sediments (Russell and Rosell-Mele,
2005). This is a result of differences in sedimentation rates, basin morphometry, ice cover
duration, productive season duration, temperatures and algal productivity (Shimaraev, 1994;
Kozhova and Imesteva, 1998). The results presented within this thesis do show the lowest
sedimentation rates at BAIK13-18A in the North basin, and the highest sedimentation rates at
BAIK13-4F in the South basin, and BAIK13-10A close to the Selenga delta in the South basin.
Stronger degradation of algal pigments in the North basin than the Central and South basin
and Selenga Delta, prior to final burial within the sediments, was also found by Fietz (2005).
This difference is shown by steeper exponential decay curves of Chlas/TOC down the
sediment cores in the North basin (Fietz, 2005). Furthermore, less than 10% of the original
chlorophyll-a within the bottom sediment traps was preserved in the South basin surface
sediments, and less than 5% in the North basin surface sediments (Fietz, 2005). The main
factor suggested to be causing this difference is sedimentation rates, which is causing pigments
to remain within oxic conditions for longer in the North basin (Fietz, 2005). In addition, it is
suggested that both chemical and enzymatic oxidation by microbial activity are having a larger
effect on pigment degradation in the North basin than the South basin and Selenga Delta
(Fietz, 2005).

In alignment with the above, Cuddington and Leavitt (1999) have predicted correlations
between oxic layer thickness and rates of pigment deposition. In support of this, higher
pigment accumulation rates have been observed at sites with smaller oxic layer thickness
within the surface sediments. The pelagic South (BAIK13-1C, BAIK13-4F and BAIK13-7A)
and North basin sites (BAIK13-18A) have the thickest oxidised layers and lowest Chlas
accumulation rates in comparison to Maloe More (BAIK13-14C), one of the Selenga sites
(BAIK13-11C) and one of the North basin sites (BAIK13-1B9). However, an exception to
this is one of the Selenga sites (BAIK13-10A), which has a thick oxidised layer and a high
Chlas accumulation. The results suggest that within the sediment cores there are only
significant differences in Chlas AR between oxic and anoxic layers at Maloe More (BAIK 13-
14C) and the Selenga sites (BAIK13-10A), with the difference being higher Chlas AR within
oxic layers. Thus, oxic layers within a sediment core do not appear to be significantly
influencing pigment preservation. This contrasts with Fietz (2005), which reports sharp
decreases with the Chlas and carotenoids within the oxidised layers (upper 10 cm) of the short
cores in the South basin (675 m water depth), Selenga (133 m water depth) and North basin
(386 m water depth). The upper 10 cm within the sediment cores presented in this chapter
cover the last 200 years at BAIK13-4F in the South basin and BAIK13-10A close to the
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Selenga Delta. However, in the rest of the cores (BAIK13-1C, BAIK13-7A, BAIK13-11C,
BAIK13-14C, BAIK13-18A and BAIK13-19B) the upper 10 cm within the sediment cores

extends over the last 200 year time period.

Florian et al. (2015) found that if chl-a: pheo-a pigment ratio is correlated with factors (such
as sedimentation rate, TOC flux, or Chla flux), which can be used to indicate a change in
pigment preservation, then the chl-a: pheo-a pigment ratio is showing pigment preservation.
However, the pigment preservation ratio is not positively correlated with DMAR, CMAR or
Chla flux. Instead the preservation ratio is negatively correlated with these factors at the
Selenga and Maloe More sites. This finding suggests that perhaps in Baikal sediments the
preservation ratio is not solely reflecting pigment preservation, which may be due to pheo-a
pigments being used as a good indicator for production (Fietz, 2005) rather than to measure
the extent of degradation. Fietz (2005) reports that sedimentary pigments can be used to assess
relative changes in phytoplankton groups, but not to determine past phytoplankton abundance,
due to degradation at Lake Baikal, which has also been suggested by Leavitt (1993) within
smaller lakes. However, the results presented do not show exponential decay of Chlas and
carotenoids, and do not show significant pigment co-variation between Chlas and the
dominant carotenoids. Instead, the pigment records analysed (BAIK13-1C, BAIK13-4F,
BAIK13-10A, BAIK13-11C, BAIK13-14C and BAIK13-19B) are likely to be showing both

a production signal and a degradation profile.

7.3.2 Diatom assemblages and correction factors

In conjunction with the sedimentary pigment records, the reliability of the diatom valve
assemblage records was assessed via the use of correction factors and diatom dissolution
indices. Correction factors have been applied to the major diatom species in two of the South
basin surface sediments (BAIK13-4F and BAIK13-7A) (Table 55), to correct diatom
abundances for dissolution (Battarbee et al. 2005). These two cores have been chosen to apply
correction factors to the diatom abundance datasets, as they have the highest abundances of
Synedra acus var. radians within the surface sediments. These species make up over 80% of
the total uncorrected diatom assemblage. The largest differences in raw diatom abundances
and corrected diatom abundances are seen within the Synedra acus var. radians, with increases
from 12.5 - 14.6 % to 63.7 - 65.8 %, and Cyclotella minuta/ornata, with decreases from 30.5
—42.9 % to 2.7 — 3.7 % (Table 55). There are also shifts in Aulacoseira baicalensis species,
with decreases from 24.0 — 31.3 % to 7.2 — 9.1 %. Slight changes are seen in the abundances

of Stephanodiscus meyerii and Aulacoseira skvortzowii between the raw and corrected data,

279



with increases from 0.6 — 2.9 % to 1.5 - 8.7 % and 5.4 — 10.3 % to 6.7 — 11.8% respectively
(Table 55).

The large differences between the raw and corrected data for Synedra acus var. radians and
Cyclotella minuta/ornata are due to the lightly silicified cells in comparison to Aulacoseira
baicalensis and Aulacoseira skvortzowii (Battarbee et al. 2005). Therefore, the interpretation
of the raw diatom assemblages in the surface sediments may be complicated due to the higher
levels of dissolution on these species (Ryves et al. 2003). However, despite this, raw data will
be analysed within this chapter instead of applying correction factors down-core across the
sites, and dissolution impacts will be considered. This is as the patterns are still the same,
spatial trends and temporal trends, and the corrected abundances do not include all the diatom
assemblages (84 — 95 % of diatom assemblage have applied correction factor), only the major

diatom species.

Table 55: Raw and corrected diatom abundances; average surface sediment abundances (0
— 2 cm); two cores in South basin; BAIK13-4F and BAIK13-7A. These cores have been
selected as they have the highest abundances of Synedra acus var. radians, which is a lightly
silicified diatom species.

BAIK13-4F BAIK13-7A
Raw abundance data (%) Corrected abundance data (%) | Raw abundance data (%) Corrected abundance data (%)
Aulacoseria skvortzowi 5.4 6.7 10.3 11.8
Aulacoseria baicalensis 24.0 7.2 31.3 9.1
Cyclotella minuta/ornata 42.9 3.7 30.5 2.7
Stephanodiscus meyerii 2.9 8.7 0.6 1.5
Synedra acus 14.6 65.8 12.5 63.7

7.3.3 Spatial differences in algal assemblage and production from surface
sediments

Littoral regions, i.e. Maloe More Bay (BAIK13-14C), and river-influenced sites, i.e. Selenga
Delta site (BAIK13-10A), have a greater percentage of TOC within the surface sediments,
compared to the deeper pelagic South and North basins. The Selenga and Maloe More site
have more positive 8"°C values, higher concentrations of chlorophyll-a and carotenoids
(diatoxanthin, lutein and canthaxanthin) pigments, and higher abundances of Stephanodiscus
meyerii and Crateriportula inconspicua diatom species. Stephanodiscus meyerii builds up in
shallow waters and then extends into pelagic regions in the spring, and higher abundances can
suggest greater nearshore nutrient input, in particular phosphorus (Bradbury et al. 1994;
Morley, 2005). In surface sediments, these diatom species are largely found in Maloe More
due to shallower and more nutrient-rich waters (Miiller et al. 2005). Maloe More is also in a

drier region than the South, Central and North basins (Atlas Baikal 1993), and has shallow
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snow depths during the winter (Shimaraev et al. 1994), and so light penetration might be an
important factor. Furthermore, in phytoplankton surveys in 2001-2002 higher abundances of
Stephanodiscus meyerii were found in the South and Central basins, and rarely in the North
(Morley, 2005). This is as Stephanodiscus meyerii have a high temperature optimum of 15 -
17.5°C (Jewson et al. 2015), and prefer warmer waters with shorter ice cover duration (Morley,
2005). High abundances of this diatom species within sediments has been associated with
climate driven nutrient enrichment (Bangs et al. 2000) and anthropogenic pollution (Bradbury
et al. 1994) in other lakes. Crateriportula inconspicua is suggested to grow in warm, shallow
mesotrophic waters (Edlund et al. 1995) as found in Maloe More. Thus, from the surface
sediments, the Selenga and Maloe More sites are warmer, more nutrient-rich and productive

sites, than the pelagic South and North basin sites.

Within the deep basins, TOC percentages are not significantly different, however the South
basin sites have more positive 8"°C values than the North basin, when excluding BAIK 13-
19B, which is close to the Upper Angara River. Alongside higher 8'"°C isotopic compositions,
the South basins sites have higher chlorophyll-a and carotenoid (alloxanthin and
canthaxanthin) concentrations, than the North basin sites. This suggests higher abundances of
cryptophytes and picocyanobacteria in the pelagic South basin, which predominantly grow in
the summer months, reflecting a longer growing season than in the North basin. The South
basin sites show the largest variability in 8'°C values, Synedra acus var. radians and Cyclotella
minuta/ornata diatom species abundance over the last 20 years. Synedra acus var. radians is
a lightly silicified diatom species, which can outcompete larger diatoms and grow in more
silicon-limited conditions, and has previously been associated with increased river discharges
(Bradbury et al. 1994). This diatom species grows in nearshore areas and behind thermal bars
after ice break-up, and extends into the pelagic zone in spring/early summer. Synedra acus
var. radians has also been found to grow best under high irradiances resulting from lower
snow depths on the ice, and shorter periods of opaque ice. Previous studies which have found
higher abundances of Synedra acus var. radians in the South and Central basin, and rare
abundances in the North basin, have associated this pattern to shorter opaque ice cover
durations and warmer waters in the South and Central basins, making this diatom species more
competitive (Bondarenko et al. 1996; Morley, 2005). Similar abundances of Synedra acus var.
radians are detected in the South, Selenga and Maloe More surface sediments, which are much
higher than in the North basin. Higher abundances of Synedra acus var. radians previously
detected in the upper sediments of cores taken 20 years ago in the South basin sites, compared
to the North basin (Mackay et al. 1998), were attributed to areas of clearer ice or nutrient input
from rivers. Recent rises in the abundance of Synedra acus var. radians has been associated

with anthropogenic pollution (Julius et al. 1997; Bangs et al. 2000), however these species are
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present in past diatom assemblages, and are not just a recent occurrence. Synedra acus var.
radians occur within the sediment record over the Holocene, being linked to warmer climate
in the Medieval Climate Anomaly (Bangs et al. 2000; Karabanov et al. 2000). Although
Synedra acus var. radians have a temperature optimum of c¢. 15 — 17.5 °C, they also have a
broad temperature range for growth, and can bloom in both the spring and summer months

(Jewson et al. 2015).

Cyclotella minuta diatom species bloom in the autumn months at Lake Baikal, and have a
lower temperature optimum compared to Synedra acus var. radians, of c. 8.5°C (Jewson et al.
2015). Higher abundances of Cyclotella minuta in the South basin suggest shorter ice cover
duration than the North basin. North basin sites have the highest abundances in Aulacoseira
baicalensis, which is a pelagic spring diatom species adapted to colder water temperatures,
with a temperature optimum of ¢. 4°C (Jewson et al. 2009), and blooms under the ice. This
diatom species is tolerant to low light levels (optimum of c. 35 pmol m™s™) (Jewson et al.
2009) and needs irradiance and turbulence to maintain its position in the water column (Granin
etal. 2000). Aulacoseira baicalensis is also a large diatom, which requires silica for its heavily
silicified cells (Julius ef al. 1996). Higher abundances of Aulacoseira baicalensis therefore
suggest longer ice cover duration, higher spring insolation and colder waters in the North
compared to the rest of the lake (Bradbury et al. 1994), which was similarly found by Morley
(2005). Aulacoseira skvortzowii also blooms under the ice in spring, although this diatom
species is not fully pelagic like Aulacoseira baicalensis and starts growing in the near shore
zones behind thermal bars before it extends into the pelagic zone in spring (Edlund and
Stoermer, 2000). This diatom species is highest in abundances in the Selenga, and lowest in
the North basin sites. This suggests that Aulacoseira skvortzowii have extended into the
pelagic waters sooner in the Selenga and South basin sites, suggesting differences in seasonal
dynamics between the South and North basin, with earlier ice out time and warmer waters in
the South basin. Highest abundances of Aulacoseira skvortzowii have previously been noted
in the South basin from phytoplankton analyses in 2001 - 2002 and surface sediments (Jewson

etal. 2015)

Overall the South basin surface sediments have lower abundances of endemic diatoms
associated with ice-cover (i.e. Aulacoseira baicalensis) than the North basin, and higher
abundances of Synedra acus var. radians, Stephanodiscus meyerii and Aulacoseira
skvortzowii, which are all associated with warmer waters. Synedra acus var. radians have
previously been associated with nutrient-rich waters, and higher abundances of these species
within the South, along with lower Aulacoseira baicalensis abundances suggests the South

basin has a longer ice-free period than the North basin.
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7.3.4 Production trends over the last 200 years

Previously mean Holocene CMAR at Vydrino in the South basin were found to be 5.87 g C
m?yr’', (Mackay et al. 2016), which is low in comparison to the range of CMAR values found
within other large lakes, between 1 — 20 g C m™ yr”' (Alin and Johnson, 2007). In comparison
to other Lake Baikal studies, the CMAR values presented in this chapter are similar to those
published in Ishiwatari et al. (2005) and Miiller et al. (2005). Recent increases in CMAR over
the past 100 years have been seen in other large lakes, such as Lake Ontario, and this has been

linked to anthropogenic nutrient enrichment (Hodell and Schelske, 1998).

Over the last 50 years, CMAR has increased lake-wide, with the greatest change observed in
the Selenga and South basin sites (Figure 141). The South basin shows an increase from c.
025gCm”yr'toc. 2.8 gC m™”yr' in 2012, and the Selenga shows an increase from c.1.3
gCm”yr'to5.0gCm?yr'in2012 (Figure 141). This trend towards increasing CMAR is
likely to be a result of permafrost thaw in Baikal’s catchment during the warm, wet summers
(Mackay et al. 2016). The 8"°C values similarly show an increasing trend towards more
positive values over the last 50 years in the Selenga (BAIK13-10A) and Maloe More
(BAIK13-14C) (Figure 136, Figure 138). The factors which could be explaining the §"°C
values over the last 200 years in Lake Baikal are pelagic productivity, catchment input, and it
has been suggested that gas hydrates could be an influence. The presence of large reservoirs
of gas hydrates has been detected in Baikal’s sediments from seismic profiling, and are
thought to be a potential source of low 8"°C to the TDIC pool (Klerkx et al. 2003). The location
of gas hydrates within Lake Baikal has been suggested to be within the abyssal areas near the
Selenga Delta in the South and Central basins, extending over 4000 km? and ranging between
34 — 450 m in depth (Golmshtok et al. 1997; Kuzmin et al. 2000). It is thought that the methane
gas hydrates became unstable due to warming lake waters, providing a depleted carbon source
(c. — 60 %o) from bacterial activity, lowering the isotopic composition of the TDIC pool
utilised by algae (Klerkx et al. 2003 Prokopenko and Williams, 2004). Baikal’s bulk sediments
may be influenced by methane release, with low 8'"°C values in glacial periods and higher §"°C
values in interglacial periods, due to increased aquatic production and methane release
(Prokopenko and Williams, 2004). Fluctuations in 8"°C values over the last 130 years
correspond to global methane levels detected within the Vostok ice core (Prokopenko and
Williams, 2004). In Lake Baikal, it is unclear as to whether gas hydrate release is due to
climatically induced changes in mixing regimes (Prokopenko and Williams, 2004) or by
tectonic activity via thermal pulses (Granin and Granina, 2002; Vanneste et al. 2003; Van
Rensbergen et al. 2003). Furthermore, 8"°C records from sediment cores taken in the North

basin (Ishiwateri et al. 1992), where no gas hydrates have been detected, show similar trends
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to the cores taken within the gas hydrate areas (Prokopenko et al. 1993; Prokopenko and
Williams, 2004). If methane release is influencing the 8"°C signal, then this lake-wide
similarity in 8'"°C trends suggest that gas hydrates are not a local effect on 8"°C values of bulk
sediments, and are transported throughout the lake by mixing (Morley, 2005). However,
despite the aforementioned studies, it is unlikely that gas hydrates are a significant factor in

controlling the 8"°C values (Mackay et al. 2016).

Higher 8"C values could possibly be showing the LIA in some of the pigment records
presented within this chapter. This is as carbon isotope records over the last glacial to
interglacial transition show that the 8"°C values were higher in the glacial periods (c. -18 to -
24 %o) than the interglacial periods (c. -28 to -30 %o) (Brincat et al. 2000; Prokopenko and
Williams, 2001; Wantanabe et al. 2004; Mackay et al. 2016) suggesting greater productivity
in colder climatic conditions than warmer, if primary production is driving the 8"°C signal.
Less positive 813C0rganic values in the interglacial periods could be due to more 2c being
available in the warm intervals compared to the glacial periods, with changes in the terrestrial
ecosystem. These changes include taiga forest expansion (Demske et al. 2005), which would
result in greater soil respiration and therefore more carbon dioxide depleted in "°C entering
the lake waters from river inflows (Hammarlund et al. 1992). Less "°C enriched sediments in
the Holocene could also be due to algal compositional changes in the lake waters (Mackay et
al. 2016). Higher levels of diatom production in the Holocene compared to the glacial period
would lead to lower 3"°C values of bulk sediments, due to the isotopic composition of diatoms.
Aulacoseria baicalensis, has a carbon isotopic composition between -28.8 and -29.5 %o
(Yoshii et al. 1999). Thus, both forest expansion and increase diatom production is suggested

to be driving the 8'"°C signal in the early Holocene.

In the late Holocene, the 813C0rgam»c values become more positive with higher TOC/N ratios and
TOC % values, like in the early Holocene, and so the forest expansion is not driving the 5"°C
signal. Instead, a decline in diatom production, and a rise in picocyanobacterial abundance is
suggested to be the cause of the late Holocene 8'°C signal (Mackay et al. 2016). This is as, in
contrast to diatoms, picocyanobacteria dominate the summer-stratified waters of Lake Baikal
(Belykh and Sorokovikova, 2010), and this algal group have a higher carbon isotopic
composition than diatoms (c. — 22.7 %o). Therefore, higher abundances of picocyanobacteria
could result in more positive 8"°C values within Baikal’s sediments, as 8"°C values of
picoplankton have been found to range between -22 %o to -30 %o (Sakata et al. 1997). Higher
8"°C values in some of the sediment records (beyond the last 200 years) presented in Chapter

Six coincide with higher picocyanobacterial abundances. Over the last 200 years, increasing
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picocyanobacterial pigment abundances are not seen lake-wide within the sediment records

presented in this chapter, alongside rising 5'"°C values.

To further analyses the carbon source, Rock Eval analyses carried out on sediments from
BAIK13-1C and BAIIK-19B shows that the carbon within the South and North basin
sediments is likely to be more algal-derived due to the higher HI values and lower OI values
than the Selenga sediments. However, the peaks in the OI and subsequent decreases in the HI
at the North basin may be a result of the river inputs from the Upper Angara. The peak in the
TOC/N ratios at the South basin (BAIK13-1C) corresponds with an increase in OI values and
decrease in HI at ¢. 20 cm depth, suggesting a shift to more terrestrial carbon sources (Figure
144). The carbon source from the Selenga core is likely to be more mixed, due to the generally
higher OI values and lower HI values. Therefore, this possibly reflects degradation via
transport and terrestrial input from the Selenga River. Overall the TOC/N ratios in the Selenga
core are not showing degradation, but reflecting the mixture in carbon sources, as it matches
the trend in HI values rather than OI values (Figure 144). Rock Eval measurements from the
Selenga delta sediments (Figure 144) show similar HI values (138 — 144) to the Selenga core,
but lower OI values (53 — 56). The lower OI values suggest higher degradation of organic
matter in the Selenga River sediment, compared to the lake site close to the Selenga. HI/OI
ratios are generally > 1 in the South, North and Selenga sites, and the HI/OI ratio are higher
in the South and North basin sediments than at the Selenga site. However, in the South basin,
the HI/OI ratio decreases to < 1 at ¢. 20 cm, supporting the interpretations of greater

degradation inferred from the higher TOC/N values and OI values.

Results in this chapter show that the oxidised layers are not significantly influencing pigment
preservation, and the pigment concentrations are not exponentially declining. There are
production trends over the last 200 years, and differences across the lake. There are lake-wide
increasing Chlas concentrations and increasing CMARs and carbon isotopic values. Previous
studies have found that in deep lakes, such as Lake Baikal, accumulated Chlas (concentrations
of chlorophyll-a and its degradation products) represent total algal biomass (Fietz et al. 2007),
providing a good reflection of the historic phytoplankton standing crop and autochthonous
productivity, and used as an indicator for global climatic changes (Fietz et al. 2007). The
sedimentary pigment profiles do not show an exponential decline in Chlas or carotenoids, but
show variation in concentrations down-core over the last 200 years. This contrasts with
previous pigment work at Lake Baikal (Fietz, 2005; Fietz et al. 2007). Fietz et al. (2007) found
that the Chlas within the upper 10 cm of the sediment cores from the South, Selenga and North
basins showed degradation profiles, as the Chlas decrease was greater than the TOC decline

down-core, declining exponentially. This is suggested to be due to strong degradation within
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the oxidised layer of the three short cores, rather than changing productivity, with degradation

below the oxidised layer in these cores is minimal (Fietz et al. 2007).

The South basin, Selenga and Maloe More have higher Chlas concentrations than the North
basin. Fietz (2005) also found differences in phytoplankton production between the North and
South basin, with higher chlorophyll-a concentrations in the South basin and Selenga sites.
Chlas concentrations increase over the last 200 years, showing higher mean concentrations
post-1950 than pre-1950. However, Chlas begin to rise prior to 1950 in the South basin and
Selenga Delta sites (significant break point at 1935 AD), unlike the sites in Maloe More Bay
(significant break point at 1984 AD) and in the North basin where Chlas begin to rise in
concentrations at or after 1950. Therefore, the South and North basins are not showing
synchronous changes in total algal production. The 8'"°C values are becoming more positive
over the last 200 years across the lake (except at BAIK13-7A), however the increase is only
synchronous with the Chlas increase at Maloe More and the Selenga and not the rest of the

lake (Table 54).

The production increase seen from the §"°C data could be algal derived, as the TOC/N ratios
indicate the carbon source is predominately algal derived. 8"°C has been found to provide a
reliable proxy for productivity as carbon degradation does not alter the 8"°C / 3'*C ratio of the
bulk material, and does not modify the fractionation, which occurs at the surface waters.
Microbial reworking of organic matter can potentially alter the 8"°C signal of bulk carbon
(Meyers and Ishiwatari. 1993; Torres et al. 2012), however studies which have a TOC content
(1.8 — 4.6 %) similar to Lake Baikal, such as Lake Michigan (Rea et al. 1980), Lake Ontario
(Schelske and Hodell, 1991), Lake Superior (O’Beirne et al. 2015) and New Zealand fjords
(Schiiller and Savage, 2011) show no digenetic alterations to the 8"C ratio of total organic
carbon. Rock Eval data suggests that the bulk carbon in the pelagic South and North basin
cores were dominated to a greater extent by algal material than carbon within the Selenga
delta core, due to the higher HI values. However, the TOC/N values are not higher in the
Selenga cores compared to the pelagic basin cores. TOC/N values in the Selenga cores appear
to be reflecting carbon source, as the TOC/N fluctuation coincide with HI variations. In
contrast the TOC/N values in the South basin core appear to be reflecting degradation, as
higher TOC/N values occur alongside higher OI values. The HI values in Baikal’s sediments
are similar to those measured in modern marine sediments (HI values c¢. 200 — 300 mg HC/g
TOC) (Hare et al. 2014), and the threshold which characterises the transition to mainly
terrestrial material is c. 100 mg HC/g TOC. Sediments from Lake Ohrid, which is a deep
ancient lake, has HI values of 250 mg HC/g TOC and OI values of 150 during the Holocene

(Lacey et al. 2014). Similarly, RE measurements from Hudson Bay sediments have low HI
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values (100 — 250 mg HC/g TOC) and a low HI/OI ratio (< 1), which suggest either a high
degree of degradation or large contributions from terrigenous organic matter in both Lake

Ohrid and Hudson Bay (Hare et al. 2014).

7.3.5 Composition trends over the last 200 years

The decreasing diatom pigment (diatoxanthin) concentrations, and decreasing diatom valve
concentrations, indicate declining diatom production in the South basin. Diatoxanthin to
canthaxanthin ratio shows the relative contribution of diatoms and chrysophytes
(diatoxanthin) and picocyanobacteria (canthaxanthin). The Selenga, Maloe More and South
basin show a decreasing diatoxanthin: canthaxanthin ratio with increasing regional
temperatures and decreasing ice cover, whereas, these trends are not shown in the North basin
at BAIK13-19B. The results presented in this thesis suggest a declining diatom crop at Lake
Baikal, which could be due lake water temperatures and/or nutrient concentrations. This
corresponds to monitoring records in the South basin, which have found decreasing trend

abundances of under-ice diatoms over the last few decades (Silow et al. 2016).

Higher TP concentrations have been measured in August 2013 (as shown in Chapter Five),
which are higher than previous measurements in pelagic waters at Lake Baikal. As seen in
Chapter Four, nutrient enrichment could result in algal competition under changing nutrient
levels. Thus, higher TP concentrations could lead to picoplankton and chlorophytes
outcompeting diatoms. Limnological surveys in August 2013 also show that there are higher
abundances of picocyanobacteria pigments (zeaxanthin) in August 2013, compared to
previous measurements in summer 2001 — 2003 by Fietz (2005), which could be a result of
nutrient enrichment and/or longer thermal stratification period at Lake Baikal. Also from work
published by Timoshkin et al. 2015, it is known that there have been recent changes in the
coastal regions at Lake Baikal, due to nutrient input, resulting in the growth of algal blooms
of cyanobacteria and chlorophytes. Alongside anthropogenic impact, there have been ice
cover changes recorded at Lake Baikal, with a declining trend in ice cover duration and
thickness. Thus, a decline in under ice diatom production, and changes within the thermal
stratification of Lake Baikal’s pelagic waters which are a recorded trend of shallowing of the
mixing layer, would impact Baikal’s diatom crop. Another factor to consider is the dissolved
silica reservoir. Silicate concentrations measured in August 2013 (as shown in Chapter Five)
are at the silica limitation level, which could be a result of diatom growth depleting the silica
reservoirs, and thus the silica depletion hypothesis. The Selenga River, however, is a large
inflow of silicate into Lake Baikal, and it is unlikely that silicate will become limited within

the pelagic waters. It is more likely that changes in both climate (ice cover and stratification)
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and nutrients (algal competition) are driving the declining diatom crop trend seen at Lake
Baikal. This has been addressed by RDA analysis in Chapter Seven, which shows decreasing
diatoxanthin concentrations (diatom pigment) with increased air temperatures and tourist

activity at BAIK13-14, in Maloe More.

There are also diatom compositional changes observed over the last few decades, with
decreasing abundances of Aulacoseira baicalensis in the South basin, Selenga and North
basin. Sedimentary diatom assemblages within the upper sediments across the lake show small
increases in the non-endemic Synedra acus var. radians diatom species within the South basin
surface sediments, whereas no increases in Synedra acus var. radians were found in the North
basin surface sediments. Phytoplankton monitoring has found a decreasing trend in Baikal
endemics (Aulacoseira baicalensis, Aulacoseira skvortzowii and Stephanodiscus meyerii),
and an increasing trend in Synedra acus var. radians abundance between 1955 and 2005
(Silow, 2014). Increases in the number of non-endemic small diatom species have been
observed since 1973, and the decreases in the large endemic diatom species is associated with
declining under ice production (Silow, 2014). Popovskaya (2000) also found an increase in
Synedra acus var. radians in phytoplankton over the last decade in the South basin, along with
Nitzschia acicularis, which is not found in Baikal’s sediments. These observed changes agree

with diatom assemblages presented in this chapter in the surface sediments.

Similar carotenoids (alloxanthin, diatoxanthin, lutein and canthaxanthin) have been detected
in the South basin, Selenga Delta and North basin short cores as found by Fietz (2005). Fietz
(2005) found highest pigment diversity in the South and Selenga cores, similar to the results
presented in this chapter, and fucoxanthin were found in the Selenga Delta sites. However,
fucoxanthin was only detected in the Selenga Delta site, whereas Fietz et al. (2007) found this

diatom pigment in the South basin sites (Fietz et al. 2007).

7.3.6 Linking production and floristic changes to anthropogenic pollution
and/or climate response

Temperatures within the Baikal region have increased rapidly over the last 20 years
(Shimaraev and Domysheva, 2013). Average surface water temperature between May-
September in the South basin rose by 0.25 — 0.35°C per decade over the last 100 years, with a
rapid rise by the mid-1990s (Shimaraev and Domysheva, 2013). These trends are similar
across the whole lake, however average surface water temperatures rose faster in the Central
and North basin, by c. 0.5 - 0.6 °C per decade (Shimaraev and Domysheva, 2013). Over the

last few decades there has been a rise in lake warming and development within Baikal’s
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watershed (Brunello et al. 2004; Shimaraev and Domysheva, 2013), and sediment records
show recent production and floristic changes within the primary producers via algal pigment,
diatom assemblages and carbon isotopic changes of bulk sediments. Increases in carbon
sequestration since the 1990s, as shown by CMAR changes, are more pronounced in the

Selenga and Maloe More sites, than in the pelagic South and North basins.

Results from the spatial-temporal analyses suggest that biological changes may have occurred
in Lake Baikal associated with lake warming and reduced seasonal ice-cover, but there is no
evidence of wide-spread pelagic eutrophication within the sediment record, except for perhaps
at Maloe More Bay. The Maloe More pigment record showed the highest chlorophyll-b» and
lutein concentrations, which are biomarkers of chlorophytes, compared to concentrations in
sediment records from rest of the sites. Mann-Kendall coefficients also show significant
increasing trends in chlorophyte pigments since c. 1960 AD in the South basin and Maloe
More. Recent monitoring at Lake Baikal have found blooms of filamentous green algae,
namely Spirogyra, along the coastal zones in the South and North basin, and have associated
their occurrence with nutrient input from settlements (Timoshkin et al. 2016). However, the
pelagic South and North basin sites are likely to be too far from the shoreline to detect the
benthic algal blooms found by Timoshkin et al. (2016), providing evidence that the deep
pelagic system is not yet affected. Subtle increases in total algae (chlorophyll-a
concentrations) are seen prior to regional human influence (pre-1950) in the pelagic South and
North basin, whereas at the Selenga and in the littoral regions, such as Maloe More, total algae
begins to increase post-1950 and the rise in concentrations is more pronounced. The
production trends seen in the South basin over the last 200 years from the chlorophyll-a
concentrations, chlas flux, 8"°C values and CMAR are likely to be a result of lake warming
since the LIA, which has been reported within limnological studies at Lake Baikal over a 26-
year period between 1977 — 2003 (Izmesteva et al. 2015). Decreasing diatoxanthin:
canthaxanthin ratios in the Selenga and Maloe More sites, and decreasing diatom
concentrations in the South basin and Selenga over the last 200 years also suggest changes in
ecological structure which could be linked to ice cover changes. After the LIA, reduced ice-
cover duration would have decreased the abundances of large endemic diatoms, which grow
under the ice, and the longer summer growing seasons would promote higher abundances of
picocyanobacteria. Furthermore, Mann-Kendall coefficients show significant decreasing
trends in the diatom pigment (diatoxanthin) from sediments at the Selenga and Maloe More
sites, suggesting a decline in under ice diatom production (between 1940 — 1970 AD), and
significant increasing trends in picocyanobacteria pigment (canthaxanthin) at c. 1960 in the
South basin. However, overall floristic changes with temperature are largely seen in the

Selenga and Maloe More sites, as indicated by PCA axis one scores and MK coefficients.
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Carbon isotopic data suggests that both the South basin, Selenga and Maloe More are
responding to climate, with increase 8"°C values over the last 200 years, which is also seen in
correlations between Chlas concentrations and temperature. However, Chlas concentrations
and 8"C values in sediment from the North basins sites were not responding to the climate
changes presented in the South basin record. The two basins are behaving differently in terms
of algal production and floristic change. The South basin is responding more to increasing
regional air temperatures than the North basin, which could be due to the influence of the
Selenga River waters and changing ice cover parameters e.g. later ice on and shortened
duration. Maloe More Bay shows distinct differences compared to the pelagic sites, and
suggests that this site may be showing evidence of human influence due to the recent rises in

chlorophytes, which match monitoring findings across the littoral regions of the lake.

The rise in Chlas concentrations occurs before the increase in SCP concentrations in South
basin and the Selenga sites, further supporting that primary production changes in the pelagic
basins is prior to main industrial influence within the region. However, SCPs are derived from
high temperature fossil fuel combustion linked to metal smelting and generation of power
from burning of fossil fuel combustion, and therefore agricultural impacts may have been an

influence on aquatic primary production before the SCP rise.

RDA analyses shows that tourist activity is likely to be having an influence on algal
community composition, especially within shallower bay regions, such as Maloe More Bay.
It is likely that Maloe More exhibits a greater influence by anthropogenic activity over the last
few decades, in comparison to the pelagic south basin sites. But it is likely that both climate
and anthropogenic activity are impacting all regions of the lake now, and although there are
no human records to test these results, anthropogenic activity cannot be ruled out.
Anthropogenic impacts need to be taken into consideration, especially seen as shoreline
regions show cultural eutrophication and the total phosphorus concentrations measured in
August 2013 are higher than expected. These phosphorus values are only a snap shot in time,
but they are comparable to measurements taken at the same time (August 2013) by O’Donnell
et al. (2017) and do suggest values higher than those previously measured in 1995 — 2009 of
natural variability (Silow, unpublished). As anthropogenic data cannot be included, instead
trends pre and post 1950 are taken into account, to look at timing of changes, although it is
important to note that this does not attempt to disentangle climate from human influence, and

both could be acting on the algal communities over the last few decades.
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Findings from Chapter Five also show increasing concentrations within chlorophyll-a
concentrations which follow a trend from previous monitoring work, and a rise in the
abundance of chlorophyte pigments in Maloe More Bay. Chlorophyll-a profiles (from August
2013) show higher algal production in the upper waters and no distinct DCM, which is
characteristic of eutrophication, as the DCM moves upwards. This could be as the South basin
is more productive naturally but as the chlorophyll-a trends show a continuing trend over the
last few decades and production is now higher it cannot be ruled out that this is both
anthropogenic and climate influenced. Alongside the chlorophyll-a water column profiles
there are the phosphorus concentrations which show values which fall within the mesotrophic
and eutrophic range. Furthermore, the rise in lutein concentrations, which are seen in
sedimentary record of BAIK13-14 in Maloe More could be due to changes in thermal
stratification and/or nutrient concentrations. Nutrient levels could be driving this algal
community change, as experimental studies presented in Chapter Four show an increase in
chlorophyte pigments with N+P enrichment. Thus, more monitoring work is needed, but the
survey work presented in Chapter Five along with this palaco work presented in this chapter

suggest that climate is not solely influencing the pelagic regions of the lake.

7.4 Summary

Results show that pigment preservation within the sediments is site-specific, being affected
by sedimentation rates and water column depth. One of the North and South basin sites show
extensive degradation, and are not suitable for further analyses. Suitable pigment records from
the South and North basin, Maloe More Bay and the Selenga Shallows, were interpreted in
terms of production rather than degradation profiles. Oxic layers are not significantly
influencing the pigment preservation in these sediment cores, and the pigments are not co-
varying and showing exponential decay profiles. These records are similar to those previously
published at Lake Baikal by Fietz (2005), in terms of the carotenoids detected across the lake
and spatial production patterns, however the research presented in this thesis found intact
chlorophyll-a within the sediments and the pigment profiles do not show exponential decay
in the oxidised layers. Results in this chapter suggest that the carbon in the pelagic basins is
predominantly derived from phytoplankton production rather than terrestrial input at Lake
Baikal. Both TOC/N and Rock Eval data suggests predominantly algal source in the South,
North, Maloe More and Selenga sites, with more mixed sources and greater oxidation of
material at the Selenga site. The §'"°C signal is likely to be largely influenced by phytoplankton
composition and production, and ice cover dynamics at Lake Baikal, and can therefore be used
as a proxy to investigate past production in these sediments. The pigment records and carbon

isotopic records correlate at the Selenga and Maloe More sites, showing increasing Chlas
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concentrations with increasing 8"”C values, and the timing is relatively synchronous
suggesting they are responding to the same drivers of climate change as increasing trends
begin prior to anthropogenic influence within the Baikal region. This positive relationship
between Chlas concentration and 8"°C values is not shown in the South or North basin. In the
North basin, there is no significant increase in 8'"3C values, and in the South basin, there is no
significant increase in Chlas concentrations over the last 200 years as reflected from the Mann-
Kendall trend test. Pigments also match the diatom assemblage changes, with both suggesting
decreasing diatom production in the South, Selenga and Maloe More sites, but not in the North
basin. Overall, the Selenga and Maloe More pigment records show greater production, along
with floristic change, over the last 200 years. Production changes are seen between two
intervals over the last 200 years, as pre-1950 the Chlas concentrations are lower, the 5"°C
values are more negative and the diatom concentrations are higher in the pelagic South and
North basin sites, Maloe More and Selenga sites. MK coefficients show significant trends in
pigments occurring the earliest at the Selenga site (between 1930 — 1950 AD) and then
significant trends are detected in the pelagic South and North basin sites between 1960 — 1970
AD. The timing of significant trends in Maloe More occur at the same time as in the pelagic
basins, however more recent changes are also observed, with significant trends in pigments
between 1980 — 2002 AD. Therefore, the river influenced site shows the earliest signs of algal
change, and the algal changes within the pelagic waters occur at similar times within the South
and North basin. However, Maloe More Bay additionally shows more recent trends in algal
production, differing from the trends seen in the pelagic basin and river influenced sites.
Results from Maloe More could potentially be showing recent eutrophication evidence, with

increasing abundances of chlorophytes over the last 60 years.

Pigments can be used as a proxy for reconstructing past algal community structure and
abundance, at sites which are productive, such as within shallow littoral bay regions and close
to major river inflows (< 200 m water depth). Lake-wide increases in production have been
observed from algal pigment and 8'"°C records, which occur prior to human influence in the
South basin only. Production increases in the North basin are less pronounced than the South
basin. Compositional changes are largely seen over the last 60 years in the South basin,
Selenga and Maloe More Bay. There is a decreasing trend in diatom production with lake
warming in the South basin and Selenga, and increases in picocyanobacteria concentrations
in both North and South basin. Recent compositional change in Maloe More Bay might be

showing signs of eutrophication, with increasing concentrations of chlorophyte pigments.
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Chapter Eight: Synthesis and future research at Lake
Baikal

The main objective of this thesis was to employ limnological and palaeolimnological
techniques to examine if there is evidence of eutrophication and/or climate change impacts at
Lake Baikal. Sites were selected across the South basin, Selenga Shallows, Maloe More Bay,
Chivsky Bay and North basin. Recent observations of increases in aquatic primary production
(chlorophyll-a concentrations) in the pelagic South basin have been seen by Izmesteva et al.
(2016). There have also been recent observations of blooms of chlorophytes in the coastal
regions (Timoshkin et al. 2016), which has prompted questions about whether the pelagic
waters of Lake Baikal are showing signs of eutrophication. Another question raised, was
whether sedimentary fossil pigment and §'"°C records can be used to track limnological change
and historic trends in primary production, and whether enhanced primary production is due to
nutrient enrichment (nitrogen and phosphorus) from regional anthropogenic activity or from
recent climatic changes. Experimental studies of nutrient enrichment have been carried out
within this thesis (Chapter Four), to explore the influence of nutrients (nitrogen + phosphorus
and nitrogen + phosphorus + silicon treatments) on Baikal’s algal groups, and examine the
nutrient-driven changes in pelagic phytoplankton. Water column profiles of chlorophyll-a,
nutrients and other algal group pigments, such as diatoms, chlorophytes and
picocyanobacteria, were collected from 15 water sampling sites across the lake to examine
modern day conditions and spatial differences in limnological parameters (i.e mixing layer
depth, light penetration, DCM formation, euphotic zone depth) (Chapter Five). The sediments
covering the last 200 years within the *'°Pb dated cores are undisturbed, except for in one
South basin core (BAIK13-4F) where turbidite sections have been removed. Pigment,
5'3C0rgamc carbon @nd diatom concentration trends have been examined pre and post 1950 AD, to
explore patterns in production before and after the timing of main anthropogenic influence
within the Baikal region (Brunello et al. 2004) (Chapter Seven). Long-term trends in primary
production have been analysed from the sediment cores, to put limnological changes observed
over the last 200 years into context with natural variability, and to explore any evidence of

late Holocene climatic events (Chapter Six).

8.1 Site selection for environmental reconstruction at Lake Baikal

Short cores collected show spatial variation in sedimentation rates, oxidised layers and
turbidites across Lake Baikal. Cores from these regions were found to be suitable for

investigating past production trends over the last c. 200 years. Pelagic South (BAIK13-1C;
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BAIK13-4F; BAIK13-7A), North basin (BAIK13-18A) and Maloe More (BAIK13-14) sites
were found to be the most influenced by turbidites. However, sediment cores from the Selenga
Shallows (BAIK-10A), opposite the Selenga Delta (BAIK13-11C), and close to the Upper
Angara River in the North basin (BAIK13-19B) had no or minimal turbidite disturbance
within the bottom sediments. Even though sedimentation rates and sediment formation varies
across Lake Baikal, sediment cores from the sites presented in this thesis show that cores can
be used for reconstructions over longer time periods within the late Holocene. Baikal’s
sediments can be used for primary production reconstructions as the sediment accumulation
rate allows high resolution studies covering the last 200 years. For longer term reconstructions,
the turbidite sections at the bottom of these cores would need to be removed, and these cores
would also need to be radiocarbon dated as it is problematic to extend the *'’Pb chronologies

over the entire sediment core due to assumptions with sedimentation rates.

The varying fossil pigment record highlights the importance of coring site location, as burial
rate and water column depth influence the reliability of the pigment record preserved.
Oxidation of organic matter at sites with low sedimentation rates, i.e. at deep water sites (>
1,000m in water depth) in the South (BAIK13-7A) and North basin (BAIK13-18A), also have
implications on the use of 8"°C and Chlas concentrations as production records. *'’Pb dated
sedimentary fossil pigment records from 6 of the 10 selected coring sites suggest that pigments
can be used to reconstruct past floristic changes and production. This is because the pigment
records do not show an exponential decay in concentrations but instead a variation in the
concentrations down-core. Furthermore, the pigments do not show significant co-variations
and are not greatly influenced by the presence of oxidised layers within the upper sediments.
Thus, pigments can be used as a production proxy at all the regions to test the hypothesis and
look at spatial variation and historic trends in production. Only two sites (BAIK13-7A and
BAIK13-18A) were found to be unsuitable for interpretation of the pigment record and had
high levels of degradation. Alongside pigments, 5"°C records can be used to examine algal
production changes as TOC/N ratios and Rock Eval analyses indicate the source of carbon to

be largely derived from phytoplankton production.

8.2 Is Lake Baikal eutrophying and showing anthropogenic impacts
and/or responding to climatic changes?

Winter limnology suggests a possible decline in under ice diatom production in the South
basin over the last decade, with lower total algal biomass and diatom pigment concentrations
in 2013 compared to previous under ice measurements in 2001 — 2003. However, the sampling

only represents a snapshot in time, and more extensive measurements over the winter period
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are required to validate this finding. Summer autotrophic biomass was greatest within the
South basin sites, and predominantly higher within the mixing layer. Summer chlorophyll-a
concentrations in the South basin were higher than values measured a decade ago, along with
higher abundances of diatoms and picoplankton, as inferred from fucoxanthin and zeaxanthin
pigment concentrations respectively. Findings from Chapter Five also suggest a change in the
vertical chl-a profiles over the last decade, with greater algal production in the mixing layer
of the South basin that restricts algal biomass in the deeper waters. Results from Chapter Four
suggest that much of the variation between this study and previous published work is due to
climate-driven reductions in ice duration on the lake. For example, over the last 130 years the
length of the ice-free season has increased by 16 days in the southern basin (Hampton et al.
2008). In Chapter Five, environmental variables (i.e nutrients) were not significantly
correlated (p value > 0.01) to the phytoplankton pigment distributions. Interestingly, a
significant positive relationship was observed between picocyanobacterial pigment and DOC
concentrations. This highlights the importance of DOC with Baikal’s primary production,
especially as DOC concentrations are likely to rise with regional climate warming, as fluvial

inflows increase and regional permafrost continue to degrade.

Despite limnological surveys (Chapter Five) showing no correlation between lake water
nutrient concentrations and algal community composition, it is important to note the high
pelagic TP concentrations measured in August 2013. The TP concentrations measured at this
time, both within this thesis and recently published work at Lake Baikal by O’Donnell et al.
(2017), are higher than past values between 1995 to 2009, by c. 10 ug/L at some sites. Given
the; large difference in the TP concentrations over these four years, the nutrient enrichment
which has been seen within the coastal regions (Timoshkin et al. 2016), and the high TP
concentrations measured within Selenga River waters in August 2013 (values over 50 pg/L)
it is likely that humans are influencing pelagic algal communities. Furthermore, limnological
surveys presented in Chapter Five show a difference in the summer chlorophyll-a profiles,
with no distinct DCM detected within the South basin in August 2013, in comparison to the
Central and North basin sites. A shift to shallower algal production within the water column
suggests nutrient enrichment within the surface waters, and catchment measurements in
August 2013 show high nutrient concentrations within the river inflows into the South basin.
Thus, it is possible that the South basin is showing a greater response to climatic changes and
human activity in comparison to the North basin sites, due to the greater changes seen in ice
cover duration and water temperatures, and the inflow of the nutrient rich Selenga River

waters.
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In comparison to the bay regions, however, results from Maloe More Bay (BAIK13-14) show
signs of nutrient enrichment, with a shift towards more sedimentary chlorophyte algal
pigments. RDA analyses presented in Chapter Seven highlight a significant correlation
between both air temperature and tourist activity on sedimentary algal pigments at BAIK 13-
14, with diatom pigment concentrations (diatoxanthin) declining and chlas and picoplankton
pigment concentrations (canthaxanthin) increasing in concentration with rising air
temperatures and increased tourism. The timing of sedimentary algal pigment change within
the BAIK13-14 sediment core also suggest a shift in abundance and composition post 1950
AD, when human influence within the region is known. It is, however, difficult to disentangle
the impact of climate and anthropogenic activity on Baikal’s algal community composition
given the limited sources available for anthropogenic data (i.e. long term records for

population, tourist numbers and agricultural output).

Palaeolimnological studies can be used to effectively compare conditions before and after
disturbances, such as industrial activity, and can be used in absence of and in combination
with monitoring data. Sedimentary pigment records (Chapter Seven) show increasing Chlas
and are similar to monitoring studies over the last c. 30 years. These record increasing
chlorophyll-a concentrations and decreasing diatom production in the South basin (Izmesteva
et al. 2016). August 2013 results (Chapter Five) further suggest that this increasing trend in
chlorophyll-a concentrations is continuing as well. This is as chlorophyll-a concentrations
measured in August 2013 in the upper 50 m of the water column in the South basin are more
than two-fold higher than values measured in 2005 (Hampton et al. 2008; Moore et al. 2009;
Izmesteva et al. 2016). Dated lake sediment cores demonstrate chlorophyll-a and its diagenetic
products, a proxy for whole lake primary production, have increased significantly over the last
century. The Mann-Kendall analyses that were presented in Chapter Five show increasing
trends in Chlas concentrations across the lake, and significant breakpoints were found at 1935
in the Selenga Shallows and 1984 in Maloe More Bay. Similarly, the Mann-Kendall analyses
show increasing 8'°C values across the lake, with significant breakpoints at; 1975 in the South
basin, 1952 in the Selenga Shallows and 1980 in the North basin. Although, t-test analyses
show consistently higher 8°C values pre-1950 than post-1950. Significant positive
relationships were observed between Chlas concentrations and 8"°C values in the Selenga
Shallows and Maloe More sites, suggesting response to similar drivers between these two
primary production proxies. CMAR and pigment flux were analysed for patterns of primary
production over the last 200 years, and show consistently increasing trends lake-wide, with
highest values in the South basin, Selenga Shallows and Maloe More sites, compared to the
North basin. Pigment concentrations, flux, and 8"°C values at pelagic sites located up to 5 km

away from the main catchment area, were also consistently higher post-1950 lake-wide,
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suggesting a rise in primary production prior to main anthropogenic influence. Mann-Kendall
analysis showed significant increasing trends in chlorophyte pigments over the last 200 years
in the South basin and Maloe More Bay, with significant breakpoints at 1965, 1958 and 2002.
This very recent increase observed at Maloe More Bay supports recent work by Timoshkin et

al. (2016), on eutrophication at Lake Baikal.

The findings from the chapters thus far have suggested anthropogenic influence on the pelagic
regions of Lake Baikal cannot be ruled out, due to aforementioned points around; the increase
in TP concentrations, known coastal nutrient enrichment and shifts within the algal
community composition. Results suggest that the nutrient levels might be influenced by both
climate and anthropogenic activity, however mercury contamination from the Selenga River
into Lake Baikal from mining activity does not appear to be happening. Mercury
concentrations within Lake Baikal’s waters are similar to background global atmospheric
deposition levels and do not suggest mercury pollution, but results highlight the importance
of the Selenga River as a possible source of toxic trace metals. Low lake levels of mercury are
also likely to be a result of dilution effects due to the huge size of Lake Baikal. Sedimentary
mercury concentrations suggest no significant mercury pollution over the last century within
the lake waters from industrial atmospheric deposition and/or river inflows. In terms of
eutrophication, there appears to be a site-specific response, with potentially only Maloe More
Bay showing evidence of both climate impacts and eutrophication over the last ¢. 30 years.
This evidence, consisting of a rise in chlorophyte pigments over the last 30 years, which may
be due to sewage inputs from expanding tourism and settlements within the Maloe More Bay

region and rising temperatures.

The temperature-mediated processes which can affect primary production and subsequent
concentrations of chlorophyll-a include reduced ice cover, lengthened growing seasons,
altering light availability and nutrient dynamics and changes in lake mixing (Williamson et al.
2014). Precipitation mediated processes can also affect transport of allochthonous materials
into the lake, influencing water colour and nutrient availability. Thus, observed DOC trends
from limnological surveys show increasing concentrations in both the pelagic lake and river
waters of Lake Baikal over the last decade, and are likely to be climate driven (Yoshioka et
al. 2002; Sugiyama et al. 2014). Records also show basin specific responses to ice cover
duration changes, with declining trends in under ice diatom production observed in the South
basin and Selenga Shallows from diatom valve and diatom pigment concentrations. These
findings support recent monitoring studies in pelagic Lake Baikal (Izmesteva et al. 2016;
Silow et al. 2016). There are also significant positive relationships between average annual air

temperatures in the region and Chlas concentrations and 8"°C values in the South basin,

797



Selenga and Maloe More sites, and a decrease in diatom concentrations (valve) and
diatom:canthaxanthin pigment ratios in these regions. This suggests the South basin, Selenga
Shallows and Maloe More sites are responding differently to recent climatic changes and/or
anthropogenic nutrient enrichment, compared to the North basin. This disparity in the
response to climate is likely to be a result of; differences in the timing of ice on and off, and
the influence of the Selenga River in the South basin, from the inflow of warmer river waters
with elevated nutrient and DOC concentrations. Furthermore, PCA axis one scores from the
pigment compositions reflect higher floristic change in the South basin over the last 30 years,
and a reducing species composition over the last few decades in the Selenga and Maloe More
sites, with no change in the North basin sites. Lastly, longer-term sedimentary pigment records
suggest warming from LIA, and the correspondence between picoplankton pigment
concentrations and 8"°C values might be an indication of cooler climatic conditions during the
LIA. This is due to higher 8"°C values during cooler periods and increased picoplankton

abundance.

8.3 How could Baikal’s pelagic phytoplankton respond to nutrient
enrichment?

Nutrient enrichment experiments show that silicon is not limiting diatom growth at Lake
Baikal, instead silicon additions are influencing the growth of picocyanobacteria, which is
seen in the August 2013 experiment. Nitrogen and phosphorus additions are only promoting
the growth of chlorophytes in one of the March 2013 experiments, and there is no response in
chlorophyll-a concentrations within any of the experiments. This suggests that there was no
community wide response to nutrient limitation, and the algal groups have different nutrient
demands. The treatments did affect the pigment concentrations and growth rates of

picocyanobacteria, and chlorophytes, but not diatoms.

8.4 Further work

Short sediment cores need to be radiocarbon dated, preferably on pollen extracts (Piotrowska
et al. 2004), to explore the down-core trends in more detail over the late Holocene, and any
evidence of climatic events, the LIA and MCA. Although this study and others (Soma et al.
1996; Tani et al. 2002; Fietz et al. 2007) show that pigments can be used at Lake Baikal as a
proxy for production, more detailed studies expanding on previous work by Fietz (2005) into
pigment preservation using sediment traps is required. This would assess pigment flux into
the sediments, and enable correction factors to be established and applied to pigments down-

core. The contemporary limnological work of this thesis highlights a gap in the knowledge of
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DOC within Lake Baikal, and its influence on microbial and phytoplankton communities. It
would therefore be of interest to explore the influence of DOC on picocyanobacteria further.
Findings from the experimental studies show silicon accumulation within picocyanobacterial
cells. The results in this thesis highlight a gap in the knowledge of the role of
picocyanobacterial within the silicon cycling in large lakes, such as Lake Baikal. The
application of nutrient enrichment experiments is key to understanding the influence of
nutrients on algal community dynamics. Thus, a more extensive network of nutrient
enrichment experiments across Lake Baikal, and across the seasons, would be beneficial in
assessing the impact of anthropogenic driven changes in lake water nutrient concentrations on

Baikal’s phytoplankton.

8.5 End note

The spatial survey of phytoplankton pigments, nutrients (total phosphorus, nitrate) and DOC
concentrations conducted in August 2013 provides a benchmark for future surveys. Pigments
have been shown to reflect phytoplankton variation caused by climatic changes and/or
anthropogenic activity, over the last 50 years. The limnological findings from comparisons
between data from the August 2013 and previous surveys, and the palacolimnological findings
both highlight the urgency to monitor pelagic waters along with coastal and bay regions, for
the protection of Lake Baikal. Palaeolimnological results show that 3"°C can be used as a
production proxy, and algal pigment, with caution, dependent on coring site selection in Lake

Baikal (largely sedimentation rates and occurrence of turbidites within records).

Overall, given the results from the experiments (Chapter Four), Lake Baikal is susceptible to
eutrophication, and sedimentary pigment records from Maloe More Bay are showing a rise in
chlorophyte pigment concentrations. Results from Chapter Seven suggest that Maloe More
Bay could be showing signs of nutrient enrichment, however it is more unclear what the extent
of anthropogenic impact is upon the deeper pelagic basin sites. It could be that the lake is big
enough to buffer any anthropogenic impact, or potentially delay its response. However, it
would be unreasonable to conclude that humans have had no impact upon the open waters,
given that it is known that they have in the shallow waters. Furthermore, the total phosphorus
measurements in August 2013 present a new phenomenon at Lake Baikal, as these TP
concentrations are higher than seen before. These nutrient values could be naturally and/or
human driven, but most likely to be human driven given the extent of the increase, and the
high TP concentrations measured within the Selenga River waters. Alongside TP, DOC
concentrations within Lake Baikal’s waters are showing an increasing trend in comparison to

past studies, and are likely to be due to catchment changes. Changes in the DOC
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concentrations could affect the limnological structure of the lake, impacting light penetration,
but also the microbial loop, which in turn will affect the nutrient levels and algal community

composition.

Overall there are no drastic algal shifts in the pelagic waters, but chlorophyll-a concentrations
are rising (higher than they have been before). Diatom concentrations appear to be continuing
the declining trend, as seen in previous work (which is seen in both waters and sediments).
Diatoms could be declining due to ice cover duration (decreasing), with smaller winter blooms
perhaps (smaller under ice production). Decline could also be due to changes in thermal
stratification driven by increasing water temperatures, and/or changes in nutrient levels, with
competition from other algal groups (more competitive picoplankton) with nutrient
enrichment, and could be due to the silicate concentrations. Although unlikely to be solely due
to silicate concentrations due to the inflow of Selenga waters, and diatom dissolution within
the waters. All the above findings suggest the importance of undertaking further research on

the impact of both humans and climate have had upon our world’s largest freshwater lake.
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Nutrients and DOC water profiles
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Figure 143: Water profiles of Silicate concentrations in the South basin sites. Light blue line
represents March 2013 profiles and dark blue line represents August 2013 profiles.
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Figure 144: Water profiles of Silicate concentrations in the South basin/Selenga, Central

Basin, Maloe More Bay and North basin/Chivsky Bay sites. Dark blue line represents

August 2013 profiles.
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Figure 145: Water profiles of Silicate concentrations in the North basin sites. Dark blue line

represents August 2013 profiles.
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Figure 146: Water profiles of TP concentrations in the South basin sites. Light blue line
represents March 2013 profiles and dark blue line represents August 2013 profiles.

3RS



TP concentration

20
40
60

Depth (m)
o
S

—
[\o]
(=]

140
160
180
200

20
40
60

Depth (m)
o o
[w) o

140
160
180
200

BAIK13-10

TP (pg/L)
0 1020304050

__;"P._A_;l
CJ

<

(]

TP concentration
BAIK13-13

TP (ug/L)
0 1020304050

.
O, °
4

L)
1,
)

TP concentration

20
40
60
80
100

Depth (m)

120
140
160
180
200

20
40
60
80
100

Depth (m)

120
140
160
180
200

BAIK13-11

TP (ng/L)
0 1020304050
- - ._J_I_J
o_;.%'
\.
\.

]

TP concentration
BAIK13-14

TP (ng/L)

0 1020304050

N T " N E—

TP concentration
BAIK13-12

TP (ng/L)
0 1020304050

0 +—a0———
\.I.

L}
20 1 ®
%
40 A
60
80 -

100 A ®

Depth (m)

120 -
140 -
160 -
180 A )

200 -

TP concentration
BAIK13-16

TP (pg/L)
0 1020304050

0 __;ﬁl._l_;J

.'... ®

60 -
80 -
100 e

Depth (m)

120
140
160

180 A L

200 -

Figure 147: Water profiles of TP concentrations in the South basin/Selenga, Central Basin,
Maloe More Bay and North basin/Chivsky Bay sites. Dark blue line represents August 2013

profiles.
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Figure 149: Water profiles of DOC concentrations in the South basin sites. Light blue line
represents March 2013 profiles and dark blue line represents August 2013 profiles.
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Figure 150: Water profiles of DOC concentrations in the South basin/Selenga, Central
Basin, Maloe More Bay and North basin/Chivsky Bay sites. Dark blue line represents
August 2013 profiles.
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Nutrient enrichment experiments datasets (results from day 0 and last

day)

Table 56: Main pigment concentrations from each treatment (plus replicates) for nutrient
enrichment experiment conducted underneath the South basin lake ice in March 2013.

Day | Treatment | Fucoxanthin Lutein Zeaxanthin Chl-a
(nmol/L) (nmol/L) (nmol/L) (nmol/L)
0 C 0.105 0.049 0.021 0.348
0 C 0.144 0.052 0.024 0.451
0 C 0.103 0.054 0.022 0.428
7 C 0.033 0.126 0.046 0.619
7 C 0.038 0.154 0.074 0.528
7 C 0.046 0.168 0.058 0.655
7 C 0.027 0.116 0.038 0.531
7 C 0.016 0.058 0.000 0.273
7 N+P 0.000 0.055 0.000 0.328
7 N+P 0.014 0.078 0.058 0.332
7 N+P 0.015 0.056 0.024 0.234
7 N+P 0.014 0.091 0.040 0.339
7 N+P 0.067 0.288 0.176 0.712
7 NPSi 0.033 0.128 0.043 0.538
7 NPSi 0.044 0.168 0.045 0.593
7 NPSi 0.030 0.123 0.040 0.580
7 NPSi 0.055 0.139 0.030 0.795
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Table 57: Nutrient concentrations from each treatment (plus replicates) for nutrient

enrichment experiment conducted underneath the South basin lake ice in March 2013.

Day Treatment Silicate TP (ng/L) Nitrate
(mg/L) (mg/L)
0 C 0.030 33.601 0.492
0 C 0.018 29.512 0.472
0 C 0.014 25.422 0.748
0 N+P+S 0.176 63.982 2.438
0 N+P+S 0.114 61.645 2.602
0 N+P+S 0.096 75.667 2.069
7 C 0.004 27.175 0.584
7 C 0.028 29.512 0.441
7 C 0.026 30.680 0.451
7 C 0.033 34.770 0.441
7 C 0.028 42.949 0.554
7 N+P+S 0.106 82.677 2.182
7 N+P+S 0.123 100.205 2.448
7 N+P+S 0.097 90.273 2.245
7 N+P+S 0.101 56.971 1.701
7 N+P+S 0.126 73.330 2.472
7 N+P 0.083 54.050 0.613
7 N+P 0.094 63.397 0.803
7 N-+P 0.105 66.903 0.613
7 N+P 0.100 58.139 0.694
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Table 58: Main pigment concentrations from each treatment (plus replicates) for nutrient
enrichment experiment conducted in a laboratory kunk on the South basin lake shore in

March 2013.
Day | Treatment | Fucoxanthin Lutein Zeaxanthin Chl-a
(nmol/L) (nmol/L) (nmol/L) (nmol/L)
0 C 0.050 0.033 0.031 0.247
0 C 0.054 0.042 0.037 0.280
0 C 0.167 0.043 0.035 0.377
6 C 0.015 0.036 0.038 0.146
6 C 0.000 0.035 0.044 0.146
6 C 0.000 0.000 0.000 0.000
6 N+P 0.012 0.036 0.063 0.140
6 N+P 0.018 0.079 0.110 0.284
6 N+P 0.018 0.038 0.057 0.151
6 N+P+S 0.000 0.022 0.074 0.072
6 N+P+S 0.000 0.030 0.220 0.108

Table 59: Nutrient concentrations from each treatment (plus replicates) for nutrient
enrichment experiment conducted in a laboratory kunk on the South basin lake shore in

March 201 3.

Day Treatment Silicate TP (ng/L) Nitrate

(mg/L) (mg/L)
Day 0 C 0.912 (-) 0.038
Day 0 C 0.549 (-) 0.018
Day 0 C 0.586 (-) 0.016
Day 0 N+P+S 1.864 20.065 0.000
Day 0 N+P+S 1.837 24.833 0.075
Day 0 N+P+S 1.918 19.469 0.077
Day 6 C 0.694 (-) 0.038
Day 6 C 0.740 (-) 0.028
Day 6 C 0.549 (-) 0.009
Day 6 N+P 0.731 16.488 0.016
Day 6 N+P 0.640 45.695 0.027
Day 6 N+P 0.740 20.661 0.020
Day 6 N+P+S 2.525 (-) 0.027
Day 6 N+P+S 2.476 13.508 0.033
Day 6 N+P+S 2.065 11.124 0.000
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Table 60: Main pigment concentrations from each treatment (plus replicates) for nutrient
enrichment experiment conducted in August 2013. Water was collected from BAIK13-12 and
experimental in set-up in Maloe More Bay.

Day | Treatment | Fucoxanthin Lutein Zeaxanthin Chl-a
(nmol/L) (nmol/L) (nmol/L) (nmol/L)
0 C 0.310 0.000 0.000 0.604
0 C 3.342 0.033 0.021 5.442
0 C 0.372 0.025 0.029 0.764
0 N+P 1.679 0.038 0.026 2.545
0 N+P+S 0.710 0.020 0.000 1.110
11 C 0.341 0.013 0.010 0.174
11 C 0.200 0.018 0.021 0.274
11 N+P 0.795 0.040 0.076 0.071
11 N+P 0.114 0.039 0.021 0.022
11 N-+P+S 0.269 0.000 0.376 0.187
11 N-+P+S 0.234 0.000 0.257 0.109

Table 61: Nutrient and DOC concentrations from each treatment (plus replicates) for
nutrient enrichment experiment conducted in August 2013. Water was collected from
BAIK13-12 and experimental in set-up in Maloe More Bay. (-) indicated no sample

measured.
Day Treatment Silicate TP (ng/L) Nitrate DOC
(mg/L) (mg/L) (mg/L)

0 C 0.07 17.54 0.05 2.21
0 C 0.00 9.84 0.00 1.95
0 C 0.03 11.03 0.00 1.99
0 N+P 0.04 435.47 0.17 2.22
0 N+P 0.01 (-) 0.20 2.12
0 N+P 0.00 (-) 0.16 2.18
0 N+P+S 0.13 410.01 0.06 8.25
0 N+P+S 0.05 (-) 0.05 8.35
0 N+P+S 0.28 (-) 0.05 8.30
11 C 0.00 21.57 0.00 4.00
11 C 0.00 20.88 0.01 4.40
11 N+P 0.11 500.37 0.00 4.79
11 N+P 0.04 496.24 0.04 6.31
11 N+P+S 0.28 545.84 0.02 6.53
11 N+P+S 0.08 514.84 0.04 7.42
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Mercury

Table 62: Mercury (Hg) concentrations in the Baikal water samples.

Site Water depth Hg Concentration (ng L
South basin/BAIK13-8 Surface 1.4
Selenga/BAIK13-10 Surface 1.6
Selenga Delta 1 Surface 6.0
Selenga Delta 2 Surface 4.5
Selenga Delta 3 Surface 5.53
Selenga Branch 1 Surface 0.34
Selenga Branch 2 Surface 1.92
Selenga River 1 Surface 8.1
Selenga River 2 Surface 6.1
Central basin Surface 1.4
Central basin/BAIK13-12 Surface 0.02
North basin/BAIK13-19 Surface 3.2

Table 63: Mercury (Hg) concentrations in the sediments taken from Lake Baikal.

. Min depth | Max depth Mid-depth Hg concentrations
Site -1
(cm) (cm) (cm) (ngg)

Baik13-1C 2.0 2.2 2.1 67.3
Baik13-1C 12.6 12.8 12.7 55.2
Baik13-1C 22.6 22.8 22.7 29
Baik13-10A 0.2 0.6 0.4 47.7
Baik13-10A 2.2 2.6 2.4 50.6
Baik13-10A 4.2 4.4 4.3 46.1
Baik13-10A 6.0 6.2 6.1 48.2
Baik13-10A 8.0 8.4 8.2 48
Baik13-10A 10.0 10.2 10.1 47.5
Baik13-10A 12.0 12.2 12.1 39.2
Baik13-10A 19.8 20.0 19.9 31.1
Baik13-10A 33.0 33.2 33.1 25
Baik13-10A 494 50 49.7 26.4
Baik13-19B 0.6 0.8 0.7 51.1
Baik13-19B 2.8 3 2.9 52.6
Baik13-19B 4.6 4.8 4.7 42.8
Baik13-19B 6.4 6.6 6.5 41.1
Baik13-19B 8.6 8.8 8.7 46.1
Baik13-19B 10.2 10.4 10.3 41.3
Baik13-19B 12.0 12.2 12.1 35.5
Baik13-19B 22.4 22.6 22.5 373
Baik13-19B 32.0 32.2 32.1 28.6
Baik13-19B 42.6 42.8 42.7 30.2
Baik13-19B 64.8 65 64.9 29.5
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?1%ph chronology profiles

Table 64: *'°Pb chronology of core BAIK13-1C taken from Baikal region, Russia.

Depth Dry mass Chronology Sedimentation Rate
Date Age
cm g cm? AD yr * g cm? yr'1 cm yr'1 %
0 0 2013 0
0.3 0.0139 2011 2 2 0.009 0.091 7.5
1.1 0.1088 2003 10 2 0.0136 0.098 11.6
1.7 0.2081 1994 19 2 0.0087 0.045 12.4
25 0.3796 1976 37 3 0.0117 0.053 11.3
29 0.4714 1967 46 3 0.0079 0.035 14.7
3.1 0.5129 1962 51 4 0.0083 0.04 16.2
3.5 0.5958 1951 62 5 0.0068 0.029 18.6
3.9 0.6981 1933 80 7 0.005 0.02 27.5
4.1 0.7493 1924 89 9 0.0059 0.023 38.4
4.5 0.8506 1905 108 14 0.0046 0.018 68
4.7 0.9013 1883 130 26 0.0013 0.005 82.1

Table 65: *'°Pb concentrations for core BAIK13-1C taken from Baikal region, Russia

Dry Cum
Depth  Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Kg Bq Bq Kg

cm  gem” : - Kg' - : - Bq m™ +
0.3 0.0139 7049 36.01 60.3 73 6446 36.74 91.7 5.8
1.1 0.1088 373.87 32.13 51.04 6.98 322.83 32.88 533.3 34.6
1.7  0.2081 44224 40.83 62.74 9.74 379.5 41.98 881.2 52.1
2.5 03796 20637 13.77 40.82 3.02 165.55 14.1 1323.5 78.7
29 04714 22758 20.19 4431 486 183.27 20.77 1483.5 80.9
3.1 0.5129 193.25 17.6 4551 441 147.74 18.14 1551.9 81.7
3.5 0.5958 176.45 1535 4829 3.63 128.16 15.77 1666.1 82.9
39 0.6981 15691 16.11 5496 399 101.95 16.6 1783.3 84.5
4.1 0.7493 11791 1626 5338 424  64.53 16.8 1825.2 85.2
4.5 0.8506 106.73 23.15 6128 6.59 4545 24.07 1880.3 87
47 09013 12879 14.75 4424 3.63 84.55 15.19 1912.3 88.1
49 09453 95.14 14.62 4539 395 49.75 15.14 1941.1 88.4
5.1 09894 4157 954 5728 3.08 -15.71 10.02 1944.2 88.6
53 1.0334  59.13  6.62 5848 1.86 0.65 6.88

59 1.1875  37.57 97 4132 285 -3.75  10.11

6.5 1.3725  44.67 10.59 4489 2.87 -0.22 1097

89 2.0885 4895 644 46.74 192 221 6.72
12.5 3.6164 4448  5.67 51.8  1.54 -7.32  5.88
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Figure 152: Radiometric chronology of core BAIK13-1C taken from Baikal region, Russia,
showing the CRS model *'’Pb dates and sedimentation rates. The solid line shows age while
the dashed line indicates sedimentation rate.
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Table 66: *'°Pb chronology and sedimentation rates of core BAIK13-4F.

Depth  Dry mass Chronology Sedimentation Rate
Date  Age
cm gcem” AD yr + gemPyr' cmyr’ + %
0 0 2013 0

0.1 0.016 2013 0 7 0.0577 0.239 21.2

1.1 0.2656 2009 4 2 0.0849 0.327 25.1

2.1 0.5352 2006 7 2 0.0927 0.316 36.9

33 0.9107 2001 12 2 0.0668 0.173 24

4.1 1.3071 1998 15 2 0.3156 0.686 53.4

4.9 1.6474 1991 22 3 0.0146 0.035 18.6

5.5 1.8886 1970 43 4 0.0084 0.024 21.2

5.7 1.9267 1965 48 5 0.0062 0.032 17.4

6.1 2.003 1953 60 6 0.0071 0.037 27.4

6.5 2.0793 1940 73 8 0.0049 0.021 31.1

6.9 2.1886 1923 90 13 0.0094 0.033 52.6

7.7 24157 1901 112 23 0.0111 0.039 104.1

8.3 2.5882 1869 144 30 0.0025 0.009 137.6

Table 67: *'°Pb concentrations for core BAIK13-4F.
Dry Cum
Depth ~ Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Kg Bq Bq Kg
cm  gem” : + Kg' - : + Bq m™ +
0.1 0.016 168.54 23.85 43.03 5.55 125.51 24.49 20.2 2.9
1.1 0.2656 12639 17.47 50.12 4.13  76.27 1795 266.9 41.5
2.1 0.5352 126.62 22.13 63.06 546 63.56 22.79 454.9 66.5
33 09107 11455 1626 3854 3.76  76.01 16.69 716.2  100.2
4.1 1.3071 577 742 43.07 194 1463 7.67 863.9 1163
4.9 1.6474 315.86 41.17 6096 934 2549 4222 1150 140.6
5.5 1.8886 287.77 38.72 59.79 9.11 22798 39.78 1731.7 181.2
5.7 1.9267 301.67 2645 3836 5.89 26331 27.1 18253 183.5
6.1 2.003 203.94 31.05 4381 7.65 160.13 31.98 1983.5 184.6
6.5 20793 207.74 2477 5194 597 1558 2548 2104 186.2
69 21886 91.17 15.17 4354 344 47.63 1556  2203.7 187.7
7.7 24157  74.04 15.06 54.11 377 1993 1552 22759 190.2
83 25882 80.65 1046 4756 2.69 33.09 10.8 2320.7 192.1
9.1 2.7999 46.7 12.83 54.08 3.24 -7.38 13.23 23479 193.5
11.1 3.7933 3552 11.54 49.74 3.1 -14.22 11.95
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Figure 153: Radiometric chronology of core BAIK13-4F, showing the CRS model *'°Pb
dates and sedimentation rates. The solid line shows age while the dashed line indicates
sedimentation rate.
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Table 68: *'’Pb chronology of core BAIK13-7A taken from BPPM.

Depth  Dry mass Chronology Sedimentation Rate
Date  Age
cm gcm” AD yr + gemPyr' cmyr’ + %
0 0 2013 0
0.1 0.0153 2012 1 2 0.0199 0.122 233
0.5 0.0815 2008 5 2 0.0104 0.058 13.8
1.1 0.1946 1996 17 2 0.009 0.044 17
1.7 0.3268 1981 32 3 0.0089 0.04 20.7
23 0.4589 1963 50 4 0.0061 0.026 20.5
2.7 0.5609 1934 79 6 0.0019 0.007 20.2
Table 69: *'’Pb concentrations for core BAIK13-7A.
Dry Cum
Depth  Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Bq Bq Kg
em gem®  Kg! + Kg' + ! + Bq m™ +
0.1 0.0153 23593 38.11 59.13 10.33 176.8 39.49 27.2 4.5
0.5 0.0815 357.77 3349 6392 8.92 293.85 34.66 179.8 21.5
1.1 0.1946 283.88 34.04 48.65 8.59 23523 35.11 477.7 43.7
1.7 03268 213.17 27.15 6252 7.82 150.65 28.25 728.6 62.3
23 0.4589 17137 21.43 459 559 12547 22.15 910.5 72.3
2.7 05609 204.56 14.62 40.51 3.07 164.05 14.94 1057.3 76.1
3.1 0.677 136.77 21.88 5798 586 78.79 22.65 1192.3 78.9
37 08724 6935 937 4783 262 2152 973 1278.5 86.1
4.1 1.014 3552 9.14 53.62 252 -181 948 1280.9 87.4
5.1 1.3965 26.76 5.63 5426 244 -275 6.14
5.7 1.626 3899 7.04 49.17 186 -10.18 7.28
6.7 20131 3734 7.07 5346 2.04 -16.12 7.36
7.3 22496 46.68 732 46.07 2.04 0.61 7.6
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Figure 154: Radiometric chronology of core BAIK13-74 taken from BPPM, showing the
CRS model *'’Pb dates and sedimentation rates. The solid line shows age while the dashed

line indicates sedimentation rate.
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Table 70: *'’Pb chronology of core BAIK13-10A.

Depth  Dry mass Chronology Sedimentation Rate
Date  Age
cm gcm” AD yr + gem®yr'  cmyr’ + %
0 0 2013 0
0.3 0.038 2013 0 2 0.1325 0.501 27.3
1.9 0.5028 2009 4 2 0.0929 0.297 18.2
3.7 1.1017 2000 13 2 0.0524 0.151 9.3
4.9 1.5416 1992 21 2 0.056 0.146 12.7
6.7 2.2556 1978 35 3 0.0444 0.113 15.4
7.3 2.4866 1971 42 4 0.0304 0.08 15.3
8.3 2.8653 1957 56 5 0.0223 0.058 20.2
8.5 2.9457 1953 60 6 0.023 0.056 28
9.3 3.2757 1938 75 9 0.0187 0.045 33.8
9.9 3.5296 1918 95 16 0.0084 0.02 50.3
10.3 3.6901 1894 119 18 0.0055 0.014 56.7
10.6 3.8104 1875 138 20 0.0077 0.019 61.6
Table 71: *'’Pb concentrations for core BAIK13-10A.
Dry Cum
Depth ~ Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Bq Bq Kg
em gem®  Kg' + Kg' - ! + Bq m™ +
0.3 0.038 187.1 30.08 71.48 7.87 115.62 31.09 43.8 8.6
1.9 05028 201.85 24.71 57.2 5.81 144.65 25.38 646.1  102.7
3.7 1.1017 241.13 13.54 447 2.84 196.43 13.83 1659.6  172.1
4.9 1.5416  187.4 1491 44.79 3.08 142.61 1522 2399  188.6
6.7 22556 162.42 13.74 47.05 294 11537 14.05 3316.6 2163
73 24866 178.22 1426 39.58 298 138.64 14.57 3609.1 221.8
83 2.8653 167.18 13.44 46.66 2.87 120.52 13.74 4099 2284
85 29457 171.88 2191 67.33 55 104.55 2259 41894 2293
93  3.2757 12488 15.67 46.16 3.69 78.72 16.1  4489.8 2358
99 35296 141.24 825 47.02 1.76 9422 844 47087 2394
10.3  3.6901 12044 8.78 50.23 2.04 7021 9.01  4839.7 240
10.6  3.8104 91.53 17.85 63.72 446 27.81 184  4894.8 240.5
12.1 44122 64.52 14.11 61.53 3.69 299 1458 4961.8 2532
13.1 48134 4547 887 6223 245 -16.76 9.2
145 53751 5588 1024 53.77 242 2.11 10.52
17.5  6.5787 59.12 1426 6229 392 -3.17 14.79
18.1 6.8194 68.6 1346 61.14 3.64 7.46 13.94
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Figure 155: Radiometric chronology of core BAIK13-10A taken from Selenga Delta region,
showing the CRS model *'’Pb dates and sedimentation rates. The solid line shows age while
the dashed line indicates sedimentation rate.
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Table 72: *'°Pb chronology of core BAIK13-11C.

Depth  Dry mass Chronology Sedimentation Rate
Date  Age
cm gcem” AD yr + gemPyr' cmyr’ + %
0 0 2013 0
0.2 0.0094 2012 1 2 0.0174 0.178 11.8
1.1 0.1074 2006 7 2 0.0137 0.104 10.7
2.1 0.2601 1995 18 2 0.0129 0.079 15.1
2.7 0.3685 1987 26 2 0.017 0.094 16.9
3.1 0.4408 1982 31 3 0.011 0.055 14.3
3.5 0.5304 1973 40 4 0.0091 0.04 18.6
3.9 0.6201 1962 51 5 0.0074 0.032 19.9
4.5 0.7591 1941 72 9 0.0054 0.023 34.6
4.9 0.8517 1929 84 13 0.0138 0.057 59.7
5.5 1.0008 1925 88 16 0.0324 0.131 78.3
6.1 1.1499 1919 94 17 0.0259 0.096 102.2
6.9 1.38 1907 106 22 0.013 0.044 88.6
7.5 1.5624 1901 112 30 0.0289 0.095 99.1
8.3 1.8057 1879 134 36 0.0109 0.035 104.5
Table 73: *'°Pb concentrations for core BAIK13-11C.
Dry Cum
Depth  Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Kg Bq Bq Kg
cm  gem” : + Kg' + : + Bq m™ +
0.2 0.0094 482.25 4239 6391 10.56 418.34 43.69 39.7 3.5
1.1 0.1074 497.22 3735 61.16 9.14 436.06 38.45 458.3 36.8
2.1 0.2601 400.65 4146 76.44 11.75 32421 43.09 1034.6 72.4
2.7 03685 283.05 2696 87.17 9.19 195.88 28.48 1310.7 88.1
3.1 0.4408 311.88 25.17 55.78 6.9 256.1 26.1 1473.1 91.3
35 05304 296.8 31.2 6036 9.62 236.44 32.65 1693.7 95.1
39 0.6201 262.15 21.27 55.9 56 20625 21.99 1891.9 99.4
45 07591 211.26 22.05 6852 7.04 14274 23.15 2131.6 104
49 08517 11496 16.05 7548 528 3948 169  2206.1 106.6
5.5 1.0008 7731 14.88 63.29 489 14.02 15.66 22427 108.9
6.1 1.1499  63.42 11.09 54.62 3.61 88 11.66 22594 111.1
6.9 1.38 70.54 11.49 4922 3.61 21.32 12.04 2292 1138
7.5 1.5624  66.77 11.17 5527 4.19 11.5 11.93 2321  116.2
8.3 1.8057  62.83 10.94 53.57 3.8 926 11.58 23462 119.2
9.1 2.0633 5457 822 4555 2.5 9.02 8.67 2369.7 1224
10.1 23997 5949 9.82 62.62 3.32 -3.13 1037  2379.6 1258
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Figure 156: Radiometric chronology of core BAIK13-11C, showing the CRS model *'’Pb
dates and sedimentation rates. The solid line shows age while the dashed line indicates
sedimentation rate.
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Table 74: *'’Pb chronology of core BAIK13-14C.

Depth  Dry mass Chronology Sedimentation Rate
Date  Age
cm gcem” AD yr + gemPyr' cmyr’ + %
0 0 2013 0
0.2 0.0088 2013 0 2 0.03 0.234 11.1
1.3 0.1669 2007 6 2 0.025 0.149 9.6
2.5 0.3943 1997 16 2 0.0198 0.094 11.5
3.1 0.5439 1988 25 2 0.015 0.056 13.4
3.9 0.771 1968 45 3 0.0081 0.028 10.7
4.1 0.8301 1961 52 3 0.0092 0.031 16.8
4.3 0.8892 1954 59 3 0.0077 0.028 12.7
4.7 0.9934 1941 72 4 0.0086 0.033 17.6
5.1 1.0976 1927 86 6 0.0064 0.025 20.5
5.5 1.2012 1908 105 10 0.0045 0.017 34.6
6 1.3308 1884 129 19 0.0069 0.026 68.4
6.3 1.4128 1863 150 23 0.0023 0.008 80.9
6.5 1.4689 1841 172 26 0.0029 0.011 92.2
Table 75: *'°Pb concentrations for core BAIK13-14C.
Dry Cum
Depth ~ Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Bq Bq Kg
em gem®  Kg' + Kg' - ! + Bq m™ +
0.2  0.0088 337.59 3042 3251 7.6 305.08 31.36 26.9 2.4
1.3 0.1669 336.35 2522 30.08 5.68 30627 25.85 510.1 41.1
2.5 03943 31256 2791 3099 6.89 281.57 28.75 1178.1 77.1
3.1 0.5439 32499 3423 41.67 836 283.32 3524 1600.7 94.6
3.9 0.771 309.82 22.82 29.85 4.84 27997 2333 22404 1199
4.1 0.8301 24139 29.14 4227 7.01 199.12 2997  2380.5 122.2
43 0.8892 216.6 16.79 26.49 3.6 190.11 17.17 24955 1234
4.7 09934 14575 14.03 3129 3.99 11446 1459 26509 124.5
5.1 1.0976 131.71 9.39 3224 242 9947 9.7 2762.1 1255
5.5 1.2012 102.52 13.61 24.72 347 77.8 14.05 28535 126.1
6 1.3308 5196 827 27.87 227 24.09 858 29129 127.1
6.3 1.4128  65.06 74 27.09 195 3797 7.65 29379 1273
6.5 1.4689 4234 1146 2735 293 1499 11.83 2951.8 1274
7.9 1.8576  28.14 7.52 2798 2.26 0.16 7.85 2964.5 131
87 2.0718 23.35 6.5 2636 188 -3.01 6.77
10.1 24686 2934 892 2796 2.55 1.38  9.28
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Figure 157: Radiometric chronology of coreBAIK13-14C, showing the CRS model *'’Pb
dates and sedimentation rates. The solid line shows age while the dashed line indicates
sedimentation rate.
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Table 76: *'’Pb chronology and sedimentation rate of core BAIK13-18A.

Depth  Dry mass Chronology Sedimentation Rate
Date  Age
cm gcem” AD yr + gem®yr!  cmyr’ + %
0 0 2013 0
0.5 0.1025 1999 14 2 0.0083 0.05 29.4
0.7 0.1354 1990 23 4 0.006 0.02
1.1 0.1842 1985 28 4 0.0043 0.03 18.6
1.4 0.2278 1968 45 9 0.005 0.02
1.9 0.3005 1948 65 9 0.0021 0.012 34.4
2.2 0.3574 1910 103 15 0.002 0.01
2.7 0.4586 1869 144 15 0.002 0.01 39.7
Table 77: *'’Pb concentrations for core BAIK13-18A.
Dry Cum
Depth  Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Bq Bq Kg
em gem®  Kg! + Kg' + ! + Bq m™ +
0.5 0.1025 450 77.77 153.96 23.75 296.04 81.32 425.6 62.9
0.7 0.1354 519.12 629 111.07 1556 408.05 64.8 540.4 73.5
1.1 0.1842 44454 448 66.87 9.85 377.67 45.87 732 78.8
1.4 02278 31996 8541 189.3 2327 130.66 88.52 833.5 83.2
1.9 03005 31597 3833 7462 9.88 241.35 39.58 964.6 97.3
22 03574 22475 23.11 10429 594 120.46 23.86 1063.5 99.9
2.7 04586 165.17 3631 139.06 9.8 26.11 37.61 1126  103.3
29 04939 103.34 2036  69.58 52 3376 21.01 1136.5 104.8
34 05847 42773 2455 8026 6.85 -37.53 25.49
39 06793 6846 1621 63.23 435 523 16.78
5.1 0.9247 509 233 76.08 7.29 -25.18 2441
9.1 1.7452  47.78 10.67 52.47 27 469 11.01
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Figure 158: Radiometric chronology of core BAIK13-184, showing the CRS model *'’Pb
dates and sedimentation rates. The solid line shows age while the dashed line indicates

sedimentation rate.
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Table 78: *'’Pb chronology and sedimentation rates of core BAIK13-19B.

Depth  Dry mass Chronology Sedimentation Rate
Date  Age
cm gcem” AD yr + gemPyr' cmyr’ + %
0 0 2013 0

0.5 0.0601 2006 7 2 0.0084 0.06 26.6

1.1 0.1553 1998 15 4 0.0213 0.133 83.9

1.5 0.2209 1993 20 5 0.0071 0.043 333

2.1 0.3193 1982 31 8 0.0116 0.071 55.7

2.7 0.4177 1967 46 14 0.0041 0.023 57.7

33 0.5353 1954 59 20 0.009 0.041 52.1

4.1 0.727 1936 77 24 0.0055 0.023 104.9

Table 79: *'’Pb concentrations for core BAIK13-19B.
Dry Cum
Depth ~ Mass Pb-210 Unsupported
Total Supported Unsupp Pb-210
Bq Kg Bq Bq Kg
cm  gem” : + Kg' + : + Bq m™ +

0.5 0.0601 250.87 2993 7735 7.16 173.52 30.77 114.5 14.3
1.1 0.1553 14573 42.14 9151 1226 5422 43.89 212.1 34
1.5  0.2209 200 27.05 624 654 137.6 27.83 270.8 45.3
2.1 0.3193 13831 2453 7892 7.13 5939 25.55 362.4 51.7
27 04177 1755 2458 67.87 6.16 107.63 2534 442.2 57.6
33 0.5353 106.44 30.53 9441 8.17 12.03 31.6 493.5 65.4
4.1 0.727 9198 20.75 62.16 525 2982 214 531.1 82.1
49 09186  78.74 13.58 61.3 346 1744 14.01 575.3 90.5
5.1 09798  60.46 9.18 52.03 2.16 8.43 943 582.9 91.3
5.9 1.2421 4253 1646 6589 4.66 -2336 17.11
6.9 1.5986 5255 7.87 5792 2.07 -5.37 8.14
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Figure 159: Radiometric chronology of core BAIK13-19B, showing the CRS model *'’Pb
dates and sedimentation rates. The solid line shows age while the dashed line indicates
sedimentation rate.
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Figure 160: Diatom profile for BAIK13-74 in the South basin. Most abundant species are
shown (abundance > 2%), with total diatom concentrations and diatom dissolution index
(DDI) down-core. Dashed green line indicates onset of human influence in the Baikal region
(Brunello et al., 2004).
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Figure 161: Diatom profile for BAIK13-11C in the South basin. Most abundant species are
shown (abundance > 2%), with total diatom concentrations and diatom dissolution index
(DDI) down-core. Dashed green line indicates onset of human influence in the Baikal region
(Brunello et al., 2004).
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Figure 162: Diatom profile for BAIK13-184 in the North basin. Most abundance species are
shown (abundance > 2%), with total diatom concentrations and diatom dissolution index
(DDI) down-core. Dashed green line indicates onset of human influence in the Baikal region
(Brunello et al., 2004).
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