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Abstract

Much of our understanding of Quaternary palaeoenvironmental change has
been generated from long, continuous marine sediment and ice core
sequences. These records span multiple glacial-interglacial cycles, providing
an essential long-term perspective on natural climate variability that sets the
context for recent anthropogenic climate change. However, to develop
resilience to future climatic changes, it is crucial to understand the
manifestation of global climatic change over terrestrial regions and the
environmental response to such changes. This is especially critical in
hydrologically sensitive, semi-arid regions such as the northeastern
Mediterranean, where anthropogenic climate change is already having a
detrimental impact on water security. This region is remarkable for its high
density of ancient lakes, and long sediment cores of good stratigraphic
continuity have been recovered from Lake Ioannina (Greece) and Lake Ohrid
(North Macedonia/Albania). These have been used to produce reconstructions

of environmental change spanning multiple glacial-interglacial cycles.

This thesis generates new diatom assemblage records from these two lakes to
fill the gap in our knowledge about MIS 7-9, an interval of particular interest
given the relatively weak glacial-interglacial changes at this time. These lakes
are only c. 150 km apart, so are subject to the same climatic forcing, but
shallow, eutrophic Lake Ioannina experiences significant lake-level
fluctuations, while deep, oligotrophic Lake Ohrid is renowned for its long-term
stability. By comparing the diatom assemblages of these two lakes and their
differing response to the same climatic forcing, changes in hydroclimate and
temperature can be better disentangled. Meanwhile, existing palynological and
geochemical data enable the separation of the palaeoclimate signal from other

drivers of limnological change.
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The results reveal a diatom response at Lake Ioannina that is driven by
variations in lake level and mixing regime and is remarkably subtle, with the
persistence of a relatively deep lake throughout most of MIS 7-9. In contrast,
the response at Lake Ohrid during MIS 7 reflects temperature changes, which
become more variable on the approach towards the penultimate glacial

inception.
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Chapter 1 | Introduction

This thesis examines lacustrine sediments from the northeastern
Mediterranean in the context of past environmental change. Specifically, it
investigates diatom responses to changing environmental conditions in two
proximal but contrasting ancient lakes: Lake Ioannina (Greece) and Lake Ohrid
(Albania/North Macedonia). The data generated are used to establish the
palaeolimnological histories of the lakes during the glacial-interglacial cycles
equivalent to marine isotope stages (MIS) 7-9 and subsequently to contribute to
our knowledge of northeastern Mediterranean palaeoclimate. The rationale
and context of the research is provided in this chapter before an outline of the
aims and objectives of the thesis. The chapter concludes with a summary of the

thesis structure.

1.1 Research context

1.1.1 Contemporary climate change

It is now considered unequivocal that greenhouse gas (GHG) emissions
resulting from human activities are causing widespread and rapid changes in
the climate system on a scale that is unprecedented over many centuries to
many thousands of years (IPCC, 2021). Global mean surface temperatures
(GMST) are estimated to have increased by approximately 1°C since the
nineteenth century (Gulev et al., 2021), and further warming is projected for
the twenty-first century, the severity of which depends on the trajectory of
future anthropogenic GHG emissions (Lee et al., 2021). Hydroclimate changes
are expected to accompany twenty-first-century warming, with the
hydrological cycle anticipated to intensify (Douville et al., 2021) and annual
global land precipitation projected to increase (Lee et al., 2021). However,
these global averages hide substantial regional and seasonal differences, as

well as climate extremes.
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Temperature increases are expected to be greater over land than over the
oceans (Sutton et al., 2007) with both warm and cold temperature extremes
over land projected to increase at a faster pace than mean global temperature
(Seneviratne et al., 2016). Warming is likely to be particularly pronounced over
the Arctic, a phenomenon known as the Arctic amplification (Pithan &
Mauritsen, 2014). At these high northern latitudes, winter warming is expected
to be stronger than summer warming, resulting in a reduced amplitude of the
seasonal cycle of surface temperatures (Dwyer et al., 2012; Bintanja & van der
Linden, 2013). In contrast, the subtropics and mid-latitudes are expected to
experience stronger summer warming with an amplification of the seasonal
surface temperature cycle (Dwyer et al., 2012; Santer et al., 2018). The
hydroclimate response to warming will exhibit substantial spatial variation,
with mean annual precipitation expected to increase over large parts of the
middle to high latitudes, decrease over parts of the subtropics and display
contrasting responses between different parts of the tropics (Lee et al., 2021).
The characteristics of precipitation over most land areas are expected to
change in a similar way and include an increase in the intensity of
precipitation events, the occurrence of extreme events of unprecedented
magnitude and an increase in the number of dry days with increased dry spell

length (Giorgi et al., 2014; Giorgi et al., 2019).

The Mediterranean has long been identified as a region with a climate that is
particularly responsive to global change, and it has consequently been labelled
a climate change “hot spot” with projected warming and drying over the
twenty-first century, especially during summers (Giorgi, 2006). This remains
evident in more recent climate models, which predict regional warming at a
pace 20% higher than the global mean and marked decreases in regional
precipitation as a function of GMST increase during the twenty-first century
(Lionello & Scarascia, 2018). On parts of the Balkan Peninsula, summer
temperatures are expected to warm at a rate twice that of GMST (Figure 1.1a)

and annual precipitation is expected to decrease by 50 mm per degree of GMST
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increase (Figure 1.1b). The reduced precipitation and increased evaporative
demand will make the region drier, reduce soil moisture and increase drought
occurrence, intensity and severity (Douville et al., 2021). Existing
environmental problems are likely to be exacerbated, with reduced freshwater
availability putting additional pressure on increasingly in-demand water
resources (Cramer et al., 2018). An improved understanding of the responses of
the regional climate and freshwater systems to changes in GMST will enable us
to better prepare for future change and assist in the sustainable management
of water resources in this highly responsive and vulnerable region. One way
this can be accomplished is to investigate earlier such responses within the

geological record.
1.1.2 Quaternary palaeoclimatology

Palaeoclimate records provide an essential long-term perspective on natural
climate variability that sets the context for recent anthropogenic climate
change (Chen, D. et al., 2021). Natural archives left behind by geological,
chemical and biological processes can be exploited to reconstruct past
environmental and climatic change in the absence of human impact and over a
range of temporal scales and resolutions. One of the most convenient and
rewarding time periods to focus on is the Quaternary, which is the current
geological period and spans the last 2.58 million years (Gibbard & Head,
2009a). It has exhibited characteristic cycles associated with large variations in
global ice volume (the glacial-interglacial cycles; Lowe & Walker, 2015).
Changes that have operated over shorter millennial timescales are increasingly
being identified in regional and local records of past change (Fletcher et al.,
2010). This range of variability provides an abundance of natural experiments
within which past limnetic and regional climatic responses to global change

can be investigated (Tzedakis et al., 2009a).

The majority of studies have focused on the late glacial and Holocene (the end

of the last glacial period to the current interglacial) as natural archives
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Figure 1.1: Spatial distribution of predicted changes in summer (June, July and August)
temperature (a) and total annual precipitation (b) as a function of change in annual GMST
(modified from Lionello & Scarascia, 2018). The locations of the study sites on the Balkan
Peninsula are indicated. They are predicted to experience summer temperature increases that
are 1.5-2 times greater than any increase in annual GMST and a decline of 30-50 mm per

degree of annual GMST increase.
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containing sediments from this period are more widespread and easier to
retrieve for study than those of earlier glacial-interglacial cycles. Many records
have been published that show in detail how the climate of the Mediterranean
region has changed during this time (e.g. Roberts et al., 2011a; Dean et al.,
2015; Finné et al., 2019). At a basic level, glacials in the Mediterranean region
are drier and interglacials wetter, although as these published palaeoclimate
reconstructions demonstrate, there can be significant variability in moisture
availability through time whilst a glacial or interglacial progresses. The
availability of such a large number of records spanning this time period has
also enabled spatial contrasts in moisture availability to be identified across the
Mediterranean. Magny et al. (2013) proposed a north-south contrast either side
of c. 40°N, while other studies have suggested the existence of east-west

contrasts (Roberts et al., 2008; Roberts et al., 2011b; Roberts et al., 2012).

Due to the smaller number of studies, the potential to establish a similar level
of knowledge for earlier glacial-interglacial cycles is more limited. More
records spanning earlier intervals are needed if we are to take advantage of the
wide range of natural experiments offered by the Quaternary Period to
improve our understanding of how Mediterranean climates and environments
respond to global change. Earlier intervals of focus have included the
interglacials equivalent to MIS 5e, which is also relatively well represented in
natural archives, and MIS 11, due to its potential as an analogue for future
climate trajectories (Candy et al., 2014). In comparison, relatively little
attention has been paid to the intervening climatic cycles of MIS 7-9

(c. 190-340 ka), which have been identified as weak in marine sediment and ice

core records (Lang & Wolff, 2011).
1.1.3 The value of ancient lakes in palaeoclimate research

The dynamic nature of Earth’s surface, especially the erosional effects of the
Pleistocene ice sheets, limits the age of terrestrial records so that those

spanning multiple glacial-interglacial cycles are rare (Lang & Wolff, 2011; Past
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Interglacials Working Group of PAGES, 2016). As a consequence, much of our
understanding of Quaternary climate change preceding the last glacial-
interglacial cycle has been generated from long, continuous marine sediment
and ice core sequences. However, these are not able to provide an accurate
account of climatic and environmental change over the terrestrial regions we
inhabit (Gibbard & Hughes, 2021). Long records from terrestrial archives are

required.

In addition to being a region where it is critical to understand the effects of
future climate change (section 1.1.1), the Mediterranean is located south of the
southern limit of the northern hemisphere Pleistocene ice sheets. Therefore,
conditions in the region have been favourable for the accumulation of
relatively undisturbed, thick sedimentary sequences of Quaternary climatic
and environmental change that can be used to address such needs (Tzedakis et
al., 1997). Rare terrestrial records spanning multiple glacial-interglacial cycles
have been obtained from sites around the Mediterranean region including the
Velay mountains (France; e.g. Reille et al., 1998), Valle di Castiglione (Italy; e.g.
Follieri et al., 1988), Tenaghi Philippon (Greece; e.g. Tzedakis et al., 2006; Pross
et al., 2015), Lake Van (Turkey; e.g. Litt et al., 2014) and the two sites
investigated in this thesis: Lake Ioannina (Greece; e.g. Tzedakis et al., 2002a;
Roucoux et al., 2008; Roucoux et al., 2011; Wilson et al., 2021) and Lake Ohrid
(North Macedonia/Albania; e.g. Wagner et al., 2017; Wagner et al., 2019).

The thick sedimentary sequences retrieved from Lake Ioannina and Lake
Ohrid originate from a type of lacustrine system known as an ancient lake. This
is a term that is applied to long-lived continental water bodies that have
persisted for tens of thousands to millions of years (Wilke et al., 2016; Albrecht
et al., 2020). It differentiates the small proportion of the world’s lakes that are
long-lived from the numerous shorter-lived lakes that have formed since the
last glacial maximum and are therefore no older than around 18 kyr (Albrecht
et al., 2006). In addition to a location away from the influence of the erosional

Pleistocene ice sheets, many ancient lakes are situated in tectonic basins where
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subsidence counteracts sedimentation, allowing the accumulation of thick
sediment sequences, some of which are hundreds of meters thick, without the
lake filling in completely (Wilke et al., 2016). In contrast to other depositional
environments, the sedimentation in lakes is relatively rapid and uninterrupted,
so these sediment sequences can provide highly resolved records of past
climate and environmental change (Cohen, 2012). Such records are generated
from a variety of biotic components (e.g. pollen, diatoms, ostracods,
chironomids, cladocerans, plant microfossils, etc.) and abiotic properties (e.g.
organic and inorganic geochemistry, magnetic properties, stable isotopes,
grain size, etc.) that are sensitive to climatic and catchment processes and

therefore act as indicators of palaeoenvironmental conditions (Cohen, 2003).
1.1.4 Diatoms as indicators of past environmental and climatic change

Lake sediments are derived from various organic and inorganic materials
delivered from the catchment and atmosphere (allochthonous material) or
produced within the lake itself (autochthonous material; Figure 1.2). One
organic component of lake sediments is a group of microscopic algae known as
the diatoms (Class Bacillariophyceae; Round et al., 1990). These single-celled,
photosynthetic eukaryotes are an abundant and diverse group, distributed
ubiquitously in most aquatic environments where they tend to occur in large
numbers, both as solitary cells and in colonies (Julius & Theriot, 2010). A very
large number of diatom species are ecologically sensitive, which has
encouraged their use in biological monitoring and palaeoenvironmental

investigations (Smol & Stoermer, 2010).

Diatom records have proven value in the Mediterranean region, especially
when analysed alongside other proxies (indicators of past change). Those
spanning the late glacial and Holocene have contributed to our understanding
of hydroclimate changes during the most recent glacial-interglacial cycle.

Shifts in the dominance of different diatom taxa have tended to reflect changes
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Figure 1.2: Diagram illustrating some of the various allochthonous and autochthonous
components that would have been deposited in lacustrine sediments prior to anthropogenic

influences (modified from Smol et al., 2001).

in lake levels as moisture availability varied (e.g. Jones et al., 2013; Cvetkoska
et al., 2014a; Vossel et al., 2018). Other diatom community shifts have the
ability to inform on past temperature changes where they are the result of
temperature-driven productivity changes (e.g. Zhang et al., 2016). These
diatom community responses are extremely sensitive so have been able to
demonstrate the occurrence of abrupt climate changes in the Mediterranean
(e.g. Wilson et al., 2008). Diatoms are therefore an ideal proxy to use when
investigating past limnetic and regional climatic responses to global change

over a range of timescales.

1.2 Aims and objectives

This chapter has demonstrated that the response of the Mediterranean region

during the late glacial and Holocene are well documented, but less is known
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about how the Mediterranean responded during glacial-interglacial cycles
further back in time. Of particular interest is the interval spanning MIS 7-9,
within which global records have suggested weak glacials and interglacials, but

for which few records exist from the Mediterranean region.

This project uses long sedimentary sequences from Lake Ioannina and Lake
Ohrid to address this gap in our knowledge. Diatom records from these lakes
spanning recent glacial-interglacial cycles have demonstrated a high
sensitivity to climatic change compared to other proxies. In particular,
comparing the diatom records from Ioannina (where they have previously
been seen to respond more to lake level; Jones et al., 2013) and Ohrid (where
they have previously been seen to respond more to temperature; Zhang et al.,

2016) should allow for a robust palaeoclimate reconstruction.
This project aims to:

1. Improve our understanding of how diatoms respond to changing
environmental conditions at Lake Ioannina and Lake Ohrid;
2. To produce a reconstruction of palaeoclimatic change during MIS 7-9 in

the northeastern Mediterranean.
These aims will be achieved by completing the following objectives:

1. The creation of a high-resolution record of diatom assemblage change
within the I-284 core from Lake Ioannina, focusing on MIS 7-9.

2. The creation of a high-resolution record of diatom assemblage change
within the DEEP core from Lake Ohrid, focusing on MIS 7.

3. A comparison between the new diatom assemblage records from the
two lakes. The interpretation of these records will be assisted by other
proxy records that have already been produced.

4. A comparison of the new records covering MIS 7-9 with previously

published records.
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1.3 Thesis outline

The structure of this thesis is outlined in Figure 1.3.

Introduction
Chapter 1

{ Introduces the research )

context, aims and objectives.

¥

Literature review
Chapter 2

Quaternary climate variability Diatom responses to environmental change
Section 2.1 Section 2.2

Outlines the features that make diatoms suitable for
palaeoenvironmental reconstructions before
summarising our current knowledge of diatom
responses at loannina and Ohrid.

Details the characteristics and forcing mechanisms of
Quaternary climate variability before summarising our
current knowledge of palaeoclimate during MIS 7-9.

\ 4

Study region and sites
Chapter 3

Introduces the tectonic and climatic settings of the northeastern Mediterranean.
Subsequently details the physical geography of each study site before comparing them.

¥

Methodology

Chapter 4

Provides details of the methods used to create
and analyse both of the new diatom records.

¥

Results
Chapter 5 and Chapter 6
Lake Ioannina Lake Ohrid
Chapter 5 Chapter 6

Details the results and palaeolimnological Details the results and palaeolimnological
interpretation for Lake Ioannina during MIS 7-9. interpretation for Lake Ohrid during MIS 7.

Discussion
Chapter 7

Examines palaeoclimate in the northeastern Mediterranean during
MIS 7-9, making use of the new data generated in chapters 5 and 6.

¥

Conclusions
Chapter 8

Summarises the findings of the research whilst considering
the aims outlined in the introduction.

Figure 1.3: Diagram illustrating the structure of this thesis.
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Having established the two aims of this thesis, it is clear that achievement of
each aim would contribute knowledge to a different topic: diatom responses to
environmental change and climate variability during the Quaternary. Our
current understanding of these two broad topics is reviewed in this chapter.
The first section of this literature review (section 2.1) details our current
understanding of Quaternary climatic variability. It begins with a broad focus,
looking at changes that have occurred over long then short timescales.
Subsequently, the focus narrows to summarise our current knowledge of
palaeoclimate during MIS 7-9. The second section of the literature review
(section 3.4) outlines the features that make diatoms suitable for
reconstructing palaeoenvironmental change and describes how diatoms are
known to respond to changes in different limnological variables. Once again,
the section finishes by narrowing the focus, this time summarising our current
knowledge of diatom responses specifically in the lakes under investigation in

this thesis.

2.1 Characteristics and forcing mechanisms of

Quaternary climatic variability

Geologically recent sediments of the Quaternary Period (c. 2.58 Ma to present)
have the potential to contain highly resolved records of palaeoenvironmental
change, having not been subjected to millions of years of erosion and deep
burial. In addition, the nature of the Quaternary’s climatic variability makes
the period particularly valuable for palaeoclimate studies. This climatic
variability has operated over a range of temporal scales and as a result of
different forcing mechanisms. Characteristic cycles associated with large
variations in global ice volume have occurred over long timescales spanning

tens of thousands of years and are overprinted by changes that have occurred

11



Chapter 2 | Literature review

over shorter millennial timescales. The subsections that follow introduce the
characteristics and forcing mechanisms of Quaternary climate variability over
these long and short timescales before examining the current state of
knowledge of this variability over the time period investigated in this thesis

(MIS 7-9).

2.1.1 Climatic variability over long temporal scales—the glacial-interglacial

cycles
Initiation of the glacial-interglacial cycles

By convention, the base of the Quaternary is marked by a point on a
stratigraphic section with a specific age (a Global Stratotype Section and Point),
however the changes that mark the initiation of the conditions that
characterise the Quaternary Period took place over a few hundred thousand
years with no single global event emerging as the trigger (Gibbard & Head,
2009D). Ice sheets began to develop over the northern hemisphere continents
as part of a long-term cooling trend that began around 50 million years ago and
is attributed to declining atmospheric CO, concentrations and tectonic
movements (Zachos et al., 2001; Zachos et al., 2008). This is evident in oxygen
isotope (6'*0) records of benthic foraminifera from marine sediment cores,
which primarily reflect global ice volume (Figure 2.1; Shackleton, 1967).
Between 2.8 Ma and 2.4 Ma, multiple major cooling phases resulted in the
onset of a pattern of glacial-interglacial cycles paced by Earth’s orbital

parameters (Pillans & Naish, 2004; Gibbard & Head, 2009b).
Characteristics of the glacial-interglacial cycles

The glacial-interglacial cycles are associated with frequent, high amplitude
oscillations in Earth’s climate between cold intervals associated with the
expansion of the continental ice sheets (glacials) and warm intervals, during
which temperatures have occasionally exceeded those of the present day

(interglacials; Lowe & Walker, 2015). Their structure is evident in §'®0 records

12
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Figure 2.1: '*0 record of benthic foraminifera from marine sediment cores recovered from
more than 40 sites. The data are five-point running means and reflect global ice volume. Major
climatic events and vegetation changes in the Mediterranean region are also shown. A trend of
increasing global ice volume is evident from around 50 Ma. Modified from Zachos et al. (2001)

and Tzedakis (2009).

and has changed over the Quaternary (Lisiecki & Raymo, 2005; Figure 2.2). The
early glacial-interglacial cycles were roughly symmetrical with a periodicity of
about 41 kyr. Compared to later cycles, ice volumes were lower during these
early cycles and demonstrated less variation between glacial and interglacial
intervals. During the Early-Middle Pleistocene Transition (EMPT; previously
known as the Mid-Pleistocene Transition or Revolution), there was an
intensification in the amplitude of the cycles, a lengthening of the dominant
period of the cycles from c. 41 kyr to c. 100 kyr and a shift to more
asymmetrical cycles with abrupt glacial terminations (Maslin & Brierley, 2015).
This transition was gradual and took place over several hundred thousand

years, although there is a disagreement about its exact timing with different

13



Chapter 2 | Literature review

studies providing various age ranges for the EMPT (Berends et al., 2021). The
widest range encountered in the literature spans from an onset as early as

c. 1400 ka to a termination as late as c. 424 ka, although the greatest changes
took place near the midpoint of this interval at around 900 ka (Head & Gibbard,
2015). The disagreement on timings partly results from differences in the
benthic 60 records used (as each can carry a regional signal; Clark et al.,
2006), the statistical techniques used to analyse the data (e.g. wavelet analysis,
change-point analysis, moving window Fourier transforms) and the different
timing criteria chosen to mark the onset or termination (e.g. §'*0 threshold,

peaks in wavelet spectrograms; Berends et al., 2021).

EMPT
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Figure 2.2: Benthic 6'*0 record of the LR04 benthic stack spanning the last two million years
and demonstrating the change in the structure of the glacial-interglacial cycles during the
EMPT (Lisiecki & Raymo, 2005). Low §'®0 values reflect low ice volumes and high ocean

temperatures. The EMPT is marked as spanning from 1250 ka to 700 ka after Clark et al. (2006).

The climatic changes over glacial-interglacial cycles are a global phenomenon
and do not only affect the high and middle latitudes where the ice sheets
advance and retreat. The changes in ice volume and ocean temperatures
associated with these glacial-interglacial cycles have resulted in large changes
in sea level over a vertical range of approximately 130 m (Spratt & Lisiecki,
2016). Over land, shifts in climatic zones have led to continental-scale
reorganisations of landscapes and ecosystems, one example being the spread
of trees from refugia during interglacials and their in-situ degradation during

glacials (Bennett et al., 1991; Figure 2.3).
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Figure 2.3: Schematic representation of vegetational belts across a north-south transect of
Europe during interglacial and glacial stages. Modified from van der Hammen et al. (1971) and

Woodward (2014).

Forcing mechanisms of the glacial-interglacial cycles

In the first half of the twentieth century, Milutin Milankovi¢ proposed that the
intensity of summer insolation at 65°N, as determined by the quasi-periodic
variations in Earth’s orbital parameters, dictated whether ice could survive the
warmer season in order to gradually accumulate into an ice sheet and thus
enter Earth into a glacial period (Maslin, 2016). It was not until several decades
later that geological evidence supporting this theory was published. In their
seminal paper, Hays et al. (1976) identified frequencies of the orbital cycles in
the geological record by performing spectral analyses on an oxygen isotope
record from a marine sediment core, a proxy for global ice volume. They
uncovered spectral peaks at periods of approximately 23 kyr, 42 kyr and

100 kyr, which were correlated with precession, obliquity and eccentricity
respectively. Whilst the 100-kyr cycle was the most dominant, eccentricity
variation induces too small a change in insolation to account for this (Imbrie et
al., 1993). Explaining the 100-kyr cycle become one of the biggest challenges in

the astronomical theory of climate (Elkibbi & Rial, 2001). Various explanations
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were proposed with the view that there is either a non-linear amplification of
the eccentricity signal or that eccentricity merely acts as a pacing mechanism
for other drivers, although it has also been recognised that the 100-kyr cycle

could be completely unrelated to eccentricity (Maslin & Brierley, 2015).

However, since advancements have been made in chronologies and
demarcating interglacial periods, it has been recognised that interglacials since
the EMPT do not actually occur at regular 100 kyr intervals, and a robust model
incorporating insolation and ice-sheet dynamics has been proposed to explain
the quasi-periodicity of interglacial onset both prior to, and since, the EMPT
(Tzedakis et al., 2017). The theory suggests that deglaciation has been triggered
when energy related to precession- and obliquity-driven summer insolation at
65°N (caloric summer half-year insolation) exceeds a simple threshold. Prior to
1 Ma, this threshold was exceeded on every other insolation peak
(approximately every 41 kyr), which was boosted by high obliquity. A gradual
increase in the threshold, starting around 1.55 Ma, led to some of these peaks
being skipped, allowing the build-up of larger ice sheets. From around 1 Ma,
the larger size of the ice sheets started to influence the threshold itself. Larger
ice sheets are more unstable and therefore more sensitive to insolation. As the
time since the last deglaciation increases, the ice sheets get bigger, which leads
to an increase in their instability and sensitivity to insolation, thereby lowering

the deglaciation threshold.

2.1.2 Climatic variability over short temporal scales—millennial-scale

variability
Characteristics of millennial-scale climatic variability

The climatic oscillations of the Quaternary are not limited to the glacial-
interglacial cycles, with variations also occurring over shorter timescales.
Millennial-scale climatic variability has long been recognised as a feature of
the last glacial period (c. 115-11.6 ka) with Dansgaard et al. (1984) linking large

amplitude 60 oscillations in Greenland ice cores to quasi-periodic cycles in
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North Atlantic climate. The 60 of the ice reflects local air temperature
(Johnsen et al., 1972), and it records fluctuations between cold glacial
conditions (stadials) and mild interstadial conditions in Greenland during the
last glacial period (Johnsen et al., 1992; Dansgaard et al., 1993). A total of
twenty-five Greenland interstadials, with intervening Greenland stadials, have
been identified during this period (Figure 2.4; North Greenland Ice Core
Project members, 2004; Rasmussen et al., 2014). Each one starts with an abrupt
increase in temperature (5°C to 16.5°C over a few decades). This is followed by
gradual and then abrupt cooling back to stadial conditions (Wolff et al., 2010;
Kindler et al., 2014). These variations are now known as Dansgaard-Oeschger
(D-0) events, although this term has seen a confusing range of uses in the
literature, having at times been used to refer to just the abrupt interstadial
onsets, the interstadial periods or each cycle of abrupt warming then gradual
cooling (Rasmussen et al., 2014). What Rasmussen et al. (2014) highlight is that
regardless of the precise terminology, the characteristic feature of these events

is the abrupt climatic warming.

I Eemian
Holocene

21 23 24
7 19 20 22 25

0 10 20 30 40 50 60 70 80 90 100 110 120
Age (kyr BP)

Figure 2.4: 5'*0 record of the NGRIP ice core showing the climatic fluctuations of the last
glacial period. The 25 interstadials are numbered, and the pattern of abrupt warming followed
by gradual cooling that characterises the D-O events is evident. The data are 50 year means

(North Greenland Ice Core Project members, 2007).

The D-O climatic variability is not limited to Greenland and is seen in a range
of northern hemisphere climate records (Voelker, 2002; Menviel et al., 2020).
Records from North Atlantic marine sediment cores indicate that sea surface

temperature (SST) has varied in phase with Greenland air temperature changes
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(Waelbroeck et al., 2019). Some of the Greenland stadials are associated with
thick layers of ice-rafted debris (IRD), which is terrigenous sediment that was
transported over the ocean by ice and deposited upon the melting of the ice.
These thick IRD layers are believed to be the result of large discharges from the
Laurentide Ice Sheet and are termed Heinrich Events (Heinrich, 1988; Bond et
al., 1992; Bond et al., 1993). Weaker, higher frequency discharges have also
been noted from the European ice sheets (Elliot et al., 2001). In Europe, there is
cooling and drying during Greenland stadials, which is evident both in
terrestrial (e.g. Margari et al., 2009) and marine (e.g. Martrat et al., 2004;
Martrat et al., 2007) records. At low latitudes, D-O variability is associated with
changes in monsoon intensity (Schulz et al., 1998; Cheng et al., 2012).
Millennial-scale variability is also expressed further south in Antarctica, but its
expression is more muted and gradual (Wolff et al., 2010). Synchronised ice
core records demonstrate that whilst every D-O event has an Antarctic
counterpart, Antarctica warms when Greenland is cold and then cools during
Greenland interstadials (EPICA Community Members, 2006). Furthermore, the
changes in Antarctica are offset from those in Greenland, with lags of around
200 years from Greenland warming to the onset of Antarctic cooling and from

Greenland cooling to Antarctic warming (WAIS Divide Project Members, 2015).

Millennial-scale climate variability is not limited to the last glacial period. It
has been acknowledged as a ubiquitous feature of glacial climates from ice
core and speleothem records of the last 800 kyr (Jouzel et al., 2007; Barker et
al., 2011). Marine sediment cores from various regions including the North
Atlantic (McManus et al., 1999) and Iberian margin (Birner et al., 2016;
Rodrigues et al., 2017) also contain records of millennial-scale climate
variability prior to the last glacial period. Whilst this type of climatic variability
is suppressed in interglacials (Past Interglacials Working Group of PAGES,
2016), there is still evidence for abrupt events during these periods (e.g. Bond

et al., 1997; Oppo et al., 2006; Zielhofer et al., 2019).
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Forcing mechanisms of millennial-scale climate variability

Various forcing mechanisms have been proposed for millennial-scale climate
variability, although there is no consensus on its cause, and no single
mechanism can account for all of its observed characteristics (Menviel et al.,
2020; Kageyama et al., 2021; Landais et al., 2022). However, strong evidence
from proxy records and climate modelling experiments suggests it is linked to
variations in the strength of the Atlantic meridional overturning circulation
(AMOC; Menviel et al., 2020). The strength of the AMOC is related to salinity-
driven changes in water density; reduced surface water salinity in the Nordic
Seas impedes the sinking of surface waters, slowing or shutting off the AMOC,
while an increase in the salinity of surface waters in the Nordic Seas
encourages the sinking of the surface waters, which strengthens or restarts the
AMOC (Broecker et al., 1990; Rahmstorf, 2002). These changes impact the
climate of the high northern latitudes as the AMOC transports heat from the
tropics. If the AMOC weakens or shuts down, warm waters are not able to
penetrate as far north, encouraging sea ice to advance, increasing albedo,
perpetuating cooling and triggering stadial conditions (Menviel et al., 2020).
Atmospheric and oceanic teleconnections propagate these North Atlantic
changes to the continents (Fletcher et al., 2010) and southern hemisphere
(WALIS Divide Project Members, 2015). However, the drivers of change in the
strength of the AMOC are still debated. With some exceptions (e.g. Peltier &
Vettoretti, 2014), most theories implicate increased meltwater input from the
northern ice sheets in the freshening of the Nordic Seas and the weakening of
the AMOC. Hypotheses for the triggering of meltwater increases include self-
regulating internal oscillations in the atmosphere-ocean-sea-ice system (the
“salt oscillator”; Broecker et al., 1990), changes in the height of the Laurentide
Ice Sheet that alter wind stress over the Atlantic (Zhang et al., 2014a), changes
in atmospheric CO, concentrations (Zhang et al., 2017) and direct forcing by

insolation variations (Yin et al., 2021; Zhang et al., 2021).
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2.1.3 Current understanding of MIS 7-9 palaeoclimate

The glacial-interglacial cycles of the last c. 450 kyr are generally stronger than
the preceding cycles (section 2.1.1). MIS 9 fits this general pattern, especially in
Antarctica where ice cores record the highest Antarctic surface air
temperatures of the last 800 kyr within MIS 9e, as well as the highest CO, and
CH, concentrations (Past Interglacials Working Group of PAGES, 2016). In
contrast, MIS 8 and MIS 7 have been highlighted as exceptions to the general
pattern and described as weak (Lang & Wolff, 2011). Benthic "0 values from
marine sediment cores are relatively low during MIS 8, indicating low ice
volumes for a glacial interval (Lang & Wolff, 2011). However, whilst most
glacial intervals reach their maximum intensity just prior to the termination
(Past Interglacials Working Group of PAGES, 2016), MIS 8 is unusual in that in
some records, particularly those from Antarctica, it reaches peak glacial
conditions earlier, around 15-20 kyr before the glacial termination (Lang &
Wolff, 2011). The characteristic, abrupt, high amplitude variations in marine
sediment core proxies of the last glacial period (section 2.1.2) are also present
throughout MIS 8, with true Heinrich events (of the same provenance as those
of the last glacial) occurring at c. 263 ka, c. 249 ka and c. 243 ka (Obrochta et al.,
2014). MIS 7 stands out amongst the interglacial periods of the last 450 kyr. In
many records it contains three peaks, which have been assigned the substages
7e, 7c and 7a. MIS 7e is usually considered representative of full, but weak,
interglacial conditions, and it is separated from 7c by an interval of close to full
glacial conditions (substage 7d) that were at least as strong as those of MIS 14
(Lang & Wolff, 2011). MIS 7c also represents weak, full interglacial conditions
in many records. In some it is separated from substage 7a by the more glacial
conditions of substage 7b, but in many, MIS 7c to 7a represents a long period of
weak interglacial character (Lang & Wolff, 2011). In the LR04 benthic stack,
MIS 7e and MIS 7c to 7a are of comparable strength to the weaker, earlier
intervals prior to 450 ka (Lisiecki & Raymo, 2005; Past Interglacials Working
Group of PAGES, 2016).
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In the northeastern Mediterranean specifically, MIS 9 was cooler than the
preceding interglacial (MIS 11) and relatively wet (Francke et al., 2016; Lacey et
al., 2016). In the Ohrid record, the onset of full interglacial conditions during
MIS 9e is relatively rapid (Lacey et al., 2016) and is consistent with warming at
the start of MIS 9 seen in pollen records from Tenaghi Philippon (Fletcher et
al., 2013). Colder and drier conditions are seen during the stadial conditions of
MIS 9d, before warmer and wetter conditions during the MIS 9c interstadial,
colder and drier condition during MIS 9b stadial and warmer and wetter
conditions during MIS 9a interstadial (Fletcher et al., 2013; Lacey et al., 2016).
In the Ohrid record, MIS 8 is seen as being somewhat warmer than many other
glacials, with some times during this interval seeing interglacial-like conditions
(Francke et al., 2016). The first half of the MIS 8 glacial saw the coolest and
driest conditions according to the Tenaghi Philippon pollen record, with less
severe conditions later in this interval (Fletcher et al., 2013). MIS 7 at Lake
Ohrid is characterised by warmer and wetter conditions that likely correspond
to MIS substages 7e, 7c and 7a (Lacey et al., 2016), at which times pollen data
from Ioannina also indicate warmer and wetter conditions (Roucoux et al.,

2006).

2.2 The use of diatoms in palaeolimnology

First introduced in section 1.1.4, diatoms are unicellular algae that contribute
to the organic component of lake sediments. They possess a number of
features that enable their use in palaeolimnological investigations. Their
robust cell walls can preserve well in sediment and are morphologically
distinct between species. The latter allows identification to species level
through visual features alone. Furthermore, many species are ecologically
sensitive, so the presence and abundance of certain species can be indicative
of specific palaeolimnological conditions. These features that enable the use of
diatoms in palaeolimnological investigations are discussed in more detail

within the sections that follow.
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2.2.1 The diatom frustule

Critical to their application in palaeolimnology, diatoms possess a distinctive
siliceous cell wall known as a frustule, which can preserve well in accumulated
sediments. Composed of rigid opaline silica (SiO,-nH,0), the function of the
frustule is to protect and constrain the internal organic part of the cell—the
protoplast (Cox, 2011). A frustule consists of two halves (thecae) of slightly
different sizes that slot together to form a pillbox-like structure (Figure 2.5a). It
is perforated to allow the protoplast to interact with the environment through
various processes such as nutrient intake and the excretion of cellular products
(Cox, 2011). These perforations, along with other wall structures and the
overall frustule shape, vary between diatoms such that the morphological
variation of the frustule can be used for taxonomic identification down to the
subspecies level (Figure 2.5b). The size of the diatom frustule must be
considered with caution when performing taxonomic identifications as
diatoms reproduce via vegetative cell division with a successive reduction in
size until sexual reproduction occurs (Cox, 2014). Sexual reproduction involves
production of an auxospore with a different morphology to the vegetative cells

(Pérez-Martinez & Cruz-Pizarro, 1992).
2.2.2 Diatom habitats

Due to the light requirements of photosynthesis, diatoms typically inhabit the
parts of a lake where light penetrates (the photic zone), including the lake
margins (littoral zone) and within the open water column (pelagic zone). To
survive in this range of environments, different diatom taxa have adopted
planktonic, facultative planktonic and benthic existences (Battarbee et al.,
2001), which are referred to as “life modes” throughout this thesis. The photic
region of the pelagic zone is occupied by planktonic taxa, which typically
possess centric valve shapes with large surface area to volume ratios that aid
buoyancy while floating in the open water (e.g. Pantocsekiella ocellata in Figure

2.5b; Serddio, 2021). In the littoral zone, benthic taxa grow attached to a variety
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Figure 2.5: Diagrams of diatom frustules: a schematic cross-section through a frustule
illustrating the structure and arrangement of the two thecae (a; modified from Round et al.,
1990) and illustrations of some of the morphological features encountered on the valve faces of

two diatom species, which can be used for diatom identification (b).

of substrates including stones (epilithic), sand (epipsammic), mud (epipelic)
and plants (epiphytic; Battarbee et al., 2001). Some even grow attached to
larger diatoms (Tiffany & Lange, 2002) and animals (epizoic; Tiffany, 2011).
Benthic taxa typically have elongated valve shapes (e.g. Placoneis balcanica in
Figure 2.5b), although they have evolved highly diverse morphologies, partly

due to the range of substrates they inhabit. Many possess a raphe system (seen
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on Placoneis balcanica in Figure 2.5b), which allows some motility (Serddio,
2021). Facultative planktonic (tychoplanktonic) taxa usually live in benthic
habitats but can also survive if entrained in the water column through

turbulence and mixing (Battarbee et al., 2001).
2.2.3 Controls on diatom assemblages

The ecological sensitivity of many diatom taxa is another key factor in their
application to palaeolimnology (Smol & Stoermer, 2010). A summary of the
ecological and environmental associations of the main taxa that appear in this
thesis is provided in Table 2.1. It demonstrates that some are able to tolerate a
wide range of conditions, while others tend to occur under specific physical
and chemical limnological conditions. Changes in these limnological variables
can therefore lead to shifts in the specific taxa that inhabit the lake and their

abundances (the diatom assemblage).

The physical and chemical limnological variables that influence diatom
assemblages include lake level, nutrient availability, mixing regime, ice cover,
temperature, light availability, pH and salinity (Battarbee et al., 2001). These
variables reflect changing limnological conditions in response to changes in
the climate (e.g. temperature, wind patterns, solar radiation/cloudiness;
Riihland et al., 2015) and the catchment (e.g. vegetation cover and erosion
rates). Furthermore, these variables are interrelated, with changes in one often
leading to a change in another (e.g. a climate-induced increase in water mixing
can increase nutrient availability by the release of nutrients from disturbed
sediments). There is therefore a complex range of limnological variables to
which diatom assemblages can respond. To complicate matters further, similar
diatom responses can occur as a result of changes in different variables. Some
of the key factors influencing the composition of the lacustrine diatom

assemblages encountered in this thesis are now discussed.

24



Chapter 2 | Literature review

Table 2.1: Details of the ecological and environmental associations of the most abundant taxa

encountered in this thesis. Taxa present at >4% in at least one sample of the Lake Ioannina

record and >1% in at least one sample of the Lake Ohrid record are included.

Taxon and authority

Details

Actinocyclus normanii
(Gregory ex Greville) Hustedt
1957

Amphora pediculus
(Kiitzing) Gunrow 1880

Aneumastus minor
Lange-Bertalot 1993

Asterionella formosa
Hassall 1850

Actinocyclus normanii is large planktonic taxon that is also encountered in
benthic environments (Vidakovié et al., 2016). It is cosmopolitan and often
considered an invasive species (e.g. Kastovsky et al., 2010; Kiss et al., 2012;
Vidakovié et al., 2016).

A. normanii is associated with nutrient enriched conditions (Kastovsky et al.,
2010). It is tolerant of a wide range of salinities, occurring in both marine and
freshwater environments with potentially larger valves as salinity increases
(Kiss et al., 1990; Vidal et al., 2018). It is considered stenothermic as its
highest abundances have been observed in summer and autumn (Kiss et al.,
1990; Kiss et al., 2012).

Amphora pediculus is a small benthic taxon. It is documented as one of the
taxa dominating the littoral zone of the present-day Lake Prespa (Levkov et
al., 2007a). In Lake Ohrid it is associated with very shallow areas of the
littoral zone (0.5-1 m water depth) and sandy substrates (Cvetkoska et al.,
2018). It is tolerant of oligotrophic to eutrophic conditions (Kelly et al., 1995;
Zhang et al., 2014b).

Aneumastus minor is widespread, at least throughout the northern
hemisphere (Glushchenko et al., 2017). However, the literature provides little
further information on this specific taxon.

The freshwater genus Aneumastus is only a small group but is relatively
diverse in ancient lakes (Levkov et al., 2007a; Glushchenko et al., 2017) with
recent evidence from Lake Ohrid demonstrating that rapid in situ speciation
can occur within a single lake (Stelbrink et al., 2018). In Lake Prespa,
Aneumastus taxa are found in the littoral zone where there is organic
sediment and carbonate geology but not where there is a sandy substrate and
silicate geology (Levkov et al., 2007a).

Asterionella formosa is a freshwater planktonic taxon (Round et al., 1990). It is
relatively well studied in comparison to many of the other taxa included
here, probably because it is widely distributed and becoming increasingly
common in modern-day lakes (Sivarajah et al., 2016).

It has often been considered an indicator of nutrient enrichment and is
associated with high nitrogen and silica supplies (Saros et al., 2005). For
example, its increase in alpine lakes of the western US has been attributed to
an increased delivery of atmospheric nitrogen related to human activity (e.g.
Hobbs et al., 2010; Saros et al., 2011), and in Lake Prespa, it was present after
tephra deposition, which is known to increase the silica content of water
(Cvetkoska et al., 2015).

A. formosa has also been found in oligotrophic conditions (e.g. Rimet et al.,
2009), demonstrating that it is tolerant of a wide range of nutrient levels
(Riihland et al., 2015). Its abundance has been observed to increase even as
nutrient levels decline, so there are clearly other controls on its abundance
than just nutrient availability (Sivarajah et al., 2016).
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Taxon and authority

Details

Asterionella formosa
Hassall 1850
(continued)

Aulacoseira granulata
(Ehrenberg) Simonsen 1979

Cavinula scutelloides
(Smith) Lange-Bertalot 1996

Cocconeis placentula
Ehrenberg 1838

Cyclotella cavitata

Tofilovska, Cvetkoska, Jovanovska,
Ognjanova-Rumenova & Levkov
2016

It has been reported to bloom in spring and autumn when lakes are well
mixed and nutrients are distributed throughout the water column, and it can
also bloom during summer when lakes are thermally stratified (Riihland et
al., 2015). Its elongated valves form star-shaped colonies (Round et al., 1990),
which are resistant to sinking and make it competitive in stratified waters
(Sivarajah et al., 2016). There are some reports it might reside in deeper
waters during stratification to take advantage of the hypolimnetic nutrients
(Riihland et al., 2015).

It is also associated with longer ice-free periods (Riihland et al., 2015) such as
during the Holocene at Lake Moon (NE China; Chen, J. et al., 2021).

Aulacoseira granulata is considered a species complex that is common in
shallow lakes, rivers and the marginal areas of larger lakes (Kilham &
Kilham, 1975; Stone et al., 2011). It can be abundant in well mixed, shallow
waters as Aulacoseira species have heavy valves that require circulating water
to keep them suspended (Spooner et al., 2002). Although dominance of this
taxon is usually associated with shallow and wind-stressed eutrophic waters
(Cvetkoska et al., 2014a), it has also been inferred to occur in deep water
provided there is enough mixing to keep their valves suspended (Zhang et al.,
2014b).

It is widespread in mesotrophic and eutrophic conditions, dominating the
planktonic habitat of the present-day Lake Ioannina, which is currently
hyper-eutrophic (Wilson et al., 2013).

This is a benthic species and has been found as part of epipsammic
communities (Jewson et al., 2006). In Lake Ohrid it dominates benthic
communities on sand substrate and silicate bedrock (Levkov et al., 2007a;
Cvetkoska et al., 2014a).

Based on its abundance in the Ancylus Lake stage of the Baltic Sea, Ampel et
al. (2010) suggest it could be considered a cold-adapted taxon.

Cocconeis placentula is a common cosmopolitan taxon (Jahn et al., 2009). It is
considered a pioneer species that can grow on a variety of substrates but
prefers an epiphytic habitat. (Miiller, 1999). It can be found in shallow,
eutrophic environments that are dominated by macrophytes (Zalat & Vildary,
2005). In Lake Ohrid, it is present in the shallow, sandy littoral area (0.5-1 m
water depth) and is also one of the few dominant taxa in the lower part of the
littoral zone (5-10 m water depth), which is characterised by the dense
growth of macrophytic algae (of the genus Chara Linnaeus) that forms
submerged meadows (Cvetkoska et al., 2018).

Planktonic Cyclotella cavitata is an extinct endemic taxon of Lake Ohrid
(Tofilovska et al., 2016). It demonstrates remarkable morphological
variability through time and probably represents a species complex
(Cvetkoska et al., 2021; Zaova et al., 2021). Their valves disappear from the
Lake Ohrid record c. 213 ka, around the same time as an increase in the
abundance of a novel variety of Cyclotella fottii (Cvetkoska et al., 2021), which
is referred to as C. fottii var. 1 in this thesis. The morphological similarities
and presence of intermediate forms between the two taxa could be indicative
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Taxon and authority

Details

Cyclotella cavitata

Tofilovska, Cvetkoska, Jovanovska,
Ognjanova-Rumenova & Levkov
2016

(continued)

Cyclotella fottii
Hustedt 1942

Cyclotella fottii var. 1
Undescribed

Diatoma ehrenbergii
Kiitzing 1844

Diploneis marginestriata
Hustedt 1922

Diploneis mauleri
(Brun) Cleve 1894

of evolutionary processes and suggests they probably share similar niches
(Wagner et al., 2014). See C. fottii for further details.

Note that C. cavitata was included within Cyclotella iris in earlier
investigations (e.g. Wagner et al., 2014; Zhang, 2015).

Cyclotella fottii is an extant planktonic taxon that is endemic to Lake Ohrid. It
is hypolimnetic with viable populations occurring below a water depth of

100 m where temperatures are low and light availability is far below optimum
for photosynthesis (Stankovié, 1960). Cvetkoska et al. (2016) suggest that
temperature, rather than light availability, is the main control on its vertical
distribution and abundance.

The taxon exhibits a wide range of morphological variability (Cvetkoska et
al., 2021) such as the elliptical variety (C. fottii var. 1).

Cyclotella fottii var. 1 is an extinct morphological variety that existed in Lake
Ohrid c. 213-183 ka (Cvetkoska et al., 2021). It differs from C. fottii mainly in
its outline, which is elliptical rather than circular. It probably shares the
same oligotrophic, oligothermic and oligophotic affinities as C. fottii.

Note that C. fottii var. 1 was included within Cyclotella iris in some earlier
investigations (e.g. Wagner et al., 2014; Zhang, 2015) and referred to as
C. fottii var. 2. nov. by Cvetkoska et al. (2021).

Taxa of the genus Diatoma are generally epiphytic. They have been found on
stones and macrophytes in the shallow littoral regions (0-4 m water depth) of
Lake Prespa and Lake Ohrid (Levkov & Williams, 2006).

Their highest abundances in Lake Prespa and Lake Ohrid occur during
winter and spring, reaching a peak in January and February (Levkov &
Williams, 2006). However, they have also been noted in Lake Prespa in the
summer months when macrophytes are abundant (Levkov et al., 2007a).
They appear to prefer low temperatures with their highest abundances in
Lake Ohrid occurring at 4°C to 8°C (Levkov & Williams, 2006). This preference
for cold conditions is also documented elsewhere (e.g. Potapova & Snoeijs,
1997; Liu et al., 2010).

Their valves can join at the poles to form star-like or zig-zag colonies, which
enables them to also adopt a planktonic existence (Round et al., 1990).

Diploneis marginestriata is a benthic taxon and is morphologically similar to
Diploneis submarginestriata and Diploneis oculata. These taxa have been found
in shallow to deep epilithic and epipsammic habitats (Jovanovska et al.,
2015), including at a water depth of 18 m in Lake Ohrid (Jovanovska &
Levkov, 2020). Their water depth optima at Lake Lugu (SW China) has been
estimated at c. 22 m (Wang et al., 2012).

Diploneis mauleri is widespread and is found in the sediments of several lakes
on the Balkan Peninsula including Lake Dojran (Zhang et al., 2014b), Lake
Prespa (Cvetkoska et al., 2014a; Cvetkoska et al., 2015) and Lake Ohrid
(Jovanovska et al., 2013).
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Taxon and authority

Details

Diploneis mauleri
(Brun) Cleve 1894
(continued)

Encyonopsis microcephala
(Grunow) Krammer 1997

Fallacia lucinensis
(Hustedt) Mann 1990

(Small) Fragilariaceae taxa
including:

Pseudostaurosira brevistriata
(Grunow) Williams & Round 1987

Staurosira construens var. venter
(Ehrenberg) Hamilton 1992

Staurosirella pinnata
(Grunow) Williams & Round 1987

Diploneis frustules are usually heavily silicified (Round et al., 1990), and
D. mauleriis no exception. It requires a sufficient silica supply for their large
and complex frustules to form (Cvetkoska et al., 2015).

It is a benthic taxon and in the present day Lake Prespa, it is found as part of
deep benthic communities in the pelagic zone (15-17 m depth) alongside
other heavily silicified benthic taxa (Levkov et al., 2007a; Levkov et al.,
2007b). It has been inferred to occur during times of high water transparency
(Cvetkoska et al., 2015). It also seems to be associated with winter and spring
(Levkov et al., 2007D).

Encyonopsis microcephala is an epiphytic taxon. In Lake Ohrid it is associated
with both the shallow sandy littoral area (0.5-1 m water depth) and is one of
the few taxa to dominate the lower littoral area (5-10 m water depth) that is
characterised by dense macrophytes (Cvetkoska et al., 2018). This
distribution across the shallow and mid-depths is also evident at Lake Tovel
(Ttaly; Angeli & Cantonati, 2005; Cantonati et al., 2009).

Fallacia is a genus of benthic species. There is some evidence that Fallacia
lucinensis prefers relatively deep benthic habitats. It has been recorded, albeit
at very low abundances, at a water depth of 19 m (Li et al., 2010), and in Lake
Lugu, its water depth optima has been estimated as being similar to the
planktonic taxa Pantocsekiella ocellata and Asterionella formosa at around 30 m
(Wang et al., 2012).

These small Fragilariaceae taxa have been found to inhabit stable sediment
surfaces at the base of emergent macrophytes where they form only loose
attachments so are easily transported into the water column as
tychoplankton (Sayer, 2001). They are associated with relatively shallow
water depths. At Lugu Lake (China), they have an estimated depth optimum
of c. 10 m (Wang et al., 2012).

They have a large surface area to volume ratio and high growth rates, which
makes them competitive under low nutrient conditions (Lotter et al., 2010),
although they demonstrate broad nutrient tolerances, having also been found
in eutrophic lakes (e.g. Bennion et al., 2001).

These taxa are characteristic of unstable environments and physical
disturbance, being common in cold, ice-covered Arctic and alpine lakes and
increasing in abundance with increasing latitude and altitude (Lotter et al.,
2010). They have been described as pioneering taxa and are often the most
abundant taxa following deglaciation (Haworth, 1976). At Lake [oannina,
they have been associated with cool, arid conditions and extended seasonal
ice cover (Wilson et al., 2021), while at Lake Ohrid, they are associated with
intensified lake circulation as a result of low water temperature and strong
winds (Zhang et al., 2016).

There is not much information on the individual ecologies of each of these
taxa, and they tend to be treated as a group throughout the literature. They
are often included in references to the Fragilaria, as they were previously
assigned to this genus.
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Taxon and authority

Details

Gomphonema pseudotenellum
Lange-Bertalot 1985

Gomphonema pumilum
(Gunrow) Reichardt & Lange-
Bertalot 1991

Gyrosigma sciotoense
(Sullivant & Wormley) Cleve 1894

Pantocsekiella minuscula
(Jurilj) Kiss & Acs 2016

Pantocsekiella ocellata
(Panktocsek) Kiss & Acs 2016

This is a small-celled Gomphonema species. Gomphonema taxa are colonial
and form branched mucilage stalks attached to solid substrata in the littoral
zone (Round et al., 1990). In the present-day Lake Ohrid, taxa in this genus
have been found in the sandy upper littoral area at a water depth of 0.5-1.0 m
(Cvetkoska et al., 2018).

Gomphonema pumilum is widely distributed in regions with a carbonate
geology (Lange-Bertalot et al., 2017). There are many taxa that are
morphologically similar to G. pumilum so it is often referred to as a species
complex (e.g. Levkov & Williams, 2011). See Gomphonema pseudotenellum
form more information on the Gomphonema genus.

A large benthic taxon. Gyrosigma taxa are epipelic, and there is evidence they
prefer relatively deep water. They are associated with the pelagic zone (15-
17 m depth) alongside other heavily silicified taxa in the modern-day Lake
Prespa (Levkov et al., 2007a). In Lake Tovel (Italy), they are found at water
depths of 24-30 m.

Pantocsekiella minuscula is a small (2-7 um) planktonic taxon that probably
occupies a similar niche to other small-celled Cyclotella sensu lato species
(Saros & Anderson, 2015). Their small size results in a high surface area to
volume ratio, making them efficient at nutrient uptake and resulting in low
sinking velocities (Winder et al., 2009). For these reasons, they can often be
found when lake water is stratified and there is less redistribution of
nutrients to the surface waters (e.g. during the early Holocene in Lake Ohrid,
Zhang et al., 2016). They are also competitive under low light availability and
have been associated with detrital input in Lake Prespa and Lake Ohrid
(Cvetkoska et al., 2014b; Cvetkoska et al., 2016), where their tolerance for low
nutrient and light supplies has also seen them outcompete other taxa
following tephra deposition (Jovanovska et al., 2016).

Pantocsekiella ocellata is a cosmopolitan, planktonic taxon with tolerances for
a broad range of temperatures and nutrient levels. At Lake Ioannina they
have been associated with oligotrophic-mesotrophic conditions (Wilson et
al., 2015). At Lake Ohrid they reside in the epilimnion where they dominate
during spring and summer (Stankovié, 1960; Zhang et al., 2016). They are
considered to be indicative of mesotrophic conditions in Lake Ohrid
(Lorenschat et al., 2014).

Large valves of this taxon are present in the sediments of Lake Ioannina but
have no modern analogue. They are probably indicative of deep, open-water
conditions based on their life-habit characteristics (Wilson et al., 2008; Jones
et al., 2013). Morphologically similar taxa have been found in modern Lake
Prespa (Levkov et al., 2007b) and in the lake’s fossil assemblages (Cvetkoska
et al., 2014b). They are associated with low levels of detrital input (Cvetkoska
etal., 2015) and low nutrient levels (Cvetkoska et al., 2014a; Cvetkoska et al.,
2015).

See section 4.3.2 for more detailed information on this taxon and how it is
treated in this thesis.
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Taxon and authority

Details

Pantocsekiella sp. 1

Placoneis balcanica
(Hustedt) Lange-Bertalot,
Metzeltin & Levkov 2005

Sellaphora rotunda
(Hustedt) Wetzel, Ector, Van de
Vijver, Compére & Mann 2015

Stephanodiscus medius
Hakansson 1986

Stephanodiscus minutulus
(Kiitzing) Cleve & Moller 1882

Stephanodiscus parvus
Stoermer & Hiakansson 1984

This is an undescribed taxon from Lake Ioannina that does not resemble any
taxon currently described in the literature. It shares some morphological
similarities with Pantocsekiella ocellata, and its centric valve shape suggests it
is planktonic. It is noticeably more heavily silicified than

Pantocsekiella ocellata. This could indicate a requirement for circulating or
turbulent water to keep it suspended.

Placoneis balcanica is a benthic taxon and has been found in the shallow sandy
littoral area of Lake Ohrid (Cvetkoska et al., 2018). Low abundances are also
noted from the pelagic zone of Lake Prespa at a water depth of 15-17 m
(Levkov et al., 2007a).

This benthic taxon has been found in specific parts of the littoral zone of
Lake Prespa that are covered in organic sediment and have a carbonate
geology (Levkov et al., 2007a). Its growth appears to be associated with the
summer months (Levkov et al., 2007b).

Planktonic Stephanodiscus medius has been described as mesotrophic (Zhang
et al., 2014b). Stephanodiscus species can tolerate low light and silica
availability, but they do require a high phosphorus supply (Kilham et al.,
1986).

These planktonic taxa have been associated with high nutrient conditions
(Chen, J. et al., 2021). They specifically require a high phosphorus supply
(Kilham et al., 1986; Bennion, 1995). Despite being planktonic, they do not
necessarily reflect deep water conditions. Small Stephanodiscus species have
been found in shallow (mean water depth 3.7 m) Lake Juusa (Estonia) where
their distribution does not seem to be connected to water depth (Punning &
Puusepp, 2007). In the modern-day Great Lakes, S. parvus is associated with
disturbed environments (Reavie & Cai, 2019).
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Lake level

Lake level can vary as a result of geological, biological and climatic processes.
In terms of geological processes, tectonic movements and sedimentary
infilling can alter the depth of the water column (Dearing & Foster, 1986),
whilst biological processes that influence lake level include changes in
vegetation that alter drainage patterns and groundwater flow (Wolin & Stone,
2010). Although these are important considerations to make during any
interpretation of potential lake level changes, the most important factor in

controlling lake level is hydrology (Wolin & Stone, 2010).

Lake levels are a balance between inputs (stream inflow, groundwater inflow,
surface runoff and precipitation) and outputs (stream outflow, groundwater
outflow and evaporation). In lakes without a major outflow (closed-basin
lakes), variations in lake level reflect changes in the balance between
precipitation and evaporation (Fritz et al., 2010). Records of lake level change
from such lakes can therefore reflect past changes in hydroclimate. Diatom
records have the potential to reveal this information as lake level changes alter

the availability and distribution of their different habitat types.

Changes in lake level alter the size of the different planktonic and benthic
diatom habitats as well as their proximity to the deep central regions of the
lake, from which sediment cores are typically recovered (Wolin & Stone, 2010).
This has an impact on the ratio of planktonic to benthic (P-B) diatom taxa that
become incorporated into the sediment at that location. When lake level is
high, the depth of the photic zone limits the diatom assemblage at the core site
so that it primarily consists of planktonic taxa that have sunk from the water
column above, with a small component of benthic taxa that have been
transported from the distal lake margins (Figure 2.6a). This results in a diatom
assemblage with a high P-B ratio. Following a lake level decrease, the littoral
zone is larger (due to the reduced slope angle of the lakebed) and closer to the

core site (Figure 2.6b). This results in a larger number of benthic diatoms
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reaching the core site. There is also a reduced lake area that is suitably deep for
planktonic diatoms. The combined result is a reduction in the P-B ratio of the
diatom assemblage at the core site. There are some exceptions to this typical
behaviour as complex bathymetries can result in non-linear P-B ratio

responses to changing lake levels (Stone & Fritz, 2004).
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Figure 2.6: Schematic diagram demonstrating the size and location of the photic region of the
pelagic zone (primarily inhabited by planktonic diatoms) and the littoral zone (primarily

inhabited by benthic diatoms) under high (a) and low (b) lake levels.

Nutrient availability

Nutrients are the various elements and simple compounds that are critical for
metabolic processes and the growth of lacustrine autotrophs (Cohen, 2003).
Those that are important for diatom growth, but are of limited supply in lake
waters, include phosphorus, nitrogen and silicon. These nutrients have
complex cycles and numerous potential supply sources within lakes and their
catchments (Wetzel, 2001). Of key relevance for this thesis is the detrital input
of these nutrients from the catchment, which can be modified by changes in
climate and vegetation cover (e.g. Francke et al., 2019), and the recycling of
nutrients from the hypolimnion and lake sediments, where nutrients

accumulate due to the settling of organic matter and decomposition (Cohen,
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2003). This process is influenced by the mixing regime, which can be driven by

changes in the climate such as temperature and wind strength (see below).

As demonstrated in Table 2.1, diatom taxa have various nutrient tolerances and
optima, so they can be sensitive to changes in the concentration, supply rates
and ratios of different nutrients (Hall & Smol, 2010). Phosphorus supply is
usually the main variable responsible for driving change in diatom productivity
and species composition, although it tends to cause more alteration to
planktonic communities than benthic ones (Battarbee et al., 2001). If
planktonic productivity increases as a result of increased nutrient availability,
light transmission to the benthic habitats can be reduced, further intensifying
this contrast (Scheffer & van Nes, 2007). The result is an increase in the P-B
ratio. This clearly complicates diatom interpretations as the same response

that might be expected if lake level had increased.
Ice cover

Once surface lake water has cooled below the temperature at which it reaches
its maximum density (c. 4°C), convection is reduced and the surface water can
continue to cool until ice forms (Kirillin et al., 2012). This can lead to the
seasonal development of solid ice sheets or unconsolidated ice accumulations
(Michel & Ramseier, 1971). The timing of ice formation, which is mainly
controlled by air temperature and local wind strength, can demonstrate
considerable variation from year to year, whilst the timing of ice break-up is
mainly controlled by solar radiation so demonstrates less variation (Kirillin et
al., 2012). Ice decay occurs at the top, bottom and edges of the ice pack, which
can result in the littoral areas becoming ice-free first (Brown & Duguay, 2010).
In some lakes of the high Arctic, ice can be present perennially, perhaps with

some limited summer melting at the lake margins (Smol, 1988).

Ice cover can have various impacts on lacustrine diatom assemblages. Light is
typically the limiting factor for photosynthesis under ice, although light

transmission will vary with ice type and snow accumulation (Hampton et al.,
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2017). Clear, snow-free ice, which has similar light transmission properties to
water, can form on lakes in cold, dry climates or towards the end of the ice-
cover period (Kirillin et al., 2012). The light availability under this ice is
adequate for diatom growth (Battarbee et al., 2001). The penetration of the
solar radiation through the ice generates convective currents (Kirillin et al.,
2012), and these conditions favour heavy tychoplanktonic diatoms, such as
Aulacoseira taxa (Rithland et al., 2015). Light transmission is greatly reduced if
the ice contains occlusions, such as air bubbles and organic matter, or if snow
accumulates over the ice (Wetzel, 2001). This type of ice cover can greatly
reduce diatom productivity (Battarbee et al., 2001). The extent of the ice cover
is also important; the thawing that can occur around the lake margins enables
diatom growth in the littoral zone (typically small Fragilariaceae taxa; see their
entry in Table 2.1), and if the lake becomes ice-free in summer, planktonic taxa
will become more abundant (Douglas & Smol, 2010). The length of the ice-free
period can also impact diatom assemblages, as it can encourage moss and
macrophyte growth, allowing more complex diatom communities to develop in

the littoral zone (Douglas & Smol, 2010).
Light availability

Light availability in lacustrine environments is controlled by various factors.
Depending on latitude, the photoperiod will vary with the seasonal pattern of
insolation. This is especially acute in lakes at high latitudes (Douglas & Smol,
2010). The light availability in such lakes can be further impacted by ice and
snow cover, as discussed above. Water column transparency is an important
modulator on light availability and is itself controlled by many factors.
Reduced water column transparency can occur during times of high lake
mixing or turbulence, which can resuspend sediment from the bottom of the
lake (Hellstrom, 1991). The addition of detrital material from the catchment
during times of higher erosion can have the same impact. High plankton
productivity can also reduce water column transparency and impact benthic

communities; this is a key process in eutrophication (Hall & Smol, 2010).
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Due to the interconnected nature of the various controls on diatom
assemblages, some of the impact of light availability on diatom assemblages
has already been elucidated. As mentioned in section 2.2.2, diatoms typically
inhabit the photic zone as they require light for photosynthesis. It has already
been demonstrated that changes in lake level can have an impact on which
regions of a lake basin lie within the photic zone, as has the impact this can
have on diatom assemblages. Water transparency is also implicated in this
process as it modifies the depth of the photic zone. Increased water
transparency can enlarge the areas suitable for benthic habitats and therefore
lower P-B ratios (Battarbee et al., 2001). Variations in light availability can also
impact the specific taxa that reside in a lake as some are better able to adapt to

low light conditions than others (e.g. Cyclotella fottii; Table 2.1).
Temperature

Solar radiation is the greatest contributor of heat to lakes (smaller
contributions come from the lake sediments and the air) and is absorbed in the
surface waters, from where it is distributed throughout the lake by internal
mixing (Wetzel, 2001). Heat is lost from lakes by a variety of processes (e.g.
thermal radiation, specific conduction, evaporation and outflow) and mainly
occurs at the surface (Wetzel, 2001). The temperature of lacustrine
environments can therefore be impacted by a range of factors including

variations in insolation, air temperature, ice cover and mixing regime.

There have been extensive studies on the impact of temperature on algal
growth, including laboratory culture experiments that demonstrate the direct
influence of temperature on diatoms (e.g. Hania et al., 2021). However,
temperature has such a large influence over so many lacustrine variables (e.g.
stratification, mixing regime and nutrient availability) that recorded diatom
responses to temperature are either indirect or difficult to disentangle from the
myriad of variables it influences (Lotter et al., 2010). Despite this complicated

response, palaeoclimate studies are still able to take advantage of both the
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direct and indirect influences of temperature on diatom assemblages, for

example in Lake Ohrid (Zhang et al., 2016).
Mixing regime and stratification

As discussed in the previous subsection, heat primarily enters a lake through
the surface. This results in a temperature and density gradient (the
thermocline, which occurs within the metalimnion) between the warm, light
surface waters (the epilimnion) and the cool, dense deep waters (the
hypolimnion). In this situation, the lake is said to be thermally stratified
(Figure 2.7a). As winds blow over the surface, the frictional stress can generate
mixing and currents in the epilimnion (Wetzel, 2001). Depending on the
intensity of the turbulent mixing and the strength of the density gradient, the
turbulence can propagate to the vertically adjacent water masses and
stratification can be lost (Cohen, 2003; Figure 2.7b). This mixing of the water
column is most likely to occur when the density contrast is reduced, which is
encouraged by the loss of heat from the surface waters in the colder months
(Cohen, 2003). If ice develops over the lake surface, air currents cannot induce
surface mixing, and stratification can occur again (Figure 2.7c), although the
water density profiles can be dynamic and are sometimes inversed (e.g.
Bruesewitz et al., 2015). The density contrasts under ice are usually minimal
(Figure 2.7c), so when the ice melts, mixing can occur rapidly, and as the
density contrast increases into the warmer months, stratification can occur
again (Cohen, 2003). Lakes with this mixing regime are characteristic of
temperate regions and are termed dimictic. Other mixing regimes will result
under different climatic settings. In addition to the climate-related variables of
temperature, wind and ice cover, lake depth is important in determining the
mixing regime of a lake, with some shallow lakes able to mix several times a
year (polymictic), while deep lakes might mix very rarely (oligomictic) or only

partially (meromictic).
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Figure 2.7: Cross-sectional diagrams of a lake illustrating temperature-depth profiles for a
thermally-stratified lake with a large temperature gradient (a), a lake with no temperature
gradient undergoing mixing (b) and a thermally-stratified lake under ice cover with a small

temperature gradient (c).

The mixing regime of a lake can impact both the planktonic and benthic
diatom communities with varying results. Turbulent mixing is responsible for
suspending facultative planktonic and benthic taxa in the water column
(Battarbee et al., 2001), which could reduce the P-B ratio at profundal coring
sites. In shallow lakes, mixing can resuspend sediments from the bottom of the
lake into in the water column. Clay particles can remain suspended for long
periods of time and reduce light availability for benthic communities

(Hellstrom, 1991; Schallenberg & Burns, 2004), thereby increasing the P-B
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ratio. However, this process can also release nutrients and increase algal

productivity if it was previously nutrient-limited (Schallenberg & Burns, 2004).

Planktonic taxa are generally more abundant during times of lake mixing as
diatoms have a specific gravity greater than 1.0, which means they should sink
through the water column (Battarbee et al., 2001). This is especially true for
those with heavily silicified valves such as Aulacoseira species. Periods of
intense mixing can be characterised by the presence of such taxa (Wolin &
Stone, 2010). Others have developed a range of coping strategies to remain
successful despite this tendency to sink. During times of limited water mixing
and stratification, small valves are more easily kept suspended in the water
column (e.g. Pantocsekiella minuscula; Table 2.1), so they can dominate
assemblages (Winder et al., 2009). Others, such as Asterionella formosa, form
stellate colonies that are more resistant to sinking than individual cells (Table
2.1; Riihland et al., 2015). There is also evidence that some are able to survive
and grow as part of the benthic community if they sink (Yehoshua & Alster,
2011). This could explain why Actinocyclus normanii, a large planktonic taxon,
has been documented within both planktonic and benthic communities (Table

2.1).
2.2.4 Difficulties and limitations

In addition to the difficulties in disentangling the influence of the various
competing controls on diatom assemblages (section 2.2.3), other problems can
arise with diatom-based reconstructions. A lack of ecological data for extinct
taxa with no modern analogues can be problematic, particularly in ancient
lakes with their older fossil assemblages and high degrees of endemism
(Mackay et al., 2010; Wilke et al., 2016). In such situations, some inferences can
be made from the morphological features they share with extant taxa such as

valve size (Winder et al., 2009).

The accuracy with which the fossil diatom assemblage reflects the living

diatom assemblage is an important consideration in any diatom
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reconstruction. Various taphonomic processes can affect diatoms within the
water column and in sediments. Complete or partial dissolution of their silica
valves can occur in waters that are undersaturated with silica, particularly if
temperature, pH or salinity is high (Flower & Ryves, 2009). Interspecific
variations in valve thickness, ornamentation and surface area to volume ratio
can result in differential dissolution between diatom taxa and lead to bias in
the fossil assemblage towards robust species such as small Fragilariaceae and
those of the genus Aulacoseira (Barker et al., 1994; Ryves et al., 2003; Battarbee
et al., 2005). Valve breakage can occur in high energy environments such as
shallow lakes, which can encourage dissolution through the exposure of a
larger surface area upon which dissolution can act (Ryves et al., 2006). It can
also result from grazing (Haberyan, 1985) and the compaction or desiccation of
sediments (Flower, 1993; Reed, 1998). Hassan (2015) demonstrated that the
taxonomic composition of diatom death assemblages can significantly differ
from living assemblages as a result of the differential preservation of diatom
taxa and the long periods of time represented by death assemblages. In this
particular instance the death assemblage was still able to faithfully reflect
environmental conditions, but it does highlight the need to understand the
preservation potential of the specific taxa in the diatom assemblage that is
being investigated and the taphonomic processes likely to be occurring in the

specific lake under investigation.
2.2.5 Diatoms as part of a multiproxy approach

In light of the difficulties associated with the use of diatoms in
palaeolimnology, it is prudent to analyse them alongside other lines of
evidence. It is well recognised that studying multiple proxies within a record
strengthens palaeoenvironmental interpretations (Birks & Birks, 2006). Some
proxy records have previously been obtained from the sedimentary material
that is analysed within this thesis (see section 4.1). In order to make use of
these existing data, it is necessary to understand the proxies from which they

were obtained. These palaeoenvironmental indicators are now introduced.
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Pollen

Pollen analysis (palynology) is one of the most widely adopted methods in the
reconstruction of past environments (Lowe & Walker, 2015) and has a long
history in Quaternary Science (Birks & Berglund, 2018). It is used to understand
past vegetational change on local to continental scales (e.g. Magri et al., 2017).
It is also useful for the correlation of stratigraphic sequences (e.g. Tzedakis,
1994), including between marine and terrestrial records (e.g. Roucoux et al.,

2005).

Pollen grains and spores (collectively known as sporomorphs) are the
reproductive propagules of seed-producing (angiosperms or gymnosperms)
and lower (cryptogams) plants respectively (Lowe & Walker, 2015). They are
dispersed through a range of means but primarily via the wind (anemophilous)
or insects (entomophilous; Bennett & Willis, 2001). Pollen that settles on sites
where sediment is accumulating (e.g. lakes) can become embedded and
preserved within the sediment, a process that is aided by the highly resistant
material (a biopolymer known as sporopollenin) that makes up their outer
walls (exine; Jardine et al., 2021). As the pollen grains of different taxa possess
different morphologies, they are able to be identified to genus or family level
from their visual features alone. The identification of pollen grains throughout
a sedimentary sequence allows the reconstruction of vegetation communities
in the area around the site of deposition and their development through time

(Birks & Birks, 1980).

There are some key considerations to make when interpreting pollen records.
A preserved pollen assemblage does not necessarily reflect the exact vegetation
composition of the local environment at the time of pollen deposition as
biological, chemical and environmental processes influence the production,
dispersal and preservation of pollen grains (Chevalier et al., 2020). The amount
of pollen released by a plant varies according to the dispersal mechanism

employed by the plant species. Anemophilous taxa produce much higher
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pollen quantities than entomophilous taxa, which are consequentially
underrepresented in pollen records. Furthermore, wind-borne pollen can
travel large distances so their taxa can be overrepresented in pollen records,
even when they are not prominent in the local environment (e.g. Campbell et
al., 1999). The size of the lake is also an important consideration, with pollen
assemblages from smaller lakes more likely to capture local changes and those
from larger lakes tending to reflect changes on a more regional scale (Prentice,
1985). Such contrasts have even been detected within a single lake basin; at
Ioannina, pollen records from a smaller sub-basin reflect more local changes
in vegetation than those from a larger sub-basin (Jones, 2010). The differential
preservation of various taxa can lead to taxonomic bias in the pollen
assemblage and tends to be related to the sporopollenin content of the exine
(Havinga, 1967). As well as examining the pollen assemblage, it can be useful
to consider the pollen concentration as it can reflect vegetation biomass
(Magri, 1994). However, its interpretation is often complicated by changes in

sedimentation rate (Roucoux et al., 2008).

Pollen data are usually expressed as percentage relative abundances based on a
sum that excludes the pollen of obligate aquatic plants, moss, spores and
unidentifiable grains (Bennett & Willis, 2001). In this way, percentages
represent a proportion of only the terrestrial vascular plants. These pollen data
are often summarised into two groups reflecting the percentage of arboreal
pollen (AP) and the percentage of non-arboreal pollen (NAP). This can indicate
the extent of any woodland nearby with high AP percentages representing
periods of extensive woodland. It is sometimes useful to exclude pioneer taxa
such as Pinus, Juniperus and Betula (AP-P]B) to reflect the extent of the

temperate tree population only (e.g. Roucoux et al., 2008).
Organic content

Most organic matter in lake sediments originates from plants (Meyers &

Teranes, 2001). This plant material can be allochthonous, derived from
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different components of catchment vegetation (e.g. leaves, pollen grains,
woody material, etc.) or it can autochthonous, derived from algae and aquatic
macrophytes within the lake itself (Dean, 1981). Therefore, an estimate of the
percentage of organic content within lake sediments can provide an indication
of the combined productivity of the lake and its catchment with a higher
organic content associated with higher productivity. Caution is required in its
interpretation as several processes, such as benthic respiration and decay,
affect the amount of organic material that is eventually preserved in the

sediment (Dean, 1981).
Carbonate content

There are numerous possible sources of carbonate material in lacustrine
sediments, complicating its interpretation. These include the input of detrital
carbonate from the catchment as well as precipitation, both organic and
inorganic, of carbonate within the lake itself (Kelts & Hsii, 1978). For lakes
situated in carbonate bedrock catchments, the amount of detrital carbonate in
their sediments can provide an indication of catchment erosion with more
erosion of the catchment bedrock resulting in the delivery of more detrital
carbonate to the lake. In contrast, carbonate precipitated within the lake can
provide an indication of productivity. Many lacustrine organisms produce
carbonate skeletal material such as shells, with larger volumes of this material
indicating higher productivity levels. However, this type of carbonate tends to
be concentrated in the littoral zone and only forms a small component of the
carbonate sedimentation in hardwater lakes (Kelts & Hsti, 1978). Of more
importance is the primary precipitation of inorganic carbonate induced by the
removal of CO, from the water by photosynthetic macrophytes and algae
(Dean, 1981). A greater accumulation of inorganic carbonate produced in this
way could indicate greater within-lake productivity, although it is important to
consider that other factors, such as warming temperatures or a lowering of the
precipitation to evaporation ratio, can also encourage carbonate precipitation

(Dean, 1981). To complicate matters further, carbonate is susceptible to
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dissolution, meaning the volume preserved in the sediment is not necessarily a
reflection of the volume that was present in the lake. It is clear that both the
source of the carbonate and any dissolution must be considered in order to

make a reliable interpretation.
Magnetic mineral properties

Lake sediments can contain a variety of iron-bearing, magnetic minerals such
as magnetite, haematite and goethite. By applying a temporary, weak magnetic
field to the sediment, these minerals become magnetised. The ratio of the
intensity of the applied magnetic field to the resulting magnetisation of the
sediment sample can be used to calculate its mass specific magnetic
susceptibility (x), which reflects the size, shape, concentration and chemical
composition of the magnetic minerals in the sample (Thompson & Oldfield,
1986). As magnetic minerals in lake sediments are often derived from detrital
material washed in from the catchment (eroded bedrock and soil), magnetic
susceptibility measurements can be used as an indicator of inwash to the lake
(e.g. Thompson et al., 1975) and are therefore useful in making interpretations

about past vegetation cover and erosion rates (Thompson et al., 1980).

However, there are numerous sources of magnetic minerals and various
controls on their transportation and transformation, complicating
interpretations of magnetic susceptibility measurements (Verosub & Roberts,
1995). The original source of magnetic minerals is the bedrock, within which
they are known as primary magnetic minerals (Thompson & Oldfield, 1986).
The processes of weathering and soil formation (pedogenesis) act upon the
bedrock and can result in the production of secondary magnetic minerals with
different chemical compositions, and therefore magnetic susceptibilities, to
the primary magnetic minerals (Thompson & Oldfield, 1986). Furthermore, the
climatic conditions during pedogenesis can influence the type of magnetic
minerals that form (Maxbauer et al., 2016). In summary, this means that

variations in the magnetic susceptibility of lake sediments might not simply
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represent a change in the rate of inwash to the lake but could also reflect
changes in the source of the magnetic minerals, the rate of soil formation or
the climate during soil formation. It is important, therefore, to consider the
type and source of the magnetic minerals present in lake sediments when
making palaeoenvironmental interpretations from magnetic susceptibility

measurements.
2.2.6 Diatom responses in lakes of the northeastern Mediterranean

Within the northeastern Mediterranean, Quaternary palaeoenvironmental
records based on diatom analyses have been published from very few sites but
include the two investigated in this thesis, Lake Ioannina and Lake Ohrid, as
well as Lake Prespa (Albania/Greece/North Macedonia) and Lake Dojran

(Greece).
Lake Ioannina

In the early 1990s, palaeoenvironmental analyses of a long core from Lake
Ioannina (I-249) enabled the reconstruction of vegetational changes over
multiple glacial-interglacial cycles and identified the area as a glacial refugium
for temperate tree species (Tzedakis, 1993; 1994). This established Ioannina as
a key site for Quaternary research, and numerous palaeoenvironmental studies
ensued on a proximal, but higher resolution, core (I-284; detailed in section
4.1.1). Palynological data from the I-284 core for the Lateglacial and early
Holocene demonstrated a subdued response during the Younger Dryas, a time
when SSTs in the Adriatic Sea and other parts of the Mediterranean Sea exhibit
a decline (Lawson et al., 2004). This prompted the first diatom investigation of
the site, which aimed to establish whether climate change was truly muted at
Ioannina during the Younger Dryas or if local factors such as topographic
variability modulated the vegetational response (Wilson et al., 2008). The
analyses revealed a diatom assemblage dominated by eurytopic taxa (those
able to tolerate a wide range of environmental conditions) but one that was

highly sensitive to climate change, with planktonic taxa dominating during
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warmer, wetter intervals and small Fragilariaceae dominating during cold, arid
phases. It provided the first strong evidence for a Younger Dryas event in
northwest Greece, although the dominance of the eurytopic taxa meant it was
not possible to confidently separate the extent to which lake level or
productivity changes were driving the variation in the record. This data was re-
examined as part of multicore study, which established that the diatom
assemblage change during the Lateglacial and Holocene was primarily a

response to changing lake levels (Jones et al., 2013).

Following the identification of a response more sensitive than that represented
by the pollen, diatom analyses were performed on earlier sections of the I-284
core for which pollen records had already been published, namely the
penultimate deglaciation (MIS 6 to MIS 5e transition, Termination II; Wilson et
al., 2015) and penultimate glacial (MIS 6; Wilson et al., 2013; Wilson et al.,
2021). The diatoms consistently demonstrated incredible sensitivity to abrupt

climate variability.

During the penultimate deglaciation, an abrupt increase in the P-B ratio
reflected an increase in lake levels c. 2.7 kyr before regional forest expansion
and peak precipitation (Wilson et al., 2015). It was suggested that the early
onset of high lake levels could have been due to the input of snow melt and
glacial meltwater into the subterranean karst system. The contrast of the
diatom response between the penultimate deglaciation (Wilson et al., 2015)
and the last deglaciation (Wilson et al., 2008; Jones et al., 2013) highlighted the
potential of investigating earlier glacial-interglacial cycles with different

boundary conditions.

The diatoms also demonstrate that abrupt climate variability at Ioannina is not
confined to the glacial terminations. High amplitude millennial-scale
oscillations in the diatom assemblage persisted throughout the entirety of the
penultimate glacial and were interpreted as representing a series of discrete

warmer/wetter intervals versus cooler/drier intervals (Wilson et al., 2021). This
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variation was associated with variability in the AMOC with the warmer/wetter
intervals coinciding with strong Asian Monsoon events and North Atlantic
interstadials, and the cooler/drier intervals coinciding with weaker Asian
Monsoon events and North Atlantic stadials. Once again, the diatoms
demonstrated a strong response in comparison to the relatively subdued

response exhibited by the pollen.

The diatom record spanning MIS 6 represents the oldest section of the 1-284
core for which diatom data have so far been published. The published pollen
record extends through the penultimate interglacial (MIS 7), which contains
four forested intervals separated by periods of more open vegetation (Roucoux
et al., 2008). The evidence indicates that the forested intervals had cooler
winters and wetter summers than those of the last interglacial or the Holocene,
and it also suggests that millennial-scale climatic variability persisted through
the very cold and very dry conditions of the interval equivalent to MIS 7d. This
variability and contrast with earlier intervals highlights the potential of a
diatom record from this interval to add to our understanding of limnological

responses to various climatic conditions.
Lake Ohrid

The first palaeolimnological investigation of the Lake Ohrid diatoms related
changes observed in a 8.85 m core from the central region of the lake to
variations in climate (Roelofs & Kilham, 1983). A more recent analysis of a
sediment core from the northeast part of the lake basin, and with a basal age of
approximately 136 ka (C0o1202; Vogel et al., 2010), demonstrated the sensitivity
of the Lake Ohrid diatoms to climate change and revealed a response to
glacial-interglacial climate variability (Reed et al., 2010). Shifts between the
dominant planktonic taxa of hypolimnetic Cyclotella fottii and epilimnetic
Pantocsekiella ocellata were interpreted as reflecting temperature-driven

productivity shifts.
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Subsequent analyses were performed on a higher resolution core from the
western part of the lake (Co1262) for the Lateglacial and Holocene (Zhang et
al., 2016). This provided support for the interpretation of a direct diatom
response to temperature-driven lake productivity but revealed that indirect
responses to temperature-related lake stratification or lake mixing and
epilimnetic nutrient availability also occurred. The contrast between the
temperature-driven diatom response in Lake Ohrid and the moisture-driven
diatom responses in shallower Mediterranean lakes was also highlighted. Lake
Ohrid is unusual in its great depth (section 3.2.2) so does not demonstrate the
large Quaternary fluctuations in lake level that are observed as the dominant
control on diatom assemblages in shallower lakes such as Lake Ioannina (Jones
et al., 2013), Lake Prespa (Cvetkoska et al., 2014a) and Lake Dojran (Zhang et
al., 2014b). While these lake level changes can provide insight into past
variations in moisture availability, Lake Ohrid is able to provide information
on past changes in temperature. Utilising these contrasting responses can

therefore lead to more robust regional palaeoclimate interpretations.

High-resolution analyses of core 5045-1 from the DEEP site (henceforth
referred to as the DEEP core; section 4.1.2) once again demonstrated diatom
responses to climate change over the most recent glacial-interglacial cycle
(Cvetkoska et al., 2016). The responses were compared with those of Lake
Prespa, and it was concluded that Lake Ohrid demonstrated more resistance to
climate change than Lake Prespa. Other diatom-based research at Lake Ohrid
has further contrasted these two hydrologically connected lakes through an
investigation into their contrasting resilience to environmental disturbance by
focusing on responses after a volcanic eruption (Jovanovska et al., 2016). Both
lakes demonstrated a high resilience, although the diatom assemblages of Lake

Ohrid recovered more quickly than those of shallower Lake Prespa.

Most recently, a long, low-resolution diatom record was published for the
entire DEEP sequence, which investigated the influence of global/regional-

versus local-scale environmental change on diatom communities over the past
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1.36 Ma (Cvetkoska et al., 2021). The results indicated that long stable periods
in diatom community composition were punctuated by relatively rapid
turnover in species composition, and three distinct diatom communities
characterised by specific taxa were identified. Local-scale environmental
change (e.g. water column mixing, nutrient availability and precipitation) had
some influence on diatom community composition throughout the whole
record, but its influence diminished over time. Global/regional environmental
change (e.g. orbital parameters, global ice volume and atmospheric CO,
concentrations) was important only once the lake had deepened c. 1 Ma. These
results highlighted the importance of considering lacustrine, catchment and

climate dynamics in diatom record interpretations.
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Lake Ioannina (also known as Lake Pamvotis or Lake Pamvotida) and Lake
Ohrid are located approximately 150 km apart on the Balkan Peninsula in the
northeastern Mediterranean (Figure 3.1). They are both ancient lakes that
formed within tectonic basins of the Dinaride-Albanide-Hellenide mountain
belt. Being situated in such close proximity, Lake Ioannina and Lake Ohrid
have evolved under similar tectonic and climatic settings. As a result, they
share many catchment and limnological characteristics. They differ mainly in
depth and trophic status; Lake Ioannina is currently shallow and eutrophic
whilst Lake Ohrid is deep and oligotrophic. This chapter discusses their
regional setting, their individual characteristics and concludes with a summary

of their contrasts and similarities.
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Figure 3.1: Map showing the locations of Lake Ioannina and Lake Ohrid on the Balkan

Peninsula with an inset map showing the location of the Balkan Peninsula within Europe.
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3.1 Study region

3.1.1 Tectonic setting

The land around the Mediterranean basin is dominated by the high relief of the
Alpine orogenic belt (Figure 3.2), which is a product of the complex
convergence of the African and European plates. It consists of connected fold
and thrust belts, which differ in timing and tectonic setting and are associated
with the closure of several oceanic basins of varying age and size (Cavazza &

Wezel, 2003).

Figure 3.2: Map of the Mediterranean region illustrating the high relief and simplified

tectonics of the Alpine orogenic belt. The SBER is highlighted in white. (after Cavazza & Wezel,
2003 and Dumurdzanov et al., 2005).

Of relevance to the northeastern Mediterranean is the closure of the Vardar
Ocean during the latest Cretaceous to earliest Cenozoic (c. 65 Ma), which
accreted several continental fragments onto the Balkan Peninsula and initiated
an extensional regime over an area known as the southern Balkan extensional
region (SBER; Figure 3.2; Burchfiel et al., 2008). Extension was able to develop
within this convergent setting due to a process known as slab rollback. As the
oceanic lithosphere subducted eastwards beneath the Balkan Peninsula,

rollback of the subducted slab caused the subduction zone to migrate
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westwards, stretching the area of land to the east of the subduction zone
(Figure 3.3). The associated east-west extension resulted in the formation of
sedimentary basins initially in the east and later in the west as the subduction
zone migrated (Dumurdzanov et al., 2004). These are the basins within which

the study sites are location.

compressional domain extensional domain
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Figure 3.3: Structural cross-section of the Adriatic coast showing the subduction rollback that
enables extension in the SBER despite the convergent setting of oceanic lithosphere subducting

beneath. Slightly modified from Hoffmann et al. (2010).

Although no crust is actively being subducted in the northern Hellenic trench
today (Hoffmann et al., 2010), GPS studies indicate it is still under
compressional stress (Dumurdzanov et al., 2005). Recent earthquake data and
field observations indicate that the area is still tectonically active with some
areas, such as the Ohrid basin, undergoing active extension (Hoffmann et al.,
2010; Reicherter et al., 2011; Lindhorst et al., 2015). Other lines of evidence,
such as river terraces and archaeological evidence, suggest that tectonic uplift

is still active in northwestern Greece (King & Bailey, 1985).
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3.1.2 Climatic setting

At 30-45 °N, the Mediterranean region is situated in a transitional zone
between the mid-latitude westerly wind belt to the north and the subtropical
high pressure systems to the south (Harding et al., 2009). The seasonal
migration of the Intertropical Convergence Zone (ITCZ) is associated with
latitudinal shifts in the pressure and wind belts of the global atmospheric
circulation and therefore brings the Mediterranean region under the
dominance of the mid-latitude westerly wind belt during winter and the sub-
tropical high pressure belt during summer. This causes pronounced
seasonality in Mediterranean precipitation (Figure 3.4). Warm, dry conditions
ensue when the high pressure belt resides over the Mediterranean region
during the summer. In contrast, winters are cool and wet as the mid-latitude
westerlies generate low pressure systems across the Mediterranean (Tzedakis

et al., 2009b).
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Figure 3.4: Maps of the Mediterranean region and North Africa illustrating the contrasting
positions of the wind and pressure belts between winter (January) and summer (July). The
seasonal contrasts in precipitation as a result of the different atmospheric configurations is
evident. (ITCZ—Intertropical Convergence Zone; MLW—Mid-Latitude Westerly winds; NET—
North-Easterly Trade winds; SET—South-Easterly Trade winds). Modified from Harding et al.
(2009).
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Winter conditions are further modulated by large-scale pressure patterns over
the North Atlantic. The North Atlantic Oscillation (NAO) is a variation in the
north-south sea level pressure contrast between a low pressure system to the
north (the Icelandic low) and a high pressure system to the south (the Azores
high). During positive NAO phases, there is a large pressure contrast between
the Icelandic low and the Azores high (Hurrell et al., 2002). This strengthens
the mid-latitude westerlies and shifts them northwards, resulting in drier
conditions in the Mediterranean (Magny et al., 2013; Figure 3.5a). During
negative NAO, the contrast between the Icelandic low and the Azores high is
much smaller. The westerly winds move southwards resulting in increased
storm activity and precipitation in the Mediterranean (Hurrell & Deser, 2009;

Figure 3.5b).
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Figure 3.5: Diagrams illustrating the impact of positive (a) and negative (b) NAO phases on the
prevailing weather patterns in Europe. During positive phases, the Mediterranean is mild and

dry. During negative phases, the Mediterranean is mild and wet. Modified from Greene (2012).

The climate also varies between different parts of the Mediterranean region.
There is a general trend of decreasing precipitation and an increase in extreme
temperatures towards the south and east (Harding et al., 2009). These trends

are further modified by variation in local climate as a result of extreme
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topographic variability, which is especially true on the Balkan Peninsula

(Figure 3.6; Lolis & Kotsias, 2020).
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Figure 3.6: Contrasts in mean annual temperature (a) and precipitation (b) across the Balkan
Peninsula. The locations of Lake Ioannina (I) and Lake Ohrid (O) are marked. Modified from

Panagiotopoulos (2013), which is based on data from Hijmans et al. (2005).

There are few other regions in the world where the resulting temperature
contrasts are as strong as on the Balkan Peninsula (Reed et al., 2004). These
contrasts are greatest in winter when mean January temperatures are typically
high in the Mediterranean coastal regions (+12°C in northern Crete), due to the
protection of the Dinaride, Pindus and Rhodopes mountains from the invasion
of cold air from the north, but drop to below freezing in northeastern areas
along the coast of the Black Sea (-0.8°C around the Danube delta), which
remain exposed (Reed et al., 2004). Local topographic variation across the
Balkan Peninsula also results in strong differences in mean annual
precipitation, with marked differences between the west and east coasts
(<1000 mm yr* on the Adriatic coast and around 350-400 mm yr~ on the Black
Sea coast) and between the mountainous and lowland regions (Furlan, 1977;

Reed et al., 2004). The southern peaks of the Dinarides experience some of the
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highest values of mean annual precipitation in Europe (>4,600 mm yr at
Crkvice, Montenegro) with values decreasing in all directions from here (Reed
et al., 2004). The local topography also influences the timing of precipitation
maxima across the region. The south of the Balkan Peninsula experiences
typical Mediterranean precipitation maxima during the winter in association
with the westerlies. Across the Mediterranean, local orography modifies the
path of these westerlies (Raicich et al., 2003), and on the Balkan Peninsula it
prevents their penetration into the northern lowlands. This area remains open
to Central and Eastern Europe and so experiences a more continental climate,
exposed to anticyclones in winter and experiencing precipitation maxima in
spring and summer when the westerlies shift northwards (Furlan, 1977; Reed

et al., 2004).

3.2 Study sites

3.2.1 Lake Ioannina
Location and topography

Lake Ioannina (39°40" N, 20°53" E) is located in Epirus, northwest Greece, at an
altitude of 470 m above sea level. The lake is surrounded by the high
topography of the Pindus Mountains (Figure 3.7). Along the northeastern edge
of the Ioannina basin, the steep slopes of the Mitsikeli mountain range rise to a
summit of 1810 m. The gentler slopes of the Tomarochoria mountain range rise
to the 1173 m summit of Megali Tsouka along the basin’s southwestern edge.
With a surface area of 22.8 km? (Kagalou et al., 2008), the present day lake
occupies only a small part of the Ioannina basin (Figure 3.7). Whilst the basin
is 35 km long and has a variable width of 3-10 km, the lake only has a
maximum length of 11 km and a maximum width of 5 km. The lake once filled
the larger basin area but has been subjected to several artificial drainage
schemes since 1600, including the construction of a canal and tunnel in 1944

(Higgs et al., 1967). By the 1950s, two lakes occupied the basin, separated by a
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peaty marsh. The more northerly Lake Lapsista, with a depth of 1-3 m, was

drained in 1959 to create agricultural land, leaving the southerly Lake Ioannina

as the only remaining remnant of the once larger water body (Kagalou et al.,

2001; Romero et al., 2002).
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Figure 3.7: Map illustrating the topographic setting of Lake Ioannina with an inset set map

showing the location of Ioannina within Greece (modified from Lawson et al., 2004). The 500 m

contour that encircles the present-day Lake Ioannina is delineated by the thicker dotted line

and approximates to the basin margin, which represents the maximum extent of the larger

lake that once occupied the basin.

Geological setting

Formed on a syncline of the Alpine orogenic belt, the Ioannina basin is a polje,

which is a large flat depression formed as a result of karst solution of the

limestone bedrock. These Mesozoic to early Cenozoic limestones comprise the

majority of the bedrock with flysch (interbedded, marine sandstone and

mudstone) also outcropping towards the south of the basin (King et al., 1994;
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Tzedakis, 1994). Slow tectonic subsidence has led to the accumulation of a thick

sequence of Quaternary sediments (Clews, 1989).
Physical and chemical limnological characteristics

The lake forms the base level of a karstic aquifer within the Mitsikeli
Mountain. It is fed only by karstic springs and drains intermittently through a
series of sink holes to the Arachthos, Louros and Kalamas rivers (Kagalou et
al., 2001). There are no major fluvial inputs or outputs. Although it appears to
be hydrologically closed and the isotopic composition of the lake water
demonstrates enrichment by evaporative concentration (Frogley, 1997), the
lake water remains fresh with a conductivity of 393 uS cm™and a pH range of
6.7-8.9 (Kagalou et al., 2008). This freshness indicates some form of subsurface
outflow, although the degree to which subterranean springs influence its
hydrology, either now or in the past, is poorly understood (Wilson et al., 2008).
The lake is currently shallow, with a mean depth of 4.3 m and a maximum
depth of 7.5 m (Kagalou et al., 2008). It is dimictic, mixing twice a year as a
result of changes in water density (Zacharias et al., 2002), although based on its
depth and area, Jones (2010) suggested it might even be polymictic. It has a
hydraulic residence time of 0.84-0.90 years (Kagalou et al., 2008). Summer
temperatures are approximately +25°C in the epilimnion and +20°C in the
hypolimnion, whilst winter surface water temperatures can drop to below +4°C
with ice formation sometimes occurring over the lake surface (Kagalou et al.,

2008).
Nutrient status

Agricultural, industrial and urban expansion has led to severe nutrient
enrichment of the lake, and it is now considered hypereutrophic. It had an
average total phosphorus content of 0.11 mg 1 and a Secchi depth of 60-80 cm
during 1998-1999 (Romero et al., 2002). This status had persisted since at least
the 1980s, and whilst restoration attempts have been made (focussing on

reducing external phosphorus loading and biomanipulation), phosphorus
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levels in the lake remain high enough to maintain eutrophic conditions; by
2004-2005, there was still an average orthophosphate concentration of

0.19 mg 1! (Kagalou et al., 2008). Due to its shallow depth and polymictic status,
nutrients are readily released from the sediment. This internal phosphorus
loading is slowing the lake’s response to the attempts to reduce external
phosphorus loading (Kagalou et al., 2008). Throughout 2016 to 2018,
eutrophication monitoring of the lake using remote sensing techniques to
estimate chlorophyll-a concentration, an indicator of phytoplankton
productivity, demonstrates that the lake has remained eutrophic in more
recent times (Peppa et al., 2020). Due to all of this anthropogenic impact, the
diatom assemblage of the modern-day lake is unlikely to be a good analogue

for those of its Quaternary past.
Climate

The Ioannina basin experiences a sub-Mediterranean climate with cool, wet
winters and warm, dry summers (Figure 3.8). The basin experienced a mean
annual precipitation of 1158 mm over the period 1915-1998 (Romero et al.,
2002), a relatively high value due to the orographic uplift of warm, moist air
from the nearby Ionian sea. Values are much lower for sites further east due to
the rain shadow effect of the mountain ranges (Frogley, 1997). January is the
coldest month, with a mean temperature of +4.9°C, and July is the warmest
month, with a mean temperature of +24.9°C (Tzedakis, 1994). Due to its
elevation, frosts and snowfall are common. This has impacts on the vegetation
of the basin which lacks some of the usual Mediterranean species such as Olea

(Lawson et al., 2004).
Vegetation

Due to intense grazing and agricultural pressures, little of the natural
vegetation remains within the Ioannina basin (Frogley, 1997) with open scrub
(Juniperus communis) and grassland dominating (Roucoux et al., 2008). The

nearby nature reserve of Zagoria is less grazed and better preserves the natural
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Figure 3.8: Mean monthly temperature and precipitation for Lake Ioannina. Additionally, the
range between minimum and maximum monthly temperatures is shaded in red. Based on
observed data from the Ioannina meteorological station over the period 1956-2010 (Hellenic

National Meteorological Service, 2020).

vegetation expected at loannina: mixed deciduous woodland dominates below
1500 m; Pinus and Juniperus increase in abundance with altitude, often forming
the tree line at 1900 m; and Fagus and Abies grow at 1000-1800 m, particularly
in wetter and cooler areas, where they sometimes form the tree line (Roucoux
et al., 2011). Around the lake itself, free-standing reeds, such as Phragmites
australis, surround the margins (Higgs et al., 1967; Frogley, 1997). A decline in
the abundance and diversity of the aquatic vegetation, in particular the
submerged macrophytes, has been recorded since 1970 with the present day
vegetation being primarily located in the northern littoral zone of the lake and
covering only 5% to 10% of the lake surface (Stefanidis & Papastergiadou,
2007). This has been attributed to the cultural eutrophication of the lake and to
the stocking of the lake with carp species (since 1986), which are known to

destroy submerged aquatic vegetation (Alexakis et al., 2013).

3.2.2 Lake Ohrid
Location and topography

Located at an altitude of 694 m above sea level, Lake Ohrid (40°54"-41°10" N,
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20°38°-20°48" E) spans the border of the Republic of North Macedonia and the
Republic of Albania (Figure 3.1). Of its 358 km? surface area (Stankovié, 1960),
251 km? lies within Macedonia and 107 km? lies within Albania (Popovska &
Bonacci, 2007). The lake is situated within a graben basin surrounded by the
mountain ranges of the Dinaride mountain belt (Figure 3.9). The Mokra
Mountains rise to 1500 m in the west, and the Gali¢ica and Mali i Thaté

Mountains rise to more than 1750 m in the east (Wagner et al., 2008).
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Figure 3.9: Map illustrating the topographic setting of Lake Ohrid with an inset set map

showing the location of Lake Ohrid on the border of Albania and North Macedonia.

Geological setting

The geological contact between the Mirdita Zone and the Korabi Zone trends
NW-SE through the Ohrid graben and outcrops south of the Lini Peninsula on
the western edge of Lake Ohrid (Hoffmann et al., 2010). The Mirdita Zone
consists of Jurassic ophiolites overlain by Upper Cretaceous carbonates, which

outcrop within the Mokra Mountains to the SW of the lake, while the Korabi

60



Chapter 3 | Study region and sites

Zone consists of Palaeozoic metamorphic rocks overlain by Mesozoic (Triassic
to Early Jurassic) carbonates, which are widely exposed to the NW and SE of

the lake (Hoffmann et al., 2010).
Physical and chemical limnological characteristics

Extensive karstification has affected the Mesozoic carbonates and resulted in a
network of karst aquifers that supply around 50% (20.2 m?® s™) of the total
inflow (37.9 m®s™) to Lake Ohrid through numerous surface and lacustrine
springs (Matzinger et al., 2006a). Direct precipitation on the lake surface and
riverine inflow contribute about 25% each to the remaining input. The diverted
River Sateska comprises the main riverine inflow. The River Crn Drim is the
only surface outflow and thought to account for a substantial proportion

(c. 60%) of the total output (37.9 m?s™), the remainder leaving the lake through
evaporation (Matzinger et al., 2006a). Although missing from water balance
models, it is probable that groundwater outflow also occurs (Lacey, 2016). The
lake has a maximum length of 30.8 km and a maximum width of 14.8 km
(Stankovi¢, 1960). It has a bathtub-like morphology; mean water depth is

151 m, it is 289 m at its deepest, and it contains 50.7 km?® of water (Popovska &
Bonacci, 2007). Due to the small size of the drainage basin and the large
volume of the lake it has a long hydraulic residence time, which is estimated at
70-80 years (Popovska & Bonacci, 2007). Complete overturn of the lake water is
rare, occurring approximately every 7 years (Matzinger et al., 2006a). The top
150-200 m is mixed each winter, being thermally stratified during the summer

months (Matzinger et al., 2007).

The karstic carbonates to the SE of the lake form the horst structure of the
Galic¢ica and Mali i Thaté Mountains between the Ohrid and Prespa graben
basins and are of particular significance as they provide a groundwater
connection with neighbouring lakes (Matzinger et al., 2006b). The water level
elevation of neighbouring Lake Prespa is 150-159 m above that of Lake Ohrid,

establishing a hydraulic gradient down which water from Lake Prespa can flow
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through the aquifers (Figure 3.10; Popovska & Bonacci, 2007). First proposed
by Cvijic (1906), this connection with Lake Prespa has been confirmed using
stable isotopes (Anovski et al., 1991; Eftimi et al., 2002) and through an artificial
tracer experiment (Amataj et al., 2007). Whilst the aquifers are partly
recharged by precipitation infiltrating through the mountains, it is estimated
that water originating from Lake Prespa comprises 42% of the aquifer inflow at
the Sveti Naum spring (Anovski et al., 1991) and 52% of the inflow at the
Tushemisht spring (Eftimi et al., 2002). It is estimated that about 20% of the
total water inflow to Lake Ohrid originates from Lake Prespa (Matzinger et al.,

2006D).
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Figure 3.10: Schematic cross-section through the Galicica mountain range showing
groundwater movement and the connection between Lake Ohrid and Lake Prespa (modified

from Popovska & Bonacci, 2007).

The karstic geology also has implications for the lake’s water chemistry. Whilst

it contains freshwater, Lake Ohrid is carbonate-dominated and alkaline.
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Surface waters have a pH range of 8.6-8.9 and a specific conductivity of

about 200 uS cm™ (Wagner et al., 2017). Although it is regarded as oligotrophic,
there are concerns over its trophic state, especially under the increasing
pressures of tourism and a rising population (Matzinger et al., 2006b).
Sediment cores suggest there has been an increase in phosphorus input to
Lake Ohrid over the last century, resulting in a slow eutrophication (Matzinger
et al., 2004). There is a need to conserve the oligotrophic state of Lake Ohrid in
order to protect the endemic species that have evolved within it (Matzinger et
al., 2004). Although the threat to Lake Ohrid is not immediate, the karst
connection with Lake Prespa is particularly worrying as Lake Prespa has a total
phosphorus concentration seven times that of Lake Ohrid (Matzinger et al.,

2006D).
Climate

With cool, wet winters and hot, dry summers (Figure 3.11), the Ohrid basin
experiences a Mediterranean climate but is influenced by the European
continental climate. Mean annual precipitation was 907 mm over the period
1961-1990 (Popovska & Bonacci, 2007). This is relatively high and is due to the
basin’s moderate altitude and its close proximity to the Ionian and Adriatic

seas.
Vegetation

The vegetation in the Lake Ohrid catchment has been categorised into
altitudinal belts: lowlands are dominated by grasslands and agricultural land;
deciduous and semi-deciduous forests, comprised of oak and hornbeam,
dominate the lower altitudes up to 1600 m; mesophilous/montane species
dominate the higher altitudes up to 1800 m; and above 1900 m, alpine pastures
and grasslands are present (Matevski et al., 2011; Sadori et al., 2016; Wagner et
al., 2017). Pollen analysis has shown the area to have been a refugium for
temperate and montane trees during glacial periods and some relic Tertiary

species are still present in the wider region (Sadori et al., 2016). The
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Lake Ohrid

Month

Figure 3.11: Mean monthly temperature and precipitation for Lake Ohrid. Additionally, the
range between minimum and maximum monthly temperatures is shaded in red. Based on
observed data from the Pogradec (Albania) meteorological station over the period 1961-1990

(Watzin et al., 2002 in Lacey & Jones, 2018).

macrophytic flora of Lake Ohrid is distributed across successive vegetational
zones within the littoral region of the lake: the deepest parts of the littoral
region, between 3 m and 30 m water depth, are occupied by Chara species;
species of the submerged macrophyte Potamogeton are found in shallow waters
of up to 2.5 m water depth; and a discontinuous reed belt, dominated by
Phragmites australis, is found along the shore at depths of up to 1.5 m (Talevska
et al., 2009; Imeri et al., 2010; Wagner et al., 2017). The discontinuous nature of
macrophyte occurrence is due to the narrowness of the lake’s littoral region, a

consequence of the steep-sided topography of the basin.

3.3 Comparison of the study sites
Similarities

The main characteristics of Lake Ioannina and Lake Ohrid are summarised in
Table 3.1. Both are ancient lakes situated on carbonate strata and surrounded
by high topography on the Balkan Peninsula. The carbonate geology has had
the same implications for both lakes. In terms of lake water chemistry, they

exhibit alkaline pH ranges, and in terms of hydrology, the karstification of the
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carbonates has resulted in karstic springs supplying the main inputs to both
lakes. Neither lake has a major riverine inflow, but both remain relatively
fresh, possibly due to subsurface outflows. The lack of any major inflows or
outflows has important implications for this thesis as any climatic change
affecting the precipitation-evaporation ratio has the potential to affect lake
level, which in turn could affect the lake ecosystems and the diatom

assemblage responses that are under investigation (Fritz et al., 2010).

Located approximately 150 km apart and at similar altitudes, the climate and
vegetation of the Ioannina and Ohrid basins are relatively similar. In terms of
their vegetation, both lake basins have been altered from their natural states
through the development of agricultural and grazing land with the arboreal
species composition on the catchment slopes also controlled by altitude. There
is evidence that both areas served as arboreal refugia during Quaternary
glacials (Tzedakis, 1993; Donders et al., 2021). Both experience a sub-
Mediterranean climate, with the mild winter months being the wettest. They
receive relatively high amounts of annual precipitation in comparison to sites
further east in the Mediterranean region. Slight contrasts between the climates
occur. Ohrid, with its more northerly location, is more influenced by the cooler
European continental climate, and the slightly wetter conditions at Ioannina
are possibly a result of the basin’s more coastal position, at only c. 60 km
inland compared to Ohrid’s position c. 100 km inland. This similarity in climate
is likely to have persisted throughout the Quaternary, thus making the lakes
suitable for a comparison of their different responses to the same climatic

change.
Differences

Although both lakes are situated in tectonic basins of the same extensional
regime, the different ways in which the lake basins formed (graben-
constrained Lake Ohrid versus the polje solution depression of Lake Ioannina)

has resulted in contrasting lake bathymetries. This is responsible for the major
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differences between the lakes. Being shallow with a gentle bathymetry, Lake
Ioannina has a greater potential to support benthic communities, while Lake
Ohrid, with its steep-sided basin and great depth, has a relatively small littoral
zone with discontinuous macrophyte vegetation. The depth also influences
lake mixing with Lake Ioannina experiencing complete overturn twice a year
(Zacharias et al., 2002) and Lake Ohrid only experiencing this around every
seven years (Matzinger et al., 2006a). Hydraulic residence times differ hugely.
Although neither lake has a major outflow, the large volume of Lake Ohrid
results in a much longer residence time of 70-80 years (Popovska & Bonacci,
2007) in comparison with just less than a year in Lake Ioannina (Kagalou et al.,
2008). These volume and depth differences also have implications for
anthropogenic eutrophication. Lake Ioannina is impacted to a much greater
extent than Lake Ohrid, which remains oligotrophic for now (Romero et al.,
2002; Matzinger et al., 2006b). The greater depth and volume of Lake Ohrid has
provided a greater resilience to these modern pressures, and it is predicted it

will also demonstrate a greater resilience to past changes in climate.
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Table 3.1: Key characteristics of Lake Ioannina and Lake Ohrid.
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Characteristic

Ioannina

Ohrid

References

Location

Latitude; longitude
Lake surface altitude
Max. catchment altitude

Geology
Catchment geology
Genesis

Climate

Mean July temperature
Mean January temperature
Mean annual precipitation

Size

Lake surface area
Catchment area

Max. lake length; width
Lake volume
Maximum water depth
Mean water depth

Physical Limnology
Inflows

Outflows

Hydraulic residence time
Mixing

Chemical Limnology

pH range

Conductivity

Trophic status

39°40°N; 20°53'E
470 m
1810 m

Flysh and karstic carbonates
Polje

+24.9°C
+4.9°C
1158 mm

23 km?

510 km?

11 km; 5 km
0.1 km?
7.5m

4.3m

Springs and minor ephemeral streams

Sinkholes drain to rivers
0.8-0.9 years
Dimictic/polymictic

6.7-8.9
393 uS cm™?
Hypereutrophic

40°54"-41°10'N; 20°38°-20°48 'E
694 m
2288 m

Ophiolites, metamorphics and karstic carbonates
Tectonic graben

+20.6°C
+2.0°C
907 mm

358 km?

1002 km? (excluding Lake Prespa catchment)
31 km; 15 km

50.7 km?®

289 m

151 m

Springs; River Sateska

River Crn Drim; subsurface outflow?
70-80 years

Once every c. 7 years

8.6-8.9
200 uS cm™
Oligotrophic

Tzedakis, 1994; Hoffmann et al., 2010
Tzedakis, 1994; Hoffmann et al., 2010

Tzedakis, 1994; Merkel, 2018
Tzedakis, 1994; Merkel, 2018
Romero et al., 2002; Popovska & Bonacci, 2007

Stankovié, 1960; Conispoliatis et al., 1986
Popovska & Bonacci, 2007; Kagalou et al., 2008
Stankovié, 1960; Conispoliatis et al., 1986
Zacharias et al., 2002; Popovska & Bonacci, 2007
Popovska & Bonacci, 2007; Kagalou et al., 2008
Popovska & Bonacci, 2007; Kagalou et al., 2008

Kagalou et al., 2001; Matzinger et al., 2006a

Kagalou et al., 2001; Matzinger et al., 2006a; Lacey, 2016
Popovska & Bonacci, 2007; Kagalou et al., 2008

Zacharias et al., 2002; Matzinger et al., 2006b; Jones, 2010

Kagalou et al., 2008; Wagner et al., 2017
Kagalou et al., 2008; Wagner et al., 2017
Romero et al., 2002; Matzinger et al., 2006b
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This chapter outlines the methodological approaches followed. It begins by
describing the recovery of the sediment cores and the establishment of their
chronological frameworks, both of these being steps that were taken prior to
the commencement of the research that forms this thesis. The subsequent
sections detail the processes followed to create microscope slides and to

generate and analyse the diatom data.

4.1 Materials and chronologies

The analyses in this thesis have been carried out on the I-284 core from Lake
Ioannina and the DEEP-5045-1 core from Lake Ohrid. These were recovered a
number of years ago and have already been the subject of numerous
palaeoenvironmental investigations. Sections corresponding to MIS 7-9 in the
I-284 core and MIS 7 in the DEEP-5045-1 core have been made available for this

study.
4.1.1 Lake Ioannina I-284 core

The 1-284 core was recovered from an area immediately to the southeast of the
modern Lake Ioannina in 1989 (Figure 4.1). It was one of approximately 280
boreholes drilled by the Greek Institute of Geology and Mineral Exploration
(IGME) when prospecting for lignite deposits in the basin between 1977 and
1989 (Tzedakis, 1994; Frogley, 1997). With the aid of stratigraphical information
from these IGME cores, it was possible to identify areas of the basin with the
greatest potential in palaeoenvironmental investigations: those with
continuous sedimentation and subsidence that did not show any evidence of
uplift or major disturbance (Tzedakis, 1994). This resulted in some cores from
the southeastern area of the basin (I-249 and I-284; Figure 4.1) being archived

for palaeoenvironmental analyses (Tzedakis, 1994; Frogley, 1997).
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With an unbottomed length of 319 m, core I-284 was one of the longer cores
recovered from the Ioannina basin (Frogley, 1997). This meant it had the
potential to provide one of the most temporally extensive or stratigraphically
detailed records (Tzedakis, 1994). Although the I-284 core site is now located to
the southeast of the lake margin, unpublished stratigraphical reports from the
IGME indicate it is situated in one of the deepest sub-basins, and the sediments
appear to have been deposited continuously in an area that, prior to artificial
drainage schemes (see section 3.2.1), was always submerged (Frogley, 1997).
Furthermore, no distinct lithological breaks were detected in the core with any
lithological changes occurring across apparently conformable and gradual

boundaries (Frogley, 1997).

Key
Lake loannina
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Figure 4.1: Map showing the locations of the I-284 and I-249 core sites in the Ioannina basin
with an inset map showing the location of Ioannina within Greece (modified from Lawson et
al., 2004). The dotted line represents the 500 m altitude contour line, which approximates to
the basin boundary. The lake boundary represents the extent of the modern-day lake within

the larger basin area that it once filled.
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The chronostratigraphic framework for I-284 has been developed using a
variety of methods. Initial attempts to date the core focused on correlating
I-284 with 1-249 (Frogley, 1997; Frogley et al., 1999). The latter possesses a
tentative chronology based on the correlation of the pollen record (which is
devoid of migrational lags due to the presence of refugial populations in the
area) with other European pollen records and marine oxygen isotope records
(Tzedakis, 1993). Although the sediments of many lake basins in the region
contain tephra layers (layers of ash from volcanic eruptions) that have been
accurately dated and used to establish very precise age control points (e.g.
Vogel et al., 2010; Giaccio et al., 2019), none have been identified in the
sediments of core I-284 (Frogley, 1997). Despite this, palaeomagnetic evidence
and U-series dates were able to provide age control points and establish a

broad chronological context for I-284 (Frogley, 1997).

Since those early investigations, much progress has been made in developing a
more accurate chronology. The current chronology is based on analyses of the
pollen content of core I-284 (Tzedakis et al., 2002b; Roucoux et al., 2008;
Roucoux et al., 2011) and utilises two complementary techniques. The first is
pollen astronomical tuning (Magri & Tzedakis, 2000), in which peaks in
Mediterranean tree and shrub pollen are aligned with the timing of northern
hemisphere June perihelion. The second is the alignment of the temperate tree
pollen in the I-284 core to that of marine cores from the western Iberian
Margin. These marine cores were recovered from an area that is sufficiently
close to the continent to contain regional pollen signals whilst also being deep
enough to provide high-quality isotopic and SST data that are reflective of
basin-wide conditions (Margari et al., 2014). The pollen data of such cores
reflect immediate vegetation responses to rapid climate variability without
substantial migrational lags (Margari et al., 2010), which justifies their
suitability for alignment with other lag-free pollen records. Meanwhile the
isotopic and SST data have been used to develop robust age models for these

marine cores through the alignment of these data with Antarctic ice cores (e.g.
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Tzedakis et al., 2009b) and the synthetic Greenland record of Barker et al.
(2011; e.g. Margari et al., 2014).

The progress in chronology development has resulted in a revised age for the
unbottomed base of the 1-284 core, from over 620 ka (MIS 16) to c. 350 ka

(MIS 10; Roucoux and Tzedakis, unpublished data; Jones, 2010); however, the
published age model currently extends to only 255 ka (Roucoux et al., 2008).
For this reason, the I-284 data discussed within this thesis are plotted by depth
and discussed within the context of published age control points, which are

presented in Table 4.1.

Table 4.1: Age control points for the I-284 core.

Depth (m) Age(ka) Source of age control point

141.0 193.7 Base of the MIS 6 age model of Wilson et al. (2021), the most recently published
chronology for the I-284 core. It is based on the alignment of the temperate tree
pollen record of 1-284 to that of Iberian Margin core MD01-2444 (Margari et al., 2010),
the latter of which is on an updated age model based on the alignment of its SST
record to the synthetic Greenland record (Margari et al., 2014).

149.5 198.0 Alignment of the I-284 pollen record to northern hemisphere June perihelion
(Roucoux et al., 2008).

160.5 215.9 1-284 AP expansion (Roucoux et al., 2008) aligned with that at the MIS 7d-7c boundary
in Iberian Margin core MD01-2443 (Roucoux et al., 2006), the latter core having a
chronology based on the alignment of its benthic foraminiferal 6180 record with the
Antarctic Vostok deuterium record of Petit et al., 1999.

192.5 242.0 Alignment of the I-284 pollen record to northern hemisphere June perihelion
(Roucoux et al., 2008).

224.0 262.0 1-284 AP expansion (Roucoux, unpublished data) aligned with marine isotope event
8.3 in Iberian Margin core MD01-2443 (Roucoux et al., 2006), as stated by Roucoux et
al. (2008).

As mentioned earlier, multiple palaeoenvironmental investigations have
already been carried out on the I-284 core. These investigations have each
focused on specific proxies and time periods. No part of the record has been
published in its entirety, so a summary of all the individual analyses has been

collated in Table 4.2.
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Analysis Coredepth (m)  Age (MIS equivalent)® Resolution (cm) First presented Subsequent analyses
Lithology 0-319 1-10 - Frogley, 1997 -
Particle size 0-20 1-2 15 Lawson et al., 2004 Wilson et al., 2008
75-110 5-6 100 Frogley, 1997 -
Magnetic susceptibility 0-319 1-10 100 Frogley, 1997 Roucoux et al., 2008
0-20 1-2 20 (10 between 10-20 m)  Lawson et al., 2004 Wilson et al., 2008
124-141 6-7 transition 20 Wilson et al., 2013 -
Loss-on-ignition 0-319 1-10 20 (10 for top 100 m) Frogley, 1997 Lawson et al., 2004; Roucoux et al., 2008; Wilson et al., 2013
Palaeomagnetism 0-319 1-10 100 Frogley, 1997 -
Stable isotopes 83-100 5d-5e 10-20 Frogley, 1997 Frogley et al., 1999; Frogley et al., 2001; Tzedakis et al., 2002c;
(authigenic) 2003; Wilson et al., 2015
124-141 6-7 transition 20 Wilson et al., 2013 Wilson et al., 2021
95-141 6 20 Wilson et al., 2021 -
Stable isotopes (ostracod) 0-25 1-2 20 Frogley, 1997 -
10 Frogley et al., 2001 Lawson et al., 2004; Wilson et al., 2008
Mollusc fauna 0-145 1-6 20 Frogley, 1997 -
Ostracod fauna 0-25 1-2 20 Frogley, 1997 Frogley et al., 2001; Lawson et al., 2004
83-100 5d-5e 20 Frogley, 1997 -
Pollen 0-102 1-5 ? Tzedakis et al., 2002b Roucoux et al., 2011
0-25 1-2 10-30 Lawson et al., 2004 Roucoux et al., 2008; Wilson et al., 2008; Roucoux et al., 2011
83-102 5d-5e 20 Frogley et al., 1999 Tzedakis, 2000; Tzedakis et al., 2002b; Tzedakis et al., 2002c;
Tzedakis et al., 2003; Roucoux et al., 2008; Roucoux et al., 2011;
Wilson et al., 2015
95-145 6 20 Roucoux et al., 2011 Wilson et al., 2013; Wilson et al., 2021
135-210 7 20 Roucoux et al., 2008 Wilson et al., 2013
Diatoms 10-17 1-2 transition 10 Wilson et al., 2008 Jones et al., 2013
124-141 6-7 transition 20 Wilson et al., 2013 Wilson et al., 2021
95-102 5-6 transition 10 Wilson et al., 2015 Wilson et al., 2021
95-141 6 20 Wilson et al., 2021 -

2 Based on current age model.
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4.1.2 Lake Ohrid DEEP-5045-1 core

The DEEP-5045-1 core is one of several recovered from Lake Ohrid as part of
the Scientific Collaboration on Past Speciation Conditions in Lake Ohrid
(SCOPSCO) project, a multi-disciplinary, international research endeavour that
is part of the International Continental Drilling Program (ICDP). Hydro-
acoustic and multichannel seismic surveys were carried out between 2004 and
2009 (Reicherter et al., 2011; Lindhorst et al., 2015). These established the DEEP
site, which is in the central area of the lake basin, as a coring target (Figure
4.2).In 2013, a 545 m composite sediment core was recovered from six

boreholes at the site from beneath a water depth of 243 m (Wagner et al., 2014).
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Figure 4.2: Bathymetric map showing the location of the DEEP core site within Lake Ohrid,
and an inset map showing the location of Lake Ohrid on the border of Albania and North

Macedonia (modified from Lacey, 2016).
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The chronological framework for the upper 247.8 m composite depth of the
DEEP site sequence (which covers the section under investigation in this
thesis) was initially developed around 11 tephrostratigraphic age control points
(Leicher et al., 2016) and tuned to orbital parameters using the total organic
carbon (TOC) and total nitrogen (TN) contents (Francke et al., 2016). The
resulting age model is in agreement with the palaeoclimate record from
Tenaghi Philippon (Tzedakis et al., 2006) and the U-Th dated Soreq Cave
speleothem record (Grant et al., 2012). The DEEP age model was later revised
and extended, and it demonstrates that the core contains a record spanning to

1.36 Ma (Wagner et al., 2019).

4.2 Laboratory techniques for sample preparation

Samples of sediment were collected at regularly spaced intervals along each
core prior to the start of this research project. After the project commenced,
samples were selected and placed onto microscope slides. The preparation of
sediment samples and the creation of diatom microscope slides followed the
standard techniques of Battarbee (1986). For each sample, 0.1g of dry sediment
was digested in 30% hydrogen peroxide (H.0.) to remove any organic content
before a few drops of hydrochloric acid (HCI) were added to remove any
carbonates. The sample residues were subsequently washed by adding distilled
water, centrifuging and then decanting the supernatant. This wash process was
repeated three more times, removing any remaining HCl and clay minerogenic
material. The remaining residues were diluted with distilled water to an
appropriate concentration before known quantities of plastic microspheres
were added to allow calculation of absolute diatom concentration. To make the
microscope slides, 0.4 ml of the diatom suspension was placed on a coverslip
and left to evaporate overnight at room temperature. Finally, the dried

coverslips were mounted onto slides using Naphrax.
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4.3 Light microscopy

4.3.1 Counting procedure

Diatom valves were identified and counted with a Zeiss Axioscop 2 Plus light
microscope under oil immersion and at a magnification of X1000. A minimum
of 300 diatom valves were counted per slide. This minimum count is within the
range recommended by Battarbee et al. (2001). Exploratory analysis of
preliminary count data from Lake Ioannina demonstrated this number was
sufficient for the purposes of the analyses carried out in this thesis

(Appendix A). As the Lake Ohrid diatom assemblages have a low diversity, this
number is also sufficient for those samples (Reed et al., 2010). The
microspheres present in each field of view were also counted in order to

calculate diatom concentration using Equation 4.1 (Battarbee & Kneen, 1982).

number of microspheres introduced x diatoms counted

concentration = :
microspheres counted

Equation 4.1

4.3.2 Taxonomy

Diatoms were identified using standard texts based on central European
diatoms (Krammer & Lange-Bertalot, 1986; 1988; 1991a; 1991b; 2000; Lange-
Bertalot et al., 2017) and the dedicated work on Lake Ohrid (Levkov et al.,
2007a). Although the latter is indispensable for identifying diatoms from Lake
Ohrid, it was also used to identify the taxa from Lake Ioannina as diatom taxa
can be region-specific and those encountered in Lake Ioannina frequently bear
a closer resemblance to those described from Lake Ohrid than those described
from central Europe. A wide range of journal articles was also used to aid in the
identification of taxa that were not included in the texts mentioned above.

Diatoms were generally identified to species level. Where this was not possible
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(e.g. if valves were poorly preserved), they were identified to genus level with

the species designated as “spp.” (e.g. Sellaphora spp.).
Morphological variability of Pantocsekiella ocellata

Special attention was paid to Pantocsekiella ocellata as this is a notoriously
problematic taxon and preliminary examinations of the prepared microscope
slides demonstrated it was abundant throughout the records of both lakes. It
was first described under the name Cyclotella ocellata from Lake Balaton
(Hungary) by Pantocsek (1902) as a centric diatom with a valve face
characterised by a radially-striated marginal area and a central area containing
a small number (usually three arranged in a triangle) of what would later
become known as orbicular depressions or ocelli (Figure 4.3). Although the
original description alludes to some potential variation in the number of ocelli
on the valve face, it did not encapsulate the wide range of morphological
variability that had been observed by the end of the last century in both natural
(e.g. Kiss et al., 1996; Schlegel & Scheffler, 1999) and laboratory-cultured (e.g.
Hegewald & Hinddkov4, 1997) populations. There was also immense
taxonomic confusion due to a number of potentially conspecific taxa with
similar morphological features and the occurrence of intermediate forms.
Numerous studies have sought to re-examine the type material (Hikansson,
1990; 1993; Kiss et al., 1999; Hakansson, 2002; Houk et al., 2010) and to further
examine the extent of the morphological variation (e.g. Cremer et al., 2005;
Genkal & Popovskaya, 2008; Cvetkoska et al., 2014b). These investigations
documented a wide range of morphological variation and, along with the
occurrence of heterovalvar frustules where the two valves of a single diatom
have different morphologies that could be identified as separate species (e.g.
Teubner, 1995; Hegewald & Hinddkova, 1997; Schlegel & Scheffler, 1999), have
led to the general consensus that P. ocellata is part of a species complex

consisting of morphologically diverse and related species.
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The taxon is cosmopolitan and demonstrates broad ecological preferences,
being found in both shallow and deep lakes across the full spectrum of trophic
states from ultra-oligotrophic (e.g. Lake El'gygytgyn, Siberia; Cremer &
Wagner, 2003) to eutrophic (e.g. Lake Dagow, Germany; Schlegel & Scheffler,
1999). For this reason, it proves problematic in palaeoenvironmental
investigations. Resorting to documenting changes in the different
morphotypes of P. ocellata that are present (on the assumption that different
morphotypes have different environmental preferences) is one way to
overcome this. Although Cherepanova et al. (2010) demonstrated that
exploring valve morphology can provide additional information for
palaeoenvironmental investigations, Reed et al. (2010) warns that multiple
studies have found morphological variability to also occur independently of
environmental change. With the possibility that morphological variation could
provide additional information when interpreting the diatom record in terms
of past environmental change, it was deemed sensible to capture any changes

in the morphology of P. ocellata.

In Lake Ioannina specifically, previous palaeolimnological investigations have
identified two distinct morphotypes within the sediments: the more dominant
“classic” morphotype, which is relatively small and typically has three ocellj,
and the less frequent “non-classic” morphotype, which is larger (30-50 um) and
can have a more complex central area structure. The latter was originally
known as Cyclotella af. fottii (Wilson et al., 2008) due to its morphological
resemblance to Cyclotella fottii, an endemic of Lake Ohrid. It was later referred
to as Cyclotella ocellata morphotype 2 (Jones et al., 2013; Wilson et al., 2013) as
the Ohrid taxonomists believed it might be within the range of morphological
variability seen within P. ocellata (Jones, 2010). More recent work has not
attempted to provide the large forms with a designation, referring to them
descriptively as “large, non-classic forms with complex central area structure”

(Wilson et al., 2015:819) or not mentioning them at all (Wilson et al., 2021).
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A similar cautious approach is adopted here with no attempt made to split the
forms strictly into two distinct morphotypes. Preliminary investigations of the
material to be used in this study found that the morphologies of individual
valves seem to sit along a spectrum with no definitive boundary between the
two morphotypes and that to class transitional valves as one morphotype or the
other was impossible. Therefore, in this investigation, the “classic” and “non-
classic” morphotypes are considered two end members along a spectrum of
morphological variation (Figure 4.3). To classify the valves along this
spectrum, they have been counted in 5 um valve diameter size classes and
according to their central area morphology. The latter includes the number of
orbicular depressions or puncta (it was not always possible to distinguish
between the two under light microscope) on the valve surface, which tend to
be arranged in a regular pattern resulting in a corresponding order of
rotational symmetry. For valves with multiple depressions or puncta arranged
in rows, the number of rows was counted rather than each individual
punctum. Twinned orbicular depressions, such as those occasionally found in
Pantocsekiella paraocellata (Cvetkoska et al., 2014b), were counted as a single

orbicular depression (see Figure 4.3b).

10um

Figure 4.3: Photographs of the “classic” (a) and “non-classic” (b) morphotypes of Pantocsekiella

ocellata from the Lake Ioannina sediments.
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4.3.3 Diatom preservation

In order to track the preservation quality of the diatoms, each valve counted
was classified as either pristine or not pristine. These data were then used to

calculate the F index using Equation 4.2:

Equation 4.2

where F; is the F index of sample i, n;; is the number of pristine valves of
species j (of all species m) that were counted in sample i and N;; is the total

number of classifiable valves of species j (Ryves et al., 2001).

As discussed in section 2.2.4, some diatom taxa are more susceptible to
dissolution than others. This can buffer the preservation signal provided by the
F index. For example, during the Last Glacial Maximum (LGM) and Holocene
at Lake Ioannina, the F index reflects variations in the abundance of the robust
small Fragilariaceae taxa rather than true changes in dissolution (Jones et al.,
2013). For this reason, the dissolution of the records was also estimated from
the degree of dissolution exhibited by the valves of specific, abundant
planktonic taxa. These valves are typically more susceptible to dissolution due

to their high surface area to volume ratio.

In Lake Ioannina, valves of Pantocsekiella ocellata were classified into three
categories: pristine, with the striae exhibiting some degree of dissolution, or
with the marginal area dissolved to the point that only the central area remains
(Figure 4.4). In Lake Ohrid, valves of Cyclotella fottii (including C. fottii var. 1)

and Cyclotella cavitata were classified as either pristine or dissolving to
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calculate the F index of the Cyclotella taxa. These taxa are morphologically

similar (Table 2.1) so are believed to be impacted by dissolution to the same

extent.
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Figure 4.4: Valves of Pantocsekiella ocellata at different stages of dissolution: pristine (a), with
striae dissolving (b) and with only the central area remaining (c). The valve with dissolving

striae is also starting to fragment.

4.4 Numerical techniques

4.4.1 Zonation

Stratigraphical sequences of palaeoecological data are usually divided into
assemblage zones (sections characterised solely by a particular assemblage of
taxa) in order to aid the description and correlation of records (Birks, 2012).
This approach was first applied to pollen sequences with the zones originally
designated by eye (Cushing, 1963), and it was later achieved by numerical
techniques, which provided methods that were repeatable and greatly reduced
the subjectivity of zone delineation (Gordon & Birks, 1972; Birks & Gordon,
1985). Since they were first applied, the basic principles of these numerical
techniques have remained largely unchanged (Birks, 2012). They are

hierarchical clustering methods, grouping similar samples together into
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clusters. The results of this type of analysis can be displayed with a tree-like

diagram known as a dendrogram.

The cluster analyses in this thesis were performed using R (R Core Team, 2021)
with the aid of several tidyverse packages (Wickham et al., 2019). Raw diatom
counts were converted to relative abundances with the vegan package
(Oksanen et al., 2019). Only abundant taxa present over a particular threshold
(specific to each analysis) were included in the analysis and the relative
abundances were calculated from a sum comprising of only those abundant
taxa. This is recommended by the pioneers of the technique due to the low
numerical importance of very rare taxa (Gordon & Birks, 1972). In addition, the
inclusion of very rare taxa would be statistically dubious because their
abundances are poorly estimated unless very large counts are undertaken and
thus have a high relative error (Birks, 1986). The relative abundances were
subsequently square-root transformed. This two-step process of calculating the
relative abundances before taking the square-root is known as the Hellinger

transformation and can be summarised with Equation 4.3:

Equation 4.3

where y;; is the number of diatom valves counted of species j in sample i and
yis+ is the sum of all diatom valves counted in sample i. It has the effect of
reducing the importance of very abundant taxa within each sample, which can
multiply exponentially under favourable environmental conditions. After
transforming the data, the vegan package was used to calculate the squared
Euclidean distances between all samples, generating a dissimilarity matrix
upon which the Constrained Incremental Sum of Squares (CONISS) clustering

algorithm (Grimm, 1987) was run with the rioja package (Juggins, 2020). The
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squared Euclidean distance between two samples is calculated with Equation

4.4.

p
2
DEuclidean2 (X 1X 2 = Z y 1j 2]

Equation 4.4

where x’; and x’, are two row vectors (i.e. two samples) in the Hellinger-

transformed species abundance data table and y’ 1 and y'zj are the Hellinger-

transformed abundances of species j in those two samples. Although many
distance functions are available, using this one maintains consistency with the
original CONISS algorithm, which was written to operate on dissimilarity
matrices of squared Euclidean distances (Grimm, 1987) and remained this way
when it was built into popular software used by palaeoecologists such as Tilia
(Grimm, 2011). The squared Euclidean distance exaggerates the dissimilarities
between samples—the greater the dissimilarity, the greater the exaggeration.
The effect is lessened somewhat by the preceding square-root transformation.
This combination has proved particularly satisfactory for percentage
abundance data (Grimm, 1987). It ensures that the absence of a species in two
samples is not considered an indication of similarity between them, a
phenomenon known as the double zero problem, which is discussed within

section 7.2.2 of Legendre and Legendre (2012).

The CONISS algorithm uses an agglomerative (bottom up) approach, beginning
by considering each sample in the dissimilarity matrix as an individual cluster
and merging similar clusters together into larger and larger clusters (as
opposed to a divisive approach where all samples are considered as one cluster
that is split into successively smaller clusters). A full description of the
algorithm is provided by Grimm (1987). Essentially, it searches through the
dissimilarity matrix and merges the pair of clusters with the smallest

dissimilarity value into a single new cluster, reducing the number of clusters
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by one and increasing both the within-cluster and total dispersion (sum of
squares). New dissimilarities are then calculated between this new cluster and
all of the other clusters. The process is repeated until all clusters merge into a
single cluster. As evident in its name, it is a constrained technique—only
clusters that are stratigraphically adjacent to each other are considered for

merging.

The results of the cluster analyses were plotted as dendrograms using the R
packages ggdendro (de Vries & Ripley, 2020) and ggplot2 (Wickham, 2016).
Finally, a broken stick model (Bennett, 1996) was implemented with the rioja

package (Juggins, 2020) and used to determine the number of significant zones.
4.4.2 Ordination

Ordination is a group of techniques used to identify and summarise patterns in
multivariate data sets. Coined and first applied within an ecological context by
Goodall (1954), the term is simply defined by Legendre & Birks (2012:202) as a
way “to arrange objects in some order”. Observations within a data set (e.g.
lacustrine core samples) can be arranged in an order according to their value
for a particular variable (e.g. the abundance of a particular diatom taxon).
When there are many variables in a data set (as is the case with species
assemblage compositional data, where each taxon is a variable) the data can be
difficult to summarise. Ordination is able to reduce much of the variation
across the numerous variables into just two or three synthetic variables (also
known as latent variables), which can be plotted as coordinate axes (Legendre
& Birks, 2012). Within this ordination space of reduced dimensionality,
observations that are similar to each other will plot close together, whilst those
that are different to each other will plot far apart (Gauch, 1982). In an
ecological context, the synthetic variables used to create the coordinate axes
represent hypothetical environmental variables that are yet to be elucidated
(Birks, 2010). An environmental interpretation of the ordination results (i.e.

deducing what the hypothetic environmental gradients represent) can be
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proposed if the patterns that surface in the ordination space are compared with

environmental information (Gauch, 1982).

In order to achieve a useful ordination result, it is necessary to consider the
type of relationship that exists between the diatom species and the latent
environmental variables. Most organisms exhibit unimodal responses to
environmental variables, but if the sampled environmental gradient is not very
long, then a true unimodal response would appear linear (Smol, 2008; Figure
4.5). In such a case, an ordination technique with a linear response model
would be appropriate (ter Braak, 1995). If, however, there is a long
environmental gradient within which multiple species have their optima, then

non-linear methods are appropriate (ter Braak & Prentice, 1988).

A optimum
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Figure 4.5: Example of a hypothetical unimodal diatom abundance response. If the
environment gradient is short, for example the shaded temperature range, the diatom

response appears linear.

Detrended correspondence analysis is an ordination technique suited to
unimodal species responses. When a DCA is performed, the resulting
component axes represent environmental gradients in standard deviation (SD)
units. A normal species distribution, like that illustrated in Figure 4.5, is
expected to occur over 4 SD units along such an axis (Waite, 2000). If the length
of the longest axis is less than 3 SD units, a linear ordination method might be

more appropriate (Leps & Smilauer, 2003).
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Principal components analysis (PCA) assumes linear species responses to the
latent variables, each of which is represented by a principal component axis.
As PCA is an eigenvector technique, it produces an eigenvalue for each axis
(Gauch, 1982). These indicate the proportion of the total variance in the dataset
that each axis accounts for, with more important axes having higher
eigenvalues (ter Braak & Prentice, 1988). The first principal component will
explain the largest proportion of the variance with successive components

explaining increasingly small proportions.

In this thesis, the data were initially subjected to a DCA to identify whether
linear or unimodal ordination techniques were appropriate. If the length of the
longest DCA axis was <3 SD units, a PCA was performed. These analyses were
carried out in R (R Core Team, 2021) with the assistance of the tidyverse

packages (Wickham et al., 2019) and the vegan package (Oksanen et al., 2019).
4.4.3 Data presentation

Diatom count data were converted to percentage relative abundances and
plotted as stratigraphic diagrams using R (R Core Team, 2021) with the aid of
several R packages including the tidyverse collection (Wickham et al., 2019),
tidypaleo (Dunnington, 2021) and cowplot (Wilke, 2020).
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This chapter presents the new diatom record for the I-284 core from Lake
Ioannina. Existing pollen and sedimentological data are subsequently
introduced. They are used to aid the interpretation of the new diatom record
and the reconstruction palaeoenvironmental change at Lake Ioannina during

the glacial-interglacial cycles corresponding to MIS 7-9.

5.1 Results

A total of 176 samples were examined from the I-284 core between depths of
282.82 m and 138.02 m, a section spanning 144.8 m (45.4% of the whole 1-284
core). Other than a missing 6.2 m-long section of the core spanning
271.02-264.82 m, a sample was examined approximately every 0.8 m (providing
an estimated temporal resolution of approximately 650 years). A minimum
count of 300 diatom valves was achieved for all samples except three with very
low diatom concentrations, for which a minimum of 100 valves were counted,

and eleven that contained too few diatom valves to make viable counts.

In total, 187 diatom taxa (10 planktonic, 12 facultative planktonic and 165
benthic) were identified within this section of the I-284 core. Twelve diatom
assemblage zones, here termed Ioannina diatom zones (IDZs), can be
recognised from the CONISS cluster analysis (Appendix B). IDZ 12 has been
further split into subzones to aid description. The diatom assemblage of each
zone is shown on Figure 5.1 and described in Table 5.1 alongside other key

features of the diatom record.

Despite being the least diverse group, planktonic taxa comprise 77.4% of all
valves counted, with facultative planktonic and benthic taxa comprising 7.2%
and 15.4% respectively. This dominance of planktonic taxa is a key feature of

the record. Shifts in the abundance of planktonic taxa are generally subtle,
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Figure 5.1: Summary diatom stratigraphy of core I 284 displayed as relative abundances by depth for taxa present at =4% in at least one. The diatom

assemblage is summarised by life mode. Diatom concentration is displayed as the total number of diatom valves present per gram of dry sediment. Diatom

preservation is represented by the F index based on all valves counted and by the dissolution of Pantocsekiella ocellata valves. Axis scores of the first principal

component (PC1) are displayed. The record is split into IDZs based on the results of the CONISS cluster analysis, which are also presented.
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Table 5.1: Summary of the diatom results for the Lake loannina I-284 core.

Zone Depth (m) Estimated age? Description of diatom results

IDZ 1 282.82-279.22  Older than 262 ka Planktonic abundance is high, reaching the record peak of 95% in

this zone. Pantocsekiella ocellata dominates (59-82% abundance)
Probably MIS 9c or

b with lower abundances of Pantocsekiella minuscula (<15%) and

small Fragilariaceae (<30%). Benthic taxa comprise <16% of all
taxa in any sample.

The diatom concentration is relatively high in IDZ 1, forming a
peak with a maximum value of 35.4 x 10° g* in the middle of the
zone (281.22 m).

Preservation is moderate with the proportion of pristine

P. ocellata valves of around 35%. The F index reflects a similar
level of preservation with a value of around 0.4. Both increase
slightly from the base to the top of the zone.

PC1 axis scores are relatively low, declining to below —0.10 before
recovering across the boundary into IDZ 2.

IDZ 2 279.22-275.22  Older than 262 ka Planktonic taxa decline to very low abundances across IDZ 2,
reaching as low as 23%. This is mainly due to a decrease in
Probably MIS 9b . s .
P. ocellata abundance, but P. cf. minuscula exhibits a decline as
well. Facultative planktonic and benthic taxa are both present at
similar abundances (up to 33% and 45% respectively), and the

benthic taxa are diverse.
The diatom concentration is very low (<6 x 10° g™%).

The F index reaches relatively high values, exceeding 0.5 for
much of the zone except for a marked decrease to 0.2 at 278.02 m.
However, the abundance of pristine P. ocellata valves is low

(c. 20% throughout).

PC1 axis scores are very high, almost reaching a value of c. 0.17
towards the top of the zone.

IDZ 3 275.22-258.42  Older than 262 ka IDZ 3 contains a section for which no core material was available.

Probably MIS 9b to Planktonic abundance recovers during IDZ 3, reaching as high as

9a 95% in the upper part of the zone. Both the facultative planktonic
and benthic taxa decline in abundance, reaching very low
abundances (<10%) after the gap in the record. P. ocellata
dominates once again. Towards the top of the zone, the large
morphotypes of P. ocellata are present at low abundances.

The diatom concentration is very low at the start of the zone

(<8 x 10° g™!) but increases to form the second peak of the record
after the gap. Concentrations reach as high as 35 x 10° g™ before
declining towards the top of the zone.

Preservation is moderate and appears to be better after the gap in
the record than before it. The F index declines before the gap in
the record and recovers after it. The abundance of pristine

P. ocellata valves is around 20% before the cap and around 35%
afterwards.

PC1 axis scores exhibit a declining trend across the zone,
dropping to c. 0.00 at the boundary with IDZ 4.
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Zone

Depth (m)

Estimated age?

Description of diatom results

IDZ 4

IDZ 5

IDZ 6

258.42-253.62

253.62-233.62

233.62-215.22

Older than 262 ka

Probably late MIS 9a
to early MIS 8

Older than 262 ka

Early MIS 8

Base just older than
262 ka

Top just younger
than 262 ka

Mid. MIS 8

The planktonic abundance is relatively low in IDZ 4, declining
below 40% in the middle of the zone. P. ocellata is still the most
abundant planktonic taxa with the large, non-classic morphotypes
also present at low abundances. P. cf. minuscula is also
moderately abundant (9% to 29%). Benthic taxa are highly
abundant and reach their highest abundance of the record in this
zone (50%). They are diverse, although the most abundant include
Gomphonema spp. and Encyonopsis microcephala.

Diatom concentration is moderate with a relatively small peak at
the start of the zone (14 x 10° g™! at 257.22 m) before stabilising at
around 6 x 10° g1,

Preservation is moderate with an F index of around 0.5, although
P. ocellata preservation is slightly worse with around 30% of valves
unaffected by dissolution.

PC1 axis scores are variable but continue the declining trend from
IDZ 3.

Planktonic abundances are moderate but variable in IDZ 5. After
recovering from the low in IDZ 4, they fluctuate around 60% to
80% before reaching a low of 42% at 240.42 m. They recover
rapidly to >70% after this and maintain high abundances for the
rest of the zone. P. ocellata remains the most abundant taxon and
is present at around 50% abundance. P. cf. minuscula continues to
persist at values similar to IDZ 4 but its abundance is highly
variable, ranging between 1% and 24%. Facultative planktonic
taxa are rare, generally below 10% abundance. Benthic taxa
maintain their high abundance from IDZ 4. In the lower two
thirds of the zone they range between 13% and 49% abundance,
declining to around 20% in the upper third. They maintain their
diversity, and Gomphonema spp. and Encyonopsis microcephala
remain the most abundant benthic taxa.

Concentration is low (2-12 x 10° g!). One sample did not contain
enough diatoms to make a viable count.

Both preservation indices indicate moderate preservation.

PC1 axis scores are relatively low but variable (between 0.00 and
-1.50), and they continue to exhibit a declining trend.

IDZ 6 is characterised by a high planktonic abundance of around
70% to 80%. Facultative planktonic taxa are rare, and benthic taxa
have abundances of around 10% to 25%. Although P. ocellata
remains the most abundant taxon, this zone is characterised by
relatively high abundances of P. cf. minuscula, which reaches its
peak abundance of 37% in this zone (at 224.42 m). Although
present at low abundances (<10%), Actinocyclus normanii appears
at the start of the zone and maintain a consistent presence
throughout.

The diatom concentration is moderate at the start of the zone
(c. 5-15 % 10° g™!) and increases to relatively high values in the

89



Table 5.1 (continued)

Chapter 5 | Lake Ioannina results

Zone Depth (m) Estimated age?

Description of diatom results

IDZ 6 (continued)

IDZ 7 215.22-199.22  Base just younger
than 262 ka

Top c. 246 ka

Late MIS 8

IDZ 8 199.22-190.42  c. 246-240 ka

Late MIS 8 to 7e

IDZ9 190.42-177.62  c. 240-237 ka

Mid. MIS 7e to early
7d

middle of the zone (20-25 x 10° g™!) before returning to values
similar to those at the start of the zone.

The quality of the diatom preservation is similar to IDZ 5 and is
not very variable.

PC1 axis scores are low. They reach some of their lowest values of
the record (c. —1.50) near the top of the zone before increasing
across the zone boundary in to IDZ 7.

Planktonic abundances are around 55% to 65%, slightly lower
than IDZ 6. P. cf. minuscula is present at lower abundances that
IDZ 6 and there are some moderate abundances of Stephanodiscus
parvus for the first time. The is an expansion of small
Fragilariaceae at the start of this zone. There is also a shift in the
most abundant benthic taxa, with Gomphonema spp. and

E. microcephala no longer more abundant than any other benthic
taxa and relatively high abundances of Sellaphora rotunda of up to
11%.

Concentration is moderately high at the start of the zone

(c. 25 x 10° g™!) but declines to low values by the top of the zone
(c. 4x10°g™). There are a couple of samples in the middle of the
zone that contained too few diatom valves to count.

The preservation quality is moderate but variable, with both
preservation indices exhibiting a couple of short-lived declines.

PC1 axis scores are high, reaching values >1.00.

IDZ 8 is characterised by a very high planktonic abundance
around 90% with some low abundances of benthic taxa. P. ocellata
dominates, although there are some low abundances of
Asterionella formosa and Aulacoseira granulata in the middle of the
zone and P. cf. minuscula increases in abundance slightly from
IDZ 7.

The diatom concentration is low to start but exhibits a marked
increase in the upper half the zone, increasing from 4 to

36 x 10° g~! from one sample to the next and reaching a peak of
47 x 10° gt in the final sample of the zone.

Preservation is moderate, the F index consistently around 0.4 and
the proportion of pristine valves of P. ocellata at around 35%.

PC1 axis scores decline to relatively low values in this zone of
c. —0.07, then they start to recover towards the top of the zone.

The start of IDZ 9 is marked by a decrease in the abundance of

P. ocellata, although they are still present at between 40% and
75%. P. cf. minuscula and A. formosa persist at similar abundances
to IDZ 8, and A. normanii returns at low abundances. The small
Fragilariaceae have relatively high abundances at the start of the
zone, with a combined abundance of up to 38%.
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Zone

Depth (m)

Estimated age?

Description of diatom results

IDZ 9 (continued)

IDZ 10

IDZ 11

177.62-163.22

163.22-156.02

c.237-217 ka

MIS 7d

c. 217-210 ka

Early MIS 7c

The diatom concentration is very high in the lower third of the
zone (26-50 x 10° g1) and then exhibits a marked decline to
around 10 x 10° g''. The samples at the top of the zone did not
contain many diatom valves.

The F index is consistently around 0.4, while the preservation of
P. ocellata valves declines in the lower part of the zone. This is
reflected by both a decrease in the abundance of pristine valves
and a small increase in the abundance of heavily dissolved valves
with only their central areas remaining. Their preservation
recovers by a depth of around 186 m, which coincides with the
decline in concentration.

PC1 axis scores are in the middle of the range of PC1 axis values
but are very variable.

IDZ 10 is charactered by variable but sometimes high abundances
of S. parvus (up to 49%). In some samples it is more abundant than
P. ocellata. Other planktonic taxa present but at low abundances
include A. normanii, A. formosa and A. granulata. P. cf. minuscula
is almost absent, being present at extremely low abundances.

The diatom concentration is very low throughout this zone
(<5x10° g1). Multiple samples contained too few diatom valves to
make viable counts.

The F index continues to indicate moderate preservation,
however there are some samples with very low abundances of
pristine P. ocellata valves. The top of the zone is generally better
preserved than the lower part.

The PC1 axis scores in IDZ 10 are quite high, sometimes exceeding
0.10.

The start of IDZ 11 is marked by an increase in planktonic
abundance. This is due to high abundances of P. ocellata.

A. normanii persists at low abundances from IDZ 10. S. parvus is
no longer abundant. Facultative planktonic taxa increase in
abundance across the zone. This marks the start of a long term
increasing trend that continues to the top of the record.

Diatom concentration is low at the start of the zone but increases
to a high peak of 44 x 10° g™' at 157.22 m, which is followed by an
abrupt decline to 8 x 10° g™! by 156.42 m.

Both indices indicate moderate preservation, although across the
zone, there is a slight decline in the proportion of pristine

P. ocellata valves and a slight increase in the proportion of those
with only their central areas remaining.

PC1 axis scores are moderate at the start of the zone (c. 0.03) but
increase towards the upper zone boundary with IDZ 12 (to c. 0.08).
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Zone Depth (m) Estimated age?

Description of diatom results

IDZ12a  156.02-144.02 c.210-195ka

Late MIS 7¢, MIS 7b
and MIS 7a

IDZ12b  144.02-140.82 c.195-194 ka

Early MIS 6

IDZ12c  140.82-138.02 c.194-191 ka

Early MIS 6

IDZ 12 is characterised by moderately high abundances of
planktonic taxa (mainly P. ocellata but there are low abundances
of P. cf. minuscula and S. parvus), which exhibit a declining trend
that is punctuated by multiple small fluctuations. Facultative
planktonic taxa gradually increase in abundance while benthic
taxa are generally at low abundances. Cavinula scutelloides and

S. rotunda are the most abundant benthic taxa.

Diatom concentrations are low at the start of the zone
(c. 10 x 10° g™* up to 152.42 m) then increase to over 20 x 10° g™,
reaching a maximum of 39 X 10° g™! at 146.82 m.

The F index remains at around 0.4 and the abundance of pristine
valves of P. ocellata increases slightly in this zone, back to around
30%.

PC1 axis scores are high, between c. 0.05 and c. 0.15.

IDZ 12b is characterised by low abundances of P. ocellata. The
small Fragilariaceae are abundant (c. 45% combined abundance),
as the benthic taxa, with relatively high abundance of Diploneis
marginestriata (up to 13%) and Fallacia lucinensis (up to 14%).

The diatom concentration declines across the zone, reaching
relatively low values of around 8 x 10° g™! by 142.02 m.

There is a small decline in the abundance of P. ocellata valves that
are pristine and an increase in the number that have only their
central areas remaining, suggesting a slight decline in
preservation. The F index exhibits a similar decline, but it is not
as marked.

PC1 axis scores are very high in IDZ 12b, peaking at >1.50.

IDZ 12c is characterised by a return to high abundances of

P. ocellata, which reach as high as 85% abundance at 139.62 m
before declining towards the top of the record as the small
Fragilariaceae increase in abundance to 42%.

The concentration increases at the start of the subzone to reach a
moderate peak of 25.8 x 10° g™t at 138.82 m. It declines slightly to
15.2 x 10° g by the final sample of the record.

Both the F index and dissolution of P. ocellata valves indicate
moderate preservation.

PC1 axis scores decline from IDZ 12b into IDZ 12c (to just below
0.05) before increasing to >0.10 by the top of the zone.

2 Ages estimated from published age control points (Table 4.1), loannina pollen record and a comparison with the Ohrid

diatom record (for the latter see Chapter 7).
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which is remarkable considering the length of the record and that it

encompasses a glacial-interglacial cycle.

Eurytopic, planktonic Pantocsekiella ocellata dominates the assemblage with
relative abundances (hereafter abbreviated to abundance) exceeding 50% in
most (146 out of 165) samples (Figure 5.1). This taxon exhibits a large degree of
morphological variability, with large, non-classic morphotypes (section 4.3.2)
present mainly within IDZs 3-5 and 12 (Figure 5.2). Other abundant planktonic
taxa include small-celled Pantocsekiella cf. minuscula, which is particularly
abundant throughout the middle of the record (IDZ 4-9), and mesotrophic
Stephanodiscus parvus, which is particularly abundant within IDZ 10. The
distribution of facultative planktonic taxa is concentrated within certain parts of
the record. Multiple samples with a facultative planktonic abundance exceeding
30% can be found in IDZ 2, at the start of IDZ 9 and across IDZ 12, with a gentle
increasing trend discernible across the upper zones of the record (IDZ 10-12). In
contrast, facultative planktonic taxa are particularly scarce throughout IDZ 5-6
and in IDZ 8. Small taxa of the Fragilariaceae family (Staurosirella pinnata,
Staurosira construens var. venter and Pseudostaurosira brevistriata) are the most
abundant facultative planktonic taxa. The abundance of any individual benthic
taxon rarely exceeds 10%. Those that do include Placoneis balcanica (14.7% at
175.62 m, a poorly preserved sample), Fallacia luncinensis (13.7% at 142.82 m),
Diploneis marginestriata (13.1% at 142.02) and Sellaphora rotunda (10.5% at

211.62 m). In all instances, the relatively high abundance is not maintained

beyond a single sample.

The diatom concentration ranges from samples where no countable diatom
valves are present up to a maximum concentration of 49.6 x 10° valves per gram
of dry sediment. The record is clearly defined, exhibiting several distinct
periods of high diatom concentration that are clearly separated by periods of
lower concentration. The greatest peaks, which all exceed concentrations of

30 x 10° g™%, occur in zones 1, 3, 8-9, 11 and 12a. Moderately high concentrations

exceeding 20 x 10° g™* are reached in two other parts of the record: spanning
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Pantocsekiella ocellata

central area morphology
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Figure 5.2: A breakdown of the relative abundances of Pantocsekiella ocellata valves according to their valve diameters (a) and the morphology of their central

areas (b). Relative abundances are expressed as a percentage of all diatom valves counted in a sample. They are displayed alongside a summary of the

diatom assemblage and concentration. Valves with unknown diameters or unknown central area morphologies are not shown.
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zones 6-7 and within IDZ 12c. The latter is a short-lived peak reaching

25.8 x 10° g'. However, the former exhibits a notably different outline to any
other part of the record, increasing and decreasing gradually (albeit
overprinted by shorter-term fluctuations) over a long section of the core and
possessing no single peak but several samples with concentrations of around
25x10° g™!. Very low diatom concentrations of <5 x 10° g™* are mainly found
within four parts of the record: spanning zones 2-3 (278.82-271.02 m),
throughout most of IDZ 5 (251.62-239.62 m), spanning the upper half of IDZ 7
and the bottom half of IDZ 8 (207.62-193.22 m), and from the top of IDZ 9 to the
bottom of IDZ 11 (178.82-161.22 m). Within the latter, numerous samples have
such low diatom concentrations that there were not enough diatoms present to
make viable diatom counts. Other such samples are found in the low

concentration zones of IDZ 5 and IDZ 7.

Across all countable samples, there is a mean F index of 0.44 with a standard
deviation of 0.09, indicating moderate preservation quality that does not vary
much throughout the record. The mean proportion of pristine P. ocellata valves
is 32.9% (SD = 10.4%). This is lower than that of all taxa, reflecting their higher
susceptibility to dissolution than some other taxa in the record. Whilst a large
proportion of P. ocellata valves exhibit a small degree of dissolution, as
represented by the relative abundance of valves with striae that are dissolving
(M =61.7%, SD = 9.6%), very few have experienced such extreme dissolution
that only their central areas remain (M = 5.5%, SD = 3.8%). These very low
abundances of valves (of a relatively dissolution-susceptible taxa) in the end
stages of dissolution indicate that the integrity of the diatom assemblage record
is maintained despite evidence that some dissolution has taken place. The

P. ocellata dissolution categories exhibit more variation than the F index of all

taxa and better reflect the preservation variation observed across the samples.

Unconstrained ordination methods performed on untransformed data did not
provide a useful result as PC1 (explaining 59% of the variation in the record)

was highly correlated with the abundance of P. ocellata (p =—-0.999, p <0.001;
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Appendix C). This highlights the dominance of P. ocellata in the record, but it is
of little help in investigating the underlying variability and any environmental
parameters that could be driving species compositional change. Ordination
methods were subsequently performed on square root transformed data to
reduce the influence of the highly dominant P. ocellata, with linear techniques
being deemed appropriate. PC1 explains 26% of the variance and is plotted on
Figure 5.1. Samples with low PC1 axis scores are associated with relatively high
abundances of P. cf. minuscula, whilst samples with high PC1 axis scores are
associated with relatively high abundances of the small Fragilariaceae (Figure
C.6). As detailed in Table 2.1, both P. cf. minuscula and the small Fragilariaceae
have high growth rates, enabling them to tolerate low nutrient and light
availability. They are both also tolerant of a large range of nutrient conditions.
The only major way in which their environmental associations differ is by
mixing regime. While P. cf. minuscula has slow sinking rates and is associated
with a stable stratified water column, the small Fragilariaceae are
characteristic of unstable environments and physical disturbance. On this
basis, PC1 is interpreted as reflecting the mixing regime of the lake, with low
PC1 axis scores associated with stable stratified conditions and high PC1 axis
scores associated with a turbulent, well mixed water column. The positions of
the other taxa along PC1 are in agreement with this. Several of the other taxa
that plot with high values on PC1 (e.g. Aulacoseira granulata and S. parvus) have
been associated with turbulent, disturbed or stressed environments. Those
associated with low PC1 scores alongside P. cf. minuscula include Gomphonema
spp- and Encyonopsis microcephala. These taxa tend to form branching colonies
from mucilage stalks and are associated with macrophytes (Table 2.1), so a low
energy environment is probably more conducive for their growth than high
water turbulence (Passy, 2007). PC1 axis scores are highest in IDZ 2, IDZ 10 and
IDZ 12, while they are lowest in IDZ 5-6. They exhibit a declining trend during
the lower half of the record before increasing across the IDZ 6-7 boundary,
which is identified by the CONISS cluster analysis as the most important of the

record.
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5.2 Data and results from previous investigations

Pollen and sedimentological data from earlier work are used to aid the
interpretation of the diatom record and ascertain a more complete
understanding of environmental and climatic conditions during MIS 7-9 at
Ioannina. The data are displayed alongside a summary of the diatom results in

Figure 5.3 and detailed below.
Pollen

Pollen data are available for the top half of the diatom record at a 20 cm
resolution and span 210.0-130.9 m, a section of the core equivalent to the
interglacial complex of MIS 7 (Roucoux et al., 2008). AP and AP-PJB
percentages and concentrations are displayed in Figure 5.3 and reflect four
forested intervals (Zitsa I-IV), which are separated by periods of
predominately open vegetation during which arboreal pollen still persists but
at lower percentages. Zitsa I, corresponding to MIS 7e, represents a truncated
forested interval, the relatively short duration of which is also evident in other
records (e.g. Roucoux et al., 2006). It is followed by the contraction of
temperate forests to close to their fully glacial extent. Zitsa II, corresponding to
MIS 7c, is the most floristically diverse forested interval. There is a minor,
short-lived forest contraction prior to Zitsa III. AP-P]JB percentages represent
temperate tree populations and reach a similar value in all intervals except
Zitsa IV, which is relatively short and of a smaller magnitude than the others.
Pollen concentrations are highest in Zitsa I and lower in each successive

forested interval.

Many IDZ boundaries coincide with those of the pollen zones or are very close,
indicating concomitant shifts in the diatom assemblage and catchment
vegetation. However some major boundaries in the pollen record are not
evident in the diatom assemblage, including the start of Zitsa I and the start of

Zitsa III. The diatom concentration follows the same pattern as the pollen
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Figure 5.3: Summary diatom record plotted alongside sedimentological data (Frogley, 1997) and summary pollen data (Roucoux et al., 2008).
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concentration, with the highest concentrations occurring in IDZ 8-9 during the
first forested interval of MIS 7, and with a major peak occurring in each

successive forested interval that gets smaller each time.
Organic content

An estimate of the organic content of the sediment is provided by the
percentage mass loss-on-ignition (LOI) at 550°C, carried out at 20 cm resolution
(Frogley, 1997). The mean organic content of the sediment for this section of
the I-284 core is 6.8% (SD = 2.1%). There are sections with sustained elevated
organic content of over 10% within IDZ 1, IDZ 3, IDZ 8-9 and IDZ 11-12. These
tend to be associated with moderate to high diatom concentrations, although
the opposite is not true as high diatom concentrations still occur when organic
content is not elevated (e.g. in IDZ 6 and IDZ 7). Previous investigations on the
I-284 core have demonstrated that the organic content broadly corresponds
with the pollen record during the Lateglacial-Holocene (Lawson et al., 2004),
MIS 5 (Frogley, 1997) and MIS 7 (Roucoux et al., 2008), with peaks in the
percentage of organic content correlating with high pollen concentrations and
arboreal pollen percentages. Roucoux et al. (2008) attributed the highest peaks
in organic content to a combination of both a high input of organic material
from the catchment and high productivity within the lake itself. Where pollen
data are not yet available, the consideration of the organic content alongside
the diatom concentration can cautiously be used as an indicator for catchment

productivity.
Carbonate content

An estimate of the calcium carbonate content of the sediment is derived from
the percentage mass LOI at 950°C, carried out at 20 cm resolution (Frogley,
1997). The values are more variable than those of the organic content, ranging
between 2.9% and 28.1% with a mean of 9.7% (SD = 5.1%). The broad-scale
carbonate curve is overprinted by shorter-term fluctuations, which are of

greater amplitude than those of the organic content curve. In terms of the
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broad-scale changes, the carbonate content is generally low in the bottom and
top thirds of the record. Within the central third of the record, which spans
IDZ 6 to IDZ 9, there are several extended periods with elevated carbonate
percentages and values rarely decline to the overall curve baseline of around

5%.

As detailed in section 2.2.5, there are numerous possible sources of the
carbonate in lacustrine sediments. Due to the profundal location of the core
site, the lack of a fluvial input and a lack of evidence for the mass movement of
sediment via turbidity currents, Frogley (1997) reasoned that the carbonate of
the 1-284 core is predominantly authigenic (precipitated within the lake itself)
rather than detrital carbonate from the catchment. This was confirmed
through scanning electron microscopy (SEM) analyses, which also ruled out
any carbonate dissolution (Frogley, 1997). However, this is not the case
throughout the entirety of the core. Based on SEM analyses and a comparison
of isotopic data with magnetic susceptibility, Leng et al. (2010) demonstrated
that the upper 30 m of the core lacks significant authigenic carbonate and
contains detrital carbonate washed in from the catchment. Clearly both
processes have been at work in Lake Ioannina and must be considered during

interpretations.
Magnetic susceptibility

Magnetic susceptibility () measurements were made at approximately 1 m
intervals along the I-284 core (Frogley, 1997). Values are low throughout most
of the core (generally below 3 x 107 m*kg™) except for a section spanning
approximately 220-165 m where they peak at almost 19 X 107 m*kg™. This
section of the core is associated with high concentrations of small, black,
aggregated, iron-rich nodules with diameters of approximately 1-2 mm, the
magnetic susceptibility of which yields values similar to the iron-oxide
minerals magnetite (Fe;04) and maghaemite (y-Fe;O.) (Frogley, 1997). These

minerals can result from pedogenesis (Maxbauer et al., 2016) and the present
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day soils of the Ioannina catchment also contain magnetic minerals (haematite
and goethite; Frogley, 1997. The magnetic susceptibility record at Ioannina has
therefore been considered a proxy for soil inwash (Frogley, 1997; Roucoux et
al., 2008). The low values that persist throughout most of the I-284 core would
therefore reflect low initial concentrations of magnetic minerals in the
catchment soils and/or the distal location of the core site from the lake margin

throughout most of the lake’s history.

5.3 Interpretations

5.3.1 Life mode response

In more recent climatic cycles, variations in the relative abundances of
planktonic versus facultative planktonic taxa have been interpreted as
reflecting lake level changes, productivity shifts or both (section 2.2.6). Lake
level was confirmed as the primary driver, at least for the late glacial and
Holocene (Jones et al., 2013). Although it is important to consider that the
primary driver could vary through time, there is little evidence for nutrient-
driven productivity shifts influencing the relative abundance of planktonic
taxa. Phases with the highest planktonic abundances are dominated by

P. ocellata rather than eutrophic taxa such as Aulacoseira spp., which dominate
the planktonic habitat in the present-day hyper-eutrophic Lake Ioannina
(Wilson et al., 2013) and during MIS 5a in nearby and similarly shallow Lake
Prespa (Cvetkoska et al., 2015). Therefore, lake level change is probably also
the primary driver of change in the ratio of planktonic versus facultative
planktonic and benthic taxa, rather than nutrient-driven productivity shifts,

during this time interval.
5.3.2 Morphological variability of P. ocellata

Many of the taxa in the sediments of Lake Ioannina are eurytopic, which

makes interpretations difficult. It is particularly problematic that the record is
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dominated by a single eurytopic taxon, P. ocellata. In more recent climatic
cycles, it has been interpreted as representing oligotrophic-mesotrophic
conditions, particularly when the large, “non-classic” forms are also present
(Wilson et al., 2015). This interpretation is supported by their similar
morphologies to recently described large Pantocsekiella taxa in other
Mediterranean lakes, which have been associated with low nutrient availability
(Cvetkoska et al., 2014a; Cvetkoska et al., 2015; Vossel et al., 2015; Vossel et al.,
2018). The large morphotypes have also been used to infer deep water phases
at Joannina (Wilson et al., 2008; Jones et al., 2013). However, this is in the
context of fluctuations between very shallow, turbid, turbulent conditions and
deeper water. The lake is not inferred to have been extremely shallow during
any part of the time interval under investigation here, so lake level is unlikely
to have been a limiting factor in their growth. Furthermore, their presence
seems unrelated to variations in water depth within a persistent deeper water
setting as they are present in this record when planktonic abundance is both
high (e.g. IDZ 3) and low (e.g. IDZ 4). This demonstrates that different factors

have controlled their presence throughout the lake’s history.

Similar observations and conclusions were reached by Luethje and Snyder
(2021) in an investigation into the morphological variation of Pantocsekiella
valves in Lake El'gygytgyn (northeastern Russia) over the last c. 1.2 Ma. They
found an inconsistent trend towards larger Pantocsekiella valves during warm
intervals, suggesting interspecific competition or niche partitioning between
planktonic taxa as other possible controls on size. One hypothesis is that a
larger genus could be limiting the size of Pantocsekiella valves during some
parts of the Lake El'gygytgyn diatom record. This is also a possibility in Lake
Ioannina. In the new record presented here, another large planktonic taxon,
Actinocyclus normanii, co-occurs with the smaller valves of P. ocellata but not
with the large morphotypes. As large P. ocellata morphotypes are probably

indicative of low nutrient availability and A. normanii prefers nutrient enriched
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conditions (Table 2.1), it is possible that the two taxa occupy a similar niche but

under different trophic states.

Another possible control on the valve size of P. ocellata is temperature. It has
long been recognised that the size of an individual organism can potentially
reflect the ambient temperature at which it grew. Organisms of a certain
species, living in relatively colder environments such as at higher altitudes or
higher latitudes, tend to have larger body sizes than organisms of the same
species residing in relatively warmer environments. The phenomenon, which
has been observed in both endotherms and ectotherms, was first described by
Bergmann (1847). A recent review provides strong evidence that freshwater
phytoplankton conform to Bergmann’s Rule (Zohary et al., 2021). This is at
odds with the trend towards larger valve sizes during warmer intervals that was
observed by Luethje and Snyder (2021). However, as discussed in section 2.2.3,
the direct effects of temperature on diatoms are often superseded by changes
in the other lacustrine variables that it controls. Still, it is worth considering
the possible role temperature might play in controlling P. ocellata valve size in

this record.
5.3.3 Interpretations by diatom zone
IDZ 1 (282.82-279.22 m)

The dominance of planktonic taxa and the large concentration peak within
IDZ 1 are indicative of a deep, productive lake. These features are unlikely to
be the result of high nutrient-driven productivity because there is a lack of
eutrophic taxa that would be expected to flourish under such conditions. The
record is instead dominated by P. ocellata and accompanied by lower
abundances of P. cf. minuscula, a small planktonic taxon that is particularly
competitive under low nutrient availability (Winder et al., 2009). This
interpretation is consistent with the low magnetic susceptibility values, which
indicate low detrital input (and therefore nutrient delivery) from the

catchment. Although pollen data are not yet available for this section of the

103



Chapter 5 | Lake Ioannina results

core, the organic content is relatively high and peaks after the diatom
concentration peak. It is therefore likely that the catchment was substantially
vegetated, which would have resulted in low catchment erosion and detrital
input. Although the source of the carbonate is not known, there is a low
percentage of carbonate in the sediment throughout most of IDZ 1. Depending
on its source, this is consistent with either low detrital input or a deep fresh

system, both of which are inferred to have occurred during IDZ 1.

Overall, the lake was deep, oligotrophic and productive during IDZ 1. The lake
level is inferred to have increased in the lower half of IDZ 1, likely reaching its
maximum level at around 281.22 m when the abundance of planktonic taxa
and the diatom concentration reach their peaks concurrently. By the top of
IDZ 1, the lake level had started to decline. The catchment was probably
substantially vegetated, which resulted in a low input of detrital material to the

lake during this time.
IDZ 2 (279.22-275.22 m)

The declines in planktonic abundance and diatom concentration suggest a
decrease in lake level and high PC1 axis scores indicate increased lake mixing.
The diatom assemblage provides evidence of enhanced nutrient availability.
There are several heavily silicified taxa, such Pantocsekiella sp. 1 and Diploneis
mauleri, which indicate a plentiful Si supply. D. mauleri is also considered
mesotrophic (Zhang et al., 2014b), and it co-occurs with mesotrophic
Stephanodiscus medius in a sample towards the top of the zone. This increase in
nutrient availability is consistent with the inferred increase in lake mixing,
which could have enhanced the circulation of nutrients from the hypolimnion
and sediments. The restriction of the mesotrophic taxa to a sample with low
planktonic abundance also supports the interpretation that lake level is the
primary driver of change in the relative abundance of planktonic versus
facultative planktonic and benthic taxa rather than nutrient-driven

productivity shifts. If productivity change were driving the change in
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planktonic abundance, mesotrophic or eutrophic taxa would be expected to

flourish when the planktonic abundance was high rather than at a minimum.
IDZ 3 (275.22-258.42 m)

A notable feature of IDZ 3 is the 6.2 m hiatus in the diatom record that spans
the central portion of the zone. This is due to a misplaced segment of the core
so is not an artefact of the diatom record itself. To aid in the description of this
zone, it is considered in three parts—below the hiatus, the hiatus itself and

above the hiatus.

From the low of 23% at the end of IDZ 2, the planktonic abundance recovers
throughout the lower third of IDZ 3. Planktonic taxa comprise around 70% of
the diatom assemblage just prior to the hiatus in the diatom record. This is
much lower than the previous peak of 95% in IDZ 1, so although the lake level
has increased, it is unlikely to have fully recovered to the very high levels
experienced in IDZ 1 by this point. The diatom concentration remains low,
persisting at values similar to those of IDZ 2 up to the gap in the diatom record.
This indicates the continuation of low productivity from IDZ 2 into the lower
part of IDZ 3. There is evidence that this low productivity also persists

throughout the hiatus in the diatom record.

The hiatus in the diatom record spans from 271.02 m to 264.82 m. As the
sedimentological analyses were carried out before this section of the core was
misplaced, data on the organic content, carbonate content and magnetic
susceptibility of the sediment are available. Of particular use is the organic
content, which remains low throughout. Although this alone is not enough to
provide a thorough determination of the lake status, it does indicate that it is
unlikely that the lake and catchment were highly productive. Throughout this
record, all peaks in diatom concentration exceeding 30 x 10° g™* are associated
with organic content percentages that are elevated above the baseline of

around 5% to 6%. The organic content during the hiatus in the diatom record
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ranges between 5% and 8%, which is not sufficiently elevated above the

baseline to suggest very high productivity.

When the diatom record resumes, high planktonic abundances suggest that the
lake was deep with high lake levels, similar to those of IDZ 1. The diatom
concentration also increases and does so rapidly. Unlike IDZ 1, the peak
planktonic abundance is reached before the increase in diatom concentration,
indicating that high lake levels were established prior to an increase of within-
lake productivity. In turn, the peak in diatom concentration occurs just prior to
a period of sustained elevated organic content percentages, demonstrating a

more rapid response to forcing mechanisms of the lake than the catchment.

Towards the end of IDZ 3, decreases in both the abundance of planktonic taxa
and diatom concentration provide evidence for declining lake levels and
within-lake productivity. This is accompanied by an increase in the
morphological diversity of P. ocellata, possibly indicating reduced detrital
input. This would be consistent with the inferred development of the

catchment vegetation, which would have stabilised the catchment soils.

In summary, IDZ 3 represents a deepening of the lake from the lower lake
levels at the end of IDZ 2. Only once a deep lake is established does the within-
lake productivity then start to increase. It reaches a peak rapidly then declines
with the lake level at the top of the zone. There is evidence that the catchment
productivity increases during IDZ 3, peaking after the lake level and within-

lake productivity and resulting in low detrital input.
IDZ 4 (258.42-253.62 m)

The marked increase in the abundance of benthic taxa, at the expense of
planktonic taxa, is indicative of a decline in lake level. Planktonic abundance is
not as low as in more recent climatic cycles, so it was probably not extremely
shallow. The increase in P. cf. minuscula is probably indicative of an

oligotrophic and a stratified water column. The presence of large P. ocellata
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valves supports the inference of low nutrient availability, and the benthic
assemblage is comprised of taxa associated with low energy environments
(Encyonopsis microcephala, Gomphonema pseudotenellum and Gomphonema
pumilumy), further supporting the interference of stratified conditions. The
relatively high benthic abundance indicates that light availability was not a
limiting factor to their growth, so the water column is inferred to have been

relatively clear.
IDZ 5 (253.62-233.62 m)

IDZ 5 reflects very similar conditions to IDZ 4 with an oligotrophic, clear and
stratified water column inferred. The major difference in the assemblage from
the preceding zone is an increase in the abundance of P. ocellata at the expense
of small Fragilariaceae, which hints towards a slight increase in lake level
and/or a further decrease in lake mixing. Although the very low diatom
concentration could be indicative of a high sedimentation rate, it probably
reflects low productivity as the sedimentological record does not provide any
evidence for elevated sedimentation rates when the diatom concentration is at
its lowest. Furthermore, increased magnetic susceptibility values and
carbonate content percentages at the top of the zone suggest increased detrital
input but coincide with higher diatom concentrations, indicating that
sedimentation rate is not the dominant control on diatom concentration in this
zone. The higher diatom concentration towards the top of the zone could be
due to an increase in the delivery of nutrients as a result of the increased
detrital input. Organic content is also very low towards the top of the zone,
possibly indicating low catchment productivity, which supports the inference

of increased detrital input as a result of reduced catchment stability.
IDZ 6 (233.62-215.22 m)

The increase in planktonic abundance from IDZ 5 to IDZ 6 reflects a further
increase in lake level, resulting in the persistence of a relatively deep lake

throughout IDZ 6. Low PC1 axis scores, very low abundances of facultative
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planktonic taxa and relatively high abundances of P. cf. minuscula indicate that
the stable lake conditions of IDZ 5 persist into IDZ 6, at least up to a depth of
219.62 m. Above this depth there is a small increase in the abundance of
facultative planktonic taxa, which could indicate an increase in water
turbulence, turbidity or both. This interpretation is supported by the magnetic
susceptibility values, which are elevated during this part of the zone and

suggest increased detrital input.

The increasing diatom concentration indicates an increasingly productive lake.
The start of IDZ 6 is marked by the appearance of A. normanii, which persists at
low abundances throughout the zone. Although it does not dominate the
diatom assemblage, its presence and preference for nutrient enrichment

(Table 2.1) could indicate a slight increase in nutrient availability from IDZ 5.
IDZ 7 (215.22-199.22 m)

The dominance of planktonic taxa indicates that the lake remains moderately
deep, although the elevated abundances of facultative planktonic taxa could
suggest a relative decline from the previous zone and/or increased lake mixing.
This interpretation is supported by the decline in the abundance of

P. cf. minuscula, which probably loses its competitive advantage as the water
column becomes more well-mixed. The presence of several taxa with a
preference for nutrient enrichment (e.g. A. normanii, A. formosa and S. parvus)
further supports the interpretation of an unstable water column as a higher
degree of mixing can release and redistribute more nutrients from the lake
sediments. Furthermore, magnetic susceptibility is high, which could indicate
enhanced delivery of detrital material from the catchment. Despite this, the
lake remains oligotrophic with the diatom assemblage still dominated by

P. ocellata.
IDZ 8 (199.22-190.42 m)

High planktonic abundances indicate a deep lake throughout this zone,
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possibly the deepest of the record. Fragilariaceae decline to their lowest
abundances of the record, their scarcity suggesting a stable lake with clear
water. This is consistent with the pollen record, which indicates the
development of a pioneer succession with the potential to stabilise the
catchment soils and decrease detrital input to the lake. The continued
dominance of P. ocellata indicates that the lake remains oligotrophic. Some
taxa with preferences for nutrient enrichment and high silica availability

(A. granulata, A. formosa and S. parvus) return at very low abundances in the
middle of the zone, suggesting a slight increase in nutrient availability. This is
again consistent with the pollen record, a decrease in arboreal pollen
percentage across pollen subzones H-1-c to H-1-b representing a brief reversal
to the development of the pioneer succession and the potential for increased

erosion and nutrient delivery to the lake.

The large increase in diatom concentration towards the top of the zone is
suggestive of a large and rapid productivity increase. It coincides with a return
to low magnetic susceptibility values and a marked increase in arboreal pollen
percentage that represents the onset of the Zitsa I forested interval. The
increase in diatom concentration is not accompanied by an ecological shift in
diatom species assemblage composition, other than the loss of rare taxa with
higher nutrient preferences, indicating that the productivity increase is
probably not related to an increase in nutrient availability. Nor is it likely to be
related to an increase in lake level. The lake is already deep, with only a minor
increase in planktonic abundance while the productivity increases. Clearly
other factors that are not reflected by an assemblage composition change (e.g.

temperature) must be driving this large productivity increase.
IDZ 9 (190.42-177.62 m)

The continued dominance of P. ocellata indicates that the lake remains
oligotrophic and at least moderately deep throughout IDZ 9. However, across

the lower third of the zone, there are elevated abundances of small
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Fragilariaceae at the expense of P. ocellata. This coincides with a reduction in
the preservation quality of P. ocellata valves. As no equivalent decline is
recorded in the F index, it is possible that the relative decline in planktonic
taxa could partly be an artefact of selective valve destruction. The interval of
enhanced P. ocellata dissolution and increased small Fragilariaceae abundance
exactly coincides with a period of elevated carbonate content. The high
arboreal pollen percentages and concentration indicate that the catchment
remains vegetated, and low magnetic susceptibility values suggest low detrital
input. Therefore, the carbonate is probably not of detrital origin. The high
diatom concentration indicates that within-lake productivity is high, so it could
have been produced as a result of the drawdown of CO, or it could perhaps be
linked to water temperature (section 2.2.3), which could also explain the

enhanced diatom dissolution.

As the planktonic abundance recovers, within-lake productivity starts to
decline. This exactly coincides with the end of the Zitsa I forested interval and
a marked, large increase in magnetic susceptibility values, possibly reflecting
the input of unstable catchment soils. Despite this enhanced detrital input, the
lake remains oligotrophic. Small populations of A. formosa and P. cf. minuscula
suggest the water column is still stratified. The lake remains oligotrophic, deep
and moderately productive to the top of the zone, at least up to 179.62 m, above

which the samples do not contain enough diatom valves to make viable counts.

The deficiency of diatom valves in the uppermost samples of the zone could
indicate poor preservation or low within-lake productivity, with both probably
acting as contributory factors. The small quantity of valves that are present
(<10 valves per 300 microspheres counted per sample) represent taxa from all
life modes but are highly fragmented and dissolved (except for some robust
Fragilariaceae), indicating that diatoms do remain present across all lake
habitats and that the complete destruction of valves could have taken place.

Low within-lake productivity is probably also a factor in the low diatom
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concentration and is consistent with the low catchment productivity inferred

from very low pollen concentrations.

In summary, the lake is oligotrophic and deep throughout IDZ 9, except
perhaps for the uppermost part of the zone where too few diatoms are present
to make viable counts. Within-lake productivity declines in a step-like manner

across the zone, reflecting similar declines in catchment productivity.
IDZ 10 (177.62-163.22 m)

Poor preservation hinders the interpretation of the assemblage in IDZ 10,
which is punctuated by sections containing too few diatom valves to make
viable counts. Where the record is available, variable planktonic abundances
suggest the occurrence of relatively large lake level shifts. A very low
planktonic abundance of 15.7% at 175.62 m indicates that the lake is shallow.
However, enhanced destruction of P. ocellata valves and a relatively high

F index suggests this could be an underestimation of lake depth. The
planktonic abundance increases to 90.6% by 174.02 m, probably reflecting both
an increase in lake level and an improvement in the preservation quality of

P. ocellata valves. Following the subsequent hiatus in the diatom assemblage
record, lake levels decline, a moderately deep lake persisting for the rest of the

zone.

The diatom assemblage also indicates a shift in the trophic status of the lake
during IDZ 10; the lake is probably at its most nutrient enriched during this
zone. There are relatively high abundances of mesotrophic-eutrophic

S. parvus, which is occasionally more abundant than P. ocellata. Other taxa with
preferences for nutrient enrichment (A. granulata, A. formosa and A. normanit)
are also present. Moderate and variable magnetic susceptibility values indicate
pulses of enhanced soil erosion throughout the zone, which could account for

some of the nutrient supply.
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As with those at the end of IDZ 9, the uncountable samples in IDZ 10 contain a
small number of diatom valves and fragments, most being too poorly
preserved to identify. This indicates the persistent presence of diatoms in the
lake and makes it difficult to determine whether the lack of valves is due to low
productivity or reduced preservation quality. Where enough valves are
present, the diatom concentrations are very low. Whilst some of these samples
exhibit reduced preservation quality, those that are well-preserved also exhibit
low diatom concentrations, indicating that low concentrations cannot just be
an artefact of reduced preservation quality and that within-lake productivity is
indeed low. This is consistent with low catchment productivity that is inferred
from the pollen record. The abundance of taxa with preferences for nutrient
enrichment demonstrates that the low within-lake productivity cannot be the
result of low nutrient availability. Neither does it seem to be related to lake
level; most of the zone exhibits moderate to high planktonic abundances. As
with IDZ 8, there is clearly another factor driving diatom productivity at this

point in the record, one that is also impacting catchment productivity.
IDZ 11 (163.22-156.02 m)

High planktonic abundances and low diatom concentrations indicate a deep
and relatively unproductive lake at the start of the zone. The dominance of

P. ocellata indicates the return of oligotrophic conditions following the slight
nutrient enrichment of IDZ 10. Planktonic abundance declines across the zone
as the abundance of small Fragilariaceae increases. The trend is punctuated by
several oscillations and continues into the following zone. Each phase of
planktonic abundance decrease is associated with a minor decline in AP-PJ]B.
This is interpreted as a gradual and punctuated increase in lake mixing. The
increase in diatom concentration mirrors that of the pollen, indicating
increased within-lake productivity concurrent with increased catchment
productivity and development of the Zitsa II forested interval. Low magnetic
susceptibility values reflect low detrital input from the vegetated, stable

catchment.
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IDZ 12a (156.02-144.02 m)

Limnetic conditions across the lower half of IDZ 12a are inferred to be similar
to those of IDZ 11, although with lower within-lake productivity. The more
stable planktonic abundance in the upper half of the subzone coincides with
the Zitsa III forested interval. At this point the lake is deep and productive. The
relatively high abundance of facultative planktonic taxa and the high PC1 axis

indicate that it is probably also well mixed.
IDZ 12b (144.02-140.82 m)

The marked declines in planktonic abundance and diatom concentration
probably reflect a decrease in lake level and productivity. The diatom record is
in accord with interpretations previously made from the pollen record. The
decline in lake level and within-lake productivity is accompanied by a
reduction in the forested extent of the catchment. IDZ 12b corresponds with
the very end of the Zitsa III forest interval (pollen zone G-2-a) and a subsequent
period of tree population decline with open grassland expansion (the lower
half of pollen zone G-1-b). Despite this reduction in forest extent, the persistent
vegetation coverage on the catchment would have ensured minimal soil
erosion (Roucoux et al., 2008). This would have encouraged clear waters that,
combined with the shallow water depth, would have enabled the growth of the
relatively large benthic diatom population that is present at this time. The
inference of a low lake level is also supported by the carbonate content, which
is elevated exactly when planktonic abundance is low. As the catchment is
stable, this is probably not a result of detrital input, and as within-lake

productivity is low, it is probably not a result of the drawn down of CO..
IDZ 12¢ (140.82-138.02 m)

IDZ 12c reflects a brief return to higher lake levels and increased within-lake
productivity. The increase in facultative planktonic taxa at the top of the zone

could indicate increased mixing, lake shallowing or both. Again this agrees

113



Chapter 5 | Lake Ioannina results

with the pollen record, which reflects the final but relatively subdued forested

interval of Zitsa IV.
5.3.4 Palaeoenvironmental summary

The palaeoenvironmental interpretations are summarised in Figure 5.4
alongside a series of schematic diagrams that illustrate the reconstructed

palaeoenvironmental conditions at Lake Ioannina during each diatom zone.

5.4 Summary

Diatom analysis of a long section of the I-284 core from Lake Ioannina has
revealed a dominance of planktonic taxa, indicating that a relatively deep lake
persisted throughout most of the time period spanning the glacial-interglacial
cycles equivalent to MIS 7-9. Previous investigations of diatom responses to
changing environmental conditions during more recent climatic cycles have
revealed that shifts in the diatom assemblage primarily reflect changing lake
levels rather than nutrient-driven productivity shifts. Whilst this still holds true
for MIS 7-9, the persistence of a deep lake with only subtle variations in lake

level unveils diatom responses to changes in mixing regime.
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Figure 5.4: Schematic diagrams illustrating the reconstructed palaeoenvironmental conditions

at Lake Ioannina during each diatom zone. Core depths, estimated ages and written summaries

are also provided.
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Figure 5.4 (continued)
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Deep, oligotrophic conditions resume.
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with catchment productivity. Increased water
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deep lake
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interval IDZ 12a
. 156.02-144.02 m
turbulent water _ |°Wi::l}:'tal c. 210-195 ka, late MIS 7c, MIS 7b and MIS 7a
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Deep, oligotrophic conditions resume. The
water column continues to be well mixed.
Low within-lake productivity increases at the
top of the zone during the Zitsa III forested
interval.

deep lake

reduced forested extent
but grassland
s?ab%lises soil IDZ 12b
144.02-140.82 m
c. 195-194 ka, early MIS 6

_ large low detrital
littoral zone moderate input
productivity

Low lake levels and within-lake productivity.
Clear waters with low detrital input.

RO

relatively shallow lake

Zitsa IV IDZ 12¢
forested interval 140.82-138.02 m
c. 194-191 ka, early MIS 6

high low detrital
productivity input
Brief return to high lake levels and
productivity before returning to shallower
conditions at the top of the record.

deep lake

Figure 5.4 (continued)
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This chapter presents the new diatom record for the DEEP core from Lake
Ohrid spanning MIS 7. After the description of the diatom results, existing
pollen and geochemical data from the DEEP core are presented alongside the
new diatom record. These data are then used to aid the interpretation of the
diatom response and the reconstruction of palaeoenvironmental change at

Lake Ohrid during MIS 7.

6.1 Results

A total of 80 samples were counted at 32 cm intervals between depths of
105.71 m and 80.42 m in the DEEP core, a section spanning 25.29 m. This
provides a c. 56 kyr-long record spanning 241.3-185.5 ka and with a mean
temporal resolution of approximately 700 years. A minimum count of 300

diatom valves was achieved for all samples.

In total, 100 diatom taxa (9 planktonic, 3 facultative planktonic and 88 benthic)
were identified within this section of the DEEP core. Four diatom assemblage
zones, here termed Ohrid diatom zones (ODZs), can be recognised from the
CONISS cluster analysis (Appendix D). ODZ 3 has been further split into
subzones, which have not been identified as significant, in order to aid
description. The diatom assemblage of each zone is displayed on Figure 6.1 and

described in Table 6.1.

Despite their low diversity, planktonic taxa dominate the assemblage,
comprising 96.6% of all valves counted. The most abundant are Cyclotella fottii
var. 1, Pantocsekiella ocellata and Pantocsekiella minuscula. Cyclotella cavitata is
also abundant but only at the base of the record. It is absent from the record
above a depth of c¢. 96 m. Diatom concentration is high, with all samples

containing more than 10 x 107 valves per gram of dry sediment. Note that
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Figure 6.1: Summary diatom stratigraphy of the DEEP core displayed as percentage relative abundances by depth. Only taxa present at >1% in at least one
sample are displayed. The diatom taxa are grouped by life mode with the planktonic taxa further categorised according to water depth. Diatom
concentration is displayed as the total number of diatom valves present per gram of dry sediment. Diatom preservation is represented by the F index of
Cyclotella spp. (C. cavitata, C. fottii and C. fottii var. 1) valves. Axis scores of the first principal component (PC1) are also displayed. The record is split into 4

Ohrid diatom zones (ODZ), and the results of the CONISS cluster analysis are displayed.

119



Chapter 6 | Lake Ohrid results

Table 6.1: Summary of the diatom results for the Lake Ohrid DEEP core.

Zone

Depth (m)

Age (ka)

Description of diatom results

0Dz 1

ODZ 2

ODZ 3a

ODZ 3b

105.7-102.7

102.7-101.1

101.1-94.7

94.7-90.5

241.3-234.9

234.9-231.4

231.4-212.7

212.7-202.2

Hypolimnetic taxa dominate (c. 57% to 96%), with Cyclotella fottii var. 1
and Cyclotella cavitata the most abundant. This zone is also
characterised by the presence of mesotrophic Stephanodiscus minutulus
at up to 10% abundance.

Concentration is moderately high and variable, exhibiting a downward
trend from the base to the top of zone.

Preservation is moderate, although a single sample has a very low
F index of 0.06, the lowest of the record.

PC1 axis scores are the highest of the record and track the high
abundance of hypolimnetic taxa.

ODZ 2 is characterised by an increase in epilimnetic taxa from ODZ 1,
particularly P. ocellata, which reaches almost 58% abundance by the
middle of the zone. C. cavitata exhibits a declining trend and is present
at only 6% abundance by the top of the zone.

Concentration is moderate but variable and declines to relatively low
values towards the top of the zone (<25 x 107 g™).

Preservation remains similar to that of ODZ 1.

PC1 axis scores exhibit moderate values and continue to exhibit a
similar trend to the hypolimnetic abundance.

ODZ 3a is characterised by almost equal abundances of hypolimnetic
and epilimnetic taxa. Hypolimnetic taxa briefly recover in abundance at
the base of the zone before becoming established at around 50%
abundance by 99.3 m (c. 228 ka), around the same point that there is a
slight increase in the abundance of facultative planktonic and benthic
taxa. C. fottii var. 1 is the dominant hypolimnetic taxon with the last
appearance of C. cavitata occurring in this zone. Asterionella formosa,
which had been present at low abundances (<8%) for most of the record
so far, is not recorded in the upper third of ODZ 3a. P. minuscula reaches
almost 50% abundance in the lower half of the zone, although declines
shortly afterwards, and P. ocellata becomes the dominant epilimnetic
taxon.

Following an early peak of 82 x 107 valves g}, the diatom concentration
declines to its lowest values of the record before increasing towards the
top of the zone.

Although the F index increases at the ODZ 2-3 boundary, it declines
across ODZ 3a.

PC1 axis scores remain moderate and continue to track hypolimnetic
abundance, although they display relatively subdued variations in
comparison.

ODZ 3b is characterised by reduced abundances of P. ocellata. A. formosa
returns for the duration of the zone. Hypolimnetic abundances reach
slightly higher values than in ODZ 3a, but not as high as in ODZ 1. There
is a minor reversal in hypolimnetic abundance in the centre of the zone
as a result of increased abundances of P. minuscula.
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ODZ 3c

ODZ 4

90.5-85.7

85.7-80.4

202.2-193.7

193.7-185.5
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Diatom concentration is slightly lower that the peak at the end of
ODZ 3a.

Preservation increases and peaks in the middle of the zone, coinciding
with the reduced ratio of hypolimnetic to epilimnetic taxa. The F index
declines to very low values by the top of the zone.

PC1 axis scores remain moderate but do capture the marked decline
hypolimnetic abundance in the middle of the zone.

There is an expansion of epilimnetic taxa in ODZ 3c, although this is
punctuated rapid fluctuations in the ratio of hypolimnetic to epilimnetic
taxa, which start in ODZ 3c and continue to the end of the

record. A. formosa is once again almost disappears from the record for
the duration of this zone.

Concentration is high, rising to the record peak of 87 x 107 valves g™ at
89.1 m (c. 200 ka).

The preservation improves across the zone with the F index increasing
to over 0.5.

PC1 scores fluctuate markedly, reflecting the rapid fluctuations in the
hypolimnetic to epilimnetic ratio.

ODZ 4 is characterised by rapid fluctuations between the hypolimnetic
and epilimnetic taxa that began in ODZ 3c. These fluctuations are
primarily between C. fottii var. 1 and P. minuscula. P. ocellata declines in
abundance and A. formosa returns.

Diatom concentration is high in the lower half of the zone but does
decline in the upper half.

Preservation is relatively high for the duration of the zone.

PC1 continues to reflect the rapid fluctuations in the ratio of
hypolimnetic to epilimnetic valves.
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concentrations are presented as X 107 to maintain consistency with the other
intervals from Lake Ohrid and aid comparison. Preservation is moderate and
variable throughout, the F index of Cyclotella spp. (representing the proportion
of their valves unaffected by dissolution) ranging between 0.06 and 0.60

(M =0.34, SD=0.13). At 1.96 SD units, the length of the longest DCA axis
indicated that PCA was appropriate (Appendix D). PC1 explains 51% of the total
variation in the record and reflects the ratio of hypolimnetic to epilimnetic

taxa. PC1 values become more variable in the top half of the record.

6.2 Previously published data

The diatom record is compared with previously published pollen and
sedimentological data from the DEEP core to strengthen the diatom

interpretation. These data are presented in Figure 6.2.
Pollen

Pollen data are available at a 64 cm resolution (c. 1400-year temporal
resolution) and are displayed as the percentage of arboreal pollen minus Pinus
(Sadori et al., 2016). The pollen record reflects three forest expansions during
MIS 7 (c. 245, 217 and 204 ka), although this record commences after the first
forest expansion once AP has increased to high percentages. Changes in the
ratio of hypolimnetic to epilimnetic planktonic taxa, which is primarily a result
of variations in the relative abundance of Cyclotella fottii var. 1 during this part
of the Ohrid record, broadly track variations in AP. The hypolimnetic taxa are
at higher abundances when AP is higher. This is evident in both long-term
trends and on shorter timescales. This demonstrates that hypolimnetic

productivity varies with catchment productivity.
Biogenic silica content

The percentage of biogenic silica (bSi) is available at a 32 cm resolution (c. 700-

year temporal resolution; Francke et al., 2016), which is the same as that of the
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Figure 6.2: Comparison of Lake Ohrid diatom data from MIS 7 with existing data from the DEEP core. The new diatom data include the relative abundances
of selected diatom taxa, a summary of the planktonic assemblage as the ratio of hypolimnetic to epilimnetic taxa and the diatom concentration. Previously
published data include the percentage of arboreal pollen minus Pinus (AP; Sadori et al., 2016) and sedimentological data, including the biogenic silica

content (bSi), total organic carbon (TOC) content, total inorganic carbon (TIC) content and K intensity (Francke et al., 2016).
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new diatom record. It reflects the proportion of the sediment that is composed
of diatom frustules, although sponge spicules can also contribute to the bSi
content (Vogel et al., 2010). Therefore, bSi content should closely match the
diatom concentration. This is the case in the lower part of the record.; the
diatom concentration exhibits the same general pattern as bSi throughout ODZ
1-3b, although the diatom concentration exhibits more variability from one
sample to the next than bSi does. The synchronicity of the bSi and diatom
concentration records breaks down in ODZ 3c and ODZ 4. This is probably due
to the large fluctuations that occur throughout these diatom zones in the
relative abundances of two taxa that have very different valve sizes
(Pantocsekiella minuscula, with valve sizes of c. 4-7 um, and C. fottii var. 1,

which exhibits valve sizes of up to 80 yum).
Carbon content

The total organic carbon (TOC) content and total inorganic carbon (TIC)
content are also available at a 32 cm resolution (Francke et al., 2016). The TOC
content reflects the amount of finely dispersed organic matter, which is an
indicator of the primary productivity of the lake. The TIC content tends to
consist of calcite during intervals with high TIC (interglacials and interstadials)
and siderite during intervals with low TIC (glacials and stadials; Lacey et al.,
2016). As the precipitation of calcite is believed to be associated with increased
temperatures and the photosynthetic removal of CO, within the epilimnion,
this has been used as a proxy for temperature-induced productivity at Lake
Ohrid (Zhang et al., 2016). Three distinct periods of TIC are evident and occur
just after each forest expansion episode mentioned above. TOC exhibits a
similar pattern, but it is more variable with more frequent, higher-amplitude

peaks towards the top of the record than in the TIC content.
Potassium intensities
Potassium (K) intensities obtained from high-resolution XRF scanning are also

provided and can vary as a result of changes in catchment erosion (Francke et
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al., 2016). For this reason, it has been used as an indicator for changes in
catchment dynamics during previous diatom analyses at Ohrid (e.g. Cvetkoska
et al., 2016; Zhang et al., 2016). K intensities exhibit an increasing trend from
the base to the top of the record, with a major reduction occurring after each

forest expansion episode.

6.3 Interpretations

The dominance of planktonic taxa, but high diversity of benthic taxa, is
consistent with other records from Lake Ohrid and is explained by the great
water depth at the coring site (243 m); the bottom of the lake where benthic
taxa would reside is far below the optimal depth for diatoms (Cvetkoska et al.,
2016). Any facultative planktonic or benthic taxa present at the DEEP site
would have been transported from the lake margin, and for this reason, their
presence at the DEEP site has been interpreted as an indicator of the intensity
of lake circulation (Zhang et al., 2016). As with other lakes like Ioannina, small
Fragilariaceae are also considered an indicator of cold water and winter lake

ice cover at Ohrid.

The main shifts in the diatom record occur between three planktonic taxa:
Cyclotella fottii var. 1, which differs from Cyclotella fottii sensu stricto by its
more elliptical to rhombic valve outline, Pantocsekiella ocellata and
Pantocsekiella minuscula. Preliminary diatom data generated from core catcher
samples during the Lake Ohrid drilling campaign indicated clear shifts in the
dominant planktonic taxa occurred on orbital timescales, although the
responses were complex and varied between different parts of the core
(Wagner et al., 2014; Zhang, 2015). During the most recent climatic cycles
(MIS 1-6), hypolimnetic taxa tend to dominate in the glacial phases with
epilimnetic taxa dominating during the interglacials (Reed et al., 2010;
Cvetkoska et al., 2016). The opposite response was noted for the interval under

investigation here (Wagner et al., 2014; Zhang, 2015). The new diatom record is
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in agreement with these initial observations from the low-resolution core
catcher data. Hypolimnetic taxa are more abundant during intervals with
higher AP and hence more interglacial-like conditions, whilst epilimnetic taxa
are more abundant during forest contractions associated with stadials and the
start of the penultimate glacial towards the top of the record. However, despite
general trends being evident, Zhang et al. (2016) demonstrated that the diatom
response is not always a linear response to temperature. Studies on the
present-day Lake Ohrid have indicated that whilst temperature is the primary
control on the vertical distribution of diatom taxa in the lake, other
contributors include water mixing and the availability of nutrients and light
(Stankovic¢, 1960; Allen & Ocevski, 1976). These factors were also implicated in
indirect diatom responses to temperature change during the late glacial and

Holocene (Zhang et al., 2016).

Two of the very abundant taxa in this interval (C. fottii var. 1 and C. cavitata) are
endemic, fossil taxa. As noted in section 2.2.4, this is one of the difficulties
associated with diatom analyses in ancient lakes. They are inferred to be
hypolimnetic based on their morphological similarities with Cyclotella fottii
sensu stricto. However, many aspects of their ecology might differ from the
latter, and interpretations must make use of evidence from other proxy
indicators. Based on the very clear association between AP and the relative
abundance of hypolimnetic taxa, particularly C. fottii var. 1, the diatoms
exhibit a strong response to temperature. The diatom response is now explored

further throughout MIS 7.
6.3.1 MIS 7e (c. 242-235 ka; ODZ 1)

High abundances of Cyclotella cavitata and C. fottii var. 1 are present at the start
of the record, which coincides with the start of MIS 7e and high AP. As the
latter is suggestive of warm temperatures, the dominance of hypolimnetic taxa
could be due to strong thermal stratification, which would reduce the mixing-

induced, upward nutrient supply into the epilimnion and limit the abundance
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of epilimnetic P. ocellata, which is usually indicative of increased nutrient
availability in this oligotrophic lake. The high AP indicates a forested and
stable catchment, which is supported by low K intensities, and suggests low
erosion-induced nutrient delivery from the catchment. It is worth noting that
the sample with a low F index does not exhibit a decline in Cyclotella spp.,
indicating that the reduction in preservation has not affected the integrity of

the record.
6.3.2 MIS 7d (c. 235-218 ka; ODZ 2 to mid ODZ 3a)

The increase in the abundance of P. ocellata at the start of MIS 7d coinsides
with a marked reduction in AP. P. ocellata occupies the epilimnion at Lake
Ohrid and in the more recent climatic cycles, it is usually associated with
enhanced temperature-driven productivity in the epilimnion (Reed et al.,
2010). However, its increase in abundance here, during a cooler period with
reduced forest extent, could represent a similar situation to that in the
Holocene, when its populations unexpectedly expanded during the thermal
decline of the 8.2 ka event (Zhang et al., 2016). Its increase in abundance could
be due to enhanced nutrient availability in the epilimnion. This is possibly due
to increased erosion-induced nutrient delivery from the less stable catchment
following the forest contraction suggested by declining AP. However K
intensities don’t increase much at this time. Another possibility is increased
nutrient redistribution from the hypolimnion, which would be expected as a
result of weaker stratification and increased water mixing expected under

declining temperatures.

A brief increase in the abundance of hypolimnetic C. fottii var. 1 occurs in the
middle of ODZ 7d and possibly suggests another period of strengthened
thermal stratification. It is associated with an increase in AP, which suggests
warmer conditions. There is subsequently a marked increase in epilimnetic
taxa, particularly of P. minuscula. Again, this is associated with a reduction in

AP and could reflect enhanced nutrient delivery to the epilimnion from the
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catchment and redistribution from the hypolimnion. The higher abundance of
P. minuscula than P. ocellata is probably related to its ability to tolerate unstable
environments with high detrital input and low light availability (see entry for
P. minuscula in Table 2.1). It suggests this second cold period at 228 ka might

have been more extreme than the first at ca 232 ka.

After 228 ka, there is a marked recovery in the abundance of hypolimnetic

C. fottii var. 1, which is accompanied by moderate abundances of P. ocellata,
and AP recovers from the earlier low values but remains below 50% up to

218 ka. The balance between the relative abundances of C. fottii var. 1 and

P. ocellata reflects cooler conditions than MIS 7e with weaker stratification and
the higher detrital input of nutrients, as indicated by the higher K intensities
during MIS 7d than MIS 7e.

6.3.3 MIS 7c to MIS 7a (c. 218-194 ka; mid ODZ 3a to ODZ 3c¢)

The start of MIS 7c is remarkably subtle in the diatom assemblage. There is a
very small increase in the abundance of C. fottii var. 1 and a loss of their largest
valves (>60 um). This coincides with increasing AP and bSi, as well as marked
increases in both TOC and TIC, all of which point to increasing catchment and
within-lake productivity. A marked decline in P. ocellata at c. 212 ka is
associated with minor increases in both C. fottii var. 1 and P. minuscula as well
as slight reductions in diatom concentration and bSi. This could reflect
enhanced thermal stratification with reduced nutrient availability in the
epilimnion. AP reaches high values and indicates some of the warmest

conditions probably persisted at this time.

The highest C. fottii var. 1 abundances coincide with the highest AP at around
207 ka. This is followed by a large expansion of P. minuscula at c. 205 ka, which
probably represents a minor response to MIS 7b. This is associated with a
forest contraction and reduced bSi, indicating both within-lake and catchment
productivity declined at this time. K intensities indicate enhanced detrital input

associated with the less stable catchment.
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The recovery in C. fottii var. 1 abundances at c. 204 ka represents the start of
MIS 7a and coincides with the forest expansion indicated by increasing AP.
Both indicators exhibit lower percentages than the peak values at the end of
MIS 7c, suggesting cooler conditions during MIS 7a than MIS 7c. At 202 ka, the
abundance of P. ocellata increases, coinciding with a slight increase in bSi and
a large increase in TIC, indicating enhanced epilimnetic productivity. This
marks the start of large fluctuations in the relative abundances of hypolimnetic
versus epilimnetic taxa, primarily between C. fottii var. 1 and P. minuscula. This
indicates unstable conditions and large temperature fluctuations, some of

which are also associated with changes in AP.
6.3.4 MIS 6 (c. 294-185 ka; ODZ 4)

The large fluctuations between C. fottii var. 1 and P. minuscula continue from
the end of MIS 7a into MIS 6, reflecting catchment and thermal instability at
the onset of the penultimate glacial. Low bSi, TOC and TIC all indicate low

productivity.
6.3.5 Palaeoenvironmental summary

The palaeoenvironmental interpretations are summarised in Figure 6.3
alongside a series of schematic diagrams that illustrate the changing

palaeoenvironmental conditions at Lake Ohrid during the substages of MIS 7.

6.4 Summary

High-resolution diatom analysis of the DEEP core from Lake Ohrid has
revealed an indirect temperature-driven diatom response during MIS 7. This
response is probably related to changes in the intensity of lake stratification
and variations in detrital input, which control nutrient availability in the

epilimnion.
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MIS 7e
c. 242-235ka
ODZ 1

Strong thermal stratification limits upward
transport of nutrients from the hypolimnion
into the epilimnion. Well-vegetated
catchment stabilises slopes and limits
nutrient delivery from the catchment to the
epilimnion.

MIS 7d
c.235-218 ka
ODZ 2 to mid ODZ 3a

Reduced forested extent leads to unstable
slopes with increased detrital input and
nutrient delivery to the epilimnion. Weak
stratification allows more frequent mixing
and the redistribution of nutrients from the
hypolimnion into the epilimnion.

MIS 7c-7a
c.218-194 ka
Mid ODZ 3a to ODZ 3c

Forest expansion following the contraction of
MIS 7d. Slopes stabilise and detrital input
reduces. Moderate productivity that is equal
throughout the epilimnion and hypolimnion.
Stratification is moderate but weakens at
times, particularly during MIS 7b.

MIS 6
c. 294-185ka
ODZ 4

Low productivity throughout. Unstable
conditions. Alternates between a more
stratified state with low detrital input and a
more mixed state with high detrital input.

Figure 6.3: Schematic diagrams illustrating the reconstructed palaeoenvironmental conditions

at Lake Ohrid during each substage of MIS 7 and the start of MIS 6. Age ranges and written

summaries are also provided.
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This thesis has set out to achieve two aims. The first (to improve our
understanding of how diatom communities respond to changing
environmental conditions in Lake Ioannina and Lake Ohrid) has been
addressed within the two preceding chapters. Attention is now turned to the
second aim of this thesis. The palaeoenvironmental reconstructions generated
in Chapter 5 and Chapter 6 are considered alongside other records to improve
our understanding of palaeoclimatic change in the northeastern

Mediterranean during the glacial-interglacial cycles equivalent to MIS 7-9.

7.1 Chronological control at Lake Ioannina

In order to compare high resolution palaeoenvironmental records between
different depositional systems, robust age controls are required. As detailed in
section 4.1.1 and Chapter 5, the published pollen data and associated age
model for Lake Ioannina do not currently extend to the base of the new I-284
diatom record presented in Chapter 5. This is most clearly evident in Figure
5.3. Despite this, some initial palaeoclimate interpretations can still be made
from the palaeoenvironmental reconstruction. It is also possible to make some
broad comparisons between the Lake Ioannina record and other palaeoclimate
records by using the limited chronological data that are currently available
(detailed in section 4.1.1) and through a comparison with the well dated Lake

Ohrid record (section 4.1.2).

Between c. 265 m and c. 190 m, the diatom concentration of Lake Ioannina
broadly tracks the biogenic silica (bSi) percentage of Lake Ohrid over

c. 290-240 ka (Figure 7.1). Some distinct peaks and dips are observed in both,
including the marked decline and subsequent increase around the Ioannina
262 ka age tie point. Although bSi content and diatom concentration are

affected by various processes such as sedimentation rate and dissolution, the
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Figure 7.1: Comparison of the diatom concentration of the Lake Ioannina I-284 core with the
bSi content of the Lake Ohrid DEEP core (Francke et al., 2016). The solid lines indicate age tie
points from the Ioannina MIS 7 age model (Table 4.1; Roucoux et al., 2008). The dotted line

indicates the hypothesised match in diatom productivity during MIS 9a.
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broad correspondence means that it is with reasonable confidence that the
peak in diatom concentration in the Lake Ioannina record at c. 263 m
corresponds to a peak in bSi content exhibited in Lake Ohrid during MIS 9a at
c. 285 ka.

Although this approach is far from ideal, it provides a tentative age control for
the lower part of the new Ioannina diatom record to enable broad, initial
palaeoclimate interpretations to be examined within the context of existing
palaeoclimate records from other archives. The extended pollen record and
astronomically tuned age model covering the base of the I-284 core is eagerly
anticipated and will allow more detailed analyses of the diatom data. Recent
chronostratigraphic advances at loannina provide the exciting possibility of
being able to further improve the age control of the sediments from this lake
and evaluate uncertainties related to sediment reworking. Although tephra
layers were not originally identified in the I-284 core (4.1.1), developments over
the last couple of decades have enabled the processing of smaller glass shards
of volcanic origin (cryptotephras; Blockley et al., 2005). These have been
identified in another core from Lake Ioannina (I-08) and used to constrain

changes during the last glacial (McGuire et al., 2022).

7.2 Northeastern Mediterranean palaeoclimate during

MIS 7-9

The following subsections consider the results and interpretations of the Lake
Ioannina diatom record (Chapter 5) for each MIS in the context of other
records. For MIS 7, where the diatom record has been produced for Lake Ohrid
(Chapter 6), the subsection is further divided based on marine isotope
substages, and comparisons are made between the records from the

contrasting lakes.
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7.2.1 MIS9

Although the highest Antarctic surface air temperatures, CO, concentrations
and CH, concentrations of the last 800 kyr occurred within MIS 9e (Past
Interglacials Working Group of PAGES, 2016), MIS 9 in the northeastern
Mediterranean was cooler than the preceding interglacial (MIS 11) and
relatively wet (Francke et al., 2016; Lacey et al., 2016). One way in which the
northeastern Mediterranean records do agree with Antarctic records is their
structure. They exhibit the tripartite structure that is evident in many ice and
marine records during MIS 9 (Lang & Wolff, 2011). Following the peak
interglacial conditions of MIS 9e, the region experienced colder and drier
conditions during the stadial of MIS 9d, warmer and wetter conditions during
the MIS 9c interstadial, colder and drier conditions during the MIS 9b stadial,
and warmer and wetter conditions once more during the MIS 9a interstadial

(Fletcher et al., 2013; Lacey et al., 2016).

Stable isotope data from Lake Ohrid indicate that the onset of full interglacial
conditions during MIS 9e was relatively rapid (Lacey et al., 2016), which is
consistent with warming at the start of MIS 9 reflected in pollen records from
Tenaghi Philippon in northeastern Greece (Tzedakis et al., 2006). The stable
isotope data also indicate that peak interglacial conditions on the Balkan
Peninsula were reached c. 327 ka during MIS 9e (Lacey et al., 2016). This is
corroborated by pollen data from Lake Ohrid, with high arboreal pollen
percentages (>90%) reached at around the same time (Sadori et al., 2016). The
interglacial peak at Ohrid is short-lived (c. 3.7 ka; Lacey et al., 2016), which is in
agreement with observations of a short interglacial peak in Antarctica (Past
Interglacials Working Group of PAGES, 2016). This early interglacial part of
MIS 9 is not present in the Lake Ioannina diatom record. Based on the organic
content, carbonate content and diatom concentration (Figure 7.1), the base of
the new Lake Ioannina diatom record presented in Chapter 6 probably
corresponds to the end of MIS 9c or an interstadial of MIS 9b. Either way, it

falls under the antepenultimate glacial period, the inception of which occurred
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at the MIS 9e-9d boundary at c. 320 ka (Hughes et al., 2020). A speleothem
recovered from an unsurveyed cave located at an altitude of c. 1130 m within
hills c. 16 km to the northeast of Lake Ohrid (stalagmite OH2) corroborates this
timing of the glacial inception, recording decreased precipitation in the

northeastern Mediterranean from c. 321 ka (Regattieri et al., 2018).

IDZ 2 is probably equivalent to the stadial of MIS 9b. The interpretation of a
relatively shallow, well-mixed water column indicates that dry conditions
persisted at Ioannina, and the slight nutrient-enrichment suggests the
increased delivery of detrital material from an unstable catchment. This is
consistent with records from Lake Ohrid, where multiple proxies (e.g. the
presence of siderite, low total inorganic carbonate, low biogenic silica and low
AP) indicate low catchment and within-lake productivity and an extended
period of cold and dry conditions (Francke et al., 2016; Lacey et al., 2016;
Sadori et al., 2016). These cold and dry conditions are widespread. A brief,
moderate incursion of polar waters at the Portuguese margin and a
pronounced tree population collapse in southwest Portugal are indicative of

cooler and drier conditions extending to the Atlantic (Roucoux et al., 2006).

The interval spanning IDZ 1 to just after the start of IDZ 3 exhibits rapid
fluctuations in planktonic abundance, including two peaks centred on 278 m
and 275 m. As these marked changes occur from one sample to the next, a
higher resolution is required to resolve them. However, they could represent
rapid lake level fluctuations similar to those observed at Ioannina during

MIS 6, which have been attributed to changing conditions in the North Atlantic
(Wilson et al., 2021). Comparisons have been drawn between millennial-scale
variability during the interval spanning c. 310-290 ka and the D-O variability of
MIS 3 (Siddall et al., 2007). Records from the Iberian margin justify this
comparison with millennial-scale variability detected in SSTs (Martrat et al.,
2007) and terrestrial vegetation (Desprat et al., 2009). Furthermore, rapid
oscillations are evident in the stable isotope record of Lake Ohrid towards the

end of MIS 9c (c. 310 ka; Lacey et al., 2016). However, in the northeastern
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Mediterranean, a high-resolution pollen record from Tenaghi Philippon
reveals a series of long interstadials rather than clusters of millennial-scale
events (Fletcher et al., 2013). As diatoms respond more rapidly to climate and
demonstrate more sensitivity than vegetation (Wilson et al., 2013), the
fluctuations in the Ioannina diatom record could represent the more rapid
fluctuations that were hypothesised for this interval and warrant further

investigation.

The higher lake levels inferred for IDZ 3 indicate wetter conditions and are
probably equivalent to the interstadial of MIS 9a. At Ioannina, lake levels were
high prior to the marked productivity increase, suggesting wet conditions
prevailed before warming. Planktonic abundances reach their second highest
value of the entire record during this interval (94.5%). However, some records
in the northeastern Mediterranean point towards MIS 9a being relatively dry.
The OH2 speleothem from near Lake Ohrid stopped growing just prior to the
start of this interstadial (Regattieri et al., 2018), and the Lake Ohrid pollen
record indicates the presence of semi-deciduous Quercus cerris type forests during
substage 9a, as opposed to deciduous Quercus rober type forests in MIS 9c and 9e,
suggesting drier conditions than those earlier substages (Sadori et al., 2016).
However, stable isotope records from Lake Ohrid demonstrate a fresh lake system
with a high P-E ratio (Lacey et al., 2016) and the deposition of sapropel S’in the
Mediterranean Sea suggests enhanced precipitation (Ziegler et al., 2010). Lacey
(2016) attributed the discrepancy between the dryness indicated by the
vegetation and the wet conditions indicated by the isotopes at Ohrid to a strong
seasonality in precipitation whereby the peak summer insolation drives
summer dryness, but there is enhanced winter precipitation. The diatom
results from Ioannina corroborate these existing data from Ohrid and provide
further evidence for wet winters in the northeastern Mediterranean during
MIS 9a. These wet winters were probably the result of a dominance of negative
NAO phases. Low pressure contrasts in the North Atlantic would have resulted

in the southwards shift of the mid-latitude westerlies, increasing precipitation
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in the Mediterranean and leading to dry conditions in northern Europe (section
3.1.2). Further supporting this interpretation is evidence for dry conditions in
the Western Carpathians (north of the study region) during MIS 9a (Btaszczyk
& Hercman, 2022).

7.2.2MIS 8

MIS 8 has been identified as a relatively weak glacial period based on ice and
marine records (Lang & Wolff, 2011; see section 2.1.3). Existing records from
the northeastern Mediterranean also reflect the weak nature of this glacial. In
the Ohrid record, MIS 8 is somewhat warmer than many other glacials,
occasionally exhibiting interglacial-like conditions (Francke et al., 2016). The
moderate lake levels inferred from the Lake Ioannina diatom record in the
early part of MIS 8 (c. 255-240 m core depth, IDZ 4-5) suggest drier conditions
than during the preceding interstadial of MIS 9a. This is in agreement with
regional and some global records. Most marine isotope records suggest that the
largest ice volumes of the antepenultimate glacial occur towards the end of
MIS 8 (Hughes & Gibbard, 2018). However, in Antarctic records, the strongest
glacial values in MIS 8 are found early in the interval (c. 270 ka) as opposed to
just prior to the termination; the latter is the more usual pattern for the
climatic-cycles of the last c. 450 kyr (Lang & Wolff, 2011). Dust flux over
Antarctica, indicating dry conditions, was particularly high during MIS 8 and
peaked at c. 272 ka (Lambert et al., 2012). At Tenaghi Philippon, early MIS 8
(c. 277-265 ka) is associated with intense cold and dry conditions (Fletcher et
al., 2013). While at the Portuguese margin, the lowest SSTs of MIS 7-9 are
recorded during this time interval, and pollen from the same record indicates
extensive steppe vegetation with reduced tree populations in southwest

Portugal (Roucoux et al., 2006).

The diatom assemblage was interpreted as reflecting a stable, stratified lake
during this time. This is in stark contrast to the dominance of small

Fragilariaceae during the strongest glacial conditions of MIS 6 (Wilson et al.,
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2021). The presence of taxa associated with macrophytes and those that grow
as branched colonies indicates a longer ice-free period and warmer summer
growing season than assemblages dominated by adnate taxa (Douglas & Smol,
2010). Their presence at Ioannina during the most extreme glacial conditions
of MIS 8 (as suggested by the records discussed above) highlights the relatively
weak nature of this glacial in comparison to the last and penultimate glacials.
The relatively high and persistent abundance of planktonic taxa through this
interval indicates that MIS 8 was wetter than these other glacials. Between
depths of c. 240 m and c. 220 m, the increasing planktonic abundance indicates
an increase in moisture availability and rising lake levels, which peak just after
the age tie point of 262 ka. This is again in agreement with several other
records including an increase in pollen-inferred water depth at Tenaghi
Philippon c. 265 ka (Fletcher et al., 2013) and an expansion of tree populations
in southwest Portugal between c. 265 and 252 ka (Roucoux et al., 2006). The
OH2 speleothem from near Lake Ohrid also started to grow again between

c. 264 and 248 ka (Regattieri et al., 2018).

Following this wetter interval, conditions at Ioannina deteriorated, with
increased detrital input to the lake as well as increased water mixing and/or a
slight lake level decrease during IDZ 7. The increased abundance of small
Fragilariaceae at Ioannina is indicative of colder, glacial climates and extended
seasonal ice cover (Wilson et al., 2021), although they do only form a small
proportion of the assemblage. Some marine records indicate that the largest
global ice volumes and lowest sea levels occurred during this later stage of
MIS 8 (Lisiecki & Raymo, 2005; Shakun et al., 2015). However, based on
regional records, it is unexpected that the end of MIS 8 appears to indicate
more extensive/longer seasonal ice cover than the early part of MIS 8. These
conditions end abruptly with an almost complete loss of small Fragilariaceae
from the diatom record at the start of IDZ 8 and very high lake levels just prior
to Termination III (TIII). This points to very wet conditions at Ioannina from

c. 246 ka, which is in agreement with the onset of speleothem growth at
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Spannagel cave in Austria at 247.3 ka (Wendt et al., 2021). Although there is
little change in the diatom assemblage, reduced diatom concentrations just
prior to TIII coincide with reduced AP and could reflect a minor response to
the later of two millennial-scale aridity events (S8.1, 244.7-241 ka) recorded in
the western Mediterranean region (Roucoux et al., 2006; Pérez-Mejias et al.,

2017).
7.2.3 MIS 7

MIS 7 has been described as a weak interglacial with a strength more
comparable to interglacials prior to 450 ka (Lang & Wolff, 2011). It exhibits a
bipartite or tripartite structure in many ice and marine records, with the
interglacial intervals being assigned the substages 7e, 7c and 7a (see section
2.1.3). This same structure is evident in northeastern Mediterranean records.
Warmer and wetter conditions identified from Lake Ohrid stable isotope data
correspond to MIS substages 7e, 7c and 7a (Lacey et al., 2016). These substages
are also reflected by the presence of forested intervals at Ioannina (Roucoux et

al., 2008).
MIS 7e

High diatom-inferred lake levels at Ioannina during the start of MIS 7e

(c. 242 ka, IDZ 8) indicate that the wet conditions just prior to TIII persisted into
this interglacial. The start of the interglacial is marked by a rapid increase in
diatom concentration at Ioannina, which is coincident with the onset of the
Zitsa I forested interval (Roucoux et al., 2008). This probably reflects a direct
response to warming as the diatoms indicate no change in trophic status and
the lake level was already high. The strong thermal stratification inferred from
the high abundance of hypolimnetic taxa in Lake Ohrid during ODZ I supports
the inference of warm conditions in the northeastern Mediterranean during

this time.
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The Lake Ioannina diatom record indicates that these very wet conditions at
the start of the interglacial were quickly interrupted by a reduction in moisture
availability lasting from c. 240 ka to 237 ka. At a depth of 190 m in the I-284 core
(c. 240 ka), there is an increase in the abundance of small Fragilariaceae, a
marked increase in carbonate content and a change in the pollen assemblage
(marking the start of pollen assemblage zone G-8). These three aspects of the
Lake Ioannina record all point to reduced moisture availability, an
interpretation that is supported by a speleothem record from Ejulve cave
(eastern Spain) where increased §"*C values, which are an indicator of
increased aridity, span c. 240.5-239 ka (Pérez-Mejias et al., 2017). This is
further supported by stable isotope data from Lake Ohrid, which reflect a
drying trend throughout MIS 7e (Lacey et al., 2016).

The Spannagel cave speleothem indicates only a minor temperature decrease
at c. 240 ka following peak 60 values at 240.5 +0.3 ka (Wendt et al., 2021). This
is perhaps reflected at Lake Ohrid by the very minor reduction in AP during
this time. There is also a very slight reduction in the abundance of
hypolimnetic taxa, but this is barely discernible and probably within any errors
associated with diatom counting. This demonstrates the success of the method
of comparing contrasting diatom responses in deep versus shallow lakes and
has enabled the identification of a reduction in moisture availability alongside

the persistence of warm temperatures.
MIS 7d

During MIS 7d (IDZ 10), the Ioannina diatom record indicates initially wet
conditions with high lake levels and moderate productivity spanning

c. 186-180 m (c. 237-232 ka). This is followed by a period of extremely low
within-lake productivity and poor diatom preservation spanning c. 180-162 m
(c. 232-217 ka). The latter could be related to very low lake levels and increased
turbulence, as indicated by marked shifts in the diatom assemblage and

occasionally low planktonic abundance.
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The Ioannina diatom record is in complete agreement with the Ioannina pollen
record during this interval. During MIS 7d the pollen record indicates that
temperate forests contracted to close to their full glacial extent (Roucoux et al.,
2008). The earlier wet interval corresponds exactly with pollen assemblage
zone G-7 and the later drier interval corresponds exactly with pollen
assemblage zone G-6; the difference between these two pollen zones is a higher
abundance of Artemisia and Ephedra in the latter, indicating drier conditions
(Roucoux et al., 2008). What is most interesting about this interval is the very
strong response exhibited by the diatoms in contrast to the early part of MIS 8.
Whilst this response is expected in MIS 7d, it serves to emphasise the very

stable and mild conditions exhibited during the early antepenultimate glacial.

A comparison of the contrasting diatom responses at Ohrid and Ioannina
during MIS 7d once again demonstrates the success of this approach in
disentangling changes in temperature versus moisture availability. The diatom
response at Ohrid indicates that the coldest temperatures of MIS 7d occurred
between c. 233 and 228 ka, when the Ioannina record still records relatively
high planktonic abundances, indicating the persistence of cold but wet
conditions. Between c. 228 and 221 ka (180-167 m depth in the I-284 core) Lake
Ioannina records fluctuating lake levels and very poor diatom preservation,
indicating a reduction in moisture availability. In contrast, Lake Ohrid records
a thermal improvement. MIS 7d is therefore inferred to have been initially cold

and wet, then cool and dry.

This interpretation is in agreement with regional records. The Spannagel cave
speleothem records an abrupt drop in temperature between 236

and 234.4 (+0.3) ka (Wendt et al., 2021), corresponding to the decline in
catchment and within-lake productivity at the start of MIS 7d at Ioannina.
Furthermore, Sardinian speleothems indicate the persistence of humid
conditions until 230.1 +1.6 ka (Columbu et al., 2019), corresponding with the
inferred wetter interval of MIS 7d at Ioannina. A marked decline in planktonic

abundance that suggests a short period of reduced lake level is evident at the
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end of IDZ 10 (c. 163 m, 218 ka). This could reflect drier conditions as a result of
a major meltwater pulse in the North Atlantic at c. 216.9 +0.5 ka (Channell et
al., 2012; Wendt et al., 2021), which would have reduced the amount of

moisture carried by storm tracks into the Mediterranean.
MIS 7¢c-7a

Very high planktonic abundances in the Ioannina diatom record at 162 m

(217 ka) indicate wet conditions immediately prior to the temperate forest
expansion of the Zitsa II forested interval. It was suggested that low §"®Ocaicite at
Lake Ohrid during the onset of MIS 7c was either due to isotopically fresher
glacial lake water (as a result of precipitation falling as snow) or a particularly
wet climate, with changes in 6*C possibly indicating the former was more
likely (Lacey, 2016). However, the evidence from the Lake Ioannina diatoms
supports the inference of very wet conditions at the start of MIS 7c. High lake
levels are inferred to have persisted at Ioannina from MIS 7c through to MIS 7a
(c. 162-144 m, c. 217-191 ka, IDZ 11-12a) and indicate that wet conditions
persisted during the forested intervals of Zitsa II and III. However, the
increasing abundance of facultative planktonic taxa suggests drying as the

period progressed.

Interestingly, the pattern of fluctuations exhibited by the Ioannina planktonic
abundance during MIS 7c-7a is a close match for the pattern exhibited by
proxy records from the Portuguese margin (Roucoux et al., 2006). Both sites
record four minor but clear peaks within MIS 7c (IDZ 11 and the start of IDZ
12a) before increasing to higher and more stable values for the duration of
MIS 7a (c. 202-195 ka, c. 150-144 m depth in the I-284 core, the end of IDZ 12a).
Very minor changes in AP-PJB at Ioannina can just about be discerned at some
of these intervals, demonstrating the relatively more sensitive response of the
diatoms than the catchment. A similar relationship is also exhibited at the
subsequent glacial inception (Wilson et al., 2013). The minor fluctuations in

lake level at Ioannina are probably a result of regional climatic variations that
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were connected to changes in the North Atlantic. A similar pattern of
fluctuations is also exhibited in the isotope record from Lake Ohrid (Lacey et
al., 2016) but not in the Lake Ohrid diatom record. There is only one notable
reduction in hypolimnetic abundance in the Ohrid diatom record during

MIS 7c (centred on 213 ka), indicating that these changes in the northeastern
Mediterranean probably reflect variations in moisture availability rather than

temperature.

Both diatom records record a response to the stadial of MIS 7b that is relatively
subtle. In the Ioannina diatom record, MIS 7b is marked by planktonic
abundances of c. 50% (c. 151 m, c. 201 ka), which is not much lower than other
parts of MIS 7c. At Lake Ohrid, a slight increase in the abundance of
epilimnetic taxa within ODZ 3b suggests a minor temperature reduction. These
findings suggest that MIS 7b is a relatively short period of minor cooling and
drying, and they support the inference from the Ioannina pollen record that
MIS 7b is only a minor event in the northeastern Mediterranean (Roucoux et
al., 2008). The persistence of calcite precipitation at Ohrid also demonstrates

the mild nature of this interval.

Following the end of MIS 7a, both diatom records exhibit large fluctuations.
The large decline in lake level at Ioannina inferred for IDZ 12b marks the end
of the Zitsa III forested interval and reflects dry conditions at the inception of
the penultimate glacial period (MIS 6). A subsequent increase in lake level
indicates wet conditions that coincide with the short Zitsa IV forested interval
before dry conditions resume once more. At Lake Ohrid, the strong, high-
frequency diatom response is perhaps surprising considering it had
demonstrated a much more subtle response to changing conditions up to this
point. The large fluctuations exhibited by both diatom records demonstrate
increasing climate instability at the start of the penultimate glacial and suggest

variability in both moisture and temperature availability at this time.
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7.3 Comparison of MIS 7-9 at Lake Ioannina with other

intervals

Variations in the diatom assemblage at Lake Ioannina throughout MIS 7-9 are
remarkably muted, especially considering the interval spans a glacial-
interglacial cycle. This is even more evident when it is compared with
previously published diatom data from the I-284 core for the more recent
climatic cycles (Figure 7.2). Although the previously published I-284 records
are of a higher resolution than the new long record presented in Chapter 5, it is
clear that there are no phases in MIS 7-9 with the same character as that of the
late glacial (MIS 2) or the younger part of MIS 6, where facultative planktonic
taxa often dominate. The closest the new record comes to an assemblage like
these is in MIS 9b, where there are rapid fluctuations in planktonic abundance
from one sample to the next and other regional records demonstrate

millennial-scale variability.

Unlike during MIS 6 (Wilson et al., 2021), the lake system is clearly not close to
crossing environmental thresholds during MIS 8. The persistent dominance of
planktonic taxa and the inference of a relatively deep lake over such a long
period of time does raise the question as to whether tectonic factors, for
example increased subsidence rates, could have influenced the evolution of
the lake during this interval. It would be interesting to investigate the oldest
samples of the I-284 core, which are believed to date to the glacial period of
MIS 10, to see if these demonstrate evidence for lower lake levels.
Nevertheless, the lake conditions in MIS 9b do indicate that slightly lower lake
levels did persist at some point prior to the long deep phase of the lake’s history
(MIS 7-8), and the fact that the diatom record corresponds well with regional
palaeoclimate records lends more to the original hypothesis that climate is the
controlling factor on lake depth rather than tectonic evolution. The deep

conditions and muted diatom response during MIS 8 and MIS 7 attests to the
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weaker nature of these climatic cycles and demonstrates a level of resilience to

weaker climate forcing.
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Figure 7.2: Percentage relative abundance of planktonic, facultative planktonic and benthic
diatom taxa for the new record presented here (MIS 7-9) alongside previously published data
for MIS 6 (Wilson et al., 2013; Wilson et al., 2021), MIS 5 (Wilson et al., 2015) and the late glacial
to Holocene (Wilson et al., 2008; Jones et al., 2013).
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Two new high-resolution diatom records have been produced from shallow
Lake Ioannina and deep Lake Ohrid, two proximal ancient lakes in the
northeastern Mediterranean. The diatom record of Lake Ioannina spans an
interval equivalent to MIS 7-9 and reveals a diatom response primarily driven
by lake level variations and changes in lake mixing. In contrast, the diatom
record of Lake Ohrid spans MIS 7 and reveals a diatom response to
temperature-induced changes in lake stratification and the delivery of

nutrients to the epilimnion.

The diatom record from Lake Ioannina demonstrates the remarkable
dominance of planktonic taxa throughout most of the interval under
investigation. This lake persisted with relatively high lake levels for much of
MIS 7-9, including during early MIS 8, when records from other
Mediterranean sites exhibit the most extreme cold and dry conditions of the
antepenultimate glacial. This is in stark contrast to the glacial periods of the
more recent climatic cycles, which demonstrate shallower lake conditions.
Although the start of MIS 8 was comparatively dry in relation to the preceding
interstadial of MIS 9a, it appears to have been wetter at Ioannina than the
penultimate and last glacial periods. The diatom record indicates an increase
in moisture availability in the middle of MIS 8, in agreement with regional
palaeoclimate records, before returning to drier conditions at the end of MIS 8.
The contrasting diatom response recorded at Lake Ohrid and Lake Ioannina
has enabled temperature and precipitation changes to be more clearly
separated during MIS 7. MIS 7e was warm and initially wet but became drier.
Conditions became cold but remained wet at the start of MIS 7d before very dry
conditions set in. The start of MIS 7c was warm and initially very wet but the
Ioannina diatom record demonstrates increased aridity on the approach into
the penultimate glacial. Marked variability in both temperature and moisture

availability characterise the glacial inception.
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This study has demonstrated the success of examining the contrasting diatom
responses in deep versus shallow lakes in separating temperature from
precipitation change. It has also highlighted intervals in MIS 8 and MIS 9 that
deserve further attention. Examples include MIS 9b, which demonstrates some
initial evidence for millennial-scale variability, and the early part of MIS 8,

which appears to be rather mild at Ioannina.
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Appendix A | Determining the number
of diatom valves to count per sample
of the Lake Ioannina MIS 7-9 diatom
record using R

A.1 Introduction

It is necessary to decide upon the minimum number of diatom valves to count
per sample so as to achieve an acceptable level of accuracy whilst optimising
efficiency. This document reports on the analyses undertaken to determine
how many diatom valves should be counted per sample of the Lake Ioannina
MIS 7-9 diatom record.

Battarbee (1986) explains that the number of diatom valves that should be
counted per sample varies according to the purpose of the analysis and the
ability to achieve statistical precision, the latter being a function of the
structure of the diatom assemblage itself (e.g. a sample dominated by a single
taxon would require a higher count in order for low numbers of rare taxa to be
statistically reliable). Based on the relationship between the change in
percentage abundance of individual taxa and the number of valves counted,
Battarbee (1986) goes on to recommend a count of 300-600 valves per sample
for routine analyses. There has been no change to this recommended count
over the years; Battarbee et al. (2001) also recommend a count of 300-600
valves per sample for most analyses, and this has remained the standard
practice across palaeolimnological investigations.

However, there have been some further attempts to identify the minimum
number of valves required to produce an adequate result for specific
lakes/regions or to address specific questions. For example, using the
efficiency metric of Pappas and Stoermer (1996), which represents the
probability of encountering a new species as the count progresses, Bate and
Newall (2001) concluded that a count of 200 valves was sufficient for
bioassessment of water quality in the Kiewa River catchment, Australia. (A
short review of various counts used specifically for the assessment of
environmental quality is provided by Stevenson et al. (2010)). In another
example, a minimum count of 300 valves has been shown to be adequate for
palaeolimnological studies in tropical systems even with diverse assemblages
(Soeprobowati et al., 2016). Similarly, a 300-valve count was adequate for most
samples of a Late Quaternary diatom record from Lake Hayk, Ethiopia (Loakes,
2016; Loakes et al. 2018). In contrast, previous diatom analyses at Lake
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Ioannina have used a minimum count of 500 valves per sample without
justifying why this number was chosen, other than stating that the preservation
allowed it (Wilson et al., 2008; Jones, 2010; Wilson et al., 2013; Wilson et al.,
2015; Wilson et al., 2021). The analyses here will investigate whether 500 valves
is actually the optimum number for the Lake Ioannina sediments in order to
balance accuracy and counting efficiency or whether a different number of
valves is preferable.

Two types of data have been collected:

e Detailed counts were obtained for three slides chosen at random,
whereby the taxon name of each valve was recorded in the order it was
counted.

e An initial low-resolution “skeleton” record of 15 samples was counted to
gain some early insights into what the diatom record would look like.
Based on previous diatom analyses of the I-284 core, a minimum of 500
valves were counted for each of these samples. As it was thought that
the full count of 500 valves might not be necessary, these counts were
tallied at three stages: after 300, 400 and 500 valves had been counted.

A.2 Import packages and data

library(readxl)
library(purrr)
library(readr)
library(tools)
library(ggplot2)
library(dplyr)
library(tidyr)

# Create function that reads in a worksheet from an excel file then writes
# 1t to csv for longevity.
read_then_csv <- function(sheet, path) {
path %>%
read_excel( sheet) %>%
write_csv(paste®("data/csv/imported-", sheet, ".csv'"))

}

# Execute function and iterate over all worksheets in excel file.
path <- "data/count-justification-data.xlsx"

imported <- path %>%
excel_sheets() %>%
set_names () %>%
map (read_then_csv, path)

# Set ggplot theme.
theme_set (theme_minimal(8))
theme_update(
element_rect( "white",
"lightgrey"),
unit(0.4, "cm"),
unit(l, "cm'")
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A.3 Analyses

Two types of data exploration have been performed on these data:

e how relative abundances of individual taxa vary as the number of valves
counted is increased.

e how relative abundances of each life mode (planktonic, facultative
planktonic and benthic) varies as the number of valves counted is
increased.

A.3.1 Individual taxa

These analyses investigate whether the percentage relative abundances of
selected taxa vary as the valve count is increased. This is the same analysis that
Battarbee (1986) used to illustrate that 300 to 600 valves should be counted per
sample. It is helpful to perform this analysis on the I-284 data as there could be
an underlying assemblage structure specific to the Ioannina diatom
assemblage that influences the point at which the abundances stabilise, which
would dictate whether the lower or higher end of the recommended range
should be used here.

Breakdown of results per valve counted

As figures A.1, A.2 and A.3 demonstrate, there is some movement in the
percentage relative abundances as the count progresses right up to 500 valves.
However, between counts of 300 and 500 valves, these movements are very
small, in the order of a few percentage points. The point at which the
percentages stabilise varies across samples with sample 529 requiring the
largest count before stabilising (Figure A.3).

# Plot sample 17.

imported$s_17 %>%
# Wrangle data to long (tidy) format.
select(., all_of(c("valve_no",

”p_OC_pC”,
"p_brev_pc",
"s_con_pc",
”s_pin_pc”,
”a_ped_pc”,
"s_rot_pc'"))) %>%
pivot_longer(., all_of(c("p_oc_pc",
"p_brev_pc",
"s_con_pc",
”s_pin_pc”,
”a_ped_pc”,
"s_rot_pc")),
"taxon",
Tist( as.factor),
"pc") %>%
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# Plot.
ggplot(aes(x = valve_no,

y = pc,

colour = taxon)) +
geom_line() +
scale_colour_viridis_d(

option = "C",
begin = 0.1,
end = 0.9,

labels = c(expression(italic("Ampora pediculus")),
expression(italic("Pseudostaurosira brevistriata"))
expression(italic("Pantocsekiella ocellata")),
expression(paste(italic("Staurosira construens'),
" var. u’
paste(italic("venter")))),
expression(italic("Staurosirella pinnata")),
expression(italic("Sellaphora rotunda)))) +
labs(title = paste("Variation in relative abundance of selected taxa as valve",
"count dincreases"),
subtitle = "Sample 17 (141.22 m)",
colour = "Taxon") +
xlab("Number of valves counted") +
ylab("Relative abundance (%)") +
theme (
legend.position = c(0.97, 0.97),
legend.justification = c("right", "top"),
)

# Plot sample 33.

imported$s_33 %>%
# Wrangle data to long (tidy) format.
select(., all_of(c("valve_no",
llp_oc_pcll 5
"p_brev_pc",
"s_con_pc",
"s_pin_pc",
lla_ped_pcll 5
"s_rot_pc"))) %>%
pivot_longer (., all_of(c("p_oc_pc",
"p_brev_pc",
"s_con_pc",
"s_pin_pc",

lla_ped_pcll ,
"s_rot_pc")),
names_to = "taxon",
names_transform = list(taxon = as.factor),
values_to = "pc") %>%
# Plot.
ggplot(aes(x = valve_no,

y = pc,
colour = taxon)) +

geom_line() +

scale_colour_viridis_d(

option = "C",
begin = 0.1,
end = 0.9,

labels = c(expression(italic("Ampora pediculus")),

expression(italic("Pseudostaurosira brevistriata"))
expression(italic("Pantocsekiella ocellata")),
expression(paste(italic("Staurosira construens'),

" var. u’

paste(italic("venter")))),
expression(italic("Staurosirella pinnata")),
expression(italic("Sellaphora rotunda)))) +

labs(title = paste("Variation in relative abundance of selected taxa as valve",
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"count dincreases"),
subtitle = "Sample 33 (144.42 m)",
colour = "Taxon") +
xlab("Number of valves counted") +
ylab("Relative abundance (%)") +
theme (
legend.position = c(0.97, 0.5),
legend.justification = c("right", "center"),

)

# Plot sample 529.

imported$s_529 %>%
# Wrangle data to long (tidy) format.
select(., all_of(c("valve_no",
"p_min_pc",
llp_oc_pcll 5
"s_con_pc",
"s_pin_pc",
lla_ped_pcll 5
"e_mic_pc"))) %>%
pivot_longer (., all_of(c("p_min_pc",
llp_oc_pcll 5
"s_con_pc",
"s_pin_pc",

lla_ped_pcll 5
"e_mic_pc")),
names_to = "taxon",
names_transform = list(taxon = as.factor),
values_to = "pc") %>%
# Plot.
ggplot(aes(x = valve_no,

y = pc,

colour = taxon)) +
geom_line() +
scale_colour_viridis_d(

option = "C",
begin = 0.1,
end = 0.9,

labels = c(expression(italic("Ampora pediculus")),
expression(italic("Encyonopsis microcephala"))
expression(paste(italic("Pantocsekiella"),
"oef. u’
paste(italic("minuscula)))),
expression(italic("Pantocsekiella ocellata")),
expression(paste(italic("Staurosira construens'),
" var. u’
paste(italic("venter")))),
expression(italic("Staurosirella pinnata")))) +
labs(title = paste("Variation in relative abundance of selected taxa as valve",
"count dincreases"),
subtitle = "Sample 529 (243.62 m)",
colour = "Taxon") +
xlab("Number of valves counted") +
ylab("Relative abundance (%)") +
theme (
legend.position = c(0.97, 0.55),
legend.justification = c("right", "center"),

)



Breakdown of results at 300, 400 and 500 valves counted

A less granular breakdown across numerous samples is displayed on a facet
plot (Figure A.4). The relatively straight lines of the plots demonstrate that
there is little change in the percentages as counting progresses.

imported$hundreds_taxa %>%
ggplot(aes( count,
pc_ab,
taxon)) +
geom_line() +
scale_colour_viridis_d(
|IC|I,
c(expression(italic("Amphora pediculus'")),
expression(italic("Pantocsekiella ocellata")),
expression(italic("Staurosirella pinnata"))),

0.1,
0.9) +
facet_wrap("sample_no", 5) +
scale_x_continuous( c(300, 500),
seq (300, 500, 100)) +
scale_y_continuous( c(0, 100),
seq(0, 100, 20)) +
labs( paste("Change in relative abundance of selected taxa as count",

"increases across several samples"),
"Taxon") +

xlab("Valves counted") +
ylab("Relative abundance (%)") +
theme (

”tOp” s

element_text( 270)

)

For each line on the facet plots, the changes in relative abundance between a
count of 300 to 400 valves, a count of 400 to 500 valves and a count of 300 to 500
valves have been calculated. The changes are summarised by the statistics
below. There is a mean difference in the relative abundances of these taxa of
only 1.3 percentage points between a count of 300 valves and a count of 500
valves. The largest difference is 4.1 percentage points, which is very small and
would probably not change any interpretation that might be made from an
analysis of the assemblage.

dif_300_400 <- with(imported$hundreds_taxa,
abs(pc_ab[count=="400"] - pc_ab[count=="300"]))

dif_400_500 <- with(imported$hundreds_taxa,
abs(pc_ab[count=="500"] - pc_ab[count=="400"]))

dif_300_500 <- with(imported$hundreds_taxa,
abs(pc_ab[count=="500"] - pc_ab[count=="300"]))

differences_taxa <- tibble("300 to 400 valves" = dif_300_400,
"400 to 500 valves" = dif_400_500,
"300 to 500 valves" = dif_300_500)

summary (differences_taxa)

## 300 to 400 valves 400 to 500 valves 300 to 500 valves
## Min. :0.07363 Min. :0.02168 Min. :0.1164
## 1st Qu.:0.33208 1st Qu.:0.17678 1st Qu.:0.3870
## Median :0.62303 Median :0.42639 Median :1.0587
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## Mean :0.99016 Mean :0.72305 Mean :1.2912
## 3rd Qu.:1.54902 3rd Qu.:1.09963 3rd Qu.:1.8404
## Max. :3.21124 Max . :3.92647 Max. :4.0570

A.3.2 Life mode

The intention is for the results of the diatom analysis to be used to reconstruct
the past lake environment with a particular emphasis on lake level change. The
variations in the relative abundances of planktonic, facultative planktonic and
benthic taxa (i.e. diatom life mode or habitat) are most useful in reconstructing
such changes. It was therefore deemed useful to see how these abundances
vary as a function of number of valves counted.

Breakdown of results per valve counted

Figures A.5, A.6 and A.7 show that the relative abundances all stabilise by a
count of 250 valves, but that this number also varies between samples. Whilst a
count of 250 valves would have been required for sample 17, counts of only 200
and 100 would have been sufficient for samples 33 and 529 respectively.

# Plot sample 17.

imported$s_17 %>%

# Wrangle data to long (tidy) format.
select(., all_of(c("valve_no", "p_pc", "fp_pc", "b_pc"))) %>%
pivot_longer(., all_of(c("p_pc", "fp_pc", "b_pc")),

"1ife_mode",

Tist( as.factor),

|lpc|l) 96>96
# Plot.
ggplot(aes( valve_no,

pc,
life_mode)) +

geom_line() +
scale_colour_viridis_d(

HCH’
0.9,
0.1,
c("Benthic", "Faculative Planktonic", "Planktonic"),
guide_legend( TRUE)) +
labs ( paste("Variation in relative abundance of planktonic, facultative",

"planktonic and benthic diatom taxa as valve count increases"),
"Life Mode") +
xlab("Number of valves counted") +
ylab("Relative abundance (%)") +
theme (
c(0.97, 0.97),
c(”right”, ”tOp”),

# Plot sample 33.

imported$s_33 %>%
# Wrangle data to long (tidy) format.
select(., all_of(c("valve_no", "p_pc", "fp_pc", "b_pc"))) %>%
pivot_longer(., all_of(c("p_pc", "fp_pc", "b_pc")),
"1ife_mode",
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names_transform = list(life_mode = as.factor),

values_to = "pc") %>%
# Plot data.
ggplot(aes(x = valve_no,

Y = PG,

colour = life_mode)) +
geom_line() +
scale_colour_viridis_d(

option = "C",
begin = 0.9,
end = 0.1,

labels = c("Benthic", "Faculative Planktonic", "Planktonic"),
guide = guide_legend(reverse = TRUE)) +
labs(title = paste("Variation in relative abundance of planktonic, facultative",
"planktonic and benthic diatom taxa as valve count dincreases"),
subtitle = "Sample 33 (144.42 m)",
colour = "Life Mode") +
xlab("Number of valves counted") +
ylab("Relative abundance (%)") +
theme (
legend.position = c(0.97, 0.97),
legend.justification = c("right", "top"),
)

# Plot sample 529.

imported$s_529 %>%
# Wrangle data to long (tidy) format.
select(., all_of(c("valve_no", "p_pc", "fp_pc", "b_pc"))) %>%
pivot_longer(., all_of(c("p_pc", "fp_pc", "b_pc")),

names_to = "1life_mode",
names_transform = list(life_mode = as.factor),
values_to = "pc") %>%
# Plot data.
ggplot(aes(x = valve_no,
Yy = PC,

colour = life_mode)) +
geom_line() +
scale_colour_viridis_d(

option = "C",
begin = 0.9,
end = 0.1,

labels = c("Benthic", "Faculative Planktonic", "Planktonic"),
guide = guide_legend(reverse = TRUE)) +
labs(title = paste("Variation in relative abundance of planktonic, facultative",
"planktonic and benthic diatom taxa as valve count dincreases"),
subtitle = "Sample 529 (243.62 m)",
colour = "Life Mode") +
xlab("Number of valves counted") +
ylab("Relative abundance (%)") +
theme (
legend.position = c(0.97, 0.97),
legend.justification = c("right", "top"),
)

Breakdown of results at 300, 400 and 500 valves counted
The results above demonstrated that a count of 250 valves should be sufficient
to obtain an accurate representation of the percentage abundances of diatom

taxa grouped by life mode. However, it also showed that the point at which the
percentages stabilised varies across samples. It is sensible to check whether
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the percentages are stable across increasing valve counts in more samples
before deciding if a lower count is going to be acceptable.

A less granular breakdown of counts (at 300, 400 and 500 valves) was carried
out on 15 samples throughout the length of the core section. Figure 8 shows
that the percentage relative abundance is very stable across counts of 300, 400
and 500 valves. Relative abundances of planktonic, facultative planktonic and
benthic taxa vary by only a few percentage points as the count progresses.

imported$hundreds_1life_mode %>%
ggplot (aes( count,
pc_ab,
1life_mode)) +
geom_line() +
scale_colour_viridis_d(

|IC|I,
0.9,
0.1,
c("Benthic", "Faculative Planktonic", "Planktonic"),
guide_legend( TRUE)) +
facet_wrap("sample_no'", 5) +
scale_x_continuous( c(300, 500),
seq(300, 500, 100)) +
scale_y_continuous( c(0, 100),
seq(0, 100, 20)) +
labs( paste("Change in life mode relative abundance as count increases",

"across several samples"),
"Life Mode") +

xlab("Valves counted") +
ylab("Relative abundance (%)") +
theme (

|ltop|l ,

element_text( 270)

)

For each line on the facet plots, the changes in relative abundance between a
count of 300 to 400 valves, a count of 400 to 500 valves and a count of 300 to 500
valves have been calculated. The changes are summarised by the statistics
below. These statistics confirm that the relative abundances remain stable as
the count progresses. There is a mean change across all variables of only 1.7
percentage points as the count is increased from 300 to 500 valves. The
maximum change is 4.7 percentage points, which is so small that it would not
affect any interpretation of past lake level from the planktonic to benthic ratio.

dif_300_400 <- with(imported$hundreds_1l1ife_mode,
abs(pc_ab[count=="400"] - pc_ab[count=="300"]))

dif_400_500 <- with(imported$hundreds_1l1ife_mode,
abs(pc_ab[count=="500"] - pc_ab[count=="400"]))

dif_300_500 <- with(imported$hundreds_1l1ife_mode,
abs(pc_ab[count=="500"] - pc_ab[count=="300"]))

differences_life_mode <- tibble("300 to 400 valves" = dif_300_400,
"400 to 500 valves" = dif_400_500,
"300 to 500 valves" = dif_300_500)

summary (differences_l1ife_mode)

IX



## 300 to 400 valves 400 to 500 valves 300 to 500 valves
## Min. :0.01425 Min. :0.006228 Min. :0.02118

## 1st Qu.:0.47436 1st Qu.:0.339730 1st Qu.:0.72507
## Median :1.06607 Median :0.715180 Median :1.70691
## Mean :1.55891 Mean :0.900081 Mean :1.68788
## 3rd Qu.:2.42511 3rd Qu.:1.440707 3rd Qu.:2.36352
## Max. :5.27076 Max. :3.035093 Max. :4.72818

A.4 Conclusion

This document has investigated changes in the percentage relative abundances
of selected diatom taxa and changes in the percentage relative abundances of
all diatom taxa grouped by life mode as the number of diatom valves counted is
increased. It demonstrates that a diatom valve count of 300 valves per sample is
sufficient to achieve the aims of the diatom analyses.

The abundances of taxa grouped by life mode stabilise by a count of 250 valves
in the three samples investigated in detail. Less granular counts (at 300, 400
and 500 valves) of multiple samples also showed little change in the relative
abundances of taxa grouped by life mode. These samples were taken from the
full length of the core section so probably encapsulate the majority of the
diatom assemblage variation to be found in the new diatom record. However, it
is still possible that some samples might have an assemblage that requires a
higher count so it is best to be cautious and count the minimum 300 valves
recommended by Battarbee (1986) rather than 250.
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Variation in relative abundance of selected taxa as valve count increases
Sample 17 (141.22 m)
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Figure A.1: Variation in the percentage relative abundance of selected taxa as the number of
valves counted is increased for I-284 core sample 17 (141.22 m).

Variation in relative abundance of selected taxa as valve count increases
Sample 33 (144.42 m)
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Figure A.2: Variation in the percentage relative abundance of selected taxa as the number of
valves counted is increased for [-284 core sample 33 (144.42 m).
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Variation in relative abundance of selected taxa as valve count increases
Sample 529 (243.62 m)
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Figure A.3: Variation in the percentage relative abundance of selected taxa as the number of
valves counted is increased for I-284 core sample 529 (243.62 m).

Change in relative abundance of selected taxa as count increases across several samples
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Figure A.4: Variation in the percentage relative abundance of selected taxa as the number of
valves counted is increased from 300 to 400 to 500 valves for selected I-284 core samples.
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Variation in relative abundance of planktonic, facultative planktonic and benthic diatom taxa as valve
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Figure A.5: Variation in the percentage relative abundance of selected taxa as the number of
valves counted is increased from 300 to 400 to 500 valves for selected I-284 core samples.

Variation in relative abundance of planktonic, facultative planktonic and benthic diatom taxa as valve
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Figure A.6: Variation in the percentage relative abundance of all diatom taxa grouped by life
mode as the number of valves counted is increased for I-284 core sample 33 (144.42 m).
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Variation in relative abundance of planktonic, facultative planktonic and benthic diatom taxa as valve
Sample 529 (243.62 m)
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Figure A.7: Variation in the percentage relative abundance of all diatom taxa grouped by life
mode as the number of valves counted is increased for I-284 core sample 529 (243.62 m).

Change in life mode relative abundance as count increases across several samples
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Figure A.8: Variation in the percentage relative abundance of all taxa grouped by life mode as
the number of valves counted is increased from 300 to 400 to 500 valves for selected I-284 core
samples.
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Appendix B | Zonation of the Lake
Ioannina diatom data using R

B.1 Introduction

This document outlines the steps taken to split the Lake Ioannina MIS 7-9
diatom record into diatom assemblage zones, and it contains the R code used to
do so. The reason for splitting the record into zones is to delineate sections of
the record that share a similar diatom assemblage, helping to identify major
changes in the record and making it easier to describe (the results can be
written up by zone).

B.1.1 Clustering algorithm choice

A constrained cluster analysis is required in order to group samples together
that are stratigraphically adjacent. The specific cluster analysis chosen is the
Constrained Incremental Sum of Squares (CONISS) method, as outlined by
Grimm (1987).

First, a matrix of dissimilarities between samples is computed. The CONISS
algorithm then computes a statistic known as the sum of squares* between each
pair of adjacent samples (each sample can be considered a cluster of just one
sample at this stage). The pair with the smallest sum of squares is joined into a
cluster, and then the sum of squares is recalculated for all samples with these
newly joined samples receiving one sum of squares value for their cluster. The
clusters with the smallest sum of squares is joined and the sum of squares
recalculated. This process continues, clustering samples into successively
larger groups (it is therefore an agglomerative technique).

*The sum of squares is the squared difference between the value of a taxon in one
sample of a cluster divided by the average value of that taxon across all samples in
that cluster, which is then summed for each taxon, which is then summed for each
sample in the cluster.

B.2 Import packages and data

library(dplyr)

library(tibble)

library(ggplot2)

library(vegan) # designdist, decostand
library(rioja) # chclust
library(ggdendro) # dendro_data

source("scripts/borders-for-ggplot2.R") # custom theme to remove borders
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imported_counts <- read.csv('"data/csv/counts.csv'")
taxa_life_modes <- read.csv("data/csv/taxa-11ife-modes.csv") %>%
transmute (

taxon,
as.factor (type)

B.3 Prepare data

The following steps are taken to prepare the data specifically for the analyses
in this document:

6.

7.

Remove samples with no diatoms and an outlier, which contains some
diatoms but is poorly preserved.

Discard rare taxa. These analyses are performed on taxa that are present
at >4% in at least one sample. This decision was taken based on the
following review of the literature.

Gordon and Birks (1972) suggest that the cluster analysis should only be
run on taxa present at >5% in at least one sample as the low abundance
taxa are of little numerical importance. Grimm (1987) eliminated those
present at <3% at every level and noted that eliminating rare taxa has
little effect on the analysis. Bennett (1996) also uses only taxa present at
>5% in at least one sample and then goes on to assess the effect of
decreasing and increasing the threshold for taxa inclusion. In an
example using the CONISS algorithm, Bennett (1996) identified 6 zones
with the threshold set at 0-5%, 1%, 2% or 5%, and identified 5 zones with
the threshold set at 10% or 20%—a difference of only one zone.

Eliminating the rare taxa doesn’t seem to make much difference,
however Birks (1986) explains that although rare taxa could be of
ecological importance, the counts of rare taxa are associated with a high
relative error so are poorly estimated numerically unless very large
counts are made.

Obviously, the work cited so far is quite old, so I have looked around to
see if there has been any progression on this. Birks (2012:357) states that
the basic principles “remain largely unchanged” since they were
established in Gordon and Birks (1972) and Birks and Gordon (1985).

Convert raw diatom valve counts into relative proportions (out of 1.0).

Square-root transform the data.

# Get names of taxa present at =4%.
abundant_taxa <- imported_counts %>%
column_to_rownames ("depth") %>%
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decostand( "total", TRUE) %>%
select_if(~any(. >= 0.04)) %>%
select(-contains("spp")) %>%

colnames ()

# Filter and transform data.
coniss_data <- dimported_counts %>%
filter(rowSums(select(., !matches("depth"))) > 0 & depth != 175.62) %>%
column_to_rownames ("depth") %>%
select(all_of(abundant_taxa)) %>%
decostand ( "hellinger", "TRUE") # sqrt of rel. proportions

B.4 Cluster analysis

Creating the zones involves three steps:
1. Calculate a distance matrix.
2. Run the cluster analysis.
3. Determine the number of significant zones.

First, a distance matrix of the squared Euclidean distance between samples is
calculated. This dissimilarity index is the one used by the Tilia program. The
CONISS cluster analysis is then performed on this distance matrix.

A broken stick model (Bennett, 1996) is used to determine the number of
significant zones in the record. The plot in Figure B.1 shows that after splitting
the record into 12 groups (zones), the observed reduction in within-group sum
of squares (black line) drops (and remains) below that expected from the
broken stick model (red line). Therefore, there are 12 significant zones in this
record.

B.5 Plot results

The results of the cluster analysis can be plotted as a dendrogram (Figure B.2).

# Extract data for plotting

ddata<- dendro_data(coniss_results, "rectangle")

# Modify x values so leaves are plotted by depth in core rather than in

# sequential order

new_x <- approxfun(ddata$labelss$x,
as.numeric(as.character(ddatas$labels$label)))

ddata$segments$x <- new_x(ddata$segmentss$x)

ddata$segments$xend <- new_x(ddata$segments$xend)

# Create plot
ggplot(segment(ddata)) +
geom_vline( c(156.02, 163.22, 177.62, 190.42, 199.22, 215.22,
233.62, 253.62, 258.42, 275.22, 279.22),
"lightgrey") +
geom_segment (aes( X Y, xend, yend)) +
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coord_flip() +
scale_y_continuous() +
scale_x_reverse( seq(135, 285, 5)) +
labs( "Depth (m)",

"Total sum of squares") +
theme_bw(10) +
theme ( 3,

|lnone|l 5
element_blank(),
theme_border (c("left", "bottom'")),

element_rect( "transparent"),

element_rect( "transparent'")) +
geom_hline( 14,

2)

B.6 Summary

CONISS cluster analysis has identified 12 significant zones in the I-284 diatom
record.
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Figure B.1: Comparison of the CONISS results with a broken stick model. The observed
reduction in within-group sum of squares is represented by the black line and the model is
represented by the red line.
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Figure B.2: Dendrogram of CONISS results. The vertical dashed line indicates the total sum of
squares value that splits the record into the 12 significant zone. The horizonal grey lines
delineate the resulting zones.
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Appendix C | Ordination of the Lake
Ioannina MIS 7-9 diatom data using R

C.1 Introduction

This document outlines the ordination analyses of the Lake Ioannina I-284 core
diatom record. Ordination is an exploratory technique that rotates the data in
order to identify the gradients of greatest variation. It is done here to pick out
these gradients and to see if any underlying latent environmental variables
responsible for the variation can be identified.

C.2 Import packages and data

library(dplyr)
library(tidyr)
library(readr)
library(tibble)
library(ggplot2)
library(tidypaleo)
library(patchwork)
library(knitr)
library(vegan)

imported_counts <- read_csv('"data/csv/counts.csv'")
zones <- read_csv("data/csv/imported-zones.csv")

C.3 Ordination of relative abundance data

C.3.1 Prepare data

The analyses are performed on only abundant taxa present at =4% in at least
one sample. This removes the influence of very rare taxa, the abundances of
which are poorly estimated.

# Get names of abundant taxa.

abundant_taxa <- imported_counts %>%
column_to_rownames("depth") %>%
decostand( "total", TRUE) %>%
select_if(~any(. >= 0.04)) %>%
select(-contains("spp")) %>%
colnames ()

# Filter and transform data.
ord_data <- -dimported_counts %>%
filter(rowSums(select(., !matches("depth"))) > 0 & depth != 175.62) %>%
column_to_rownames("depth") %>%
select(all_of(abundant_taxa)) %>%
decostand( "total", "TRUE") * 100
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C.3.2DCA

Following the approach of Leps and Smilauer (2003), a preliminary detrended
correspondence analysis (DCA) is first performed in order to determine the
most appropriate ordination method for these data based on whether the
species responses to the latent variables are linear or unimodal. If the DCA
indicates that the species responses are unimodal, the DCA is deemed
appropriate. If the DCA indicates that the species responses are linear, the
linear ordination method of principal component analysis (PCA) is more
appropriate for the data.

The results of the DCA are displayed in Table C.1. At less than three standard
deviation units, the length of the longest axis (DCA1) indicates linear species
responses as a result of low beta diversity (species turnover). A linear-based
ordination is therefore most appropriate for these data.

# Run DCA.
dca <- decorana(ord_data)

# Extract results.
dca_results <- tibble(
"Axis" = c("DCA1", "DCA2", "DCA3", "DCA4"),

"Eigenvalues" = dca$evals,
"Decorana values" = dcaS$evals.decorana,
"Axis lengths" = apply(scores(dca), 2, max) - apply(scores(dca), 2, min)

)

# Plot table.
kable(dca_results, "Summary results of the DCA performed on the Lake Ioannina co
re I-284 diatom assemblage relative species abundances.")

C.3.3PCA

As linear ordination methods are most appropriate, a principal component
analysis (PCA) is performed. The results are displayed in Table C.2. A large
proportion of the variance is explained by the first two principal component
axes, which can be plotted as a biplot (Figure C.1).

# Run PCA.
pca <- rda(ord_data)

# Extract results.
pca_results <- tibble(

”AX—iS” = C(”PCl”, |IPC2|I’ |IPC3|I’ |IPC4|I)’

"Eigenvalues" = pca$CASeig[l:4],

"Cumulative percentage variance explained" = c(
signif(sum((as.vector(pca$CAsSeig) / sum(pca$CASeig))[1]) * 100, 4),
signif(sum((as.vector(pca$CAsSeig) / sum(pca$CASeig))[1:2]) * 100, 4),
signif(sum((as.vector(pca$CAseig) / sum(pca$CASeig))[1:3]) * 100, 4),
signif(sum((as.vector(pca$CAsSeig) / sum(pca$CASeig))[1:4]) * 100, 4)

)

)

# Plot table.

kable(pca_results, "Summary results of the PCA performed on the Lake Ioannina co
re I-284 diatom assemblage relative species abundances.")
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# Plot biplot.

# Provide names of select taxa to plot (need to be in original order).

pca_taxa <- c("Pantocsekiella minuscula",
"Pantocsekiella ocellata",
"Stephanodiscus parvus",
"Pseudostaurosira brevistriata",
"Staurosira venter",
"Staurosirella pinnata",
"Amphora pediculus",
"Diploneis marginestriata",
"Encyonopsis microcephala",
"Gomphonema pumilum",
"Placoneis balcanica",
"Sellaphora rotunda")

text_positions <- c(1, 2, 3, 2, 4, 4, 4, 4, 4, 2, 2, 3)

# Create labels for plot.
labels <- c(expression(italic("Pantocsekiella minuscula')),
expression(italic("Pantocsekiella \n ocellata")),
expression(italic("Stephanodiscus parvus")),
expression(italic("Pseudostaurosira brevistriata")),
expression(paste(italic("Staurosira construens"),
" var. u’
italic("venter"))),
expression(italic("Staurosirella pinnata")),
expression(italic("Amphora pediculus')),
expression(italic("Diploneis marginestriata")),
expression(italic("Encyonopsis microcephala")),
expression(italic("Gomphonema pumilum")),
expression(italic("Placoneis balcanica")),
expression(italic("Sellaphora rotunda")))

# Put axis scores in separate dataframes.
all_scrs <- scores(pca, display = c("sites", "species"), scaling = 2)

species_scrs <- all_scrs$species %>%
as.data.frame() %>%
rownames_to_column("taxon") %>%
filter (taxon %in% pca_taxa)

sites_scrs <- all_scrsS$sites %>%
as.data.frame() %>%
rownames_to_column('"depth')

# Build plot.

xlim <- range(all_scrs[["species"]][,1], all_scrs[["sites"]][,1])
ylim <- range(all_scrs[["species"]][,2], all_scrs[["sites"]][,2])
plot.new()

plot.window(xLlim = xlim, ylim = ylim, asp = 1)

abline(h = 0, 1ty = "dotted")

abline(v = 0, lty = "dotted")

axis(side = 1)

axis(side = 2)

title(xlab = "PC1", ylab = "PC2")

box ()

points(sites_scrs$PC2~sites_scrs$PCl,
pch = 19,
cex = 0.5,
col = "lightgrey")

arrows (0, 0, species_scrs$PCl, species_scrs$PC2,
length = 0.05,
angle = 30)
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text(species_scrs$PC2~species_scrs$PCl,
labels,
0.8,
"black",
text_positions)

However, a comparison of the results with a broken stick model indicates that
the first three principal components are significant (Figure C.2).

screeplot(pca, TRUE, "y NULL)

The axis scores of these principal components can be plotted by depth to
explore variation through the core (Figure C.3).

sig_axes <- data.frame(scores(pca,

C(l7 2, 3)7
"sites",
0)) %>%
mutate( as.numeric(row.names(.)))
plot_pcl <- ggplot(sig_axes, aes( depth, PC1)) +
geom_line() +
coord_flip() +
scale_x_reverse( seq(120, 290, 20)) +
scale_y_continuous( seq(-0.4, 0.6, 0.1)) +
labs( "Depth (m)",
"PC1l axis score") +
theme_minimal(10) +
theme (
element_line( "gray 95"),
element_line( "gray 96"),
element_text( 45, 1))
plot_pc2 <- ggplot(sig_axes, aes( depth, PC2)) +
geom_line() +
coord_flip() +
scale_x_reverse( seq(120, 290, 20)) +
scale_y_continuous( seq(-0.4, 0.6, 0.1)) +
labs ( element_blank(),
"PC2 axis score") +
theme_minimal(10) +
theme (
element_line( "gray 95"),
element_line( "gray 96"),
element_text( 45, 1,
element_blank(),
element_blank())
plot_pc3 <- ggplot(sig_axes, aes( depth, PC3)) +
geom_line() +
coord_flip() +
scale_x_reverse( seq(120, 290, 20)) +
scale_y_continuous( seq(-0.4, 0.6, 0.1)) +
labs ( element_blank(),
"PC3 axis score") +
theme_minimal(10) +
theme (
element_Tline( "gray 95"),
element_line( "gray 96"),
element_text( 45, 1,

element_blank(),
element_blank())

plot_pcl + plot_pc2 + plot_pc3
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Variation in the principal component axis 1 (PC1) scores across the samples is
driven by the relative abundance of Pantocsekiella ocellata. This taxon plots at
an extremely low value on PC1, while all other taxa have relatively high PC1
axis scores (Figure C.1). Furthermore, the P. ocellata species arrow almost
exactly aligns with PC1 (Figure C.1), demonstrating that it is highly correlated
with this axis and resulting in the PC1 axis scores of the samples almost exactly
reflecting the relative abundance of this taxon (Figure C.4). Correlation
analysis confirms there is a significant, strong, negative association between
the relative abundance of P. ocellata and PC1 axis scores (p =-0.999, p <0.001;
Figure C.5).

Whilst this emphasises the dominance of P. ocellata in the record, it means that
PC1 offers no new information that could be useful for making interpretations
of change in the diatom assemblage. As P. ocellata is eurytopic and there are no
other taxa that have much of an influence on PC1 axis scores, suggesting an
environmental parameter that could be driving the variation along PC1 is
difficult. PC2 and PC3 axis scores are also each highly influenced by a single
taxon, P. minuscula and S. parvus respectively.

An ordination performed on transformed data that reduces the influence of the
very dominant taxa should be able to better pick out variation in moderately
abundant taxa and identify if any tend to co-occur with the dominant ones.
This could provide more information on drivers of variation in the record than
examining variation in one dominant taxon can allow and better enable the
identification of latent environmental variables that are driving change in the
assemblage.

sig_axes$poc <- ord_data$’

ggplot(sig_axes, aes( poc, PC1)) +
geom_point() +
labs ( "P. ocellata (%)") +

theme_minimal()
# Test for normality

# Null hypothesis - distribution is not different from normal distribution
shapiro.test(sig_axes$poc) # p < 0.05, reject null hypothesis

##

## Shapiro-Wilk normality test

##

## data: sig_axes$poc

## W = 0.97401, p-value = 0.003519
shapiro.test(sig_axes$PCl) # p < 0.05, reject null hypothesis
##

## Shapiro-Wilk normality test

##

## data: sig_axes$PC1

## W = 0.97275, p-value = 0.002534

# Shapiro-Wilk test confirms non-normally distributed data.
# Must use non-parametric test.

# Spearmans's rank correlation
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# Null hypothesis - there is no association
cor.test(sig_axes$PCl, sig_axes$poc,
"spearman",
FALSE)

##

## Spearman's rank correlation rho

##

## data: sig_axes$PCl1l and sig_axes$poc

## S = 1469368, p-value < 2.2e-16

## alternative hypothesis: true rho is not equal to 0
## sample estimates:

## rho

## -0.9987866

# p < 0.05, reject null hypothesis

C.3.4 Summary

A preliminary DCA on relative species abundances identified linear species
responses and so a PCA was performed. Three significant principal component
axes were identified. However, they are each heavily influenced by the relative
abundance of an individual taxon. Therefore, they do not provide any new
information, other than to highlight the dominance of these individual taxa in
the diatom assemblage, particularly P. ocellata. Transforming the data to
reduce the influence of the very dominant taxa should improve the results.
This is performed in the section that follows.

C.4 Ordination of transformed data

C.4.1 Choice of transformation

A square root transformation of the relative species abundances (the combined
process of which is known as the Hellinger transformation) was chosen as a
compromise in order to reduce the influence of the very dominant taxa without
up-weighting very rare taxa. It has an additional benefit over using relative
species abundances in that it is not affected by the undesirable double zero
problem whereby the absence of a taxon from two samples is considered a sign
of similarity Legendre and Gallagher (2001). Although not detailed here, a log
transformation produced similar results.

C.4.2DAZ

Although it is technically not necessary to perform an initial DCA on data that
has been transformed in this way (Legendre and Gallagher (2001); Zeleny,
2019), the results of a DCA are provided in Table C.3 for clarity. The short
length of the longest axis confirms that that a linear ordination method is
appropriate.
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# Run DCA.
dca <- decorana(sqrt(ord_data))

# Extract results.
dca_results <- tibble(
"Axis" = c("DCA1", "DCA2", "DCA3", "DCA4"),

"Eigenvalues" = dca$evals,

"Decorana values" = dcaS$evals.decorana,

"Axis lengths" = apply(scores(dca), 2, max) - apply(scores(dca), 2, min)
)

# Plot table.
kable(dca_results, caption="Summary results of the DCA performed on square-root transfor
med relative species abundances.")

C.4.3PCA

The results of the PCA performed on square root transformed species
abundances are displayed in Table C.4. The first two principal component axes
can be plotted as a biplot (Figure C.6).

# Run PCA.
sqrt_pca <- rda(sqrt(ord_data))

# Extract results.
sqrt_pca_results <- tibble(

"Axis" = c(”PCl", "PC2", "PC3", HPC4H)’

"Eigenvalues" = sqrt_pca$CASeig[l:4],

"Cumulative percentage variance explained" = c(
signif(sum((as.vector(sqrt_pca$CASeig) / sum(sqrt_pca$CASeig))[1]) * 100, 4),
signif(sum((as.vector(sqrt_pca$CASeig) / sum(sqrt_pca$CASeig))[1:2]) * 100, 4),
signif(sum((as.vector(sqrt_pca$CASeig) / sum(sqrt_pca$CASeig))[1:3]) * 100, 4),
signif(sum((as.vector(sqrt_pca$CASeig) / sum(sqrt_pca$CASeig))[1:4]) * 100, 4)

)

)

# Plot table.
kable(sqrt_pca_results, caption="Summary results of the PCA performed on square-root tra
nsformed relative species abundances.")

# Biplot 1: taxa.

par(mfrow = c(2, 1))

# Provide names of select taxa to plot.

pca_taxa <- c("Actinocyclus normanii',
"Asterionella formosa",
"Aulacoseira granulata",
"Pantocsekiella minuscula",
"Pantocsekiella ocellata",
"Stephanodiscus parvus",
"Pseudostaurosira brevistriata",
"Staurosira venter",
"Staurosirella pinnata",
"Achnanthes lacunarum",
"Amphora pediculus",
"Cavinula scutelloides",
"Diploneis marginestriata",
"Encyonopsis microcephala",
"Gomphonema pseudotenellum",
"Gomphonema pumilum",
"Placoneis balcanica",
"Sellaphora rotunda")
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# Create labels for plot.

labels <- c(expression(italic("Actinocyclus normanii")),
expression(italic("Asterionella formosa")),
expression(italic("Aulacoseira granulata")),
expression(italic("Pantocsekiella minuscula")),
expression(italic("Pantocsekiella ocellata")),
expression(italic("Stephanodiscus parvus")),
expression(italic("Pseudostaurosira brevistriata")),
expression(paste(italic("Staurosira construens"),

" var. u’
italic("venter"))),

expression(italic("Staurosirella pinnata")),
expression(italic("Achnanthes lacunarum")),
expression(italic("Amphora pediculus')),
expression(italic("Cavinula scutelloides")),
expression(italic("Diploneis marginestriata")),
expression(italic("Encyonopsis microcephala")),
expression(italic("Gomphonema pseudotenellum")),
expression(italic("Gomphonema pumilum")),
expression(italic("Placoneis balcanica")),
expression(italic("Sellaphora rotunda")))

# Assign label positions.
text_positions <- c(2, 4, 4, 1, 2, 3, 4, 4, 1, 4, 1, 4, 1, 1, 1, 2, 4, 4)

# Put axis scores in separate dataframes.
all_scrs <- scores(sqrt_pca, display = c("sites", "species"), scaling = 2)

species_scrs <- all_scrs$species %>%
as.data.frame() %>%
rownames_to_column("taxon") %>%
# Plot only some species to make it neater.
filter (taxon %in% pca_taxa)

sites_scrs <- all_scrsS$sites %>%
as.data.frame() %>%
rownames_to_column('"depth')

# Build plot.

xlim <- range(all_scrs[["species"]][,1], all_scrs[["sites"]][,1])
ylim <- range(all_scrs[["species"]][,2], all_scrs[["sites"]][,2])
plot.new()

plot.window(xLlim = xlim, ylim = ylim, asp = 1)

abline(h = 0, lty = "dotted")

abline(v = 0, lty = "dotted")

axis(side = 1)

axis(side = 2)

title(xlab = "PC1", ylab = "PC2")

box ()

points(sites_scrs$PC2~sites_scrs$PCl,
pch = 19,
cex = 0.75,
col = "gray80")

arrows (0, 0, species_scrs$PCl, species_scrs$PC2,
col = "gray50",
length = 0.05,
angle = 30)

text(species_scrs$PC2~species_scrs$PCl,
labels = labels,
cex = 0.8,
col = "black",
pos = text_positions)
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# Biplot 2: samples by DAZ.

# Assign zones to site scores.
sites_scrs_daz <- sites_scrs %>%

merge(zones,

mutate( as.

# Build plot.

"depth") %>%
factor(daz))

xlim <- range(all_scrs[["species"]][,1], all_scrs[["sites"]][,1])
ylim <- range(all_scrs[["species"]][,2], all_scrs[["sites"]][,2])

plot.new()

plot.window( x1lim, ylim, 1)
abline( 0, "dotted")

abline( 0, "dotted")

axis( 1)

axis( 2)

title( "PC1", "PC2")

box ()

points(sites_scrs_daz$PC2~sites_scrs_daz$PCl,
c("red3",
"orangered3",
"darkorange3",
"darkgoldenrod3",
"yellowgreen",
"olivedrab4",
"seagreen",
"turquoise4",
"steelblue4",
"slateblue3d",
"purple3",
"violet'") [as.factor(sites_scrs_daz$daz)],

c(0,1,2,3,4,5,6,8,15,16,17,18) [as.factor(sites_scrs_daz$daz)])

legend("topleft",
levels(sites_scrs_daz$daz),
llDAle’
1,
c("red3",
"orangered3",
"darkorange3",
"darkgoldenrod3",
"yellowgreen",
"olivedrab4",
"seagreen",
"turquoise4",
"steelblue4",
"slateblue3d",
"purple3",
"violet"),
c(0,1,2,3,4,5,6,8,15,16,17,18))

A comparison of the results with a broken stick model indicates that the first
three principal components are significant (Figure C.7). The axis scores of the
samples for the three significant principal components have been plotted by
depth to explore variation through the core (Figure C.8).

screeplot(sqrt_pca, TRUE, ", NULL)
sig_axes <- data.frame(scores(sqrt_pca,
C(l} 2} 3)7
"sites",

0)) %>%
as.numeric(row.names(.)))
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plot_pcl <- ggplot(sig_axes, aes(
geom_line() +
coord_flip() +
scale_x_reverse(
scale_y_continuous(
labs( "Depth (m)",
"PC1l axis score") +
theme_minimal(10) +
theme (
element_Tline(
element_Tline(
element_text(

plot_pc2 <- ggplot(sig_axes, aes(
geom_line() +
coord_flip() +
scale_x_reverse(
scale_y_continuous(
labs( element_blank(),
"PC2 axis score") +
theme_minimal(10) +
theme (
element_Tline(
element_Tline(
element_text(
element_blank(),
element_blank())

plot_pc3 <- ggplot(sig_axes, aes(
geom_line() +
coord_flip() +
scale_x_reverse(
scale_y_continuous(
labs( element_blank(),
"PC3 axis score") +
theme_minimal(10) +
theme (
element_Tline(
element_Tline(
element_text(
element_blank(),
element_blank())

plot_pcl + plot_pc2 + plot_pc3

par ( c(1,3))

ordiplot(sqrt_pca, 1,
ordiplot(sqrt_pca, 2,
ordiplot(sqrt_pca, 8,

depth, PC1)) +

seq(120, 290, 20)) +
seq(-0.

4, 0.6, 0.1)) +

"gray 95"),
"gray 96"),

45, 1))
depth, PC2)) +

seq(120, 290, 20)) +
seq(-0.

4, 0.6, 0.1)) +

"gray 95"),
"gray 96"),

45, 1),
depth, PC3)) +

seq(120, 290, 20)) +
seq(-0.4, 0.6, 0.1)) +

"gray 95"),
"gray 96"),

45, 1),

"species")
"species")
"species")

Samples with high abundances of P. minuscula have low scores on PC1 while
those with high abundances of Fragilariaceae have high PC1 axis scores. P.
minuscula is able to tolerate low light and nutrient availability and has also
been associated with stable, stratified lake conditions. The Fragilariaceae are
considered pioneer taxa, tolerant of cold, turbulent and turbid conditions. It
would seem that the distinguishing feature is the degree of water mixing that

they represent.

P. minuscula, the Fragilariaceae and benthic taxa associated with macrophytes
in the shallow littoral zone (e.g. Encyonopsis spp. and Gomphonema spp.) have
the lowest PC2 axis scores while P. ocellata has the highest. A number of
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mesotrophic-eutrophic taxa also plot quite highly along PC2, suggesting
variation along this axis could reflect nutrient availability. However, eurytopic
P. ocellata has the largest influence on this axis, which makes interpretation
difficult.

PC3 is once again strongly influenced by S. parvus.

C.5 Summary

Ordination of the relative abundance data of the I-284 core produced results
that did not aid interpretation of the diatom record. Subsequent ordination
methods applied to square root transformed data revealed three significant
principal components. PC1 appears to reflect the mixing regime of the lake,
PC2 is largely driven by eurytopic P. ocellata and appears to reflect lake level or
slight nutrient shifts, but it is difficult to interpret because of this taxon’s wide
environmental preferences. PC3 mainly reflects S. parvus abundance.
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Figure C.1: Biplot of the first two principal component axes from the PCA of the Lake Ioannina

PC1

diatom record performed on relative abundance data. Samples are plotted as points. Selected
taxa are displayed with their axis scores scaled by eigenvalues so that the angles between the
arrows represent species correlations and demonstrate which species tend to co-occur

together.
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Figure C.2: Comparison of observed reduction in variance with a broken stick model for the

PCA performed on relative abundance data.
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Figure C.3: Significant principal component axes scores plotted by core depth for the PCA
performed on relative abundance data.
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Figure C.4: Comparison of the percentage relative abundances of P. ocellata with PC1 axis
scores from the PCA performed on relative abundance data.
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Figure C.5: Relationship between P. ocellata abundance and PC1 axis scores across all samples
for the PCA performed on relative abundance data.
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Figure C.6: Biplots of PC1 and PC2 axis scores from the PCA performed on square root
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Figure C.7: Comparison of observed reduction in variance with a broken stick model for the
PCA performed on square root transformed data.
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Figure C.8: Significant principal component axes scores plotted by core depth for the PCA
performed on square root transformed data.
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Figure C.9: Relative positions of taxa along the significant principal components for the PCA
performed on square root transformed data.
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Table C.1: Summary results of the DCA performed on relative species abundances.

Axis Eigenvalues Decorana values Axis lengths

DCA1l 0.777 0.266 1.99
DCA2 0.122 0.093 1.98
DCA3 0.071 0.052 1.04
DCA4 0.056 0.035 0.91

Table C.2: Summary results of the PCA performed on relative species abundances.

Axis Eigenvalues Cumulative percentage variance explained

PC1 249.09 58.51
PC2 80.83 77.49
PC3 47.89 88.62
PC4 9.51 90.86

Table C.3: Summary results of the DCA performed on square root transformed relative species
abundances.

Axis Eigenvalues Decorana values Axis lengths

DCA1l 0.149 0.153 1.70
DCA2 0.088 0.078 1.38
DCA3 0.053 0.051 1.20
DCA4 0.06 0.044 1.21

Table C.4: Summary results of the PCA performed on square root transformed relative species
abundances.

Axis Eigenvalues Cumulative percentage variance explained

PC1 3.98 25.89
PC2 2.34 41.08
PC3 1.81 52.83
PC4 1.15 60.27
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Appendix D | Numerical analyses of
the Lake Ohrid MIS 7 diatom data
using R

D.1 Introduction

This document details the numerical analyses of the Lake Ohrid diatom
assemblage during MIS 7, which was performed using R. A cluster analysis is
performed in order to split the record into diatom assemblage zones.
Ordination is then performed to explore the underlying variation in the diatom
assemblage.

D.2 Import packages and data

library(tidyverse)
library(vegan)
library(rioja)
library(ggdendro)
library(tidypaleo)
library(knitr)
library(patchwork)

source("scripts/borders-for-ggplot2.R") # custom theme to remove borders
# Import data
counts <- read_csv("data/csv/imported-counts.csv'")

zones <- read_csv("data/csv/imported-zones.csv")

# Set plot theme
theme_set (theme_bw(8))

theme_update( "none",
element_blank(),
theme_border (c("left", "bottom"), 0.3),
element_rect( "transparent"),
element_rect( "transparent"))
D.3 Analyses

D.3.1 Isolated abundant taxa

The Lake Ohrid diatom assemblage is very diverse, but most taxa are present at
extremely low abundances. The first step is to isolate only those that are
abundant for these analyses.

min_abundance <- 0.01 # Target proportion out of 1.0.
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abundant_taxa <- counts %>%
column_to_rownames ("depth") %>%
decostand( "total") %>% # Convert to relative abundance.
select_if(~any(. >= min_abundance)) %>%

colnames ()

abundant_taxa

##
##
##
##
##
##
##

(1]
(3]
(5]
(7]
(9]
[11]
[13]

"Asterionella formosa"
"Cyclotella fottii"
"Pantocsekiella minuscula"
"Stephanodiscus minutulus"
"Staurosira venter"
"Amphora pediculus"
"Placoneis balcanica"

D.3.2 Zonation

"Cyclotella cavitata"
"Cyclotella fottii var. nov."
"Pantocsekiella ocellata"
"Pseudostaurosira brevistriata"
"Staurosirella pinnata"
"Diatoma ehrenbergii

A CONISS cluster analysis is performed on only abundant taxa following
Gordon and Birks (1972). Following Bennett (1996), a broken stick model is
used to identify the number of significant zones (Figure D.1). The results
indicate there are 4 significant zones. The results of the cluster analysis are
plotted as a dendrogram (Figure D.2).

# Filter and transform data (into sqrt of relative abundance).
coniss_data <- counts %>%
column_to_rownames("depth") %>%
select(all_of(abundant_taxa)) %>%
decostand( "hellinger")

# Calculate distance matrix.

dist_matrix <- designdist(coniss_data,

"A+B-2%]",
"quadratic")

# Perform CONISS cluster analysis.

coniss_results <- chclust(dist_matrix,

"coniss")

# Plot broken stick model.
bstick(coniss_results, 10)

# Extract data for plotting.
ddata<- dendro_data(coniss_results,

"rectangle")

# Modify x values so leaves are plotted by depth in core rather than in
# sequential order.

new_x <- approxfun(ddata$labelss$x,
as.numeric(as.character(ddatas$labels$label)))
ddata$segments$x <- new_x(ddata$segmentss$x)

ddata$segments$xend <- new_x(ddata$segments$xend)

# Plot dendrogram.
ggplot(segment(ddata)) +

geom_vline(

geom_segment (aes( X Y,

coord_

flip() +

scale_y_continuous() +

scale_x_reverse(

labs(

"Depth (m)",
"Total sum of squares") +

theme_bw(10) +

c(85.7, 101.1, 102.7),
"lightgrey") +

xend, yend)) +

seq(80, 106, 1)) +
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theme ( 3,
|lnone|l 5
element_blank(),
theme_border (c("left", "bottom")),

element_rect( "transparent"),

element_rect( "transparent'")) +
geom_hline( 6.6,

2)

D.3.3 Ordination
Prepare data

The data are first filtered so that ordination is performed on only abundant
taxa as those with low abundances are poorly estimated. They are then
converted into percentage relative abundances.

ord_data <- counts %>%
column_to_rownames("depth") %>%
select(all_of(abundant_taxa)) %>%
decostand( "total", "TRUE") %>%
|l*|l(100)

DCA

Following the approach of Leps and Smilauer (2003), a preliminary DCA is
performed first. The results of the DCA are displayed in Table D.1. At less than
three standard deviation units, the length of the longest axis (DCA1) indicates
linear species responses as a result of low beta diversity (species turnover). A
linear-based ordination is therefore most appropriate for these data.

# Run DCA.
dca <- decorana(ord_data)

# Extract results.
dca_results <- tibble(
"Axis" = c("DCA1", "DCA2", "DCA3", "DCA4"),
"Eigenvalues" = dca$evals,
"Decorana values" = dcaS$evals.decorana,
"Axis lengths" = apply(scores(dca), 2, max) - apply(scores(dca), 2, min)
)

# Plot table.
kable(dca_results, "Summary results of the DCA.'")

PCA

The results of the PCA are displayed in Table D.2, and the first two axes are
plotted as a biplot in Figure D.3. A comparison of the results with a broken
stick model indicates that the first three principal components are significant
(Figure D.4). The axis scores of the samples for the three significant principal
components have been plotted by depth to explore variation through the core
(Figure D.5). The positions of the species along the three significant principal
components are plotted in Figure D.6.
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Variation along PC1 is mainly driven by the abundances of P. minuscula versus
C. fottii var. 1, as demonstrated by their low and high values respectively along
PC1 and by their small angles to PC1 in the biplot of Figure D.3. Hypolimnetic
C. cavitata also has a high score on PC1, although the large angle from PC1
indicates it does not explain a large proportion of the variation along this axis.
With the longest arrow in Figure D.3, P. minuscula abundance explains more of
the variation than C. fottii var. 1. As demonstrated in Figure D.6, all of the other
taxa plot closely together near the middle of PC1, so do not explain much of the
variation along this axis. Based on the ecology of the taxa explaining most of
the variation, PC1 mainly reflects the ratio of hypolimnetic to epilimnetic taxa.

The plot of PC2 by depth (Figure D.5) closely tracks the relative abundance of
P. ocellata. Samples with high abundances of C. cavitata have low values on this
axis as P. ocellata is at low abundances in DAZ 1. However, P. ocellata is
eurytopic and will need further investigation and comparison with other proxy
data to identify the drivers of its abundance.

The most dominant taxa plot at equal intervals along PC3 (Figure D.3), making
it a difficult axis to interpret. The plot of PC3 against depth most closely tracks
the abundance of C. fottii var 1 with high PC3 scores associated with low C. fottii
var. 1 abundances. The large decline in PC3 scores over the lower part of the
record reflects the disappearance of C. cavitata from the record.

# Run PCA.
pca <- rda(ord_data)

# Extract results.
pca_results <- tibble(

”AX—iS” = C(HPClH, |IPC2|I, |IPC3|I, |IPC4|I)’

"Eigenvalues" = pca$CASeig[l:4],

"Cumulative percentage variance explained" = c(
signif(sum((as.vector(pca$CAseig) / sum(pca$CAsSeig))[1]) * 100, 4),
signif(sum((as.vector(pca$CAseig) / sum(pca$CASeig))[1:2]) * 100, 4),
signif(sum((as.vector(pca$CAseig) / sum(pca$CASeig))[1:3]) * 100, 4),
signif(sum((as.vector(pca$CAseig) / sum(pca$CASeig))[1:4]) * 100, 4)

)

)

# Plot table.
kable(pca_results, "Summary results of the PCA.")

# Plot biplot.

# Prepare taxa labels.

pca_taxa <- c("Cyclotella cavitata",
"Cyclotella fottii var. nov.",
"Pantocsekiella minuscula",
"Pantocsekiella ocellata")

labels <- c(expression(italic("C. cavitata')),
expression(paste(italic("C. fottii"), " var. 1")),
expression(italic("P. minuscula')),
expression(italic("P. ocellata')))

text_positions <- c(1, 4, 2, 3)
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# Isolate PC1 and PC2 axis scores.
all_scrs <- scores(pca, display = c("sites", "species"), scaling = 2)

species_scrs <- all_scrs$species %>%
as.data.frame() %>%
rownames_to_column("taxon") %>%
filter (taxon %in% pca_taxa)

sites_scrs <- all_scrsS$sites %>%
as.data.frame() %>%
rownames_to_column('"depth')

# Assign zones to site scores.

sites_scrs_daz <- sites_scrs %>%
merge(zones, by = '"depth") %>%
mutate(daz = as.factor(daz))

# Plot blank axes.

xlim <- range(all_scrs[["species"]][,1], all_scrs[["sites"]][,1])
ylim <- range(all_scrs[["species"]][,2], all_scrs[["sites"]][,2])
plot.new()

plot.window(xLlim = xlim, ylim = ylim, asp = 1)

abline(h = 0, lty = "dotted")

abline(v = 0, lty = "dotted")

axis(side = 1)

axis(side = 2)

title(xlab = "PC1", ylab = "PC2")

box ()

# Plot biplot components.
points(sites_scrs_daz$PC2~sites_scrs_daz$PCl,
col = c("palegreen3", "lightgoldenrod",
"lightblue3", "salmon")[as.factor(sites_scrs_daz$daz)],
pch = c(18, 16, 17, 15)[as.factor(sites_scrs_daz$daz)],
cex = 1.5,)

legend("topleft",
legend = levels(sites_scrs_daz$daz),
title = "DAZ",
bty = 1,
col = c("palegreen3", "lightgoldenrod", "lightblue3", "salmon"),
pch = c(18, 16, 17, 15),
cex = 1.5,)

arrows (0, 0, species_scrs$PCl, species_scrs$PC2,
col = "gray50",
length = 0.05,
angle = 30)

text(species_scrs$PC2~species_scrs$PCl,
labels = labels,
cex = 0.8,
col = "black",
pos = text_positions)

# Plot significant axes by depth.

sig_axes <- data.frame(scores(pca,
choices = c(1, 2, 3),
display = "sites",
scaling 0)) %>%
mutate(depth = as.numeric(row.names(.)))

plot_pcl <- ggplot(sig_axes, aes(x = depth, y = PCl)) +
geom_line() +
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coord_flip() +
scale_x_reverse( seq(80, 106, 2)) +
labs( "Depth (m)",

"PC1l axis score") +
theme_minimal(10) +

theme (
element_Tline( "gray 95"),
element_line( "gray 96"),
element_text( 45, 1))
plot_pc2 <- ggplot(sig_axes, aes( depth, PC2)) +

geom_line() +
coord_flip() +
scale_x_reverse( seq(80, 106, 2)) +
labs( element_blank(),

"PC2 axis score") +
theme_minimal(10) +

theme (
element_Tline( "gray 95"),
element_line( "gray 96"),
element_text( 45, 1,
element_blank(),
element_blank())
plot_pc3 <- ggplot(sig_axes, aes( depth, PC3)) +

geom_line() +
coord_flip() +
scale_x_reverse( seq(80, 106, 2)) +
labs( element_blank(),

"PC3 axis score") +
theme_minimal(10) +

theme (
element_Tline( "gray 95"),
element_line( "gray 96"),
element_text( 45, 1),

element_blank(),
element_blank())

plot_pcl + plot_pc2 + plot_pc3

# Plot species scores along significant axes.

# ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

par ( c(1,3))

ordiplot(pca, Ly "species", "PC1")
ordiplot(pca, 2g "species", "pPC2")
ordiplot(pca, 3 "species", "pPC3M)
D.4 Summary

CONISS cluster analysis identified 4 significant diatom assemblage zones. A
DCA showed linear ordination techniques were appropriate. A PCA identified 3
significant component axes, but all except the first were difficult to interpret.
PC1 appears to reflect the ratio of hypolimnetic to epilimnetic taxa.
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Figure D.1: Comparison of the CONISS results with a broken stick model. The observed
reduction in within-group sum of squares is represented by the black line and the model is
represented by the red line.
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Figure D.2: Dendrogram of CONISS results. The vertical dashed line indicates the total sum of
squares value that splits the record into the 4 significant zone. The horizonal grey lines
delineate the resulting zones.
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Figure D.4: Comparison of observed reduction in variance with a broken stick model.
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Table D.1: Summary results of the DCA.

Axis Eigenvalues Decorana values Axis lengths

DCA1l 0.268 0.373 1.96
DCA2 0.132 0.078 1.31
DCA3 0.141 0.026 1.56
DCA4 0.129 0.019 1.35

Table D.2: Summary results of the PCA.

Axis Eigenvalues Cumulative percentage variance explained

PC1 496.48 50.75
PC2 267.53 78.09
PC3 200.82 98.62
PC4 6.56 99.29
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