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Abstract

Late-Holocene Lake Diatom-Inferred Palaeoclimate from Central Turkey

Jessie Woodbridge

In the semi-arid environment of the Eastern Mediterranéan, water can be a limiting
resource and its availability is influenced by different climate factors. Knowledge of late
Holocene water balance is limited for this region. Lake systems and organisms respond
to environmental variability and can be used as a proxy for palaeoclimate. The aims of
this research project were to reconstruct late Holocene palaeoclimate using diatom
frustules presefved within crater lake sediments in central Tlirkey. Two lakes (N ar Goli
and Kratergol), located in the same climate region, were selected for this purpose.
Modern lake samples and sediment cores collected between 1999-2006 were sub-
sampled at high resolution for diatom analysis. Nar Golii provided an uninterrupted
annually-laminated late Holocene sequence covering the last 1720 years. The varied
lake sedimentation rate of Kratergdl was evident in sediment core coarse sandy sections

and the sequence was thought to represent the mid-late 20™ century.

A diatom-salinity transfer function was employed using existing training sets from the
European Diatom Database to infer past water balance. The reconstruction was
calibrated with instrumental meteorological data. Reconstructed salinity was limited by
poor analogue matching between the palaco-diatom assemblage and the modern training
set. This was partly associated with the presence of a previously undescribed diatom

genus (newly named Clipeoparvus anatolicus), which was highly abundant in the Nar
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modern environment and sediment record. Additional methods to extract
palacoenvironmental information from the diatom record were explored. This included
calibrating diatom DCA axes with instrumental temperature in order to reconstruct
palaeo-temperature, identifying mono-specific diatom bloom events in situ on core thin
section slides, calculating diatom biovolume, concentration, diversity and grouping
species according to their habitat preferences. Comparison of the Nar and Kratergol
records highlighted the advantages of annually laminated léke sediments for
palaeoenvironmental research and the limitations of sediment sequences from lakes with

a varied sedimentation rate and poor chronological control.

The primary meteorological control on the Nar diatom population was identified as
summer temperature, via the link with lake water salinity. The Nar diatom sequence was
compared with an oxygen isotope (palaco-evaporation) and pollen record (human land
use) from the same sediment cores and palaeoclimate reconstructions from other sites
and regions. Nar diatoms and oxygen isotopes revealed that Cappadocia experienced
high aﬁdiw prior to AD 540 and mono-specific diatom bloom events have become
increasingly common during the most recent ~400 years. A diatom assemblage shift at
AD 2001 also indicated a recent change in the system. Human land use evident in the
pollen sequence may have influenced the diatom relationship with climatic variability in
the later part of the record. The Kratergél diatom record indicated environmental
variability throughout the mid-late 20" century; ﬁowever, interpretations were limited
due to chronological discrepancies. The annually laminated Nar diatom record has
provided a detailed account of palaecoenvironmental variability in central Anatolia
throughout the late Holocene and contributes towards our understanding of Eastern

Mediterranean palaeoclimate.
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Chapter 1 Introduction

Chapter 1

Introduction

1.0 Late Holocene Eastern Mediterranean climate

The Holocene climate of the Eastern Mediterranean (EM) has fluctuated in terms of
temporal trends and regional variability. The EM has a complex climatic history, due to
the influence of atmospheric circulation patterns associated with surrounding continents,
ocean conditions and regional variability in factors such as topography. Much of the EM
is classified as arid or semi-arid and drought has been a typical feature of the Holocene
climate, with prolonged dry episodes affecting various regions. Mann (2002) identified
that the dominant pattern of influence on EM temperature is the North Atlantic
Oscillation (NAQO) (Figure 1.1). The region is also influenced by atmospheric
circulation patterns associated with both high latitude and tropical locations, such as the
Indian Monsoon. Continental central Turkey has a long record of human occupation
(Roberts, 1990), is characterised by diverse climate types and regimes (Tiirkes et al.,
1995) and is likely to be sensitive to future climate changes, due to the impacts of

drought on water resource availability.
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In countries surrounding the EM basin, human land use has been extensive throughout
the Holocene. For example, the Neolithic settlement of Catalhoyiik in the Konya Plain
(central Turkey) was dated to 9000 cal. years BP (Eastwood et al., 2006). Human
activity in Turkey has been continuous since this time, with many civilisations
developing and collapsing in the region. Pollen and archaeological records indicate
evidence of human impact on the landscape of Turkey throughout the last ~4000 years,
with increasing forcing on natural environments throughout recent centuries (e.g.
Roberts et al., 2001; Wick et al., 2003; Eastwood ef al., 2006). Consequently, the EM
provides an ideal location to analyse the relationship between human activity, climate

and environmental change.
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Recent global climatic warming is thought to be associated with increasing
anthropogenic activity, in particular industrialisation (since ~AD 1840 in Europe)
(Jones and Mann, 2002). The Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (Allali ef al., 2007) highlighted that future climate change is
expected to result in increased temperatures, drought and wildfires with impacts on
health, water availability, tourism and crop productivity in southern Europe and the EM
region. Arid and semi-arid regions were identified as areas at great risk, particularly
regarding water resource availability. According to Bolle (2003), the frequency and
amplitude of extreme climatic events has recently increased in the Mediterranean region
and this will have severe conseciuences for ecosystems, economy and human life.
Turkish climate trends indicate decreased precipitation in some regions since the 1960s
(Tiirkes, 2003). Keyantash and Dracup (2002) described drought as the world’s costliest
disaster, which affects the highest number of people globally. Water resource
availability and management is a particularly important issue for societies inhabiting

semi-arid regions.

Knowledge of pre-instrumental palaeoclimatic variability is required in order to analyse
whether the climate trends of the last few centuries (~AD 1800-2000) are significant in
the context of the past (Luterbacher ef al., 2004) and to identify the precursors for
climate shifts. Additionally, understanding the impacts of climate change on water
availability allows predictions concerning the environmental responses to projected
climate variability (Yano et al., 2007). The last 2000 years are particularly significant in
terms of understanding the impact of human activity on the environment and evaluating

how societies have adapted to climatic changes in the past.
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Various methods are employed to reconstruct palacoclimate through utilising natural
archives, such as tree-rings, cave speleothems and lake and marine sediments. Northern
Hemisphere climate reconstructions typically reveal a Medieval Climatic Anomaly
(MCA) (preceding and during the 10™ to 14™ centuries), a Little Ice Age (LIA)
(throughout the 16™ to mid-19™ centuries) and recent warming (since ~AD 1840) (Jones
and Mann, 2002) (Figure 1.2). The last 200-300 years has been termed the
Anthropocene epoch (Crutzen and Stoermer, 2000; Zalasiewicz et al., 2008). The epoch
1s defined by the time period during which human influence has had most dramatic
impact on the natural environment, predominantly as a result of industrialisation.
Limited high-resolution palacoclimatic inf01.'mation covering the last 2000 years is
available for the EM. Whether the EM experienced similar palaeoclimatic trends to
other regions has implications for understanding present climate patterns and planning

for future vanability.
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and land and marine temperatures (black line) (grey shading represents error). (b)
Reconstructions using multiple climate proxy records based on research conducted
between 1998 and 2006 and plotted with instrumental temperature (black line). Full

details are available in Jensen and Overpeck (2007).

The IPCC Fourth Assessment Report (Jansen and Overpeck, 2007) discussed the

valuable contribution of palaeoclimate research to understanding climatic trends and
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past variability. Recent temperature increases are evident in both instrumental records
and numerous Northern Hemisphere temperature reconstructions (Figure 1.2). In
particular, these records emphasise increased temperatures during the late 20® century.
The majority of the climate reconstructions discussed in the report concentrated on
temperature variability. This presents a need for more high-resolution reconstructions
concerning palaco-precipitation and evaporation, which are important climate factors in
semi-arid regions and are linked with water availability. Additionally, Luterbacher et al.
(2004) highlighted the need for the spatio-temporal coverage of high-resolution,

accurately dated proxy evidence to be extended in the Mediterranean region.

The present semi-arid climate of Turkey, combined with predicted future climatic
changes associated with greenhouse gas (GHG) emissions, has led to concerns about the
impacts of climate change upon society. According to the [IPCC report, difficulties
remain in reliably simulating and attributing observed temperature changes to natural or
human causes. At smaller scales, factors such as land use change and pollution
complicate the detection of anthropogenic warming influence on physical and biological
systems (Jensen and Overpeck, 2007). Therefore high-resolution research focusing on
areas where data are limited, and attempting to separate natural from human-induced

environmental changes, is required.

Mann (2002) considered a number of recent climate trends particularly in the EM and
Southwest Asia (Near East) and acknowledged that recent temperature increases
associated with anthropogenic activity have been masked by natural variability.
According to Mann (2002), this will not be the case in the future, due to stronger

projected trends in global warming. Therefore, Turkey is located in an area that may be
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particularly sensitive to future climate change. Mann ef al. (1999) suggested that further

research is needed to extend detailed palaeoclimate reconstructions to the EM region.

1.1 Lake palaeoenvironmental archives

Variability in climatic factors, such as temperature and precipitation, is reflected by
shifts in lake hydrology and chemistry. This information is recorded in lake sediment
through biotic population changes and geochemical alterations (Figure 1.3). An
extensive archive of environmental information 1s provided by lake sediments, which
allows various palaeoecological and geochemical techniques to be employed for
analysis of temporal changes in climate. In particular, annually-laminated sediments
allow high-resolution analyses and offer a powerful tool for reconstructing

palaeoenvironmental change.

Climate
forcing

Air mass characteristics
Temperature
Precipitation

Precipitation > Evaporation Precipitation < Evaporation

Diatom
fluctuations

Figure 1.3 Lake water chemistry and diatom response to climatic changes (adapted

from Fritz et al., 1999).
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Previous EM palaeolimnological climate reconstructions have identified that the climate
of the region has become increasingly arid since the early Holocene. For example,
diatom fossils have indicated increasing trends in lake water salinity and climatic aridity
(e.g. Kashima, 1994, 2003; Reed et al., 1999; Roberts et al., 2001). Oxygen isotopes
have also become increasingly positive, indicating drier late Holocene climatic
conditions in records from Eski Acigol in central Turkey (Roberts et al.,, 2001; Jones et
al., 2007). Furthermore, a trend towards increased aridity throughout the last 1300 years
was identified in lake pollen and oxygen isotope records from southwest Turkey
(Eastwood et al., 1999, 2006). However, the majority of previous research was based on
long time scales and aﬁalyses were conducted at relatively low-resolution. Therefore
further research is required to improve understanding of recent climatic change in the

EM at high-resolution.

Varved (laminated) lake sediments form in highly seasonal environments and can
provide an annual record of environmental fluctuations (Lamoureux, 2001), due to
visible changes in the sediment composition associated with variation in lake processes
and productivity. Within this research project, two continental volcanic crater lakes,
located in semi-arid central Turkey, have been identified as suitable sites to study EM
palaeoclimate. Nar Golii is annually laminated for the last 2000 years and its water
chemistry is thought to relate to the balance between precipitation and evaporation. The
varved sediment profile permits a high-resolution sampling strategy and annual
calibration with meteorological records. Kratergél is a hypersaline lake with non-varved

sediments and could provide a comparative record of environmental change.
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Lake sediment cores offer potential for multiple proxy analyses from the same
sequence, such as methods employing palacoecological indicators and geochemical
proxies. Multi-proxy studies allow records to be compared and validated against one
another. For example, Roberts ez al. (2001) and Eastwood et al. (2006) used a
combination of lake proxy indicators, e.g. diatoms, oxygen isotopes and pollen, to
reconstruct palacoclimate in Turkey. Jones (2004), Jones et al. (2005, 2006), England
(2006) and England et al. (2008) analysed the oxygen isotope and pollen profiles of Nar
Goli at high-resolution and identified oscillations between wetter/drier climate and that
human land use has been extensive in the region throughout the last 2000 years.
Potential exists for the application of additional proxy aﬁalysis of Nar Golii sediments to
evaluate the relative impacts of human activity and climate factors on the environmental

history of the lake and improve understanding of EM palaeoclimate.

1.2 Diatom palaeoenvironmental indicators

Diatoms are unicellular algae that respond to fluctuations in climate-related
limnological variables through assemblage changes associated with different species’
ecological preferences (Smol and Cumming, 2000). For example, changes in
temperature and precipitation affect lake hydrology resulting in dilution or
concentration of salts leading to a diatom response (Figure 1.3). Diatom-inferred (DI)
conductivity has successfully been employed to surmise palacoclimate by Fritz et al.
(1990) and Laird et al. (1998) in North America, Gell and Gasse (1994) in Australia,
Gasse et al. (1997) and Verschuren ef al. (2000) in Africa, Reed (1998) and Reed et al.
(2001) in Spain and Reed et al. (1999) and Roberts e al. (2001) in Turkey. Diatoms
preserved within annually-laminated lake sediments therefore offer a potentially

powerful tool for palacoclimate reconstruction. Within this research project, diatom
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fossils from Nar Go6lii and Kratergol sediment cores will be utilised as a proxy for water

chemistry.

Transfer functions are frequently employed to derive palacoclimatic information from
fossil species assemblages. Training sets of modern species-environment relationships
(e.g. diatom assemblages and lake water conductivity) based on a range of lakes are
used to infer palacoenvironmental conditions from the fossil species assemblage
preserved in the lake sediment (Figure 1.4). Calibration with meteorological records for
the instrumental period provides a cross-check for interpreting pre-instrumental
reconstructions in terms of climatic varability (Battarbee et al., 200-1). Additionally, a
range of numerical analyses can be employed to derive palacoenvironmental change
from diatom assemblages. For example, detrended correspondence analysis (DCA) can

be used to observe assemblage change through time.

10
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Figure 1.4 The process involved in palaeoclimate reconstruction from lake diatoms

(adapted from Hall and Smol, 1999).

11




Chapter 1 Introduction

1.3 Aims and objectives
The primary aim of this research project is to reconstruct vanability in EM late
Holocene climate from diatom assemblages preserved within lake sediment from Nar
Goli and Kratergol. A secondary aim is to explore different numerical analysis
techniques to derive palacoenvironmental information from diatom assemblages. The
palaeoclimate reconstructions will contribute towards understanding of temporal

variability in long-term climatic fluctuations in the EM region.

Hypotheses
| 1. Lake diatoms provide sensitive indicators of climate and water resource
variability in the Eastern Mediterranean region.
2. Diatom-inferred climate variability during the late Holocene has significantly

exceeded the range recorded during the period of instrumental observations (i.e.

last century).

The aims will be achieved through a number of objectives:

¢ Examine modern diatom populations through lake sampling, sediment traps and
water chemistry in order to understand species seasonality and the relationship
between the modern and palaeo-assemblages.

e Analyse temporal changes in diatom species assemblages at decadal resolution
through subsampling core sections covel;ing the late Holocene from two crater
lakes.

e Apply the diatom data to an existing transfer function from the European Diatom

Database in order to derive a conductivity reconstruction.

12
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e (alibrate an annual record of diatom assemblage change with instrumental
meteorological records.

e Explore novel diatom assemblage analysis methods made possible by the presence
of annually-laminated lake sediment.

e Explore numerical analyses to extract palacoenvironmental information from the
diatom assemblages.

e Compare and incorporate the results of different diatom numerical analyses to infer
lake environmental change and palaeoclimate.

e Compare diatom-inferred (DI). environmental change with other proxy records for
the same lake sediment cores and other lake and non-lake proxy climate
reconstructions.

e Analyse the relationships between DI-environmental change and atmospheric

circulation patterns, in order to identify possible controls on EM palaeoclimate.

1.4 Thesis outline
This chapter (1) has provided an introduction to various aspects of the research. Chapter
2 includes a two-part review of the literature surrounding the use of lake diatoms as
palaeoclimate indicators and trends in EM climate. The next chapter provides a
discussion of site selection, reviews methodological approaches employed and describes
the different procedures followed (Chapter 3). This is followed by a discussion of the
study sites with regard to their lake catchment characteristics (Chapter 4). The next
chapters present the results from Nar Golii (Chapter 5) and Kratergdl (Chapter 6).
Chapter 7 includes interpretation of diatom analysis results. In Chapter 8: Part 1
comparisons are made with instrumental meteorological records from Turkey. Results

are then discussed in terms of palaeoclimate and comparisons are made with other

13
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records from Nar Golii and various regions (Chapter 8: Part II). The global atmospheric
circulation patterns associated with EM climatic variability are then considered. Chapter
9 includes a discussion of conclusions drawn from the investigation and makes

suggestions for further research.

14
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Chapter 2

Literature Review: Lake Diatoms and Eastern Mediterranean Climate

2.0 Introduction

This chapter comprises two subsections, which form the basis of the research. Part I
introduces the subject areas of limnology/palaeolimnology and includes a review of the
literature surrounding the use of diatoms from lake sediments as palaeoclimatic
indicators. Part II describes the issues surrounding late Holocene climate change in

relation to the Eastern Mediterranean region.

Part I Palaeolimnology and Diatoms

2.1 Lacustrine environments

Lakes comprise inland water bodies that form through tectonic, volcanic, glacial and
other processes (Horne and Goldman, 1994) and vary with regard to their
geomorphology, biogeochemistry and ecology. A lake’s catchment comprises the area
surrounding the basin from which water drains. Catchment characteristics influence the

nutrient and chemical status of the lake and impact on the biota inhabiting the system.

Lake water balance relates to the hydrological inflow and outflow and is linked to
variability in climatic factors, such as rainfall and temperatﬁre (Figure 2.1). Lake
residence time relates to the duration taken for water to circulate through the system and
is calculated by dividing lake volume by the sﬁm of water inflows and outflows. Open
and closed-basin lakes differ in their sensitivity to climatic fluctuations. Open systems

lose water partly via surface outlets; therefore water level remains relatively constant.

15
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Closed systems, common in semi-arid regions where evaporation exceeds precipitation,
are highly influenced by climate, due to the fact that evaporation is the main process by
which water leaves the system (Wetzel, 2001). The hydrochemistry of closed-basin

. lakes is therefore greatly influenced by the balance between precipitation and

evaporation.

Precipitation Evaporation

Figure 2.1 Structure of a maar lake illustrating the hydrological inputs/outputs and

stratified water layers.

Lake water is frequently separated into non-mixing layers as a result of vertical
temperature and chemical differences (Figure 2.1). A typical stratified lake comprises
three layers, termed the epilimnion (top), metalimnion/thermocline (middle layer where
temperature rapidly changes) and hypolimnion (bottom) (Bronmark and Hansson,
2005). These layers are often thermally and chemically stratified and change position
throughout the year in a cyclic pattern. Deeper water layers receive a limited supply of
atmospheric oxygen and light, which can restrict colonization by benthic organisms; this

allows sediment to remain undisturbed. The sharp salinity and temperature gradients

16
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associated with steep-sided, deep basins with a small surface area provide suitable

conditions for water to become stratified (Wetzel, 2001).

Stratified lake systems, with anoxic bottom waters and limited bioturbation, provide
ideal conditions for the formation of annually laminated sediments or varves. This
involves distinct deposition patterns related to regional seasonality, forming a repetitive,
cyclic pattern (O’Sullivan, 1983). Varve coﬁplets, typically a few millimeters thick,
comprise a light/dark sequence of organic material and inorganic sediment, which
accumulates during different seasons, associated with processes occurring in the system.
Varved lake séquences can provide a consistent record of past environmental change
and a useful sediment dating tool (Lamoureux, 2001). Maar lakes are often stratified
and form within volcanic craters, which result when ground water makes contact with
rising magma (phreatic eruptions). This leads to the formation of steep sided U-shaped
basins, which can be deep in relation to their surface area (Wetzel, 2001). These

systems provide suitable conditions for the formation of varved sediments.

2.1.1 Lake hydrology, biogeochemistry and climate

Lacustrine environments are highly sensitive to climatic variability, responses to which
are evident in hydrological and chemical fluctuations. Such relationships are complex
and related to the lake’s geomorphological, hydrological and chemical characteristics.
Lake water chemistry is dependent on various factors, such as the parent rock type,
topography, vegetation and human land use in the region (Horne and Goldman, 1994).
Solutes accumulate in lake systems through inflow of water and rock weathering. The
major ions in a lake system typically include magnesium, sodium, potassium, calcium,

carbon, sulphate, iron and silica (Wetzel, 2001). Specific Electrical Conductivity (SEC)
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is a measure of the total concentration of all dissolved ions and can be used as a proxy
for salinity. Fluctuations in ionic composition affect biota inhabiting the lake. The
relative importance of these ions to lake biota differs seasonally, for example, spring-
blooming diatoms are dependent on silica and nutrient availability. Silica enters lake
.systems through surface and ground water. Greatest concentrations occur in ground
water that is in contact with volcanic rocks (Wetzel, 2001); therefore maar lakes are
particularly silica-rich. Lake carbonates are derived from inorganic and biogenic
sources. In carbonate-bicarbonate lake systems photosynthetic CO, consumption by
plants and algae results in increased lake water pH, which leads to calcium carbonate
precipitation (CaCOs) and accumulation in sediments (Bronmark and Hansson, 2005).

This process often occurs during early summer following algal blooms.

When solutes become concentrated, saline lakes form. Such lakes are common in semi-
arid regions. Concentration of ions occurs when the outflow of water is restricted and
evaporation exceeds inflows, which remain sufficient to sustain the standing body of
water (Hammer, 1986). Sodium (Na) is often the dominating ion in the system and
different lakes vary with regard to their brine type. Saline lake systems are
characterised, on the basis of dominating anionic concentrations, as carbonate, chloride
or sulphide brine type water (Wetzel, 2001). Eugster and Hardie (1978) devised a lake
brine type classification system based on the relative proportions of different anions and
cations in the system. Brine evolution results from inflow of water, chemical weathering
and evaporative concentration leading to precipitation of minerals (Eugster and Hardie,
1978). In seasonal environments, lake salinity alters throughout the year. Freshening
takes place following spring snow melt and conductivity increases as a result of

enhanced evaporation during summer. Winter ice contains mainly freshwater; therefore
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remaining lake water can become concentrated in salts during this season (Hammer,
1986). Knowledge of the relationship between a contemporary lake and various climate
and non-climate-related factors is required for reliable environmental interpretations,

based on palaeolimnological analyses.

2.1.2 Palaeolimnology

Palaeolimnology is the study of the physical, chemical and biological information stored
in lake deposits (Smol et al., 2001). Lake sediment is composed of autochthonous
material, formed within the system, and allochthonous matter, produced outside of the
lake (Bronmark and Hansson, 2005). This material providés a valuable tool for
understanding past and present lake conditions. Sediment dating permits changes in
palaeo-lake conditions to be interpreted temporally. For example, varve counting and
radioisotopic dating methods are used to date different sediment depths. Varve counting
has been employed as a reliable dating method in various studies. For example, Wick et
al. (2003) performed palacolimnological analyses on a continually laminated sequence
from Lake Van in eastern Turkey. Climatic factors, combined with anthropogenic
influences and basin characteristics, determine the types of organisms that are capable
of existing within the lake. The sensitivity of biological organisms to changing lake
conditions leads to information about the palacoenvironment, such as water depth and
salinity levels, being preserved in fossil assemblages (Battarbee et al., 2001).
Palacoenvironmental reconstructions can be performed through lake sediment analysis.
This allows present and future environmental change to be evaluated in the context of

past variability.
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2.2 Diatoms as palaeo-indicators

Biological indicators can provide extensive palaecoclimatic information. Various
palaeoecological proxy methods are applied to preserved material within lake cores to
infer past climatic cycles and trends. Diatoms respond to changes in the ecological

characteristics of an environment and are a key component of lake ecosystems.

2.2.1 Lake diatoms

Diatoms (class: Bacillariophyceae) are photosynthetic, microscopic, eukaryotic algae
that are well preserved in fossil deposits from lakes (Stoermer and Smol, 1999) (e.g.
Plates 2.1 and 2.2). Diatoms comprise two siliceous valves, or ﬁustuleé, joined by girdle
bands and form a single cell. Taxonomic distinctions are primarily made through
identification of frustule size, shape and cell wall features. Within lakes, diatoms inhabit
various niches, including the water column as plankton, attached to various substrata,
such as sand, plants and seston, and as benthos on the lake bottom or margins. The
benthos are split into epilithon, epiphyton, epipsammon and epipelon. Epilithon live
attached to stones and pebbles, and have many species in common with the epiphyton,
which attach to a host plant and are restricted by the growing season. Epipsammon
attach to sand grains at the lake margin and are a very distinctive community composed
of small, firmly-attached, adnate taxa. Epipelon is associated with seston at various
depths within the water column and bottom mud, which also includes a specialised

community of mainly motile raphid taxa (Battarbee et al., 2001).
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Plate 2.1 Rhopalodia operculata. Plate 2.2 Cyclotella meneghiniana.

Diatom assemblages are often diverse and ubiquitous in lakes and other aquatic
environments. Additionally, species respond rapidly to water chemical changes and are
identifiable to high taxonomic levels, which has led to their frequent use as a
palaeoenvironmental proxy (Battarbee, 1991). Diatoms are often the most dominant
algal group in lake ecosystems and can account for over 50% of primary production
(Stoermer and Smol, 1999). Therefore their importance to ecosystem processes is
paramount. As a component of autochthonous material, diatoms are dependent on

specific limnological conditions.

2.2.2 Lake hydrology, biogeochemistry and diatoms

Changes in lake hydrology and biogeochemistry alter the productivity and distribution
of biota inhabiting the system. Due to the differing tolerances and affinities of taxa,
diatom distribution and species composition is dependent upon a number of climate-
sensitive limnological variables, for example, light availability, temperature, pH,
nutrient status, and salinity. Diatoms are particularly sensitive to changes in lake salinity
and taxa show dissimilar optima along salinity gradients (Fritz et al., 1999). The

sensitivity of diatoms to salinity is a direct result of osmotic stress and is also associated
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with physiological factors, such as the effects of altered salinity on nutrient absorption

efficiency (Saros and Fritz, 2000).

Kilham et al. (1986; 1996) discussed the importance of understanding the responses of
different diatom species to seasonal resource ratios for more detailed interpretation of
palaeo-records and identified that climatic change can alter nutrient loadings resulting in
alterations to diatom assemblages. For example, different species are favoured by
changes in ratios of Si:P and N:P and resource competition theory can be used to predict

the distribution of different species.

Diatom frustules are composed of silica (S10,) and growth is therefore reliant on silica
availability in the lake. Increased temperature and precipitation results in accelerated
chemical rock weathering, which enhances the availability of silica for diatom
population growth. Populations are also greatly dependent on lake nutrient supply,
which is often a limiting factor for phytoplankton growth. When phosphate levels are

high, diatoms are prolific and deplete silica resources.

Diatom species assemblages alter seasonally as a response to lake physical and chemical
changes. Diatom populations are also affected by competition with other algal groups,
such as dinoflagellates and blue-green algae. Additionally, fungal, zooplankton, viral
and bécterial predatibn and parasitism influence diatom population dynamics (Horne
and Goldman, 1994). The differing abilities of diatom species to compete and tolerate
factors such as grazing pressure and low nutrient availability in summer, results in
altered species assemblages throughout the course of a year. Diatoms also differ in their

response to lake variables, depending on their cell volume. For example, Snoeijs et al.
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(2002) identified that large diatoms respond more strongly to salinity variability. The
combined effects of different factors, and the specific basin ecology, interact and result

in a complex diatom response, which requires careful interpretation.

2.2.3 Diatom-inferred climate reconstructions

Diatoms provide a powerful tool to infer past lake hydrological conditions
quantitatively and have frequently been used to reconstruct palaeo-conductivity,
moisture availability and climate. Coring methods are used to obtain a profile of
sediment from the lake bed (Glew ez al., 2001) and analyse temporal change in diatom

species assemblages by substituting ‘space’ for ‘time’.

When using biological indicators, it is important to ensure that the species composition
reflects changes in the limnological variables of interest and that fossil records are
reliable and interpretable (Stoermer and Smol, 1999). Multiproxy methods, such as
those combining diatom with pollen analysis and geochemical techniques, allow records
to be validated and compared, which improves understanding of the lake system and

palaeoenvironmental conditions.

Sediment traps can be used to collect material suspended within the water column in

hollow tubes. This material is called ‘seston’ and is composed of organic and inorganic
particulate matter. Sediment traps can be particularly useful to diatomists as a means of
providing an integrated sample of the present-day lake flora for direct comparison with
sediment core samples, plankton and benthos (Battarbee et al., 2001). Seston traps have

been used in various studies concerning lake diatom communities; for example,
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Cameron (1995) used sediment traps to compare the quality of the diatom fossil record

with the modern lake flora.

Transformation of modern diatom communities into the fossil record is controlled by a
complex array of site specific taphonomic processes that operate both in the water
column and in sediments (Flower, 1993). In addition, laboratory preparation techniques
may initiate further breakage or frustule dissolution. Various limnological variables
influence diatom preservation in sediment. Dissolution has varied affects of different
diatom taxa and can reduce the reliability of palaeoenvironmental interpretations

(Barker et al., 1991; Barker, 1992).

Anderson (1995) highlighted that, prior to the development of robust transfer functions,
fossil diatom data were iﬁterpreted subjectively. Birks (1998) discussed the progress of
- numerical tools in palaeolimnology and highlighted that, throughout the 1990s,
palaeolimnology changed from a predominantly qualitative, descriptive subject to a
quantitative, analytical science. This was accredited chiefly to major developments in

applied statistics and high temporal resolution sampling and dating.

2.2.4 Numerical techniques

Diatom species count data, derived from light microscope slides containing processed
sediment, are converted into percentages for Ihultivariate statistical analysis. The first
stage in interpreting diatom stratigraphical data involves dividing the lake sediment
sequence into assemblage zones using methods such as cluster analysis (Birks, 1995).
This allows zonation and major assemblage changes in the record to be identified by

partitioning samples from different sediment depths into subsets based on their
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similarity. Detrended Correspondence Analysis (DCA) (Hill and Gauch, 1980) is also

used to assess the similarity between samples or species visually.

Transfer functions involve using relationships between modern diatom species and
environmental variables (i.e. water chemistry) to infer ecological conditions from fossil
diatom assemblages (Battarbee et al., 2001). In the development of a transfer function,
calibration training sets are compiled from selected lakes representing a gradient for the
environmental variable of interest, e.g. salinity. Various statistical methods are used to
analyse lake training sets, including Canonical Correspondence Analysis (CCA),
weighted averaging (WA) and the modern analogue technique (MAT). CCA is an
ordination technique that allows species characteristic of specific water chemical
conditions to be identified (Jongman et al., 1995). For the transfer function to be
effective, the environmental variable of interest needs to explain a significant proportion

of the variance in the species compositional data (Battarbee ez al., 2001).

Models are employed to produce reconstructions from fossil assemblages based on the
modern species-environment data. WA) 1s used to determine taxa tolerances for an
environmental variable and is the most widely utilised method in diatom transfer
functions. WA involves establishing an optimum value for each species (weighted by its
relative abundance) for a specific environmental variable by analysing its dominance in
lakes in the training set along with water chemistry data. This optimum value is applied
to the species weighting in the fossil assemblage in order to infer palaeoecological
conditions. WA is disadvantaged by the tendency of reconstructions to follow the
distribution of the dominant species. The MAT performs the reconstruction based on an

average of a number of the closest analogue sites (lakes with a similar species
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assemblage) and therefore avoids this problem to an extent. However, MAT is limited
by its susceptibility to the effects of autocorrelation, i.e. the tendency of sites in close
proximity to resemble one another, which can produce incorrect results (Telford and

Birks, 2005).

The predictive ability of the transfer function can be evaluated by examining the
relationship between observed and predicted values. This is reflected by the r value,
which provides a measure of the strength of this relationship. The Root Mean Square
Error of Prediction (RMSEP) is a cross-validation measure of the performance of the
training set, i.e. the predictive error (Birks, 1995). However, due to over-estimation of
the predictive ability of models, errors are often produced when the same data are used
to predict the values. Various computer-based methods have been developed to reduce
the effects of this, e.g. jack-knifing and bootstrapping. This involves leaving random
samples out of the data set and observing the predictive ability of the model (Birks,
1998). Ensuring that fossil taxa are well represented in the modern training set is also an
important factor, as the reconstructed values are likely to be more reliable if most fossil
species are present in the modern lakes (Birks et al., 1990). The MAT can be used to
produce a numerical definition of the similarity between the modern and fossil samples

(Battarbee et al., 2001).

Once a reconstruction has been performed, the reliability of inferred values, based on
fossil samples, needs to be assessed (Birks, 1995). This can be achieved using analogue
matching methods described by Birks ef al. (1990) and Bartlein and Whitlock (1993).
The MAT uses a dissimilarity measure to numerically compare biological assemblages

in fossil samples with those in modern samples (Birks, 1995). The MAT can be used to
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assess whether fossil samples have a good modern analogue in the training set based on
a comparison of the fossil and modern sample minimum dissimilarity coefficients (min.
DC) (e.g. Laird et al., 1998). Fossil samples with min. DC values in the extreme 10 and
5% of the modern training set are identified as having ‘no good’ or ‘no close’ analogues
in the modern environment (Birks, 1995). Therefore reconstructions for these samples

are likely to be unreliable.

An alternative method to assess the reconstruction involves comparing inferred values
with instrumental meteorological records. Correlation and regression allow the
relationship betWeen diatom populations and other factors to be explored and quantified.
Comparison of reconstructed values with meteorological records is possible only when
high-resolution diatom data are available for the instrumental period. Significant
correlation between climate factors and diatom-inferred (DI) conductivity validates
inferences from the pre-instrumental DI-conductivity record (Birks, 1995). Laird et al.
(1998) identified a strong link between diatom-inferred conductivity, instrumentally
measured lake conductivity and water level in the Northern Great Plains (USA) and

employed a WA transfer function to reconstruct pre-instrumental conductivity.

2.2.5 Limitations

There are a number of limitations associated with the use of diatoms as a
palacoenvironmental research tool and their use requires a number of assumptions. Fritz
(2008) highlighted that the response of lakes to non-climatic factors results in non-linear
responses to climate and changes associated with the lake ageing process may alter the
response to a given climate perturbation, resulting in non-stationarity in the diatom

response. Additionally, a relationship derived from contemporary data may not be
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relevant throughout the lake’s history. There are also a number of problems associated
with differential species dissolution and poor preservation of fossil diatoms in certain
lake conditions (Barker et al., 1991; Barker, 1992). Battarbee et al. (2005) suggested
that as little as 1% of the phytoplankton may be preserved in sedinient and that failure to
take such factors into account can undermine the use of diatoms for palaeoclimatic

reconstruction. <

The application of transfer functions also requires a number of initial assumptions, for
example, the species in the modern and fossil datasets have not altered signiﬁcantly,
biota present are related to tﬁe ecological conditions and environmental variables are
related to climatic factors (Imbrie and Webb, 1981). Gasse et al. (1997) highlighted a
number of potential problems associated with the use of diatoms to infer palaeo-
conductivity, for instance, representation of the species assemblages, distortion of the
ecological signal, and non-climatic hydrological factors that may alter water chemistry.
Additionally, problems arise when species are not normally distributed. For example, a

population may be truncated or bimodal in its response to an environmental variable.

When applying training sets compiled from different regions to that of the fossil
samples, a number of additional issues arise. Problems can be associated with the
differing temporal and spatial responses of species to environmental variables,
taxonomic harmonisation between researchérs and issues surrounding the presence of
dominant fossil species that do not have an analogue in the modern training set. Lakes
- within different global regions differ with regard to their calcium and carbonate ions
(Wetzel, 2001); therefore chemical responses to climate also vary. Saros and Fritz

(2000) identified that the growth rates of different diatom species differed in response to
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changing salinity, brine types and nitrogen form (NH4+ versus NOs-). For example,
species exhibited lower growth rates in sulphate in comparison with bicarbonate brine
type lakes. Factors such as rock weathering and volcanic products may also alter the
ionic composition of maar lake water and affect the diatom relationship with salinity.
Martin-Del Pozzo et al. (2002) identified increased Na®, Ca," , SiO, and Mg,"
concentrations in spring water prior to volcanic activity. Therefore it is important to
combine information from multiple proxies and consider additional biostratigraphic and
lithological data when inferring palaecoclimate from diatom assemblages. Although a
number of limitations exist, there is still great potential for the use of diatoms in

palaecoenvironmental research.

The European Diatom Database (EDDI) was created to provide an extensive archive of
diatom-environment information and allow reconstructions to be performed using
collections of training sets from Europe, Africa and Asia (Juggins, 2008). The combined
salinity training set comprises data from East Africa, North Africa and Spain. There is
potential for such databases to expand and a global diatom resource to be created. Birks
(1998) suggested a number of future advances involving improved statistical techniques
and computer technology. For example, there is potential for calibration training sets to
take into consideration the varied responses of a species to an environmental variable.
Battarbee et al. (2001) highlighted the need to strengthen understanding of diatom
habitats and ecology to permit higher precision climate reconstructions and Fritz (2008)
suggested that increased coordination of efforts is needed to generate regionally robust

climate reconstructions.
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2.2.6 Additional diatom analysis methods

A number of other analytical methods can be employed to infer palacoenvironmental
information from diatom assemblages. For instance, in addition to conductivity, diatoms
are also employed to infer palaeo-temperature, pH and nutrient status of lakes. An
oxygén isotope signal is also recorded in frustule silica, which can be used to infer
palaeo-lake water balance based on the ratio of '*0/'°0 associated with changing
temperature and precipitation (e.g. Leng and Barker, 2006; Barker et al., 2007).
Diatoms can also be employed to reconstruct palaeo-silica-cycling from lakes (Street-
Perrott and Barker, 2008) with implications for understanding palacoenvironmental

change.

Calculation of diatom concentration and total cell biovolume (biological volume)
provides information regarding past productivity and allows the relative importance of
different species in the population to be analysed. Wolfe (2003) calculated diatom cell
biovolume and species diversity in conjunction with a WA transfer function for summer
water temperature, in order to analyse the response to climate change. Species cell
dimensions and volumes are likely to vary between lakes. There are positive and
negative aspects to using percentage data and biovolume. Percentages allow an
individual specie’s relative contribution to the community to be calculated and are
useful when applying transfer functions. However, percentages do not account for
variability in species cell volume and productivity. As proportions are relative,
assemblage change is masked by extreme abundances of small diatoms and bloom
species. Maximum specific growth time has been identified as decreasing with
increasing algae cell size (Mizuno, 1991), which results in large species being observed

less frequently and leads to incorrect ecological interpretations. Although biovolume
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accounts for actual biomass, this reduces the importance of smaller species cell number,
which may lead to important information about fecundity being lost. A combination of
percentage and biovolume data provides more detailed information about the

assemblage.

Estimating species diversity can also provide palacoenvironmental information. For
example, greater diversity may indicate increased system disturbance due to the
changing number of habitat types available. Gell and Gasse (1994) recognised greater
species diversity in lakes of lower salinity; this is likely to relate to the fact that fewer
species are able to tolerate extreme conditions. Species can also be grouped according to
their habitat preferences. For instance, the ratio of planktonic to littoral/benthic diatom

species can be used as a proxy for past water level (e.g. Barker ez al,, 1994).

Varved sediments permit a number of additional analytical methods. Measurements of
varve thickness and analysis of sub-layers can provide information about palaco-
productivity and different events occurring in the lake. Romero-Vianna et al. (2008)
derived a climate signal from sediment varve thickness. Distinct single-species diatom
bloom events can also be microscopically visible on thin section slides prepared directly
from a varved sediment core and can provide valuable information about assemblage
seasonality. Additionally, the installation of sediment traps in a lake allows material
deposited at different times of year to be studied and seasonality in the diatom
population to be analysed. For example, Hausmann and Pienitz (2007) highlighted the
need to reconstruct seasonal variability in past climate and identified differences in a

lake’s sub-annual response to climate using sediment traps.
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2.3 Summary

Lacustrine environments are sensitive to environmental fluctuations and can provide
sediment archives of palacoecological information. Biological indicators are useful tools
to reconstruct palacoenvironmental change and strengthen understanding of past climate
variability. The extensive literature surrounding diatoms as palaeoclimate indicators
focuses on diverse global locations and provides a strong foundation on which to base
future research. Transfer functions offer a powerful tool to reconstruct palaeo-
conductivity from diatom assemblages. Interpretations of suéh reconstructions can be
improved by employing additional methods to analyse temporal change in the diatom
commﬁnity, comparison with different proxy data and instrumental meteorological

records.
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Part II Eastern Mediterranean Climate

2.4 Introduction

In semi-arid regions, palaeoecological information derived from the sediment archives
of closed-basin lakes can reveal long-term patterns in the intensity, duration and
frequency of climatic changes (Fritz et al., 1999). Analysis of the modern climate
regime can be employed to understand palaedclimate from lake sediment records. The
Eastern Mediterranean (EM) includes a number of European, North African and
Southwest Asian countries and surrounding marine basins (Chapter 1: Figure 1.1).
Turkey occupies the region where the continents of Europe and Asia meet. This region
is topographically elevated in comparison with neighbouring countries, and is
predominantly mountainous, with a broad plateau (1000-2000 m above sea level)
(Sansal, 2005). Turkey is bordered by the Mediterranean, Black, and Aegean Seas.
Fairbridge et al. (1997) highlighted the ‘special position’ of Anatolia (central Turkey)
linked to its geologic history, elevation and the position of surrounding marine basins,

which combine to create a unique climatological setting.

Human settlement has been extensive and continuous throughout the Holocene in
Turkey, with many civilisations developing on the Anatolian peninsula. Anthropogenic
activity has played an important role in shaping the landscape of the EM, predominately
through agriculture. Roberts ez al. (2004) highlighted that spatio-temporal complexity
exists in human impact on the region due to the combined impacts of climatic
fluctuations and social factors. Water is a sensitive resource for humans inhabiting
drylands, due to the risk of drought and negative consequences of decreased moisture

availability (Cullen et al, 2002). Drought events have had dramatic social,
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environmental and economic impacts on present and past societies (Fritz et al., 1999).

Therefore it is important to understand patterns in past water resource availability.

2.5 Factors controlling Eastern Mediterranean climate

In order to make inferences about EM palaeoclimate, it is necessary to understand
present trends and factors affecting variability. According to Rossignol-Strick (1993),
the present climate of the EM is dependent on conditions in central and southern Asia,
central Europe, Africa, the Mediterranean Sea and the Atlantic Ocean. Turkey is
situated in a transition zone that is under the influence of various atmospheric
disturbances and weather types (Tiirkes et al., 1995); For example, the North Atlantic
Oscillation (NAO) and the North Sea Caspian Pattern (NCP) have important influences
in the climate of the region. The Southern Oscillation (SO), the Arctic Oscillation (AQ)
and the Indian Monsoon have been identified as éxerting less influence on EM climate.
The influence of changing strength and intensity of these pressure systems on seasonal
climate at annual to centennial timescales, combined with regional factors,r such as
Turkey’s high elevation, the presence of mountain ranges and marine basins, create a
specific climatological setting. Additionally, climate forcing associated with human
activity, such as increased GHGs and changes in land use, may have impacted upon EM

climatic vanability.

2.5.1. North Atlantic Oscillation

The NAO has been identified as the pressure system exerting greatest influence on
Turkish climate, particularly during winter. The NAOI (Index) is related to the surface
préssure alteration between the Azores High and the Icelandic Low. Negative phase of -

the NAOI is associated with increased storm tracks entering the Mediterranean basin
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and consequently impacts upon EM climate. Tiirkes and Erlat (2003; 2005) investigated
climatological responses to the NAOI at 78 weather stations in Turkey. Significant
relationships were identified between climate data and positive or negative NAOI
phases at most stations. A number of time periods throughout the instrumental period
were identified as having experienced widespread, severe drought and these were linked
to extreme NAOIL Additionally, Mann (2002) identified the dominant pattern of
influence on Middle Near Eastern Temperature (MNET) as the NAO. Over the past
several decades, the NAOI has steadily strengthened. Cullen ef al. (2002) suggested that

this trend accounts for increased temperature over parts of Europe and Asia.

During periods of positive NAOI, the North Atlantic westerlies, which provide moisture
for the EM, shift northwards, creating drier conditions in Turkey (Komuscu, 2001).
Tiirkes (1998) suggested that downward trends in Turkish precipitation since the 1970s
could be attributed to a further northward shift of the polar front from its normal
position, as a result of the more eastward extension of the drought-dominated
subtropical anticyclones from the Azores to the EM. When the NAOI is high, wetter
conditions prevail throughout northern Europe and drier conditions occur in
Mediterranean Europe, with the opposite effect during low NAOI (Osborn, 2008).
Karabork et al. (2005) identified that winter NAO influences precipitation and stream

flow patterns in Turkey and that temperature appears to be less sensitive to the NAO.

A teleconnection ‘see-saw’ oscillation pattern has been identified in atmospheric
pressure distribution and spatial precipitation variability between the east and west
Mediterranean (Roberts et al., 2004). Oldfield and Thompson (2004) identified negative

correlation in winter (NDJF) precipitation (AD 1855-1990) between meteorological
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stations in Western Europe and the EM. Wet winters in the west correspond with dry
winters in the east. This relationship is likely to relate to shifts in the NAO and implies
that Turkey may experience opposite precipitation patterns to those typical of Western

Europe.

2.5.2 North Sea Caspian Pattern

The NCP Index (NCPI) represents the atmospheric teleconnection between the North
Sea and the northern Caspian Sea region (Southwest Asia) (Kutiel and Benaroch, 2002).
The influence of this pressure system is more pronounced in winter and negative phases
relate to higher pressure over the Caspian Sea. Positive and negative phases of the NCPI
were identified by Kutiel and Tiirkes (2005) as significantly related to temperature in
the EM, Anatolia (central Turkey) and Southwest Asia. Greatest influence of the NCP
was recognised on the temperature regime of continental central Turkey; however, the
relationship with precipitation was less clear and subject to considerable spatial

variability.

2.5.3 Arctic Oscillation

The AO represents atmospheric pressure changes between the Arctic and northern
middle latitudes. Tiirkes and Erlat (2008) evaluated the relationship between Turkish
climate and the AO Index (AOI). Significant relationships were identified between
winter temperatures and the AOI at 70 Turkish meteorological stations. Tiirkes and
Erlat (2008) identified that the AO pattern forms warm signals in Turkey by increasing
westerly and south-westerly circulation carrying Atlantic and northernmost African

warm arr into the EM.
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2.5.4 Southern Oscillation

The SO represents seasonal fluctuations in air pressure differences between Tahiti
(South Pacific) and Darwin (north coast of Australia). Cold/warm SO phases (El Niiio
and La Niiia) are related to various climatic events in the South Pacific region. Dry
conditions in the EM have been associated with warm SO events (Tiirkes, 1998). The
SO was recognised as a climate feature in the EM by Mann (2002) and identified as
having a weak and inconsistent influence on the region. Alpert ez al. (2005) suggested
that shifts in the SO lead to changes in Mediterranean circulation patterns and are

associated with rainfall extremes in the EM.

2.5.5 Indian Monsoon

The Indian monsoon is associated with the seasonal temperature difference between the
Eurasian land mass and surrounding oceans and has been identified as a teleconnection
influencing summer climate in central Anatolia (Lionello et al., 2006 b; Jones et al.,
2006). Liu and Yanai (2001) recognised that greater intensity of monsoon rains from
tropical Africa to India lead to warmer conditions in western Asia and Alpert et al.
(2005) identified that an enhanced Indian Monsoon is linked to increased summer
temperatures in the EM. Increased monsoon rainfall results from low pressure systems
over southern Asia; this strengthens the northerly and north-easterly airflows from

warn/dry central Asia, resulting in increased drought in the EM (Jones et al., 2006).

2.6 Instrumental meteorological records
The present climate of Turkey is temporally and spatially variable. Coastal locations
have a mild Mediterranean climate, while the inland Anatolian plateau experiences

extremes of hot summer, cold winter and low rainfall (Reed et al., 1999). Sub-regions
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vary considerably with regard to their temperature and precipitation regimes (Tiirkes,

1998).

2.6.1 Spatial variability

The climatic regime of the Mediterranean is spatially variable due to the presence of
many sharp orographic features, such as islands, gulfs and peninsulas (Lionello et al,
2006 b). Regional temperature and precipitation variability in Turkey results from the
influence of local topography, elevation and regional distances from surrounding marine
basins. Tirkes (1998) identified several precipitation regions in Turkey associated with
rainfall geographical control aﬂd seasonality (Figure 2.2). Spatial variability in
precipitation between these regions is highlighted by measured differences in total
rainfall (Figure 2.3). For example, central areas experience an annual rainfall total of
400 mm, whereas coastal regions receive around 800 mm. Tiirkes (1995) identified
highest mean temperatures in the south and in coastal regions, whereas the east and
central areas experience a cooler climate (Figure 2.4), which is mainly associated with
elevation changes. Extreme seasonality exists in the temperature and precipitation
regimes of Turkey. For example, summer temperatures reach as high as 30°C in central
Anatolia, whereas winters are typically cold and snowy due to the high elevation.
Spring precipitation accounts for over 30% of the annual total in central regions, while

summer accounts for less than 5% (Tiirkes, 2003).

Droughts, involving prolonged periods of reduced water availability (Wilhite, 2000), are
a typical climatic feature of semi-arid Turkey. Inland continental areas with little
vegetation cover are described by Bolle (2003) as particularly sensitive to increased

temperatures, due to the lack of water for evaporative cooling and absence of plants for
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CO; fixation. The intensity of droughts and regional susceptibility can be quantified
using aridity indices. Tiirkes (2003) defined spatial variability in the aridity index of
Turkey (Figure 2.5) based on the ratio of evapotranspiration to precipitation and
identified central areas as the most arid. Throughout much of Turkey,
evapotranspiration is greater than precipitation; therefore semi-arid and dry sub-humid

climate conditions dominate the continental interior of the country (Tiirkes 1998).
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Figure 2.2 Turkish precipitation regions based on geographical distribution of rainfall
regimes. Data from Tiirkes (1998; 2003), redrawn by Jones (2004). Blue circles

highlight locations of lake sites in this study.
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Figure 2.3 Mean annual precipitation totals for Turkey. Data from Tiirkes (1998; 2003),

redrawn by Jones (2004). Blue circles highlight locations of lake sites in this study.
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Figure 2.4 Mean annual temperature for Turkey. Data from Tiirkes (1995), redrawn by
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Figure 2.5 Mean annual aridity for Turkey. Data from Tiirkes (2003), redrawn by Jones

(2004). Blue circles highlight locations of lake sites in this study.

2.6.2 Temporal variability
Considerable temporal variability throughout the late Holocene has been identified in
meteorological records and palaeoclimate reconstructions from the Mediterranean

region (Luterbacher et al., 2006). Xoplaki ef al. (2006) claimed that the hot summers of

41




Chapter 2 Literature Review

the decade 1994-2003 in the Mediterranean were unprecedented in the context of the
last 500 years. Tiirkes (2003) acknowledged that annual and winter precipitation have
decreased over a considerable part of Turkey since the early 1970s and identified a
general tendency from the humid conditions of the 1960s towards the recent dry sub-
humid climate of the region. Additionally, annual, winter and spring mean temperatures
have increased in many areas of Turkey, particularly in the south, whereas summer and
autumn temperatures have decreased over the northern and continental regions (Tiirkes

et al,, 2002).

Figures 2.-6 and 2.7 illustrate recent climate trends recorded at two meteorological
stations in Turkey (Ankara and Nevsehir) based on average summer and winter
temperature and total annual precipitation records from the 20" century. The Ankara
record illustrates a general increasing trend in winter temperature between 1927 and
2007 and a recent rise in summer temperature. Total precipitation recorded at Ankara
has increased throughout this period. The Nevsehir record shows a recent increase in

summer temperatures and a decrease 1 total precipitation.
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Figure 2.6 Average summer and winter temperature plotted with total annual
precipitation for the period AD 1960-2007 recorded at Nevsehir meteorological station

(Turkey) (data from Turkish State Meteorological Service).

25 600
20 500
’__"——r-r-'——“—_’_‘—
15 = emimi 400
—_ 1
(9] 1 s 1 1
< 1
= 1 4 N
- >
3 >
EIO 300 €
H E
o c
E o
=
® 8
5 200_9
]
g
- = ;| o a
0 100
S L} - 0
©COONTOWRONTOOVDONTONDONTORONTONONTONVONT OO NT
NNANMMOMITIIIIODOLODNDNDOOOOVORRNRNRNNDNOONDDNDNDNDO OO
O NN DONONDNONNNNNNNNIOIANNANOONONONO OO
i B B I I I I I I I I I I I I I I I I I I I I B I I B T I I I B I R I I I o I I )
AD

W Total precipitation &~ Average winter temperature -&-Average summer temp.

Figure 2.7 Average summer and winter temperature plotted with total annual
precipitation for the period AD 1926-2006 recorded at Ankara meteorological station

(Turkey) (data from Turkish State Meteorological Service).
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2.7 Holocene palacoclimate reconstructions

Spatial and temporal changes in the trends and intensity of factors controlling EM
climate, combined with regional influences, have resulted in climatic variability
throughout the Holocene (~11.7 ka). Previous palaeoenvironmeﬁtal research in the EM
has often involved low-resolution descriptive studies based on relatively long time
scales; for example, Cohen and Erol (1969), Rossignol-Strick (1993), Erol (1978;
1997), Erinc (1978), Harrison and Digerfeldt (1993), Landmann et al. (1996),
Fairbridge et al. (1997), Fontugne et al. (1999) and Akgiin et al. (2007). Low resolution
studies lack the advantage of calibration with instrumental meteorological recqrds made

possible through high-resolution sampling.

Due to the wide range of natural proxies available, the Mediterranean region presents an
ideal location for climate reconstructions, in particular for analysing present climate
extremes in relation to pre-instrumental periods (Luterbacher et al., 2006). Numerous
natural archives, including lake sediment, vegetation, tree rings and cave speleothems,

have been utilised as palacoclimate indicators in the EM.

2.7.1 Lake sediment archives

Changes in vegetation, hydrology and the nature of lake sediment are reflected in
proxies such as pollen, diatoms and geochemical records. Within semi-arid regions,
changes to the diatom assemblage often reflect drought frequency. Diatoms have been
utilised as a climate proxy in Turkish lakes by numerous researchers including Reed et
al. (1999), Eastwood et al. (1999), Roberts et al. (1999; 2001) and Kashima (1996;

2003).
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Kashima (1996, 2003) identified a strong relationship between measured and diatom-
inferred conductivity and highlighted the potential for reconstructing diatom-inferred
palaeo-conductivity fluctuations in Turkish closed inland lakes in order to understand
Late Quaternary climate change. Reed et al. (1999) recognised an inverse relationship
between lake level and diatom-inferred conductivity in Turkish lakes. Such research has
illustrated the sensitivity of lake diatoms to climatic fluctuations. However, these
studies involved relatively long time scales and were disadvantaged by poor diatom

preservation (Reed et al., 1999) and limited chronological control.

Oxygen and carbon isotopes recorded in lake sediments are frequently used as a proxy
for precipitation and evaporation. The ratio of '*0 to '°0, related to the evaporative
removal of lighter isotopes, indicates wet and dry shifts in climate associated with
drought frequency. In Turkey, this method has been employed by Leng (1999; 2001),
Roberts et al. (1999; 2001), Wick et al. (2003) Eastwood ez al. (2006) and Jones et al.
(2005; 2006; 2007; 2008). Jones et al. (2005) recognised significant relationships
between the oxygen isotope record from Nar G6li crater lake in central Turkey, summer
temperature and evaporation. However, it was highlighted that interpretations of
isotopic records in lake sediments are often over-simplified (Jones et al., 2008).
Therefore a combination of proxy analyses can provide more reliable climate

reconstructions.

Pollen preserved in lake sediments can provide detailed records of past landscape
change, human activity and climate variability. A number of pollen studies based in
Turkey have been largely descriptive and have involved long timescales; for example,

Bottema and Woldring (1990), Bottema (1995), Rossignol-Strick (1993) and Roberts e?
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al. (1997; 1999; 2001). More recent studies have employed higher-resolution sampling,
for example, England et al. (2008), Wick et al. (2003) and Eastwood et al. (2006).
England et al. (2008) compared pollen, stable isotopes and charcoal records from Nar
Golii crater lake in central Turkey and identified that pollen and charcoal relate to
human land use and do not coincide with changes in the isotope record, which is

associated with climate variability.

Palaeoclimate reconstructions from lakes can be complex due to the influence of
regional variability and specific basin characteristics. Interpreting Holocene pollen
records is complicated by the combined impacts of climatic forcing and human land use
on vegetation change. For example, Eastwood et al. (2006) highlighted that agreement
between isotopic and pollen data was limited in a lake study in southwest Turkey, which
1s likely to be associated with human land use and the slower response time of
vegetation to climatic changes in comparison with isotopes. This lack of agreement was
also recognised during the late Holocene by Wick et al. (2003) in a lake study from
northeast Turkey. Therefore multiproxy reconstructions from lakes need to be
interpreted in relation to the changing impacts of human activity, the different response

time of indicators, regional factors and basin characteristics.

2.7.2 Non-lake archives

Tree-rings are frequently used as a proxy for palaeo-rainfall, due to the fact that growth
rates respond to changes in available moisture. Similarly to lake varves, tree-rings allow
annual-resolution research; however, the temporal extent of this method is limited by
tree life-span (e.g. the last ~900 years) and the fact that growth only represents one

season rather than annual climate. According to Luterbacher et al. (2006),
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dendroclimatology is still in its early stages of development in the EM. Several recent
studies have successfully employed this method. For example, D’ Arrigo and Cullen
(2001), Touchan et al. (2003; 2007), Akkemik et al. (2005), Akkemik and Aras (2005)
and Sarris ef al. (2007) reconstructed precipitation and drought during the last
millennium in Turkey, based on tree-ring data and identified a number of wet/dry

trends.

Isotopes recorded in cave speleothems offer detailed records of palaeoclimate that can
be dated with high precision and act as a proxy for precipitation and temperature. Bar-
Matthews et al. (1997; 1999; 2000; 2004) researched EM palaeoclimate using carbon
and oxygen isotopes from speleothems in Israel and identified events that coincide with
northern latitude climate variability; Recent work has employed cave speleothems as a
pelacoenvironmental indicator in Turkey (Baker ez al., 2008). Additionally, isotopic
signals have been derived from Mediterranean marine foraminifera (e.g. Rohling ef al.,
2004) and marine coral from the Red Sea (e.g Felis et al., 2003) in order to infer

palaeoclimatic change.

Documentary records can provide information relating to extreme climatic events.
Intense and prolonged drought episodes have been recorded in Turkey in relation to
their impacts on agriculture and society. Kuniholm (1990) discussed the historically
recorded extreme drought in the Ankara province during AD 1873-1874, which resulted
in the death of 20,000 people out of a population of 52,000. Documentary records can
be useful for validating proxy reconstructions and evaluating the impacts of climate

shifts on human populations.
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2.7.3 Holocene climate variability

The Holocene period, which followed the cold/dry Younger Dryas, is characterised by a
transition to warmer conditions and increased humidity. Numerous lake sediment
studies, such as Harrison and Digerfeldt (1993), Roberts et al. (2001), Reed et al.
(1999), Wick et al. (2003), and Jones et al. (2007), based in the EM, have identified wet
conditions during the early Holocene, associated with high lake levels, followed by drier
climate throughout the late Holocene (since ~5000-4000 yr BP). For instance, higher
diatom-inferred conductivity, more positive oxygen isotope values, and changes in core
lithology were identified in lake sediment from the Konya Basin (central Turkey) by
Reed et al. (1999) during the late Holocene. Kashima (2003) also identified higher
diatom-inferred salinity during the late Holocene in a record from the Konya Basin.
Similarly, more positive oxygen isotope values were recognised during this period in
Eski Acigol (central Turkey) by Roberts et al. (2001) and Jones et al. (2007), which

indicate a transition to a more arid climatic regime.

Rossignol-Strick (1993) reviewed a number of low-resolution pollen records from the
EM and recognised a period of rising oak abundance at the beginning of the Holocene,
associated with increased temperatures and moisture. The vegetation record was
recognised as reflecting increasing human interference throughout the most recent 5000
years. According to Wipk et al. (2003), based on a pollen multiproxy lake study in
eastern Turkey, the impact of human land use has intensified during the most recent 600

years.

Several studies have highlighted the frequency of drought events in the EM throughout

the Holocene. For example, Staubwasser and Weiss (2006) identified dry periods
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around 8,200, 5,200 and 4,200 yr BP. Many climate events have been marked by
sudden changes in climate. For example, Jones ef al., (2006) identified dry periods (AD
300-500 and 1400-1950) and wetter intervals (AD 560-750 and 1000-1350), in sediment
from Nar Golii crater lake, associated with rapid shifts in oxygen isotope values. In a
Turkish tree-ring record, Touchan et al. (2003; 2007) identiﬁed humid episodes ~AD
1518 and 1587 and a particularly dry period from AD 1195 to 1264. Akkemik and Aras
(2005) reconstructed April to August precipitation from tree-rings in south-central
Turkey for the period AD 1689-2000. A number of drought years and wetter intervals
were identified. Additionally, Sarris ef al. (2007) recognised a recent drying trend in the
EM based on tree growth and precipitation data from Samos Islandv(SW Turkey) and
highlighted that this pattern has been more pronounced since the summer of AD 2000.
Therefore proxies that permit high-resolution studies and allow reliable dating control,
such as tree-rings, can provide detailed information about recent climate change and can
reveal short-term shifts in conditions. Diatom populations alter throughout the course of
a year and are sensitive to a range of limnological factors. Diatoms preserved within
annually laminated lake sediments have not been utilised to their full potential as

indicators of Holocene climate change in Turkey.

2.8 Summary

The EM has a varied climate regime, which is influenced by a number of regional and
global factors. The region also has a complex climate history and provides an interesting
link between neighbouring continents. Turkey’s extensive collection of lakes provide a
useful resource for studying climate change. In order to quantify current and future
anthropogenic influence on climate, the last 2000 years are of particular interest,

particularly in relation to the present and pre-industrial era (Luterbacher et al., 2006). In
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light of recent climate anomalies, the late Holocene is a particularly important time
period, which requires further research. This presents a need for more quantitative proxy
climate reconstructions concentrating on recent centuries. Lake diatoms have proven to
be a powerful tool to reconstruct palaeoclimate. Annually-varved lake sediments allow
high-resolution sampling and calibration with instrumental meteorological records. The
lack of high-resolution EM late Holocene climate reconstructions highlights the need
for further research to focus on recent millennia and utilise proxies that permit high-

resolution research.
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Chapter 3

Methodology

3.0 Introduction
This chapter includes a discussion of site selection criteria and describes the field and
laboratory procedures followed for the contemporary and palaeo-limnological analysis

of the Nar Golii and Kratergol diatom assemblages.

3.1 Site selection

Turkey was identified as a suitable location to research Eastern Mediterranean
palaeoclimate, due to the availability of natural palacoenvironmental archives and the
fact that this area provides a climatic link between Europe and Asia. During the late
1990s, a number of lakes in the central Anatolia region were identified via a regional
survey as potential useful indicators of environmental change (Roberts ez al.
unpublished). Following this, between 1999 and 2002, core sequences were collected
from various lakes in Anatolia and analyses undertaken. Within this project, two extant
lakes were identified as suitable sites to investigate palacoenvironmental change
through diatom analysis in order to obtain information concerning palaecoclimatic
variability. Nar Golii (Nar lake) (Figure 3.1) is a stratified, closed-basin crater-lake that
provides a high-resolution record of environmental change due to the annually-
laminated nature of the sediments. A reliable chronology has been established for the
Nar sediment sequence and pollen (England ef al,, 2008) and oxygen isotope (Jonés et
al., 2005, 2006) records have previously been derived from the sediment archive; this
will allow multiproxy comparisons with the diatom record. A second closed basin,

Kratergol (Crater-lake), located in the same climatological region as Nar Golii, was
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chosen as a comparison site. However, no previous palacoenvironmental research has

been carried out for this site.
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Figure 3.1 Map of Turkey highlighting the location of lake sites Nar G6lii and

Kratergol (blue circles) and meteorological stations located at Nevsehir and Ankara

(black circles).

Volcanic crater-lakes (maars) can offer an excellent resource for studying
palaeoclimatic change. Lake sediments are likely to experience limited disturbance in
this kind of system. This suggests that Nar and Kratergél may provide a detailed,
uninterrupted record of past environmental change. Analysis of multiple lake sites

permits reconstruction of regional climate variability and changes in the palaco-records

can be attributed to catchment or climate-related factors.
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Plate 3.4 Nar Golii catchment facing south west (Google Earth, 2007).
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Plate 3.5 Aerial view of Kratergdl (Google Earth, 2007).

Plate 3.6 Kratergdl catchment facing north east (Google Earth, 2007).

Nar Go6lii and Kratergél are both located at considerable height above sea level (Table
3.1) and at a similar distance from surrounding marine basins. Therefore similarities are
likely to exist in the lakes’ response characteristics to climatic variability. Tiirkes (1996)
identified that the distance to marine basins, elevation and the presence of mountain

ranges are the most important features influencing spatial variability in Turkish
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precipitation. Nar and Kratergol were selected in order to compare two sequences from

the same climate region.

Site Lake Lake Catchment Residence Elevation (m Water
area(m?)  volume area (m?) time (yrs) above sea depth (m)
(m%) level)

Nar Golii  5.6x10°  7.7x10° 2.4x10° 8-11yrs 1363 26m (2001)
22.6 (2008)

765
Kratergsl 1.4x10°  7.0x10 3.0x10° - 950 (Dumont,

1981)

Table 3.1 Nar Golii and Kratergol lake characteristics. Including data from Jones

(2004), England (2006) and Dumont (1981).

The sediment profiles from Nar and Kratergél provide records corresponding to the late
Holocene period. These sequences provide potential for high-resolution analysis of
relatively recent climate variability. Dissimilarities exist in the lake sedimentology of
the sites. The Nar repord is annually-laminated while Kratergdl sediments include
coarse-grained facies that may relate to within-lake mass movements of sediments. The
different lake sedimentation regimes permitted a comparison of the suitability of
different sites for palacoecological research. Preliminary investigations revealed that
diatom preservation is very good within the lake sediments of Nar Goli and Kratergol.
Therefore an opportunity was presented for analyses leading to the reconstruction of

palaeo-conductivity and climate.
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3.2 Fieldwork methods

Modern lake samples were collected from Nar and Kratergdl between 2006 and 2008, in
order to study the lake’s contemporary diatom ecology and add to an archive of recent
water chemistry recordings. Core material was collected in 2006 for palaeoecological
analysis and combined with archived sediment sequences collected between 1999 and

2002.

3.2.1 Diatom sampling

Diatoms inhabit various niches within lake environments. Sampling living diatoms
allows understanding of the relationship between modern communities, water chemistry
and fossil assemblages. A number of lake sample locations were chosen to represent
different environments and provide information regarding diatom species habitat
preferences, taphonomy and preservation. During summer 2006-2008, Nar Golii and
Kraterg6l macrophyte material, bottom mud and surface gravel was sampled and
plankton was collected with the use of a plankton-net for diatom analysis. Samples were
stored in polythene bags or plastic bottles and refrigerated on return from the field.
Additionally, modern plant, gravel/pebble and bottom mud diatom samples were
collected from Kraterg6l by Barker et al. during summer 1992. Ideally diatom samples
should be collected during various seasons to provide a complete picture of the
community (e.g. Marchetto and Musazzi, 2001). However, due to fieldwork limitations,
this was not possible. Sediment traps collect lake material throughout the course of a

year and offered an additional method for studying the modern diatom assemblage.
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3.2.2 Seston sediment traps

Sediment traps were used to study the diatom community at Nar Golii, to examine
seasonality in species composition in order to understand the modern environment and
to aid interpretation of the palaeo-diatom record. Lake sediment traps at Nar Goli were
collected and replaced annually (2001-2007) and have been subject to diatom analysis.
The traps were suspended on ropes at different depths within the water column (Figure
3.2). Floats were connected to the traps and the ropes were anchored to the lake bed to
maintain position (Jones, 2004). Individual traps comprised an inner Perspex tube,
encased within plastic guttering, with a funnel inserted to allow sediment to collect in
the tube. Plate 3.7 includes an example of a retrieved intact sediment trap with visible

colour changes associated with seasonality.

In summer 2006, two traps were installed at two points in the lake, at depths of 5 m and
15 m below the water surface (Figure 3.3). Water depth was measured at site A as 20.7

m and at site B as 22.5 m using a Garmin Fish Finder. The deepest part of the lake was

selected, as sedimentation is expected to be most consistent here. In summer 2006, one

sediment trap was retrieved intact (installed in July 2005) from the lake. Two sediment

traps were collected from Nar in summer 2007. However, mixing of these samples had

occurred and stratigraphic integrity was lost. Sediment traps installed in 2007 were

unfortunately lost during the course of the year.

58



Chapter 3

ﬁ Float

Rope (23 m)

@ Float

T

Sediment trap

\Supporting
ropes
l | Anchor

AN

Methodology

+—20cm ———»

50 cm

Plastic funnel

Outer: Plastic guttering
(diameter: 60 mm)

Inner: Perspex tubing
(diameter: 50 mm)

Figure 3.2 Diagram of sediment traps installed at Nar G6lii (diagram not to scale).
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Plate 3.7 Photograph of a sediment trap (2006) and a Perspex tube containing lake

sediment collected throughout the course of a year (Jones, 2004).
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Figure 3.3 Nar Golii catchment (shaded area) and sampling locations. 2001 coring site:
NAROI (grey circle); 2002 coring sites: M1, M2 and M3 (NARO02) (red circles) (Jones,
2004). 2006 sediment trap A installed in vicinity of NAROI and sediment trap B
installed near M1. 2006 and 2008 gravel and plant samples collected at southwest
margin (green circles). NAR06 Glew core collected in vicinity of NARO1 sampling

point. Yellow circles illustrate 2006 and 2008 water sample collection points.
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3.2.3 Water sampling

In order to understand the modern environmental conditions of the lake, it is necessary
to monitor water chemistry. Temperature, pH, and conductivity readings were taken at
Nar Goli during summer 2006 and 2008 and added to a database of previous
measurements collected between 1999 and 2005. Readings were taken at various points
in and around the lake, using a K&M 7002 pH measuring instrument and a 3301
conductivity meter. Locations were chosen in order to compare various lake habitats
and aﬁalyse stratification of water layers. The specific water chemistry of Nar was
analysed using §amples collected in 1999 and 2008, through laboratory titration
methods (Golterman et al., 1978). Samples from Kraterg6l were analysed in 1999 by

Reed et al. using similar methods.

3.2.4 Glew core collection

Studying lake core material allows analysis of temporal changes in the diatom
population. A short core was collected from Nar in summer 2006 (NAR06) and
correlated with a master core sequence retrieved between 1999 and 2002 (NAR01/02).
Nar lake depth was measured using a Garmin Fish Finder and confirmed using pre-
measured rope. A suitable site for core retrieval was selected (Figure 3.3) and a 36 cm
core section (NARO06) was collected using a messenger-operated gravity corer (Glew et
al., 2001) during summer 2006 (Plate 3.8). The coring device was dropped into the
water in order to penetrate and retrieve sediment from the lake bed. A metal messenger
was dispatched down the rope to seal material in the tube and allow the sediment water
interface to be retrieved intact. The device was then pulled to the surface and lake

bottom water was removed with a pipette. Oasis foam was inserted to absorb water and
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prevent mixing. Bungs were then placed into the ends of the tube, which was securely

taped for transport.

Plate 3.8 Messenger-operated gravity corer (Glew ez al., 2001) containing the NARO06

core section (summer, 2006).

3.2.5 Archived lake cores

Between 1999 and 2002, a number of lake cores were collected by Roberts et al. from
Nar Golii and Kratergél, using lake bed morphology to select suitable sites (Figure 3.3).
The deepest part of the lake was chosen to represent the longest and least disturbed part
of the record (England, 2006). A combination of Livingstone (Livingstone, 1955),
Mackereth (Mackereth, 1969) and Glew (Glew, 1991) corers were used to retrieve a 376
cm sequence from Nar Golii (NAR01/02) (Chapter 5: Figure 5.8). Cores were extruded,
cut into half lengths and stored in guttering at 4°C, (Jones, 2004; England, 2006). A
short core of 59 cm was collected from the deepest part of Kratergdl (ACM99) by

Roberts et al. during summer 1999, using a Mackereth corer (Figure 3.4).
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Figure 3.4 Diagram of Kratergdl highlighting the bathymetry of the southern bays and
water depth (orange circles), a spring and well (blue circles) and a dry river bed
(Dumont, 1981). 1999 and 2008 sampling locations (red circle highlights approximate
location of ACM99 core retrieval site and green circle represents 2008 diatom sampling

location).

Core samplers were chosen to suit the sediment type and retrieval requirements. The
Mackereth is a pneumatically driven piston corer designed to collect long, in this case 1
or 3 m, uninterrupted sediment and was chosen for this purpose (Glew et al., 2001). A
messenger-operated gravity Glew corer was chosen to retrieve the most recent sediment,
as this allows the sediment-water interface to be recovered. A Livingstone corer was
chosen to retrieve deeper sediment, as this device allows undisturbed penetration of
more compact material (Glew et al., 2001). These devices allow sediment profiles of
similar diameter to be retrieved from differing depths and sections to be

stratigraphically correlated with one another.
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3.2.6 Bathymetry

Research at Nar Go6lii, which took place between 1999 and 2002, involved studying the
lake bathymetry (Figure 3.3). A depiction of lake-bed morphology was constructed
through taking depth measurements using a Garmin Fish Finder along a range of
transects across the lake. This information allowed the deepest and flattest part of the
lake to be selected for coring and calculations were made regarding lake volume and
hydrology (Jones, 2004). Nar Golii margins are shallower (~10 m) in relation to the
central area (~20 m). Kratergol bathymetry was studied by Dumont (1981) (Figure 3.4).
A water depth of 76 m was identified with two sub-surface cliffs in the southern bays.
The depth of the north section of the lake was not analysed. Therefore a complete

picture of Kratergol bathymetry is not available.

3.3 Laboratory methods

3.3.1 Nar Gdlii core chronology

A master sequence was compiled from the various Nar core sections with the use of
varve chronological techniques (Lamoureux, 2001). This involved counting varves,
comparing lamination patterns between core sections and radioisotope dating. In order
to establish a varve chronology for Nar, two people counted laminations within 6 cm
sections to reach agreed lamina counts for the 1999-2002 core sections (NAR01/02)
(Jones, 2004). The same method was applied to the NARO6 section. Prior to archiving
in cold stores, pins were inserted into cores to correspond with specific lamination
counts and allow future analyses to follow the established chronology. Radioactive
isotopes can be used as reliable dating tools. >'°Pb and '*’Cs analysis of the top 50 cm of

the Nar core sequence and sediment trap material revealed that varve couplets are
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deposited annually (Jones, 2004). Dating of the Nar sediment record was carried out at
the University of Liverpool Environmental Radioactivity Laboratory using direct

gamma assay.

3.3.2 Kratergol chronology

In order to interpret palacoecological archives when varves are not present, accurate
sediment chronologies are required (Appleby, 2001). Sediment samples from Kratergol
were analysed for >'°Pb, *’Cs and **' Am concentration at the University of Plymouth
Consolidated Radio-isotope Facility (CoRiF) using a planar gamma spectrometer.
Samples were freeze-dried, homogenised and stored in sealed containers for three weeks
to allow *'*Pb to reach radioactive equilibration. The detectors were calibrated using

samples of known radioactivity. *'°

Pb was determined via its gamma emissions at 46.5
keV, 2°Ra by the 295 keV and 352 keV y-rays emitted by its daughter isotope ***Pb and
137Cs was measured by its emissions at 662 keV (Appleby, 2001). Additionally, the
presence of metals in sediments can be used as a dating tool. For example, high
concentration of total lead is associated with intensification of industrial processes. For
metal analysis, sediment samples were ground and sieved. The fraction below 150 pm

was digested using concentrated nitric acid and analyses were carried out at the

University of Plymouth using a Varian 725ES ICP/OES.

3.3.3 Core sub-sampling

- The NARO6 core was extruded in the laboratory and cut in half lengthways using cheese
wire to reveal the stratigraphy. The two sections were transferred into lengths of plastic
half guttering covered with cling film. The exposed core half sections were then

cleaned, photographed, described, and laminations were counted. Sections were labelled
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and stored in plastic bags below 4°C. A similar procedure was followed for the 1999-
2002 Nar cores. The Kraterg6l core (ACM99) was subsampled on retrieval into 2 cm

sections and stored below 4°C in polythene bags for future analyses.

High-resolution subsamples were obtained from the archived NAR01/02 core sequence
and NAROG6 section for diatom analysis. Long-term storage schemes must take into
account the avoidance of warm temperatures, light and loss of moisture from the core
(Glew et al., 2001). There are many issues to consider when using archived sediment
material. For example, problems associated with sediment contamination, drying and
shrinkage. It was evident that NAR01/02 core shrinkage had occurred due to water loss;
however, the stratigraphic profiles remained intact. When the material was fresh,
NARO1/02 sections were described, photographed and pinned, according to specific
lamination counts (Jones, 2004). Therefore it was possible for sampling to follow the

previously established chronology.

3.3.4 Kratergél sediment analysis

The Kraterg6l core sequence was described according to grain size, material type and
colour. Carbon content and particle size analysis provides information about processes
that have occurred in the lake and improves understanding of radiometric and
palaeoecological data. The organic carbon content of lake sediment can be used as a
proxy for productivity and the quantity of inorganic carbon gives a measure of the
amount of carbonate in the system. Samples from Kratergdl were analysed for carbon
content using a Smimadzu TOC-500 carbon analyser in the School of Geography
(University of Plymouth). In order to measure total carbon (TC) and inorganic carbon

(IC), samples were combusted at 1000°C and the amount of CO; produced was
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measured. The quantity of organic carbon was calculated by subtracting IC from TC.
Samples were analysed using the high-temperature catalytic oxidation method in a

Skalor Primacs carbon analyser.

Knowledge of the particle size distribution of lake sediment allows inferences to be
made concerning the nature of the parent material, sediment transport and processes that
have occurred in the lake. A laser particle size analyser was used to evaluate changes in
the stratigraphy of the Kraterg6! sediment in the School of Geography (University of
Plymouth). Standard procedures were followed and three subsamples for the range
2000-4 um and one for the 80-0.1 um range were analysed. Sediment was heated in
hydrogen peroxide to remove organics and remaining material was sieved to eliminate
the >2 mm fraction prior to analysis. The percentage of sand, silt and clay was

determined for each sample depending on the particle size distribution.

3.3.5 Diatom subsampling

Subsamples for diatom analysis were obtained by cutting fragments of laminations from
Nar core half sections using a scalpel. Three varve year (VY) samples, of approximately
0.5 cm’, were taken at ten year intervals for the entire 1720 VY Nar master sequence
(NARO1/02) (AD 280-2001). A decadal sampling strategy was chosen to match the
hydrological response time of the lake system (8-11 year residence time). A three VY
sampling strategy was adopted to reduce ‘noise’ in the diatom record and for practical
reasons involving subsampling. For example, when sampling deeper, highly-compacted
sediments, it can be difficult to select individual lamina and it is possible that
contamination may occur between successive laminations. Annual subsamples,

representing the most recent 80 VY (AD 1926-2006), were taken from the NARO6 core.
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The fresh, near-surface sediment of the NARO6 core was suitable for sampling
individual lamina. An annual strategy was adopted for comparison with twelve-monthly

meteorological records matching this time period.

Subsampling the Kratergol core (ACM99) involved taking a representative portion of
approximately 1 g from each polythene bag containing a 2 cm sediment section. Dating
and sediment analysis methods were employed to establish the temporal resolution of

the 2 cm samples.

3.3.6 Sediment traps and modern samples

Sediment material was extruded from the Perspex tubing of the seston traps and sliced
into 1 cm sections for storage in polythene bags. Subsamples of approximately 1 g were
taken for diatom analysis at 2 and 4 cm resolution, depending on the length of the
section. This sampling method was chosen to reveal seasonality in the diatom flora.
Appropriate subsamples of approximately 1 g or 2 ml were taken from the modern lake

macrophyte, gravel, plankton and bottom mud samples for diatom analysis.

3.3.7 Diatom analysis
A diatom analysis preparation procedure was selected to suit the sediment type, remove
unwanted material and allow preservation of valves (Figure 3.5). The process followed

standard procedures adapted from Battarbee (1986) and Battarbee ef al. (2001).
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Collect and extract
modem lake and core
sediment samples

!

Heat samples in
30% H,0; to
dissolve organics

Il =

Heat samples in 10%
HCI to dissolve
carbonates

!

Methodology

Sample diluted and
allowed to settle
for 24 hours

U

Liquid pipetted off and
sample washed by
repeating settling and
pipetting process

Diatom cells diluted
appropriately and 500um
sample allowed to dry on
20mm diameter coverslips

!

Coverslip inverted and
mounted in heated
Narphax onto a standard
microscope slide

!

Slide viewed at x1000
magnification using a
light microscope

U U

If too many or too few
diatomns in each frame
alter sample dilution and
repeat mounting process

If between 5 and 20
diatoms in each frame,
identify species and
count 300400 valves

Figure 3.5 Flow diagram illustrating the preparation procedure for diatom analysis of

lake sediments (adapted from Battarbee et al. 2001).
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3.3.8 Light microscopy (LM)

Prepared diatom slides were viewed using an Olympus BX50 LM at x1000
magnification (oil immersion). 300-400 diatom valves were counted in transects on each
slide and the number of viewing frames was recorded. Battarbee et al. (2001)
recommend a count of between 300 and 600 valves. Tests were conducted when
counting Nar and Kratergol diatoms to ensure that the valve number was appropriate to
represent the species assemblage. The results revealed that new species were not likely
to be encountered after the first 300 valves were identified. A consistent counting
method was developed and adapted to suit different species. For example, a number of
long, thin diatoms were often broken, e.g. Synedra acus; therefore individual ends were
counted and the total divided by two. Only the central area of species such as Navicula
oblonga and Cymbella cistula, was sometimes preserved; therefore centres were
counted and fragments ignored. LM analysis was supported with the use of an eyepiece
reticule for measuring diatoms, a Leica DFC280 microcam and analySIS computer

software (1986-2002) for photographing diatoms.

3.3.9 Scanning electron microscopy (SEM)

SEM allows higher precision taxonomic classification through the identification of
structures not visible with a LM. For SEM analysis, a small drop of prepared diatom
sample in suspension was evaporated directly on an aluminium stub. Samples were then
coated with gold ready for inspection (Battarbee et al., 2001). Photomicrographs were
taken at ~x10,000 magnification using a JEOL 5600 low vacuum SEM at the University
of Plymouth Electron Microscopy Center and a Phillips XL30 field emission SEM at

the Natural History Museum (London).
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3.3.10 Diatom identification and taxonomy

Diatom species identification is principally made on the basis of frustule size, shape,
raphe presence and striae arrangement (Battarbee et al., 2001). Literature sources for
species identification primarily included Krammer and Lange-Bertalot (1991; 1997,
2000) and the European Diatom Database (Juggins, 2008). Numerous additional sources
were consulted including Round et al. (1992), Gasse (1986), Hartley (1996), Cox
(1996), Hustedt and Jensen (1985), Germain (1981), Barber and Haworth (1994) and
journal articles from Diatom Research (Serieyssol and Kociolek, 1985-2008). A number
of diatomists assisted with identification through responding to posted images on the
diatom list server (Sweets, 1995-2008), through discussions at the annual British
Diatomists’ Meeting and support with studying literature at the Natural History

Museum (London).

3.3.11 NARO01/02 core thin sections

Core thin sections for the most recent ~900 VY were prepared from the NAR01/02
sequence in 2002 by Elizabeth Hunt (University of Plymouth). Lengths of core sections
comprising 17 lamina were impregnated in epoxy resin, glued onto microscope shdes,
ground to 30 um thickness and enclosed with a coverslip (England, 2006). Thin sections
allowed individual varves to be analysed in situ and the diatom assemblage to be
observed without disturbance to the sediment. Sections were analysed and species
identified using an Olympus BX50 LM. Organic brown, white carbonate, grey clastic,
and diatom bloom layers were measured using an eyepiece reticule at x40 and x400
magnification. Measurements were taken, in order to infer lake productivity, identify
patterns in the blooms of different diatom species and make comparisons with

traditionally prepared diatom material. Due to the presence of additional organic
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material, it was not possible to identify the majority of diatom species on the thin
section slides. However, distinct single species diatom bloom layers appeared

frequently, which provided insights into diatom community seasonality.

3.4 Data presentation and analysis

3.4.1 Presentation of stratigraphic data

Diatom species percentages were calculated using Excel (Microsoft, 2007) and plotted
on stratigraphic diagrams using C2 data analysis software (Juggins, 2003) in order to
observe temporal change in the assemblage composition. A suitable collection of
dominant taxa were selected for presentation based on species relative percentages in
the population. Species representing at least 5% and 3% of the population in at least one
sample were identified as representing >90% of the total population at Nar and
Kratergol respectively. Therefore all species above these values have been included in

stratigraphic diagrams.

Hierarchical cluster analysis arranges samples into groups based on their similarity
using a hierarchy to illustrate the relationship between the different groups (Kovach,
1995). This method was employed in order to reveal zones in the sequence and identify
temporal change in the assemblage. Stratigraphically constrained cluster analysis was
performed using TILIA (TG View: version 2.0.2) (Grimm, 2004) and sample groups

were plotted as zones on stratigraphic diagrams.

3.4.2 Data transformation and correlation analysis
Multivariate data are often not normally distributed and are therefore mathematically

transformed in order to normalise data for easier analysis and reduce extreme variability
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(Kovach, 1995). The logarithm transformation method is suitable for continuous data
and was therefore selected to transform different features of the diatom data, such as

reconstructed conductivity, diatom biovolume and concentration. Species biovolume
data were also power transformed in order to compare the extreme size variability of

different species.

Correlation analysis was employed to assess whether relationships exist between
different features of the diatom assemblage, meteorological variables and to explore
similarities with other proxy records from Nar Go6lii. Pearson’s correlation for
parametric data is recognised as the most powerful technique in correlation analysis
(Shaw and Wheeler, 2000) and is a suitable method for exploring relationships in
continuous data with a true zero, such as percentages. Data were normalised using a
logio transformation and the direction, strength and significance of relationships was

signified by an r and p-value.

3.4.3 Diatom concentration and biovolume

Information regarding the concentration and biovolume of diatoms within a sediment
sample aids interpretation of palacoecological data. Diatom concentration varies in
sediment cores as a result of numerous factors. This includes variability in diatom
productivity, the efficiency of diatom transport to the sediment, dissolution of frustules
and the rate of sediment accumulation (Battarbee et al., 2001). Concentrations were
determined by calculating the number of diatoms on a LM coverslip and using the
sample dilution and volume to derive the number of diatoms per gram of wet sediment.
The Nar sediment accumulation rate is almost linear; therefore data were plotted

without accounting for changes in sedimentation rate.
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Diatom species cell sizes often vary considerably. Consequently percentage and
concentration data may be misleading (Wolfe, 2003). Therefore diatom data were
converted to biovolume for comparison with percentage diagrams. Biovolume was
calculated by measuring the dimensions of individual diatom species, calculating
average width, length or diameter and using Biovol computer software (Kirschtel, 1996)
to determine cell volume. Due to the extreme variation between species volumes, data
were power or log)o transformed using PC-ORD (McCune and Mefford, 1999) and
Excel (Microsoft, 2007) for plotting and analysis. Total biovolume provides an
estimation of diatom productivity and was calculated for each sample based on the sum

of species biovolumes.

3.4.4 Diatom species diversity

Species richness was estimated for the modern and fossil diatom assemblages using
Analytic Rarefaction software (version 1.3, Holland, 2003). Rarefaction estimates
diversity given a specific cell count. This method is effective when total counts differ
between samples, such as in the Nar assemblage when blooming species dominated the
diatom population. This allowed species diversity throughout the last 1720 years to be
analysed in terms of environmental change and in relation to the modern lake

assemblage.

3.4.5 Diatom habitat preferences
Diatom species are frequently grouped according to their ecological preferences. For
example, the ratio of planktonic to benthic species can be employed to infer past lake

level. Decreased water level is likely to create more habitats for benthic taxa and higher
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water depth will provide a larger niche for planktonic diatoms (Wolin and Duthie,
1999). Within this project, many modern diatom species were identified as inhabiting
mu!tiple lake habitats. For example, numerous planktonic species were also encountered
in epiphytic environments. Therefore species were grouped and the percentage of
benthic taxa was calculated in order to provide additional information regarding past

ecological conditions.

3.4.6 Detrended Correspondence Analysis (DCA)

DCA (Hill and Gauch, 1980) is an indirect ordination method that involves classifying
samples or species into groups on the basis of their similarity (Kent and Coker, 1992).
This technique was used to plot modern and fossil lake diatom samples in ordination
space using PC-ORD (McCune and Mefford, 1999). Sample similarity was analysed to
infer patterns associated with environmental change. DCA was performed on
percentage and biovolume data and results were displayed in ordination graphs and
plotted on stratigraphic diagrams. DCA axis scores plotted against depth provide an
estimate of species turnover (e.g. Barker et al., 2003; Keatley et al., 2006). Axes were
selected for presentation based on the relative percentage of variability in the

assemblage explained by each of the axes.

3.3.7 Transfer functions

Transfer functions use the relationship between individual diatom taxa and the
environmental variable of interest (e.g. conductivity) to infer palacoclimate from fossil
assemblages (Battarbee et al., 2001). Nar and Kratergol palaeo-diatom data were
applied to existing transfer function training sets provided by the European Diatom

Database (Juggins, 2008) using C2 computer software version 1.3 (Juggins, 2003). This
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involved uploading an appropriate training set, corresponding environmental data and
the fossil dataset and running the transfer function in order to reconstruct palaeo-
conductivity. The transfer function output provides reconstructed values on a log;o
scale; therefore values were subject to an antilog function to derive conductivity (uS™).
Data were plotted on stratigraphic diagrams and patterns analysed. Inferences were then

made concerning the relationship between conductivity and climate.

Nar Golii and Kratergél are not thought to have experienced extensive agriculture in
their catchments throughout the late Holocene; however, surrounding areas are likely to
have been influenced by human land use, particularly at Nar. Due to the fact that both
lakes have circumneutral pH water and are concentrated closed-basins in a semi-arid
region, conductivity is considered an important factor driving diatom assemblage
change. Therefore palacoenvironmental reconstructions were performed using diatom-
conductivity training sets. Training sets were selected based on the percentage of fossil
sample species represented in the modern data set, the number of sites in which these
species were present and the model performance (r and RMSEP values). The » value
provides a measure of the strength of the relationship between observed and expected
values and the Root Mean Square Error of Prediction (RMSEP) indicates prediction
errors. Combined datasets were identified as containing a greater number of matching
analogue species in comparison with regional datasets. The combined salinity training
set is a composite dataset comprising 387 modern samples collected from East Africa,
North Africa, Spain and the Caspian region (Central Asia) between 1960 and 1996
(Juggins, 2008). Salinity varies between sites within the training set from a minimum of

133 and maximum of 333,021 pg/I".
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Weighted Averaging (WA) is a commonly employed model in diatom-conductivity
reconstructions (e.g. Gasse et al., 1995; 1997). Within this study, WA with inverse
deshrinking gave the highest » and lowest RMSEP values and was therefore selected as
the most suitable model. The Modern Analogue Technique (MAT) reduces the
weighting of dominant species and is suitable when large modern datasets are available.
The MAT was also employed to infer palaeo-conductivity and compared with the WA
reconstruction. The reliability of the reconstruction was aésessed using the MAT to
evalu;'«.lte how well the fossil samples match the modem trammg set (Birks, 1995, Laird

et al., 1998).

3.4.8 Sediment dating

Kratergol radioisotopic data (*'°Pb, '*’Cs, and **' Am) were plotted on stratigraphic
diagrams using C2 (Juggins, 2003). Interpretations were based on the changing activity
of the radioisotopes with depth. Kratergol dating was complicated by the varied lake
sedimentation rate and the limited stratigraphic integrity of the core (Chapter 6: Section
6.3.2). The chronology of the NAR01/02 sequence was established using a composite

model that best fits all of the radiometric data (Jones, 2004).

3.4.9 Meteorological data, climate indices and palaeoclimate records

Meteorological data have been recorded at various stations in Turkey throughout the last
80 years and were obtained from the Turkish State Meteorologiéal Service. Instrumental
records of temperature, humidity and precipitation were compared with the diatom
records, in order to aid the use of palacoecological data for reconstructing pre-
instrumental climate variability (e.g. Laird ef al., 1996; 1998). High-resolution gridded

meteorological data obtained from the University of East Anglia Climate Research Unit
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(Mitchell and Jones, 2005) were also compared with the diatom records. These global
records provide high-resolution grids of monthly climate data based on interpolated
values for all regions in relation to data from surrounding stations. The relationship
between meteorological data and the diatom records was explored using correlation

analysis.

The ratio of precipitation to evaporation relates to lake conductivity and is thought to
influence the diatom assemblage. Based on meteorological data, an aridity index (AI)
was calculated (Tiirkes, 2003) by dividing precipitation by evaporation (AI=P/E)
(mm/yr). The equation is typically based on precipitation divided by potential
evapotranspiration; however, as the lake catchments are sparsely vegetated, evaporation
was used as an alternative. The temporal relationship between Al and the diatom
assemblage was explored. Precipitation included total annual values recorded at Ankara
meteorological station. Evaporation calculations were based on the relationship between
air temperature, altitude, latitude, wind speed and due point temperature recorded at
Ankara and other stations in the vicinity of Nar Gélii (Jones, 2004). In addition to the
aridity index, cumulative water balance was calculated by addition of cumulative
deviation from mean P/E in order to account for moisture accumulated during previous

years.

Climate indices, including North Atlantic Oscillation, North Sea-Caspian Pattern, Arctic
Oscillation, Southern Oscillation and Asian Monsoon, have frequently been identified
as important drivers of Turkish climate (e.g. Tiirkes and Erlat, 2003; 2005; Kutiel and
Tiirkes, 2005; Alpert et al., 2005). These data were downloaded from various internet

sources (Chapter 8) and correlated with the diatom records in order to analyse whether
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atmospheric circulation patterns influence the assemblages. Additionally, previous
palaeoenvironmental reconstructions were downloaded from various online resources

for comparison with the Nar and Kratergol records (Chapter 8).

3.5 Summary

The methodology was dgveloped to suit the aims of the research and achieve a number
of objectives. Lake sites were selected on the basis of their comparability and suitability
to palaeoclimate research. Field methods allowed a representative sample of the modern
diatom communities to be analysed and temporal change throughout the last 1720 years
to be evaluated. Laboratory procedures were adapted and developed to suit the different
sediment types. Data analysis followed standard methods and involved exploring a
number of additional avenues, such as core thin sections, to derive palaeoenvironmental

information from the diatom assemblages.
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Chapter 4

Site Descriptions

4.0 Introduction
This chapter includes a description of generic features of the study site region and
provides information about each of the lakes in relation to their catchment hydrology,

water chemistry, geology and vegetation.

4.1 Regional characteristics

4.1.1 Central Anatolian climate

The chmate of central Turkey is continental, semi-arid, sub-humid and dry (Kutiel and
Tiirkes, 2005). Nar Golit and Kratergél are located in the Continental Central Anatolian
precipitation region (Tiirkes, 1998). This continental setting limits the buffering effect
of marine basins against climate extremes. Combined with the high elevation of
Cappadocia, this leads to extreme temperature variations between summer and winter.
Average Nevsehir summer (JJA) and winter (DJF) temperatures are 20.3°C and 0.4°C
respectively. Figures 4.1 and 4.2 illustrate average monthly temperature and
precipitation data recorded at Ankara (1927-2007) and Nevsehir (1967-2007)
meteorological stations. The records reveal similar temperature and precipitation
regimes in these different regions. Extremes of temperature are illustrated by the August
high of 33°C and January low of -10°C at Nevsehir during this period. Average total
precipitation at Ankara is 375 mm/year and at Nevsehir, this figure is 407 mm/year.

Highest rainfall occurs between December and May, with an average of 55.6 mm at
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Nevsehir in May and 6.1 mm in August. Humidity is highly related to temperature, with

higher readings during colder periods.
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Figure 4.1 1967-2007 mean climate data (relative humidity, total precipitation and

minimum, average and maximum temperature) from Nevsehir meteorological station

(Turkey) (data from Turkish State Meteorological Service).
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Figure 4.2 1927-2007 mean climate data (relative humidity, total precipitation and

minimum, average and maximum temperature) from Ankara meteorological station

(Turkey) (data from Turkish State Meteorological Service).
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4.1.2 Geological setting

The Central Anatolian Volcanic Province (CAVP) or Cappadocian volcanic province
(Figure 4.3) comprises several eruptive centres and covers the area between Tuz Golii,
the Konya Plain and the Taurus Mountains. Cappadocian volcanism is of basaltic type
and relatively young (<35 ka) (Kuzucuoglu et al., 1998). This extensive volcanic region
of Neogene-Quaternary age extends between Aksaray, Nigde, Nevsehir and Kayseri.
Numerous lake basins of Miocene-Pliocene and Quaternary age have formed in the
CAVP as a result of faulting and volcanism (Karabiyikoglu ef al., 1999). Volcanic
tephra within lacustrine records from lakes in Konya and Eski Acigél in central
Anatolia was analysed by Kuzucuoglu ez al. (1998), who identified several eruptions
during the Late Glacial and Holocene periods. The age of the evolution of the CAVP

has been dated between 13.5 Ma to the Holocene period.

Turkey has experienced numerous minor and major earthquakes throughout the
Holocene. For example, central regions were affected by the well documented
earthquake of AD 1170 in the EM (Guidoboni et al., 2004). However, Erdik et al.
(2001) highlighted that Central Anatolia does not possess major tectonic elements
capable of generating high magnitude earthquakes. Therefore the sediment records from
Kratergol and Nar are unlikely to have been notably affected by earthquake events

throughout the last 2000 years.

Nar Goli is located in the Gélliidag-Acigél volcanic complex of the CAVP. Evidence
from Eski Acigd] (near Nevsehir) has revealed that Cappadocia was volcanically active
until the Late Glacial to Lower-Mid Holocene period (~5000 BP) (Kuzucuogh et al.,
1998). Kratergo6l, situated on the Konya Plain, exists within the region of an extensive
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palacolake on the southern edge of the Anatolian plateau. Lake Konya reached its
maximum ~23,000-17,000 BP (Karabiyikogh ez al., 1997) and following this period,
the lake level declined due to decreased precipitation and higher temperatures (Roberts,
1982). Throughout the Holocene, this area has experienced periods of drought and
renewal of lakes (Karabiyikoglu et al., 1997). Kraterg6l is an example of a maar lake,
situated in the Karapinar volcanic field. This region, dated to Late Pleistocene age, is
located to the southwest of the Karacadag volcanic complex and represents the south

western extension of the CAVP (Karabiyikogh et al., 1997).

7375”1 Fuvialdeposits  Quatemary
[ Volcaniclastics )L.Miooene—Quaiamary

Continental clastics (L Miocens-Phiocene)
Basement rocks (pre M. Miocens) ’

Figure 4.3 Geological setting of the Central Anatolian Volcanic Province (Toprak,

1998). Nar Golii and Kratergol highlighted (blue circles).
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4.1.3 Human activity

Central Anatolia has experienced considerable human activity throughout the previous
2000 years. There is extensive evidence of human-induced alteration to natural
vegetation in pollen records (e.g. Bottema and Woldring, 1990; Wick et al., 2003;
Eastwood et al., 2006 and England at al., 2008). Erinc (1978) discussed the various
impacts of human activity on the natural landscape of Turkey and highlighted
deforestation, over-grazing and soil erosion, associated with agriculture, as some
detrimental consequences. Bottema and Woldring (1990) identified the Beysehir
Occupation (BO) Phase, starting towards the end of the fourth millennium BP and
continuing until the end of the second millennium BP, as involving an advanced form of
agriculture in Turkey with consequences for the natural environment, which is evident
in numerous palaeo-pollen records. The lake sediment records from Nar G6li and

Kraterg6l are also likely to contain evidence of human activity.

4.2 Lake site descriptions

Nar Golii (38°22°30”N; 34°27’30”E)‘ (Chapter 3: Plates 3.1, 3.3 and 3.4) is relatively
small and deep and is located in the Cappadocia region of central Anatolia in east-
central Turkey (30 km southwest of the city of Nevsehir). Kratergol (37°42°49.21”N;
33°39°55.58”E) (Chapter 3: Plates 3.2, 3.5 and 3.6), located on the Konya Plain in
western Anatolia (Turkey), is a relatively small, deep hyper-saline lake situated in a
volcanic semi-desert area near the town of Karapmar (Dumont, 1981). The systems are
likely to exert comparable responses to environmental change, due to similarities in

catchment characteristics and the fact that the lakes are located in a semi-arid region.
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4.2.1 Water chemistry and hydrology

Nar Golii has been annually surveyed and a database of water chemistry monitoring has
been collected throughout the last decade. However, Kratergél has not been monitored
as extensively throughout this time period. Additionally, recent bathymetrical
investigations have been carried out at Nar but not at Kraterg6l. Therefore the lakes
differ with regard to knowledge of their recent hydrochemical fluctuations and

geomorphology.

Nar Gélii

The chemical and hydrological nature of a lake system determines the sedimentation
regime and biota capable of inhabiting the ecosystem. Nar lake volume was calculated
as 7,692,360 m’ in July 2001 and the lake water residence time has been estimated as 8-
11 years (Jones, 2004). Water depth readings revealed that Nar water level decreased by
3.4 m between 2001 and 2008. This may be a consequence of evaporation exceeding

water inflow and implies that the regional climate is becoming increasingly arid.

Jones (2004) developed a hydrological model for Nar Golii and calculated that 178,080
m’ of rainfall enters the lake directly from precipitation and 570,412 m® of water is lost
via evaporation annually. Due to the closed-basin structure of Nar, an important output
of water is via evaporation, which was calculated as accounting for 40-60% of the water
flux leaving the lake (Jones, 2004). The lake catchment is not used for rrigation
purposes. Only 24-33% of the water entering the lake was calculated as originating
directly from precipitation, which suggests that the remainder is derived from
groundwater flow and the cold-water springs around the catchment edge. There is also

an alluvial fan extending into the southern margin of the lake, which may account for a
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portion of water flow. The fact that precipitation is not the main water input has
implications for the strength of the relationship between lake hydrology and climate.
The lake-climate relationship is not straightforward and may be altered by a number of
catchment characteristics and the impacts of human land use. For example, snow melt
during spring is likely to impact on lake ionic concentrations and human land use may

alter the nutrient status of the lake.

Lake water chemistry readings collected between summer 1999 and 2008 demonstrate
that Nar is weakly alkaline to circum-neutral and brackish (Tables 4.1 and 4.2). Summer
2008 water chemistry analyses revealed 0.046 mg/I"' of nitrite in a sample from 0.5 m
water depth and 0.023 mg/l"" at 20 m. No biologically available phosphate was found in
the water samples; therefore this appears to be a limiting nutrient in the lake during
summer. The order of dominating ions in Nar lake water is: Na*>Mg** >K">Ca®" >8r**
and CI>S04>>Si0,. Eugster and Hardie (1978) devised a brine type classification
system for saline lakes based on water chemical composition according to relative
percentages of anions and cations. In the Nar system, the major anion is Na* (52.9%)
and the major cation is CI" (82%). The system is also dominated by K* (20%) and Mg"
(14.3%). Carbonate levels were not directly measured but are thought to be important in
the system. High bicarbonate alkalinity at Nar is indicated by the fact that phenolphalein

| alkalinity is less than half that of total alkalinity. Therefore, according to Eugster and

Hardie’s (1978) classification, the system is CO3-(S04)-(Cl)-Mg-(Na) brine type.

Fluctuating temperature, pH and conductivity with water depth illustrates that Nar lake
water is stratified, with similar results in 2001, 2002 and 2008 (Figure 4.4 a-c). Greatest
change in all variables occurred between 5 and 15 m; this implies that the thermocline is
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positioned at this depth in the water column. However, field research has only taken
place during summer; therefore it is not known whether mixing occurs at any time
during the year or whether the thermocline changes position. Summer temperature
readings at different Nar lake water depths has remained consistent through time,
whereas conductivity increased between 2001 and 2002 and then decreased in 2008 and

lake water pH increased between 2001 and 2008.

Water Depth Temperature Conductivity pH

sample location (m) (°C) (mScm™)

Lake centre Ocm 23.3 3.3 7.9

(ave. 2001-2008) 10m 18.2 3.6 7.3
20m 124 34 6.8

Hot springs 325 34 6.6

Cold springs 14.15 0.11 : 7.6

Table 4.1 Nar Golii water chemistry averaged for the period 2001-2008 (including data

from Jones, 2004).

Lake water sample Centre Hot spring Centre 7 Centre
location 1999 1999 0.5m depth 20m depth
mgn™ 2008 2008
cr 970.0 830.0

Na' 380.0 374.8

S0~ 154.0 165.0 160.7 163.4
K* 144.4 1451

Mg** 103.4 106.0

ca** 59.8 724

SiOz 58.14 54.69 79.2 729
s 313 289

Phosphate 0.000 0.000
Nitrate 0.046 0.023
Phenolphthalein 83.84 31.44 54.3 4.2
alkalinity '

Total alkalinity 455.90 44542 591.5 645.8

Table 4.2 Nar Golii major ion water chemistry (mg/I") summer 1999 (analysis by Jane

Reed) and summer 2008 (analyses conducted at the University of Plymouth).
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Figure 4.4 a) Nar water temperature depth profile (summer 2001, 2002, 2008).
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Figure 4.4 b) Nar water conductivity (mScm') depth profile (summer 2001, 2002,

2008).
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Figure 4.4 ¢) Nar water pH depth profile (summer 2001, 2002, 2008).
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Kratergol

The Konya plain is fed by precipitation, ground-water inflow and discharge from an
inflowing stream. An frrigation network has been implemented in the region, which has
led to decreased underground water-table level (Karabiyikogh et al., 1997). In 1973, a
lake water depth of 76.5 m was recorded at Kratergol (Dumont, 1981). The lake is
closed and likely to be hydrologically linked to climate. Dumont (1981) recognised that
the lake level recedes annually and this results in the formation of brine pools along the
rims, which evaporate and leave a salt crust. Fieldwork conducted in summer 2008
revealed that the lake level has decreased by approximately 5 m since 1999. Tables 4.3
and 4.4 summarise water chemical analyses carried out at Kratergo! during 1999/2008
and by Dumont (1981). Lake water is hyper-saline and dominated by major anion Na*
(88%) and cation CI' (81.6%) with important ions Mg" (9.6%) and SO4 (16%),

therefore the lake is of Na’-CI' brine type.

Kraterg6l chemistry recordings taken during summer 1999 suggest that lake pH and
conductivity differs between the surface and bottom water. A more thorough water
chemistry investigation was undertaken by Dumont (1981), during which the lake was
identified as having anoxic bottom water and being stratified for temperature, pH and
chloride, with a sudden chang¢ in conditions at around 30-50 m water depth (Figure 4.5
a, b and c), which may‘relate to the thermocline. Therefore it appears that the system is
stratified for at least part of the year. Comparing 1970s data from Dumont’s (1981)
study with the 1999 and 2008 recordings has revealed that the pH of the lake has
decreased slightly and conductivity has increased. This suggests that the system has
become less alkaline and aridity has increased, which may be associated with calcium
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and magnesium precipitation as a result of altered lake water chemistry. However, very
few recordings were taken and different instruments were used; therefore it is difficult

to draw conclusive inferences from these comparisons.

Sample location Water depth (m) July temp. (°C) pH Conductivity
(mS/cm™)

1999

Surface 0.6 21.0 8.3 77.2

Bottom 68.0 7.7 80.5

2008 28.0 7.98 835

Surface

Table 4.3 Water chemistry data recorded at Kratergol during summer 1999 (analysis by

Jane Reed) and 2008.
Lake alt”
surface

cr 34.63

Na® 21.27
SO, 6.94

Mg~ 2.33
HCO; 0.83

K 0.40

Ca 0.155

Table 4.4 Kratergol major ion chemistry g/I"' (Dumont, 1981).
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4.2.2 Geomorphology and sedimentation

Lake geomorphology controls the drainage nature, inputs of nutrients and the residence
time of a lake. These patterns govern the distribution of dissolved gases, nutrients and
organisms (Wetzel, 2001). The lake sedimentation regime is associated with catchment-

related factors and seasonality.

Nar Golii

Nar has a distinctly closed catchment with crater rims rising to 200 m above the lake
(England, 2006) (Chapter 3: Plates 3.3 and 3.4). The lake has a simple inverse bowl
morphology, steep north, east and west scree slopes and a faulted basalt intrusion on the

eastern and western sides. The southern margin is less steep and a fan-delta is present

(Roberts and Karabiyikogha, 2004).

The seasonal climate, combined with lake stratification and anoxic bottom waters, has
resulted in the formation of annual varves in the sediments of Nar Golii. The
stratigraphic similarities recognised between core sections collected from different areas
of Nar suggest that sedimentation is constant across the central area of the lake.
Sediment traps and radiometric dating confirmed that laminations form annually (Jones,
2004; Jones et al., 2005). Based on sediment trap analysis, Jones (2004) identified that
sedimentation involves an organic period in autumn, winter and spring, followed by
calcium carbonate deposition in late spring and early summer. Carbonate laminae
fluctuate in colour between whiter fine grained aragonite (<5 um in size) and calcite
polyhedral crystals (10-40 um in size) (Roberts and Karabiyikoghi, 2004). Dark laminae
remain relatively consistent in colour throughout the sequence with slight changes
between browner/greener material, which is mainly composed of diatoms.
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Kratergol

Kratergol characteristics are outlined in Chapter 3: Table 3.1. The lake shorelines are
relatively straight along the northern rim and in the south two basaltic peninsulas create
deep bays (Chapter 3: Plates 3.5 and 3.6). The south and east rims of the lake are gentle
sloping and steep cliffs are present at the north and west margins (Dumont, 1981). The
morphology of the two bays includes a near-shore underwater cliff at 30-40 m depth,
and a second cliff some distance from the shore at a depth of 60—70 m. Although the
lake water is stratified and bottom waters are anoxic, as evidenced by the high organic
content, conditions for the formation of annual varves are not present. This may be

associated with seasonal mixing and other processes occurring in the lake.

4.2.3 Vegetation

Photographs of the lake sites (Chapter 3: Plates 3.1 and 3.2) illustrate considerably more
vegetation ét Nar in comparison with Kratergol. This may be due to the hyper-saline
Kratergol lake water limiting plant growth. It appears that human agricultural and
pastoral land use has been more intense and consistent at Nar during recent history, in

comparison with Kratergol. Therefore Nar’s catchment is likely to be more disturbed.

Nar Gdlii

Steppe (e.g. drought—toleraﬁt shrubs) is the dominant vegetation cover in Cappadocia
and dry forests éparsely populate the region (Kutiel and Tiirkes, 2005). The vegetation
surrounding Nar G6li has been described by England (2006) (Chapter 3: Plate 3.1). The
lake margins are fringed by Phragmites (reed/grass) and emergent Juncus (rushes),
excluding the southern border, where hot springs are present. Vegetation does not

inhabit the steep crater slopes. However, further afield, on the northern periphery, there
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are cultivated agricultural plots of Cicer arientinum (chick peas), Lycopersicon
esculentum (tomatoes) and Cucurbita pepo (squash). Additionally, grazing takes place
around the elevated edge of the lake crater. Pinus (pine), planted approximately 20
years ago, populates the southern edge of the lake along with Platanus (sycamore) and
Popz)lus (poplar), in the area occupied by the alluvial fan. Degraded scrub woodland,
comprising Quercus cerris (Turkish oak) and various other tree species, occupies higher
elevated areas around the lake. There are a number of fallow or abandoned agricultural
plots on the eastern periphery of the lake and cultivation of cereals (77 riﬁ'cum and

Secale) takes place on surrounding land (England, 2006).

Kratergol

The natural vegetation of the Konya Plain is steppic (Karabiyikoghi et al., 1997).
However, a great deal of irrigation, deforestation, agriculture and grazing has taken
place outside the catchment, which has altered the landscape. The Kratergol basin,
catchment and surrounding area is sparsely vegetated (Chapter 3: Plate 3.2). A small
number of shrubs are present on the slopes surrounding the lake, sparsely distributed
fringing macrophytes surround the water margin and there is currently no agricultural
activity in the catchment. Stromatolites, which are organosedimentary structures formed

by microbial activity (Papineau ef al., 2005), surround the periphery of the lake.

4.3 Summary

Nar Golii provides an ideal site from which to conduct palaeolimnological
investigations, mainly owing to the annually-laminated nature of the lake sediments.
Nar and Kratergol were selected for palacoecological research, as the lakes have a

number of similarities; for example, both have well preserved diatom assemblages and
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similar basin characteristics. Additionally, the sites are located in a continental volcanic
region and have experienced the same climate history. The fact that the two lakes have
dissimilar sedimentation regimes implies that they may provide an interesting
comparison with regard to the suitability of different lake types for palacoclimatic

investigations.
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Chapter 5

Results: Nar Golii

5.0 Introduction
This chapter presents and describes results from the modern and palaeo-diatom analysis

of Nar Goli.

5.1 Diatom identification and taxonomy

Diatom species identifications were primarily based on the Krammer and Lange-
Bertalot (1991; 1997; 2000) (KLB) taxonomic key and illustrations (see Chapter 4 for a
list of additional literature sources consulted). Key distinguishing features of species
that occurred at greater than 5% abundance are described in Appendix 1. Specific
taxonomic problems are summarised and presented with illustrations (see Appendix 3
for a complete species list). Detailed species descriptions are not included and are

available in KLB.

The Nar diatom species assemblages were relatively diverse and a number of issues
arose regarding the taxonomy of certain taxa. For example, identification of the
Achnanthidium minutissimum species group presented problems due to variations in cell
size, shape and ornamentation. It was not possible to confidently split varieties of this
species; therefore specimens were grouped. Numerous small Fragilaria spp. presented
i)roblems due to the presence of valves with features belonging to different species. For
instance, specimens were encountered with size range and shape corresponding to F.
elliptica and striae arrangement suiting F. construens var. venter. Numerous extremely

variable Nitzschia diatoms were also difficult to identify due to the presence of
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transitional features that appeared to belong to different species and forms.
Additionally, a previously undescribed taxon, newly named as Clipeoparvus anatolicus,
was highly abundant in the Nar modern and palaeo-environment (see Appendix 9: paper
submitted to Diatom Research). Describing this species and determining its ecological
tolerance will allow future work to utilise it as a palaecoenvironmental indicator. C.
anatolicus 1s a small (<10 pm), non-chain forming, heavily silicified centric diatom of
non-planktonic life-form (Plates 5.1 and 5.2). Encountering this diatom presented
opportunity to describe a new taxon. However, this also created problems associated

with the lack of matching analogue species in modern training sets for environmental

reconstructions.

Plate 5.1 C. anatolicus: valve view (SEM). Plate 5.2 C. anatolicus: girdle view

(SEM).

5.2 Modern diatom assemblage

5.2.1 Lake habitats

Basin shape influences the type of diatoms inhabiting the lake. For example, the Nar
south shore 1s gradual sloping and gravelly, which creates an extended littoral area for
macrophytes and epiphytic diatoms to colonise. The lake is also relatively deep and the

north, east and west margins are steep-sloping; therefore planktonic species were
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expected to dominate the assemblage. Diatoms are limited to the photic zone for
photosynthesis. Consequently, the deeper parts of the lake are not colonised. Figure 5.1
summarises the plankton (water), episammon (gravel), epiphyton (plant), epilithon
(rock) and epipelon (bottom mud) diatom communities at Nar during summer 2006-
2008, according to species percentage data. The macrophyte samples were dominated
by C. anatolicus and A. minutissimum. It appears that these species live part of their life

cycle epiphytically at Nar and colonise macrophytes on the lake fringe.

Abundant species in the gravel samples included C. anatolicus, Navicula cincta,
Achnanthes lanc-eolata, Nitzschia palea, Navicula cryptocephala and Achnanthes exigua
var. exigua. These are mainly motile, raphid diatoms typical of this environment. The
bottom mud samples were dominated by Synedra acus, C. anatolicus and N. paleacea
and the rock scraping contained abundant A. minutissimum. Asterionella formosa was
absent from the sediment traps and palaeorecord. However, this species dominated the
2007 plankton sample, along with C. anatolicus, A. minutissimum, S. acus and Synedra
ulna. This suggests that 4. formosa may suffer dissolution within the water column or
has only recently appeared as a dominant species in the system. C. anatolicus was
abundant in all modern habitats; this may be due to its high productivity at the time of

sampling (summer) and not reflect the species’ true habitat preferences.

The modern samples have been described according to species percentage abundance.
An additional method involves adjusting percentage data according to the cell
biovolume of different species (Figure 5.2). When plotted according to biovolume,
species mhabiting the epiphyton and bottom mud became more important in the

assemblage. Therefore it appears that larger species inhabit these environments.
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Additionally, the weighting of species altered according to biovolume. For example,
large Rhopalodia spp. and Synedra spp. became more important in the assemblage.
Smaller species, such as Achnanthes taxa, inhabiting the Nar gravel and plankton

carried less weighting according to biovolume.

Figures 5.3 and 5.4 illustrate the concentration, total biovolume (sum of species

volume) and species diversity of the modern samples. Species diversity (rarefaction)
was greatest in the plant and gravel samples. This implies that these environments create
a niche suitable for a range of species and may accumulate diatoms washed-in from
other environments. The bo&om mud and plant samples possessed the greatest
concentration and total biovolume suggesting that diatoms are more prolific in these

environments during summer.
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Detrended Correspondence Analysis (DCA) was performed on modern diatom samples
in order to analyse the assemblage similarity between different lake environments
(Figure 5.7). The ordination plots revealed that the 2008 plant and rock scraping
assemblages were similar to one another and distinct from other samples. This is due to
the same collection date and littoral location of these samples. The 2008 gravel and
surface mud and 2006 plant and bottom mud samples are all positioned high on DCA
axis 1. The 2007 plankton and 2006 gravel assemblages were distinct from other
modern samples. The relative differences between the samples confirm that diatom
species exhibit differing habitat preferences at Nar. However, the presence of species in

multiple habitats suggests that many taxa are able to exist within various niches.

Habitat inferences based on modern samples are limited by the possibility that species
preferences may not be represented accurately. Sampling times were limited to summer
and it is likely that species were identified in habitats other than their ideal niche. For
example, epipelic species may live amongst dead or resting cells derived from other
lake habitats. Planktonic diatoms within lakes often exist as meroplankton, i.e. they
spend part of their life cycle resting on the sediment, and benthic taxa can be observed
re-suspended in the water column (Battarbee et al., 2001). Analysis of the modern
environment has provided general information regarding the diatom community,

productivity and diversity.

5.2.2 Sediment traps
Sediment traps were installed during summer and collected annually from Nar between
2002-2007 (Table 5.1). Traps were situated at two positions in the lake at different

water depths (Chapter 3: Figure 3.3). The lithology of 2002-2004 sediment traps at Nar
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was analysed by Jones (2004) and England (2006) in order to infer the lake
sedimentation regime. Jones (2004) identified colour changes at different depths within
the traps, associated with organic carbon content and carbonate lithology. A period
dominated by diatoms was recognised, followed by calcium carbonate deposition, as a
result of lowered lake water pH associated with increased photosynthesis. The photic
zone was identified as the location where carbonate precipitation occurs due to the
association between plankton productivity and light availability. Decreased organic
content was evident in traps near the water surface, as a result of oxidation, and traps at

lower water depth had higher carbon content due to anoxic conditions.

Date installedin Date collected Depth in water Length of Notes

take from lake column (m) section (cm)

Sept 2006 Aug 2007 5 N/A Sample
amalgamated

Sept 2006 Aug 2007 15 N/A Sample
amalgamated

July 2005 Sept 2006 - 26 Sediment mixed in
tube

July 2004 July 2005 - 225

July 2002 July 2003 10

July 2002 July 2003 15

Table 5.1 Sediment trap details.

Traps were installed and collected from the lake during summer and were therefore
expected to contain sediment representing late summer and autumn, followed by winter,
the spring diatom bloom and the top of the trap should represent early summer. The
sediment trap diatom stratigraphy (based on percentage data) is presented in Figure 5.5.
The 2006-2007 traps were not recovered intact. Samples therefore represent an

amalgamated annual flora from two depths within the water column.
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The community of the 2006-2007 trap positioned at 5 m water depth differed slightly
from the 15 m trap. For example, C. anatolicus was more abundant in the higher trap,
due to the species association with macrophytes and the photic zone. Increased A4.
minutissimum within the 2005-2006 trap appears related to periods of decreased C.
anatolicus and vice versa. There was a high proportion of S. acus in the 2002-2003 and
2004-2005 traps that was not recognised in 2005-2006 and 2006-2007. This implies that
the bloom of this species had already occurred when the trap was installed, as evidenced
by its high abundance in the 2006 bottom mud sample (Figure 5.1). In the 2003-2004

traps, an increase in S. acus appeared to be associated with a decrease in C. anatolicus.

The concentration of diatoms/g of wet sediment does not show any clear pattern
between the different sediment traps (Figure 5.5). However, it appears that valve
concentration increased towards the top of the traps, suggesting that diatom productivity
is highest during early summer, when the traps were collected from the lake. This may
relate to blooms of S. acus. Species diversity (rarefaction) remains relatively consistent
through the traps; this implies that diatom diversity has not altered seasonally at Nar
during the last six years. This is not supported by NAR01/02 core thin sections, which
reveal large mono-specific diatom blooms (Section 5.3.10). This could be associated

with the changing seasonal ratio of silica and phosphorus.

Sediment trap data plotted according to species biovolume (Figure 5.6) altered the
relative weighting of a number of species. S. acus remained dominant; however, the
relative quantity of A. minutissimum and C. anatolicus decreased in relation to species
such as Navicula halophila, Navicula oblonga and Rhopalodia gibba, which became

more significant in the assemblage. Total biovolume showed similar patterns to diatom
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concentration, with slightly increased values towards the top of the traps, implying that

diatoms at Nar are more productive in summer.

The similarity between sediment traps and modern samples is illustrated in Figure 5.7
DCA ordination plot. Data were plotted on DCA axes 1 and 2. Greatest similarity exists
between samples from the same trap, regardless of depth within the trap. For example,
samples from the 2005-2006 trap are all positioned high on DCA axis 1. Therefore there
do not appear to be any clear seasonal patterns; this suggests that inter-annual
similarities are more significant than assemblages associated with specific seasons.
However, inter-annual assemblage similarities may élso be associated with mixing of
sediment within the traps through their installation in the lake and during transport to

the laboratory.
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Figure 5.5 Sediment trap diatom stratigraphy with rarefaction and valve concentration
(logi0). Amalgamated samples from water depth S m and 15 m traps shown for 2007.

All other traps are plotted according to sediment depth within the trap.
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Figure 5.6 Sediment trap diatom stratigraphy plotted according to biovolume (um’) (power transformed) (species plotted >2.0¢" on a maximum scale of ‘2.Oe+07‘) with total biovolume (pm?)
(logio). Amalgamated samples from water depth 5 m and 15 m traps shown for 2007. All other traps are plotted according to sediment depth within the trap.
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Figure 5.7 DCA ordination plot for Nar sediment trap and modern diatom samples

according to sample number, depth, habitat and collection date.
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5.3 Palaeo-records

5.3.1 Sediment lithology

The 376 cm core master sequence (NAR01/02) (Table 5.2) is entirely laminated with
additional sporadic grey clastic layers of varying width. Annual varve couplets are
composed of light coloured (white) lamina containing mainly carbonate and dark brown
layers comprising organic material and diatoms (Jones, 2004). The sequence includes
1725 VYs representing the period AD 276-2001. The NARO6 core section was tied with
this sequence and contributes 80 VY (AD 1927-2006). Figure 5.8 illustrates the entire

Nar master sequence comprising stratigraphically tied sections.

Section Section Subsection Varve year Cal age (AD)
number code length (cm) (before AD 2001)
Plym NAR0O6 0-25 0-80 (before AD 2006) 1927-2006
1 NARO1 GB 0-20 0-31 1969-2001
2 NARO1 FB 16-27.5 31-44 1956-1969
3 NAR02 M11 38-71 44-108 1892-1969
4 NARO1 LCb 6-25 108-181 1819-1892
5 NARO1 LA 1 14-89 181-562 1438-1819
6 NARO1 33.5-89 562-890 1110-1438
7 NAR0O2 M2/3 40-83 890-1087 913-1110
8 NARO2 M3/3 36-80 1087-1310 690-913
19 NARO2 BIlt 50-55 1310-1370 640-690
10 NARO02 Clii 17-82 1370-1725 276-640

Table 5.2 NAR06 and NARO01/02 core sections stratigraphically tied according to varve

years and calendar age.
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Figure 5.8 Photographs of the Nar 376 cm master sequence (NAR01/02) with depth
(cm) (black figures) and varve years before AD 2001 (red figures) (Jones, 2004).

The NAROG6 section is presented with depth (cm) and VY before AD 2006.
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Matching stratigraphic lamination patterns are evident between the NAR01/02 and
NARO6 sections, with corresponding varve counts and diatom assemblages. This
implies that sediment accumulation and lithology is uniform across the lake bottom.
However, the sections differ with regard to grey clastic layer thickness, which were
thicker in the NAR(Q1/02 sections, implying that events associated with clastic layers,

such as sediment slumping and in-wash, are not consistent across the lake basin.

The lithology of the NAR01/02 carbonate sequence was evaluated through greyscale
(colour change) and organic lamina were analysed for their carbon to nitrogen (C:N)
ratio (Figure 5.16) (Jones, 2004). Greyscale indicates changes in calcium carbonate
mineralogy associated with the percentage of calcite and aragonite in the system.
Lighter coloured sediment occurred between 1720-1470 VY (AD 280-540). This was
followed by darker sediment, with a subsequent change to even darker sediment
between 1130-990 VY (AD 870-1010), lighter sediments followed until 600 VY (AD
1400) and a significant change to much lighter sediments was evident until 10 VY (AD

1990), when sediments became darker once again.

The C:N ratio of the organic laminae refers to the amount of carbon and nitrogen in the
system and has remained relatively consistent throughout the record with occasional
peaks and a larger increase at 120 VY (AD 1880). This could relate to increased plant
cover or catchment in-wash and may be associated with increased agricultural land use
and precipitation (Jones, 2004). The organic brown layers remain relatively consistent

in colour throughout the entire sequence.

112



Chapter 5 Results: Nar Golii

5.3.2 Core chronology

The NARO01/02 sequence chronology was established using varve counting and
radioisotopic dating techniques (Jones, 2004) (Figure 5.9). >'°Pb and *’Cs were
employed to date the most recent 50 VY and an age/depth model was produced (Figure
5.10) in order to predict the age of deeper sediments. Varves wére confirmed as
annually deposited using >'°Pb and sediment trap analysis. Two peaks were identified in
the *'Cs activity profile, highlighting the 1963 ‘bomb spike’ and the 1986 Chernobyl
incident (Appleby, 2001), at depths of ~28.5 and ~6 cm. The radioisotope chronology
was off-set from the uppermost varve chronology by five years. The age-depth
relationship revealed that sedimentation at Nar is almost constant, which provided
confidence for interpreting varves in terms of calendar years. Varve counting identified
1725 individual laminations and the sequence was converted to a calendar record dating
from AD 276 to AD 2001. Stratigraphically correlating the NARO6 section With the
NARO01/02 sequence allowed a calendar scale (AD 1927-2006) to be applied to this

record.
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Figure 5.9 Comparison of '*’Cs (red squares), corrected *1%pb chronology (yellow line)

and varve chronology (grey line) from the NARO1 sediment record (Jones, 2004).
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Figure 5.10 Age-depth relationship for varve chronology from the NAR01/02 sediment

sequence (Jones, 2004).
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5.3.3 Diatom stratigraphy

The NAR01/02 and NARO6 fossil diatom sequences are presented and described
according to VY before AD 2001/2006 and calendar age AD. The NAR06 sequence
(Figure 5.11) was divided into four zones using stratigraphically constrained cluster
analysis (Table 5.3). N. paleacéa was the dominant diatom species throughout the
record, this species fluctuated considerably contributing between 0% and near 100% to
the population at different depths. Zone ND1d was dominated by 4. minutissimum and
S. acus. The transition to zone ND1c involved decreased values of these species and
dominance of N. paleacea. Zone ND1b began with renewed dominance of 4.
minutissimum and S. acus, followed by abundant N. paleacea. Throughout this zone, 4.
minutissimum gradually decreased and S. acus regained dominance during the most
recent 15 VY. ND1a was markedly different from preceding zones and was
characterised by the disappearance of N. paleacea and a sudden increase in C.

anatolicus and S. acus.

Zone Depth (VY) Calendar age (AD) Dominant diatom species

ND1a 5-1 2001-2006 C. anatolicus and S. acus

ND1b 60-6 1947-2001 A. minutissimum, N. paleacea and S.
acus

ND1c 70-61 1937-1946 N. paleacea

ND1d 80-71 1927-1936 A. minutissimum and S. acus

Table 5.3 NAR0O6 main diatom zones (according to cluster analysis) with depth,

calendar age and a summary of the diatom community.

The longer NARO1/02 diatom record was divided into four zones using cluster analysis

(Table 5.4) (Figure 5.12), N. paleacea and S. acus fluctuated considerably with values
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reaching extreme high and low percentages between successive decadal samples. Zone
ND4 was markedly different from all successive periods and was dominated by
Cyclotella meneghiniana, Fragilaria construens var. venter and Rhopalodia operculata.
Zone ND3 began with an abrupt species assemblage change. This was reflected by the
disappearance of species typical of ND4, dominance of C. anatolicus and increasing
values of N. paleacea. Similar species to those abundant in ND4 dominated zones ND2
and ND1. Zone ND2 was distinguished by extremely high, short-lived values of S.
parvus between 798-757 VY (AD 1205-1246). C. anatolicus declined gradually
throughout zones ND2 and ND1 with a slight increase ~AD 2000. A. minutissimum
gradually increased throughout ND1 and decreased at AD 2000. ND1 comprised species
typical of the NARO6 record and indicates that the modern species assemblage was

established at ~500 VY depth.

Zone Depth (VY) Calendar age (AD) Dominant diatom species

ND1 520-1 1480-2000 A. minutissimum, S. acus and N.
paleacea

ND2 1010-530 990-1470 N. paleacea, S. parvus and C. anatolicus

ND3 1460-1020 550-980 : C. anatolicus and N. paleacea

ND4 1720-1470 290-540 C. meneghiniana, F. construens var.

venter and R. operculata

Table 5.4 NAR01/02 main diatom zones (according to cluster analysis) with depth,

calendar age and a summary of the diatom community.
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Figure 5.12 NARO01/02 diatom stratigraphy. Species included represent >5% of the population within at least one sample. The assemblage has been stratigraphically zoned through cluster analysis.
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5.3.4 Detrended Correspondence Analysis

DCA was performed on the NARO01/02 and NARO6 diatom records (Figures 5.13 and
5.14) in order to reveal the similarity between samples from different core depths. The
percentage of variance explained by NAR06 DCA axes 1 and 2 was 42.9%, 12.9%. The
most distinct zones were ND1a (plotted high on NARO6 axis 1 and 2) and ND1d
(plotted low on NARO6 axis 2). Zones ND1b and ND1c were less distinct. Ordination
plots, with sample symbol size weighted according to species abundances (Appendix
4.1), reveal which zones were associated with particular taxa. These plots indicate that
A. minutissimum and N. paleacea split the similarity between samples from zone ND1d.
Recent change in the assemblage is illustrated by the higher weighting of C. anatolicus

and S. acus in zone ND1a.

The NARO1/02 ordination plot for axes 1 and 2 revealed clear zonation of samples in
relation to their species assemblages. The extremely dissimilar samples comprising S.
parvus blooms masked patterns in the plots and were subsequently removed from the
data set. The percentage of variation within the data explained by NAR01/02 axes 1 and
2 was 51.1 and 19.8%. The most dissimilar zone was ND4, positioned high on
NARO01/02 axis 1. This is also evident in the stratigraphic diagram (Figure 5.12),
highlighting the period of greatest variation in the diatom assemblage. ND1 is
reasonably distinct in the DCA plot and ND2 and ND3 are less distinctive. DCA data
presented stratigraphically (Figure 5.16) revealed that NARO01/02 axis 1 accounts for the
major change in the assemblage between zones ND4 and ND3, whereas axis 2 appears
to represent more recent variability in the record. NAR01/02 ordination plots, with
sample symbols weighted to species abundance, are illustrated in Appendix 4.2.

Although A. minutissimum and S. acus occur along with N. paleacea in zone 1, samples
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associated with N. paleacea are plotted low on NAR01/02 axis 1 and samples associated
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with A. minutissimum and S. acus are plotted high on the same axis.
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Figure 5.13 NAR06 DCA ordination plot. Samples plotted on axes 1 and 2 with

symbols corresponding to cluster analysis zones.
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5.3.5 Concentration and total biovolume

Figure 5.14 NAR01/02 DCA ordination plot. Samples plotted on axes 1 and 2 with

symbols corresponding to cluster analysis zones (excluding S. parvus).

Temporal change in diatom cell concentration and the total biovolume of all species
within a sample can provide information about palaco-productivity. Diatom
concentration and total biovolume have been plotted on a log; scale (Figures 5.15 and
5.16) for the NARO1/02 and NARO6 records in order to reveal relative chances in the
number of valves (concentration) and total biovolume (productivity) of diatoms through

time. The Nar sedimentation rate is near linear (Figure 5.10); therefore data were not
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adjusted for changes in lake sediment accumulation. Throughout the NARO6 record,
concentration showed an upwards trend towards the most recent sediments and was
significantly correlated with N. paleacea abundance (r=0.692, p=0.000). Concentration
appeared to increase when N. paleacea was more dominant and total biovolume
mcreased when S. acus was abundant. This is associated with the larger size of S. acus
and the fact that N. paleacea blooms with extremely high cell numbers. Concentration
and total biovolume fluctuated throughout the NAR01/02 record; however, changing

values did not correspond with any major zone boundaries.

5.3.6 Species diversity

The diversity of diatom species within each sample is expressed by the number of
species predicted by rarefaction at a count of 300 valves. The NARO06 record (Figure
5.15, a) illustrates that periods of higher diatom concentration were associated with
decreased diversity (r=-0.852, p=0.000) and higher N. paleacea abundance. NAR01/02
species diversity (Figure 5.16) was also greatly associated with the dominant species N.
paleacea (r=-0.813, p=0.000) and diatom concentration (»=0.738, p=0.000), indicating
that more productive periods were less diverse. This implies that N. paleacea blooms
swamp the community and drive diversity down. Rarefaction indicates increased

diversity during zone ND3 and a recent decrease through ND1.

5.3.7 Habitat preferences

Diatom species were grouped according to habitat preferences (Table 5.5) based on
their niche recognised in supporting literature (e.g. Gasse, 1986) and modern sampling
at Nar. Grouping taxa according to habitat preferences was problematic, due to the wide

niches of many species. The percentage of benthic taxa fluctuated throughout the
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records and is presented in Figures 5.15 (a) and 5.16. In the NARO6 record, the
percentage of benthic taxa decreased in the most recent sediments. Within the
NARO01/02 sequence, benthic taxa abundance fluctuated considerably and was

influenced by the dominance of N. paleacea.

Benthos Plankton Plankton/Epiphyton

Amphora libyca Aulacoseira Achnanthidium
crenulata minutissimum

Cymbella cistula Cyclotella Clipeoparvus anatolicus
meneghiniana

Cymbella Stephanodiscus Fragilaria brevistriata

microcephala parvus

Epithemia argus Nitzschia paleacea Fragilaria capucina var

rumpens

Gomphonema Synedra acus Fragilaria construens var

olivaceum venter

Navicula capitata Synedra ulna Nitzschia amphibia

Navicula capitata var Nitzschia capitellata

hungarica

Navicula cincta Nitzschia fonticola1

Navicula Nitzschia inconspicua1

cryptotenella

Navicula Nitzschia palea

digitoradiata

Navicula elkab Nitzschia palea1

Navicula halophila Nitzschia palea var major

Navicula oblonga ' Nitzschia thermaloides

Table 5.5 Nar species groups according to habitat preferences.

5.3.8 Comparison of the NAR01/02 and NAROG records

Figure 5.15 (b) illustrates the most recent 85 VY of the NAR01/02 decadal record for
comparison with the NARO6 annual core. The two sequences reveal similarities
regarding their diatom assemblages. For example, N. paleacea and A. minutissimum
dominate both records. A simultaneous shift to lower 4. minutissimum and higher N.

paleacea is evident 1n both records (zone ND1c) providing evidence that the sequences
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are stratigraphically tied. The recent rise in C. anatolicus is also apparent at the top of
the NAR01/02 record (AD 2000). The comparison graph (Figure 5.15 b) highlights that
considerable detail is lost in the NAR01/02 record dug to the decadal sampling
resolution. The period AD 2002-2006 is not covered in the NAR01/02 record; therefore
the most recent assemblage change involving higher C. anatolicus and S. acus is not
evident. Comparing the rarefaction, concentration and total biovolume graphs has
revealed that the same associations with V. paleacea exist in both records. The
NARO01/02 decadal resolution allows more general trends to be observed, which are

masked in the NARQ6 annual record.
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grey scale value and carbon/nitrogen ratio (C:N).
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5.3.9 Biovolume

Nar diatom species cell dimensions and biological-volume (biovolume) varied
considerably. For example, Campylodiscus clypeus has a volume of 57,020 um’,
whereas Cymbella microcephala has a volume of just 13 um’ (see Appendix 3 for
species dimensions and biovolume). In percentage counts, one cell of these differently
sized species carries the same weighting. Figure 5.17 illustrates the extreme variation in
diatom cell size at Nar; C. clypeus is pictured with a N. paleacea (59 ym’) specimen on
the left and some C. anatolicus (113 pm’) examples to the right. Species biovolume was
calculated for the NAR01/02 and NARO6 samples in order to provide an alternative to

percentage data and analyse diatom palaeo-productivity.

N. paleacea

S anatolicus

Plum EMC

Figure 5.17 SEM image of Campylodiscus clypeus with Nitzschia paleacea and
Clipeoparvus anatolicus specimens to illustrate variation in diatom cell size and

biovolume.

Biovolume data for the NARO6 record revealed increased weighting of C. c/ypeus and

R. gibba (Figure 5.18). Zones ND1d and NDI1c were characterised by Pinnularia
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viridis, another species not recognised as significant according to percentage data.
Smaller species, abundant in the percentage diagrams, such as C. anatolicus, were not
as significant in the NARO6 biovolume graph. N. paleacea has decreased weighting and
N. oblonga is an important member of the diatom population through all zones.
Although the weighting of species altered according to biovolume, the zone boundaries
remain unchanged. Therefore it appears that environmental fluctuations influenced both
smaller and larger diatom species simultaneously at Nar. The biovolume NAR06 DCA
ordination plot (Figure 5.20) revealed a similar pattern to that based on percentage data,
with samples from ND1la most dissimilar to other samples. Zones ND1b and NDlc
appeared more distinct from one another; this is associated with the increased weighting

of N. oblonga and C. clypeus in NDlc.

The diatom stratigraphy of the NARO01/02 record is plotted according to biovolume in
Figure 5.19. Overall biostratigraphic change is similar to percentage data. However, the
relative weighting of certain émaller/ larger species altered considerably. The major
assemblage change between zones ND4 and ND3 is evident through species that were
not dominant in the percentage diagrams. For example, according to biovolume, C.
clypeus and N. halophila characterise ND4, along with R. operculata and C.
meneghiniana. This zone is also associated with lower values of N. oblonga and R.
gibba, common in ND3. Small species, that were abundant according to percentage
data, are no longer as signiﬁcant (e.g. N. paleacea, C. anatolicus and F. construens var.
venter). The DCA ordination plot for NAR01/02 biovolume data (Figure 5.21)
highlights the distinct composition of ND4, associated with the fact that this zone was
composed primarily of larger species. Zone ND1, composed mainly of smaller species,

merges with ND2 and ND3 in the ordination plot, due to smaller diatoms carrying less
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weight. Additionally, the biovolume data are less ‘noisy’ than percentages; this appears
to be associated with the decreased weighting of the small bloom species N. paleacea.
Considering these patterns, it appears that biovolume can provide valuable additional

information about diatom assemblage change.
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Figure 5.18 NARO0G6 diatom stratigraphy plotted according to biovolume (um’) (power transformed) with DCA axes | and 2 based on biovolume. Species included have a maximum of at least 5.0e"%

(um’). All species are plotted on the common scale 0-5.0¢"" (um’*).
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Figure 5.19 NAR01/02 diatom stratigraphy plotted according to biovolume (um’) (power transformed) with DCA axes | and 2 based on biovolume. Species included have a maximum of at least 3.6e*%

(um’). All species are plotted on the common scale 0-2.0e™" (um?).
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Figure 5.20 DCA ordination plot for NAR06 diatom biovolume data. Symbols

correspond to percentage data cluster analysis zones.
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Figure 5.21 DCA ordination plot for NAR01/02 diatom biovolume data. Symbols

correspond to percentage data cluster analysis zones.

5.3.10 NARO1/02 core thin sections

Core thin section slides comprise undisturbed 30 um thick sediment (each slide included
~17 lamina subsections) from the NARO01/02 sequence for the last ~900 years (AD
1100-2002). Thin sections allowed the diatom assemblage to be microscopically
observed in situ. Varves comprise carbonate (white), grey clastic, brown organic
(containing a mixture of diatom species) and distinct single species diatom bloom
layers. The changing thickness of varve sub-layers and frequency of bloom events was
analysed for comparison with percentage data and to provide additional information

about the diatom palaeo-assemblage.
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The diatom stratigraphy of the NAR01/02 thin sections is presented in Figures 5.22 and
5.23. The amalgamated widths (um at x40 magnification) of specific layers within a
varve are displayed for the most recent 80 VY and the last 900 VY. The graphs reveal
that distinct bloom layers of N. paleacea and S. acus are common within the Nar
sediment profile and S. parvus bloomed for ~20 VY (AD 1205-1246). White layers
illustrate the volume of carbonate in the system and brown layers, composed primarily
of diatoms, non-siliceous algae and other organic and inorganic material, give an
indication of productivity. Grey clastic layers contained little organic material and may
represent turbidite events, which involve sudden movement and deposition of sediment

within the lake.

The 80 VY thin section graph (Figure 5.22) revealed that N. paleacea bloomed
throughout the record, S. acus bloomed between 30-14 VY (AD 1974-1990) and
carbonate and varve thickness increased during the most recent 5 VY (AD 1999-2002).
Comparison of this diagram with the NARQ6 diagram (Figure 5.11) has revealed that V.
paleacea and S. acus blooms are far more frequent in the percentage record in
comparison with the core thin sections. This may be due to the possibility that blooms
need to be extremely large in order to form a distinct layer within the varve and
therefore only particularly high blooms are recorded in the thin sections. The number of
N. paleacea blooms comprising above 80% of the population in the NAR06 graph (15)
is equal to the number of blooms observed in the thin sections during the most recent 80
VY. Higher percentages of S. acus began at 20 VY (AD 1987) in the NARO6 graph.
This does not coincide with the appearance of S. acus blooms in the thin sections

beginning at 32 VY (AD 1970), which implies that this part of the thin section record
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does not reliably reflect the sediment cores or other species may have altered the

relative percentage of S. acus during this period.

The 900 VY thin section record (Figure 5.23) revealed that white/brown layers and
varve thickness increased throughout this period. S. acus blooms have become
increasingly common since 500 VY (AD 1500). This coincided with the rise of this
species in zone ND1 (Figure 5.12) evident in the percentage data. N. paleacea blooms
have become more common since 230 VY (AD 1770). The S. parvus blooms ~750 VY
(AD 1230) coincided with the timing of increased percentages of this species in the
NARO1/02 record. However, the bloom layer thickness of this small species is not as
extreme as the high cell counts. Similarities also exist between different characteristics
of the diatom assemblage and the thin section measurements. For example, varve
thickness is positively correlated with NARO06 diatom concentration (r=0.339, p=0.003)
and negatively correlated with species diversity (r=-0.234, p=0.042), indicating that

thicker varves contain a greater number of cells and a less diverse diatom assemblage.

Figure 5.24 illustrates temporal change in the frequency of thin section species bloom
events and clastic layer formation. Single species blooms have become increasingly
frequent throughout the last ~400 VY (AD 1600), most commonly involving N.
paleacea. The frequency of clastic events has also increased during the most récent 100
© VYs of the record. Figure 5.25 shows the average thickness of varve thin section sub-
layers throughout the NARO01/02 record. White and brown layers were relatively
consistent in thickness throughout the last 900 years, with a slight increase during the
most recent 200 VYs; this is likely to be associated with decreased compaction and

higher water content of sediments nearer the profile surface. Varve thickness has
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increased throughout the last 400 VYs; this is associated with the increasing number of

diatom bloom events during this period.
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5.3.11 Environmental reconstructions

Transfer functions were employed in order to infer palaco-conductivity and total
phosphorus (TP) from the Nar fossil diatom assemblages. Reconstructed diatom-
inferred (DI) conductivity and TP for the NAR01/02 and NARO6 records, based on
training sets from the European Diatom Database (EDDI) (Juggins, 2008), are presented
in Figures 5.26 and 5.27. The combined salinity modern training set was identified as
possessing the highest number of matching analogue diatom species in the Nar fossil
assemblage using the modern analogue technique (MAT) (Table 5.6). The MAT was
used to calculate the percentage of the diatom assemblage in each fossil sample
represented in the modern training set and an average was taken for all samples.
Weighted Averaging (WA) with inverse deshrinking and (Weighted) W-MAT by
squared chord distance were identified as the models with highest predictive ability (r)
and lowest prediction errors (RMSEP). In comparison with diatom-inferred conductivity
r and RMSEP values in transfer function research in Africa by Gasse et al. (1995), in
Australia by Gell (1997) and in North America by Laird et al. (1998), the EDDI datasets
have similar predictive ability, i.e. » values in the range of 0.8. However, the EDDI
training sets have higher prediction errors with RMSEP values higher than those in the

hterature.
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Training set Ave. % fossil Ave. % fossil sample rvalue  fpootstrappes RMSEP
and mode! sample in in training set (1000) pS™ (logsq)
training set NARQ6
NAR01/02

Combined 74.4 90.57
salinity

(EDDI

participants,

1960-1996)

WA _Inv 0.85 0.77 0.47

WMAT c dist” 0.80 0.80 0.45

African salinity 70 88.65
(F. Gasse,
1960-1986)

WA Inv 0.84 0.76 0.46

WMAT c dist” 0.79 0.79 045 -

CASPIA 55.98 66.23
salinity

(S. Juggins and

J. Reed, 1996)

WA TOL Inv 0.92 0.83 0.54

WMAT c dist” 0.80 0.80 0.58

Spanish 34.28 35.79
salinity

(J. Reed, 1990-

1993)

Combined TP  69.38 85.58
(EDDI

participant,

1900-1998)

WA TOL Inv 0.76 0.69 0.33

WMAT c dist” 0.72 0.73 0.31

Gasse et al.

(1995)

WA Inv 0.8 0.8 0.3

WA Classical 0.9 0.8 0.2

Laird et al. 0.99
(1998) WA

Gell (1997) WA 0.79 0.29

Table 5.6 Training set and model performance comparisons using datasets from the
European Diatom Database (EDDI) (Juggins, 2008) and diatom-conductivity

reconstruction studies by Gasse et al. (1995), Gell (1997) and Laird et al. (1998).

Specific Electrical Conductivity (SEC) (uS™) provides a measure of total water solutes
and can be used as a proxy for salinity in concentrated lake systems. Reconstructed
conductivity values by WA for the NARO6 record (Figure 5.26) fluctuated and appeared

highly related to the abundance of V. paleacea. The MAT gave a similar pattern with
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increasing conductivity values in the most recent sediment. Conductivity values, based
on WA models, appear related to the dominant species, N. paleacea. The MAT gives
less weighting to the dominant species and reconstructs conductivity based on an

average of the 10 closest matching analogue sites.

WA reconstructions for the NAR01/02 record indicated fluctuating conductivity
throughout the last 1720 VY's with a significant period of elevated values in zone ND4
(Figure 5.27). Reconstructions Based on W-MAT also indicated a period of higher
conductivity in zone ND4, with fluctuating levels throughout zones ND3, ND2 and
NDI1. Reconstructed conductivity varied throughout the NAR01/02 record between a
maximum of 5,531 uS™ at 1560 VY (AD 450) and a minimum of 124 uS™ at 0 VY (AD
2000). Average diatom-inferred (DI)-conductivity during ND4 = 3,545 pS™', ND3 =
1,078 pS™, ND2 = 569 uS™ and ND1 = 485 uS™. This implies that Nar lake water has
become less concentrated throughout the last 1720 VYs or shifts in brine type could

have altered the relationship between conductivity and salinity.

Average DI-conductivity for the NARO6 record was 422 pS™. This value is similar to
the average reconstructed conductivity for NAR01/02 zone ND1. However,
reconstructed conductivity at AD 2000 differs between the NAR06 (197 pS™) and
NARO01/02 records, such discrepancies are likely to be associated with the three and
one-year sampling difference between the sequences. The fact that the reconstructions
are similar highlights that the cores replicate. Although absolute values may not have
been reconstructed correctly, it is possible to observe relative fluctuations in
conductivity levels. The fact that one of the most dominant species, C. anatolicus, does

not have a modern analogue, presents problems when reconstructing conductivity.
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Therefore reconstructed values for samples where this species is dominant have been

intérpreted with caution.

Diatom-transfer functions can also be used to infer palaco-lake nutrient levels (e.g.
Barker et al., 2005). A number of species at Nar, such as N. paleacea, are interpreted as
indicators of nutrient enrichment. Therefore, transfer function reconstructions were
carried out for total phosphorus (TP) using the EDDI combined TP training set. The
best model performance was identified as tolerance down-weighed WA with inverse

deshrinking and W-MAT with squared chord distance (Table 5.6).

TP reconstructions for the NAR01/02 record suggested that the transition between zones
ND4 and ND3 experienced an increase in TP with higher levels also apparent in the
most recent sediments (Figures 5.26 and 5.27). WA and the MAT provided comparable
results. Similar TP values were reconstructed for AD 2000 in the NARO6 (184 pg/h
and NAR01/02 (207 pg/I"") records. Reconstructed TP for the NARO6 record revealed a
general increasing trend towards the most recent sediment. TP ranged in the NAR01/02
record between 272 ug/I"' at 1550 VY (AD 560) and 37 pg/I'' at 120 VY (AD 1880),
which corresponds with the peak in the C:N ratio. The average for ND4 = 130 pg/l’,
ND3 = 141 pg/I', ND2 = 138 pg/I"' and ND1 = 107 pg/I"*. Summer 2008 chemistry
analysis revealed Nar lake water to contain no biologically-available phosphate. This
implies that reconstructed TP values are likely to be unreliable or summer values are not
representative of annual average lake phosphorus levels. TP may increase during spring

following thermocline breakdown. -
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Chapter 5 Results: Nar Golii

5.3.12 Analogue matching

Analogue analysis can be performed to evaluate how sufficiently fossil samples are
represented in the modern diatom training set (Laird ez a/l., 1998) and thus assess the
reliability of the reconstruction. This was achieved by calculating and comparing the
minimum dissimilarity coefficients (min. DC) of fossil and training set samples using
the MAT. The extreme 5% and 10% min. DC of the modern samples was used to define
critical values to determine whether fossil samples have a good modern analogue
(Birks, 1995). These values were identified as 121 and 109 respectively for the

. combined salinity training set. Fossil samples with a high min. DC contain species that
are not well represented in the modern environment. Such samples were identified as
having ‘no good’ (>109) and ‘no close’ (>121) modern analogues in the training set.

Samples with a min. DC below 109 were considered to have a ‘good’ modern analogue.

Analogue matching for each fossil sample is presented on the coloured bars in Figures
5.26 and 5.27. Green bars illustrate samples with a ‘good’, yellow indicates ‘no good’
and red represents ‘no close’ modern analogue. Only 26.9% of the fossil samples in the
NARO1/02 dataset were identified as possessing a good modern analogue in the training
set. The highest number of no good analogues occurred when C. anatolicus was
dominant and in zone ND4. Therefore conductivity reconstruction for these zones
should be interpreted with caution. 70% of fossil samples within the NAR06 record
possessed a good modern analogue; therefore reconstructed conductivity for this record

can be interpreted with greater confidence.

Assessing the reliability of the TP reconstruction for the NAR01/02 record revealed that

98.2% of fossil samples had no close modern analogue and all of the NAR06 samples
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had no close analogue. Consequently, the TP reconstructions are considered unreliable.
The only fossil samples with a good modern analogue were those that experienced a
bloom of S. parvus at a depth of 750-760 VY ; therefore reconstructed TP for this period

may be more reliable.

5.3.13 Nar DI-conductivity with and without C. anatolicus and bloom species

Bloom species (V. paleacea, S. acus and S. parvus) can swamp the diatom assemblage
and result in extreme variability in the relative percentages of different species.
Differences may also exist in the palaeo-climate signal from bloom species and the
remainder of the diatom assemblage. Additionally, C. anatolicus had no analogue in the
modern training set and reduced the relative percentages of species with good matching
analogues. Consequently, conductivity reconstructions have been performed firstly
omitting C. anatolicus, N. paleacea, S. acus and S. parvus from the assemblage and

secondly based on bloom species only.

Non-analogue problems, associated with the presence of the new species (C.
anatolicus), were identified early in the counting process. Therefore total counts were
made large enough for analyses to still be statistically viable when removing C.
anatolicus from the dataset. However, bloom species comprise a high proportion of
many counts. Omitting these species has resulted in some sample counts bf Just 30
valves or less. Therefore results need to be interpreted with caution, as the small counts
are not statistically robust. Additionally, as bloom species are not prolific every year,
this has resulted in samples lacking a bloom event remaining at ~300 valves and

samples with a bloom having severely reduced counts. Species percentages were
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recalculated, based on bloom species only and omitting bloom species. When values

were not recalculated, a similar reconstruction was produced.

The NARO01/02 combined salinity transfer function was run omitting C. anatolicus from
the dataset. This did not alter the reconstruction, as this species would have been
ignored by the transfer function initially. However, the number of good modern
analogue samples increased to 35.7%, in comparison with 26.9% when this species was
included in the dataset. Therefore, even when C. anatolicus was removed from the
dataset, there were still a significant number of samples without a good modern
analogue. For the NARO6 record, the number of good modern analogues with C.
anatolicus alone omitted was 73.8% and with both C. anatolicus and the bloom species
omitted, there were no good and no close modern analogues. Therefore the NAR06
reconstruction omitting bloom species is statistically unreliable. Coloured bars are
included to highlight samples with extremely low valve counts as a result of removing
or including only bloom species (pink = total valve count less than 50 and green = total

valve count more than 50).

The NARO6 reconstruction based on bloom species alone revealed conductivity peaks at
80-75 VY (AD 1927-1932), 63-55 VY (AD 1944-1952) and in the most recent 5 VY
(AD 2002-2006) (Figure 5.28). It appears that N. paleacea is a species that favours low
salinity and high nutrients, whereas S. acus favours higher salinity and low nutrients.
Reconstructed conductivity for the NARO6 record, omitting bloom species revealed
peaks in conductivity at 65 VY (AD 1942), 28 VY (AD 1979) and 10-7 VY (AD 1997-
2000) (Figure 5.29). The peak around AD 2000 is related to the appearance of C.

meneghiniana, which in an indicator of higher conductivity.
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The conductivity reconstruction for the NAR01/02 record (Figure 5.30), omitting bloom
species, has revealed that zone ND4 remains distinct, with a period of higher
conductivity and an additional smaller peak in conductivity in zone ND3 between 1200-
1100 VY (AD 800-900). Conductivity levels remained relatively stable throughout the
remainder of the record. The reconstruction, based on bloom species alone, differed
considerably from the original reconstruction (Figure 5.31). Percentages were not
recalculated due to the absence of bloom species in ND4. The same pattern as that in the
NAROG6 record is evident, with N. paleacea relating to periods of decreased conductivity
and increased nutrients and S. acus indicating periods of increased conductivity and
decreased nutrients. Throughout zone ND4, when only N. paleacea was present and
often in small numbers, the reconstruction does not appear to have performed correctly.
This is probably due to the fact that the reconstruction could not be performed on
extremely low values of one species. Conductivity levels fluctuate greatly throughout
the record, in accordance with variations in the percentages of different bloom species.
Although reconstructions omitting bloom species are likely to be unreliable, this has

provided additional information about the palacoenvironment for consideration.
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5.3.14 Reconstructed and instrumentally-measured conductivity

Comparing reconstructed and instrumentally measured conductivity for the most recent
eight years suggests that the transfer function has not performed well, as reconstructed
values do not correspond with instrumental data (Table 5.7). Contemporary average
conductivity at Nar has been recorded at 3,350 pS™. This is approximately eight times
higher than the reconstruction based on all diatom species predicts. Low-salinity
indicator diatom bloom species (N. paleacea and S. acus), which are associated with
short time periods (e.g. spring or summer), drive reconstructed conductivity values
down. Leng et al. (2001) suggested that depleted lake isotope values occurred as a result
of the spring snow thaw in a central Anatolian lake. Snow melt could dilute lake water

temporarily at Nar and allow low-salinity indicators to bloom in spring.

DI-conductivity based on non-bloom species provided values closest to the
contemporary environment for most of the year; however, absolute values are still
drastically underestimated. Therefore it appears that the reconstruction could be
maccurate. However, as the most recent samples did not have a good modern analogue,
due to abundance of C. anatolicus, the reconstruction is likely to be unreliable for these
samples. This may not apply to other core depths, when a higher number of good
modern analogue species were present. Also, the dataset of modern lake conductivity
recordings is small, and only included recordings during summer, whereas reconstructed
conductivity represents an annual average. Therefore it is not possible to derive definite

conclusions when comparing instrumental data with reconstructed conductivity.

The key difference between the bloom and non-bloom reconstructions is the difference

in absolute conductivity values. The reconstruction based on all species results in values
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closer to the bloom species reconstruction as these taxa were more dominant in the
assemblage and drove conductivity values down. The Nar diatom assemblage appears to
have a bimodal relationship with lake water salinity due to the differing preferences of
bloom and non-bloom species. This may account for the limited correspondence

between summer measured and DI-conductivity.

Calendar year Reconstructed conductivity Measured
AD ps™ conductivity
All species Bloom species Non-bloom ps*
species

2006 207 128 1285 3350

2005 209 137 1119

2004 201 135 1192

2003 238 131 1223

2002 184 127 934 4100

2001 122 116 1004 3200

2000 197 118 1094 2900

1999 352 117 2856 2500

Table 5.7 Comparison of DI-conductivity based on all species, bloom species, non-
bloom species and instrumentally measured conductivity at Nar G6lii between AD 1999

and 2006 (data not available for 2003-2005).

5.4 Summary

This chapter has provided a summary of modern diatom taxonomy and presented data
from the contemporary and palaco-diatom assemblages of Nar Golii. Records revealed
that the diatom species assemblages have fluctuated throughout the past 1720 years. The
most significant changes in the records include a species shift at AD 540-550 and during
the most recent 5 years (AD 2001-2006). These periods have been highlighted by DCA

and cluster analysis. Temporal variation in diatom concentration, total biovolume,
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species diversity and percentage benthic taxa appears to be driven by the changing

abundance of dominant species N. paleacea.

Biovolume offered an additional method for presenting data and provided further
information about assemblage change. For example, larger species were identified as
responding to environmental variation simultaneously with smaller taxa. Core thin
sections offered a unique tool for studying the assemblage in-situ and revealed that
diatom bloom events have become more frequent at Nar throughout the most recent 100
years. The application of the diatom data to transfer functions from EDDI revealed a
period of enhanced DI-conductivity prior to AD 550. However, reconstructions were
limited by the poor fit of many fossil samples to the modern training sets. Bloom
species drive DI-conductivity down and appear to relate to fresher conditions in the
lake. A combination of diatom assemblage analyses and presentation methods has

provided complementary information to aid interpretations.
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Chapter 6

Results: Kratergol

6.0 Introduction
This chapter presents and describes results from the modern and palaco-diatom analysis

of Kratergol.

6.1 Diatom identification and taxonomy

The diatom species assemblage was‘described primarily according to Krammer and-
Lange-Bertalot (1991; 1997; 2000). Samples from Kraterg6l contained lower species
diversity than those from Nar G6lii and fewer problematic taxa were present. All species
observed in the modern Kratergol environment were also represented in the sediment
record. Key distinguishing features of species that occurred at greater than 3%
abundance are described in Appendix 2. Taxonomic issues are summarised and

presented with illustrations (see Appendix 3 for a complete species list).

Taxonomic problems arose regarding certain Kratergél species groups. For example,
transitional types were frequently observed between Amphora coffeaeformis and
Amphora veneta. Additionally, numerous Nitzschia species presented identification
problems. For example, specimens of characteristic Nitzschia fonticola shape frequently
lacked the distinguishing feature of this species, a gap in the fibulae at the raphe mid-
point. Valves were frequently encountered without a gap and occasionally two valves of

the same diatom differed with regard to fibulae spacing. Identification of the majority of
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Kratergol species was straightforward. However, some specimens were extremely rare

and therefore lacked adequately preserved features from which to make identifications.

6.2 Modern diatom assemblage

The modern lake environment of Kratergél provides habitats for a variety of diatom
groups. Figure 6.1 illustrates the percentage abundance of diatom species (>3%) for two
stone/pebble lake samples (epilithic), four plant (epiphytic) samples and one bottom
mud sample (epipelon) collected in 1992 by P. Barker. Five samples collected in 2008
include a water sample (plankton), surface mud (epipelon), gravel (epilithon),
filamentous algae (epiphyton) and an exposed stromatolite comprising primarily

microorganisms and biofilms.

The 1992 epilithic community was primarily composed of Navicula complanata, which
was not common in the sediment record. This may be due to the species’ delicately
silicified structure limiting preservation. Other 1992 epilithic species included
Fragilaria fasciculata, A. veneta and Nitzschia cf. fonticola. These are mainly motile,
benthic taxa typical of this environment. The 2008 epilithic sample was dominated by a
diverse diatom assemblage including N. cf. fonticola, Cocconeis placentula, F.
fasciculata and A. veneta. The 1992 epiphytic community was dominated by C.
placentula and F. fasciculata. Similarly, the 2008 epiphyton was dominated by these
two species. The 1992 epipelon contained abundant N. cf. fonficola, A. veneta, F.
fasciculata and Nitzschia sigma. These species are mainly typical adnate, benthic taxa.
2008 epipelon was also diverse with abundant N. fonticola, F. fasciculata, C. placentula
and Rhopalodia constricta. The 2008 plankton was dominated by F. fasciculata and N.
cf. fonticola, implying that these species inhabit the water column in addition to other
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habitats. Diatoms were also abundant in the stromatolite sample. F. fasciculata
dominated this assemblage; this may be due to the specie’s high abundance at the time
of sampling. A common epipelic species in the sediment record, Entomoneis paludosa
var. subsalina, was rare in the modern environment. This suggests that this taxon is not
favoured by modern Kratergdl conditions. However, the absence of this species may

also be associated with sampling time and locations.

The relative weighting of modern species altered when data were plotted according to
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