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ABSTRACT

Vegetation is a critical component of Mediterranean palaeolandscape studies, however
variable data quality and quantity, a lack of understanding of Mediterranean vegetation
processes, and complex environments may preclude important palaeolandscape debates
from being answered adequately. Issues of representation and uncertainty, and difficulties
comparing palaeoecological data against archaeological records often tend to confound clear
conclusions from being drawn. Modelling and simulation studies can alleviate some of these
difficulties, however, palaeovegetation models have not been utilized to a great extent in the
Mediterranean.

To help redress the balance, this thesis established a vegetation modelling framework set in
Mediterranean southwest Turkey. In order to overcome some of the above challenges, a new
hybrid suite of modelling techniques were developed. The first modelling section developed a
bioclimatic model based recent high resolution data of key species and their environmental
distribution. The second modelling section undertook Bayesian modelling of radiocarbon
dates and pollen zone boundaries from cores across southwest Turkey, to understand the
uncertainty of palaeoecological data from pollen cores. The final modelling section converted
vegetation modelling output to pollen simulations to compare model output with actual
analytical pollen data. To demonstrate the implementation of the framework, it was
employed on three important research questions based on disputed points of Mediterranean
palaeoecological history.

Following a discussion of palaeoclimatological and palynological evidence from the last
glacial period in southwest Turkey and the wider Mediterranean (23-19 Cal ka yr BP), the
modelling framework was first employed to investigate whether climatic change could
account for evidence of high lake stands and evidence of steppic vegetation signatures
concurrently. Utilising a GIS modelling approach, different aspects of this scenario could be
explored, including the investigation of steppic areas, and potential refugia locations for cold
and drought intolerant species, and the balance of humidity and aridity across the region that
may have allowed glacial advance and high lake levels.

The model was secondly employed to analyse the potential for a lag in tree expansion in
southwest Turkey at the beginning of the Holocene (~11 Cal ka yr BP to 8 Cal ka yr BP). By
incorporating potential uncertainty surrounding pollen zone chronology, Bayesian modelling
provided support for the case that a lag in tree species expansion existed in the southwest,
and evidence for high precipitation and temperature was modelled.

The model was finally employed to examine the beginning, expansion and end of the
Beysehir Occupation Phase. This is a phase of intensive arboriculture, grazing and arable
activity interpreted from pollen evidence and archaeological analysis. Modelling here
investigates the early beginnings of the phase, the expansion into higher elevations during
the Hellenistic and Roman period, and the decline of the phase between ~AD 200 and AD
900. Modelling suggests that average temperatures were likely to have been warmer, with
higher precipitation than modern times. The modelling study has important implications not
just for the palaeoecologists, but also for the archaeological and historian community.
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'Plants are not just the Environment, part of the scenery of the theatre of historical ecology, the
passive recipients of whatever destiny mankind's whims inflict upon them. They are actors in

the play.’ (Grove and Rackham 2003 p. 45)
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1 RESEARCH AIM, INTRODUCTION AND RESEARCH SCOPE

1.1 RESEARCH AIM

The research aim for this PhD thesis is to develop and implement a vegetation modelling
framework tailored to Mediterranean southwest Turkey. To acknowledge the complexity
of the problem space, the model will take a multifaceted approach incorporating

bioclimatic, spatial, chronological and palynological modelling elements.

Once the model framework is established, model scenarios, runs and simulations will be

implemented that engage with three important research questions:

i) Can the model framework provide a coherent narrative to explain evidence
of high lake stands concurrent with steppic vegetation signatures during the

Late Glacial period? (~23 to 19 Cal ka yr BP)

ii) Does the model framework provide further evidence to support or reject a
lag in tree expansion at the beginning of the Holocene (~11 to 8 Cal ka yr

BP), and if so, is there evidence for a climatic reason for this?

iii) To what extent can the model framework inform on the timing, magnitude

and reasons for the Beysehir Occupation Phase (~3.8 to 1.4 Cal ka yr BP)?

The research questions are formulated around key palaeoecological and cultural debates set in
southwest Turkey, but all have relevance in the evolution of the wider Mediterranean. These

debates will be discussed throughout the thesis.
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1.2 INTRODUCTION

The impetus for this thesis is borne out of a recognition that traditional approaches to
palaeoenvironmental enquiry have had limited success as single disciplines (i.e. archaeology,
palaeoecology, palaeoclimatology) in answering large overarching questions of landscape
evolution; such as the relative influence of climate and human agency on the flora, fauna and
culture of a particular region, the temporal continuity and discontinuity between environmental
events, and the spatial continuity and discontinuity of vegetation, environment and culture
across a dynamic landscape. The overwhelming reasons for this are firstly the patchy,
heterogeneous and potentially biased nature of palaeoenvironmental, archaeological and
palaeoclimatological data available, and secondly the complexity of the systems involved,
resulting in a limited picture gained from only one discipline. Until adequate data are collected,
which may never be forthcoming, modelling affords a route to move beyond the data, and to
deal with the nexus of different disciplines. This can be achieved alongside the use of statistical
methods which can define uncertainty and test hypotheses and theories. Ultimately a modelling

framework can provide a useful approach to clarify and ultimately understand these events.

These four issues; unresolved palaeoenvironmental debates, patchy, heterogeneous palaeodata,
complex systems, and a lack of understanding of the mechanisms, causes and appearance of
palaeolandscapes are particularly apparent in the Mediterranean, therefore making it a prime
candidate and a challenge for modelling studies. To date, there have been few such modelling
studies attempted and even less that engage with the complex vegetation history of the region.
This is crucial, as vegetation evidence is one form of palaeodata that can have relatively
continuous records (through pollen cores), and reflects the multifarious spheres of influence of

climate, topography and human agency. As Di Pasquale et al. state:

“The forest vegetation can be read as an element of the mosaic of cultural

landscapes of various ages and therefore it can be studied like an archaeological
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feature (Rackham 1992); but it is curious that this approach, based on different
and rich materials (biological, archaeological and historical), is rarely taken up

by ecologists and environmental experts.”

(Di Pasquale, Di Martino et al. 2004 p. 14)

The ‘curious’ nature of a lack of vegetation modelling using multidisciplinary datasets in the
Mediterranean can be better understood through examining the successes and limitations of
previous vegetation modelling studies, and the particular issues that the Mediterranean
environment brings. For instance, there has traditionally been a palaeoecological research focus
on Northern European contexts due to the geographical clustering of key researchers in this
area (e.g. Andersen 1970; Bradshaw 1980; Caseldine, Fyfe et al. 2007; Brostrém, Neilson et al.
2008). The types of species studied and the processes of succession and mechanisms of plant
proliferation are for the most part based on northern European contexts, therefore creating a
relative lack of information on Mediterranean species dynamics. Secondly, there are
methodological challenges of the Mediterranean environment, in particular a data deficit and
bias due to poor preservation in highly desiccating, erosional or depositional environments.
There is also often a mismatch between the types of complex questions and issues that arise in
archaeological and palaeoenvironmental discourse (Weiss 1982; Issar 1998; Vanhaverbeke,
Vionis et al. 2009), and the quality, scale and amount of data available (Betancourt 1987;
Athanassopoulos and Wandsnider 2004). If palaeoecological records are considered poorer in
the Mediterranean than in northern Europe, archaeological records are arguably richer, setting
up a disjunction between the two fields. The current challenge for the future of
palaeoenvironmental study is therefore to move beyond these singular disciplines, in order to
understand multidisciplinary links between climate, topography, competition, anthropogenic
influence and vegetation development through time, and to understand complex variation

through space.
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Summarising current debates in Mediterranean palaeoecology, the previous understanding of
climate and anthropogenic influence on vegetation has generally been split between processes
in the early, mid and late Holocene (e.g. Magny, Miramont et al. 2002). In the Late Glacial and
early Holocene periods, discourse focuses around two key areas. Firstly, the climatic restriction
of plant and tree species due to cold and / or arid conditions across the Mediterranean is
theorised from palaeoecological records, which potentially contradicts evidence from
independent climate records of high lake and sea levels (Médail and Diadema 2009). Secondly,
the role and distribution of areas of refugia for key Mediterranean and temperate species, and
the expansion out of these favourable areas at the beginning of the Holocene is still a developing
topic (Brewer, Cheddadi et al. 2002; Taberlet and Cheddadi 2002; Krebs, Conedera et al. 2004),
and the timing and extent of a lag between climate change and migration of tree species at the
beginning of the Holocene is also a key debate (van Zeist and Bottema 1991; Roberts and Wright

1993; Stevens, Wright et al. 2001).

In the mid Holocene, there is traditionally assumed to be a ‘golden age’ for Mediterranean
vegetation, with Mediterranean forest and maquis prevalent across large swaths of the
environment (Tomaselli 1977; Thirgood 1981). However, this in the main depends on
interpretations of palynological records, which are now known to have a large number of issues,
assumptions and provisos in order to interpret them robustly (Prentice 1985; Sugita 1997;
Sugita, Gaillard et al. 1999; Neilsen 2005). In the later Holocene, the main unanswered
landscape debates revolve around the nature of human exploitation of the environment, and its
impact on natural succession cycles. From an ecological perspective there is particular interest
in understanding polyclimax succession through a continuous landscape, the extent and
longevity of the natural Mediterranean forest stage and what constitutes a natural landscape
(Naveh 1982; Christensen 1988). From an archaeological perspective issues cluster around the
extent and intensity of anthropogenic influence on the landscape, through agriculture, grazing,
settlement, deforestation and fire (Forbes and Koster 1976). The principal dichotomy is

therefore between the mainly climatically influenced early Holocene vegetation, and the
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predominantly anthropogenically influenced late Holocene vegetation, with around 5000 BP
being the dividing line (e.g. Médail and Diadema 2009). The assumption of a modern degraded
Mediterranean landscape necessarily accepts the premise of a rich Mediterranean vegetative
environment prior to the impact of intensive human agency on the landscape. However, as
stated above, this premise has not yet been satisfactorily proven, and it is becoming apparent
that the subtleties and nuances of these relative influences through time are not yet developed

enough to be confident in this assumption (Grove and Rackham 2003).

With these multidisciplinary debates in mind, this thesis aims to develop a Mediterranean based
multidisciplinary model with vegetation modelling as its core, allowing the model to be useful in
a range of contexts, which will engage with theories of natural processes, climatic influence and

human agency.

To review, the context for this research can be summarized as being based on three key

premises defined below:

(a) Late Glacial and Holocene vegetation change in the Mediterranean is a topic of major
importance as it reflects periods of significant change in landscape evolution, climate

and culture.

(b) More research is required to characterize Late Glacial and Holocene vegetation change
and landscape diversity in the Mediterranean than can be provided by the direct
interpretation of data from single disciplines, such as palynological, archaeological and

climatological data.

(c) Given the uncertainties involved in reconstructing past landscape and vegetation
patterns using traditional methods such as palynology, particularly in Mediterranean
environments, multidisciplinary modelling is a required approach in order to combine

climatological and ecological processes, and move forward.
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This thesis demonstrates that modelling can bring together data from disparate disciplines,
whilst robustly defining uncertainty, allowing the testing of hypotheses through scenario and
simulation. By developing a new multidisciplinary model tailored to the southwest of Turkey,
this thesis showcases the potential of vegetation modelling as a promising approach within

Mediterranean environments.

1.2.1 The case study of southwest Turkey

The significance and strength of southwest Turkey as a particular lens on the Mediterranean,
and a basis for the vegetation model lies firstly in its geographical position, being at the margin
of Mediterranean and steppic regions today, but previously showing signs of more temperate
vegetation (Roberts and Wright 1993). It is secondly significant as it provides a substantial
archive of palaeoecological records for such a marginal environment, its lake records, allowing
for palynological and climatic assessment (van Zeist, Woldring et al. 1975; Bottema and
Woldring 1984; Eastwood, Roberts et al. 1999; Vermoere 2002; Eastwood, Leng et al. 2007;
Kaniewski, De Laet et al. 2007). Furthermore, it has an incredibly rich cultural history, and as
importantly, a series of rigorous historical, archaeological and geoarchaeological studies to
provide a resource for discussion (Broughton 1938; Magie 1950; Roberts 1987; Mitchell 1995;
Vermoere, Smets et al. 2000; Vanhaverbeke and Waelkens 2003; Kaniewski, De Laet et al. 2007;

Vanhaverbeke, Vionis et al. 2009).

Decades of palynological and palaeoclimatological research throughout Anatolia, and southwest
Turkey in particular, have uncovered tantalising evidence of major landscape changes since the
end of the last ice age, which echoes the major themes across the Mediterranean. As across the
rest of the Mediterranean, palaeoclimate proxies from Turkey show a discrepancy between
steppic vegetation interpreted from fossil pollen evidence, and advancing glaciers and high lake
levels interpreted from sedimentological and geochemical analysis during the Late Glacial
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period (van Zeist, Woldring et al. 1975; van Zeist and Bottema 1982; Eastwood, Roberts et al.
1999; Eastwood, Leng et al. 2007). During the Early Holocene, a potential lag between climate
amelioration and vegetation is apparent, apart from a key area surrounding the Black Sea,
which is considered to be a potential refugia area (Wick, Lemcke et al. 2003; Eastwood, Leng et
al. 2007; Fleitmann, Cheng et al. 2009). As in other areas of the Mediterranean, a coherent
narrative of vegetation development alongside climatological records is yet to be forthcoming,
due in part to difficulty in providing adequate evidence from any one discipline to deal with
complex issues, and secondly to a series of challenging mismatches in data interpretation
between different disciplines. However, overcoming these issues by fully utilising the rich
available data, and employing a modelling approach to explore and counter these difficulties has
the capacity to inform not just on vegetation and climate, but also on key questions of historical

and archaeological importance.

Until fairly recently, analysis in Anatolia had focused on the major extant remains of settlement,
from the remarkable remains of Neolithic Catal Hoyiik (Mellaart 1962; Mellaart 1962), to
Bronze Age settlements of Hacilar and Bogazddy (Mellaart 1958), through Iron Age Gordion, to
the magnificent Imperial cities, such as Byzantium, Sagalassos, Termessos and Kibyra (Coulton
1988; Waelkens, Paulissen et al. 1997; Baird 2004 ). However, archaeologists and historians
have become increasingly interested in how the environment and the landscape potentially
affects the development of human society. Reaching back to the Neolithic, Anatolia was an
incredibly important place for the development of hunter-gatherer communities, as well as the
development of agriculture and stable farming communities (Schoop 2005). In particular, it is
acknowledged that marginal environments such as the mountainous areas of Turkey may
become particularly important in understanding experiments in societal development. Changes
in climate at the beginning of the Holocene could have key implications for the adaptation, trade

and movement of Neolithic communities.
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Furthermore, detailed historical and archaeological analysis has discovered that along with the
emergence and expansion of symbols of sophisticated urban society, material wealth and power
during the mid to late Holocene, were periods of intense turbulence and contraction (Mitchell
1995; Vermoere, Smets et al. 2000; Vanhaverbeke and Waelkens 2003). Preliminary
comparisons with palynological evidence shows that these events are sometimes reflected in
pollen records, but at other times can show contradictory evidence of cultivation and a thriving
rural economy in periods of supposed societal decline. For example, during the 2nd millenium BC
(Mid-Bronze Age) archaeological evidence of settlement is rare (Waelkens 2000; Vermoere
2002), however, pollen evidence suggests cultivation and grazing indicators (van Zeist,
Woldring et al. 1975). A further example is the period between the collapse of the Phrygian
kingdom at the end of the 7t century BC, to the 4th century BC. This is a known gap in both
historical and archaeological evidence (Mitchell 1995). Nonetheless, palynological evidence
again reflects a continuing period of cultivation during this phase (van Zeist, Woldring et al.

1975; Bottema and Woldring 1984), suggesting a potential contraction to rural areas.

The later Holocene encapsulates the enigmatic period known as the Beysehir Occupation Phase
(BOP). Palynological evidence suggests a period of deforestation at around 3.7 Cal ka yr BP,
followed by cultivation intensification throughout most of the southwest (van Zeist, Woldring et
al. 1975; Bottema and Woldring 1984; Eastwood, Roberts et al. 1998; Vermoere, Bottema et al.
2002). The BOP is one of the first expressions of human impact on the natural environment for
the east Mediterranean region, and southwest Turkey in particular. However, the agricultural
carrying capacities of these environments through the Hellenistic, Persian, Roman and
Byzantine periods are not well understood (Mitchell 1995; Mitchell 2005). Complicating
matters are the extent to which agricultural intensity in montane regions (such as olive
cultivation) finds expression in the pollen data alongside evidence of climate change (Izdebski

2011).
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Contraction is also seen in the Roman period, notably during the 3rd Century AD crisis,
evidenced from the sharp decline in visible prosperity and urban organisation across the
Empire (Mitchell 1995). As stated by Mitchell, the extent of the crisis in Anatolia is a key issue
for debate; emphasising the importance and resilience of rural life and the agricultural economy
in providing a continuation of culture and economic prosperity through to the 4th Century AD
when imperial recovery was underway (Mitchell 1995). This theme of rural resilience further
emerges during the Late Roman and early Byzantine era. During this period, Mitchell theorises a
distinction between the rising power of the Church throughout urban networks of the region,
and the relative autonomy of rural areas. With the eventual decline of civic institutions during
the 6th and 7th Centuries and the invasion of the Persians under Chosroes in AD 613, a historical
and archaeological ‘dark age’ had begun. But the actual extent of societal contraction has been
questioned by a number of scholars, including Mitchell, and notably Vanhaverbeke (2009) and

Haldon (2006)

One of the underlying themes of recent historical and archaeological analysis is therefore the
potential contrast between urban volatility, and rural continuation during these times of
upheaval. Palaeoecological evidence may provide a unique way of assessing the continuation of
rural life during periods of institutional breakdown, however to do so it is key to assess and
understand the resolution, chronology and representation of such ecological records so that
they can be used in an appropriate manner. The combination of vegetation and palynological as

proposed in this thesis may bring to bear new perspectives on this important discourse.

1.3 OVERVIEW OF THE VEGETATION MODELLING FRAMEWORK

This thesis is set in an area with one of the most interesting, important and complex areas in the
world, with a tradition of expert archaeological, historical and palynological analysis, and
vibrant multidisciplinary debate. This thesis will demonstrate that a vegetation modelling

framework is capable of engaging with these key debates in a multidisciplinary manner.
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The framework essentially contains three components. The bioclimatic model first defines a
probabilistic basis for modern species distribution, through climate, soils and topography. This
section alone can provide important insights into the potential reasons behind species
expansion and contraction (although it must be remembered that in order utilise the model for
palaeoecological purposes the method requires certain assumptions of Uniformitarianism to be

upheld).

As a second component, it was deemed important to compare model output to actual
palaeoecological data. However, the most widespread evidence for palaeovegetation
distribution across the whole region is considered to be sourced from palynological (fossil
pollen) data. This presented two main challenges for the comparison of model output with data.
Firstly, vegetation model output was not directly comparable with pollen data, the reasons for
which will be elaborated upon in Chapter 4. Secondly, in order to investigate the spatial
variability of pollen assemblage across the landscape at particular points in time, a
synchronised pollen basis was required, which did not exist due to chronological issues
discussed in Chapter 7. Therefore two further modelling components were required. Vegetation
model output was converted to simulated pollen assemblages using the HUMPOL model suite, to
create comparable datasets. This section raises important questions regarding the

representation of vegetation in the pollen record, and assumptions of pollen travel.

Secondly, Bayesian modelling of the analytical pollen core chronology was undertaken to
synchronise pollen cores and define the chronological uncertainty through time. This section
raises issues concerning the amount of uncertainty attached to key vegetation phases, and

requires assumptions of deposition criteria where data is not available.

Once these methodological challenges were achieved, and assumptions identified, the
bioclimatic model was run under a number of modelling scenarios. These were then converted
to pollen simulations for key points in the landscape using the HUMPOL model. This allowed

comparison of simulated pollen with analytical pollen for key periods of time. By comparing the
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best fitting climate scenarios with independent climate evidence it was possible to discuss
whether climate and vegetation were likely to be telling a coherent narrative. If climate
evidence and model output are not coherent, it provides clues as to whether other factors such

as human agency have overridden the climate-vegetation signal.

Furthermore, GIS visualisations of climate and individual species relationships will be explored
where useful to demonstrate key correlations and mechanisms. The implications of model

results will also be briefly discussed against archaeological and historical data where possible.

The thesis details a novel approach to modelling in terms of the species assemblage used, the
geographical area studied, and resolution of analysis undertaken. It develops a model
framework through which palaeoclimate scenarios can be compared with empirical
palaeoenvironmental data which has been chronologically modelled, providing context for
discussion against archaeological and historical data. By this combination of approaches, the
model will be released from the constraints of empirical data from single disciplines, and will
instead use the breadth of data as a comparison and evidential support for a series of scenarios

based on actual hypothesis.

In order to contextualise the thesis, the next chapter will begin by introducing the

Mediterranean region, and the study area of southwest Turkey.
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Chapter 2

The Geographical Setting and Research Question Context

The aim of this chapter is to provide context to the three key research questions of this thesis.
Because the research questions are interdisciplinary and sit at the nexus of many important
debates the chapter summarises a series of in-depth, wide reaching literature searches to
contextualise model development. The chapter highlights key literature that provides the basis
for the research questions, however, a series of informational appendices are also presented at
the end of the thesis for reference, that elaborate on specific aspects of the research. Following a
summary of each research question, the issues will be crystallised into a number of hypotheses

that will later be testable by the model.

As a result of this research, the chapter assesses the main barriers that have so far precluded the
research questions being answered. The chapter ends by highlighting how the modelling

approach in this thesis may overcome the identified barriers to provide new insight.
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2 THE GEOGRAPHICAL SETTING AND RESEARCH QUESTION

CONTEXT

2.1 STUDY AREA - SOUTHWEST TURKEY

Southwest Turkey has particular significance as a test bed for palaeoecological modelling due to
its geographical position and rich palynological archive (van Zeist, Woldring et al. 1975;
Bottema and Woldring 1984; Bottema, Woldring et al. 1986; Roberts 1990; Bottema, Woldring
et al. 1993; Roberts, Reed et al. 2001; Wick, Lemcke et al. 2003). It also hosts an array of
palaeoclimatic studies from lake and speleothem studies to geomorphological and gastropod
studies (Roberts, Eastwood et al. 1997; Wick, Lemcke et al. 2003; Eastwood, Leng et al. 2007).
Further to this it has an established record of archaeological excavations and field surveys due
partly to the work of the British Institute at Ankara, and important historical and cultural works
(Broughton 1938; Mellaart 1958; Mellaart 1962; Mellaart 1962; Coulton 1988; Mitchell 1995;
Waelkens, Paulissen et al. 1997; Waelkens 1999; Waelkens 2000; Vanhaverbeke, Vionis et al.

2009)

Figure 2-1 shows a map of Turkey, including provincial boundaries and water bodies, and
defines the region of southwest Turkey that is the focus for this study. It also defines the area
that will be used for modelling. The modelling extent is larger than the study area in order to

avoid any edge effects when modelling (Wheatley and Gillings 2002).
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Figure 2-1 A map showing the modelling extent and study area of southwest Turkey, including provincial

boundaries and perennial water bodies.

Four preliminary research areas were considered important to provide background context to

the aim and research quesstions of this thesis. They were to:

1. Understand and define what is meant by the Mediterranean
2. Assess palaeoclimatological and palaeoecological information from the wider
Mediterranean relevant to the thesis

3. Understand the physical setting of southwest Turkey

4. Assess palaeoclimatological and palaeoecological information from southwest Turkey

As part of contextualisation of this thesis, all of these aspects were considered and summarised

to provide a useful reference to the development of the thesis proper. As each topic is not

insignificant in scope and breadth, they were considered to divert from the main focus of the

thesis and are therefore not included in the main body, however, as they are likely to provide a

useful reference to the reader, these summaries are positioned in appendices 1-5.
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2.2 RESEARCH QUESTION CONTEXT AND MODEL HYPOTHESES
Drawing from summaries provided in appendices 1-5, this section will provide a concise précis

for each research question.

2.2.1 Context for Research Question 1

During the Last Glacial Maximum (~24 to 19 Cal ka yr BP) foraminifera proxy data indicates
co0l SST in the Levantine Basin (Hayes, Kucera et al. 2005), stable isotope analysis indicates low
average temperature in Israel (McGarry, Bar-Matthews et al. 2004), and stable isotope analysis
suggests climatic aridity in Turkey (Roberts, Jones et al. 2008). A general trend shows high lake
levels throughout the period 24 Cal ka yr BP to 19 Cal ka yr BP, after which lake levels drop with
alow stand at ~17 Cal ka yr BP (Bartov, Stein et al. 2002; Bartov, Goldstein et al. 2003).
Evidence suggests that a marked difference in global climatic conditions was manifest in the
Mediterranean during the last glacial period than modern conditions; characterised by cooler

temperatures, and relatively high lake levels.

In southwest Turkey in particular, geomorphological data suggest that a ‘local’ glacial maximum
on Mt Sandiras occurred at ~20.4 + 0.13 19Be ka yr BP (Sarikaya, Zreda et al. 2008). Similarly to
Jordan, high lake level stands are apparent (and partially coeval) at Konya basin and Lake Van in
Turkey. Fossil shoreline evidence at Beydili and Kilbasan, Konya basin shows high lake levels
from approximately 28 to 23 14C ka yr BP (Roberts 1983), and evidence from the highest
accumulation terrace at Lake Van suggests high lake levels between 20 corr. 14C ka yr BP to 18
corr. 14C ka yr BP (Landmann, Reimer et al. 1996). The presence of planktonic diatoms and
laminated sediments at Eski Acigol also points to deep water conditions (Roberts, Reed et al.

2001).

In comparison to climate evidence, pollen data across the Mediterranean and Middle East for
this time period is characterised predominantly by a rich steppe community, comprising
Artemisia, Chenopodiaceae, Gramineae and Cerealia-type pollen (van Zeist and Wright 1963;

Niklewski and Van Zeist 1970; van Zeist and Bottema 1977). Where arboreal pollen is found, it
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comprises deciduous Quercus and Betula, along with coniferous taxa comprising Cedrus, Pinus
and Abies (van Zeist, Woldring et al. 1975). This presents an apparent dichotomy between cool
and humid conditions from palaeoclimatic and sedimentological evidence, and arid conditions
from palaeoecology. Although hypotheses have been proposed regarding the impact of low
precipitation and temperature together (Prentice, Guiot et al. 1992; Roberts and Wright 1993)
modelling studies to fully explore this hypothesis are rare (Robinson, Black et al. 2006). By
utilising vegetation modelling and pollen simulation this thesis aims to engage with these

hypotheses, linking climate, vegetation and pollen representation.

This period is also important from an archaeological perspective as it provides the context for
little understood Epipalaeolithic communities. Climate, topography and vegetation together
provide the baseline on which fauna and human society can adapt and evolve. Learning more
about the environment that these early communities lived in, and identifying key spatial and
temporal variation in their environment provides insight that may lead to future hypotheses

regarding key migration patterns, adaptations or evolutionary events.

By examining the probabilistic effects of climate change on vegetation composition, not only
through precipitation and temperature modelling but also through the consideration of aridity
and humidity, the approach taken provides a unique analysis of possible climate-vegetation

linkages at the landscape scale, and species level.

In order to provide a testable basis for the model, a hypothesis is formed that may be supported
or rejected by the model output. The working hypothesis is that low evaporation allowed lake
levels to remain high, but prevented vegetation from developing particularly in the interior of
the region. Whether low precipitation and low temperature combined may have resulted in this
scenario can be tested with the model, and forms the basis of a null and alternative hypothesis

as shown in Figure 2-2.
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Figure 2-2 Model hypothesis for Research Question 1.

H1: Low precipitation and temperature during the Last Glacial Maximum provides a
possible climatic basis for steppic species distribution, high lake levels and glacial

advance.

HO: Low precipitation and temperature during the Last Glacial Maximum does not
provide a possible climatic basis for steppic species distribution, high lake levels and

glacial advance.

2.2.2 Context for research question 2

A range of climate proxy data including foraminifera (Bar-Matthews, Ayalon et al. 2003), cave
speleothem (Bar-Matthews, Ayalon et al. 1999; Bar-Matthews, Ayalon et al. 2000) gastropod
characterisation, soil characterisation, (Rossignol-Strick 1999), marine sapropel (Fontugne,
Arnold et al. 1994) and climate modelling (Kutzbach and Guetter 1986) suggest a significant
increase in precipitation and temperature occurred during the early Holocene period (~11500
to 11000 Cal yr BP). For Turkey in particular, authigenic stable isotopic and mineralogy data
from Lake Van suggest that even as early as ~12.4 Cal ka yr BP there was a rapid change to
more humid climatic conditions than the preceding late glacial period, and lake levels are high.
Geochemical and isotopic indicators from cores taken at Eski Acigol dry crater lake also reflects
deep water conditions and low salinities during this period (Roberts, Reed et al. 2001). As part
of the ISOMED synthesis (Roberts, Jones et al. 2008) normalisation of isotopic records across a
series of Eastern Mediterranean lakes was carried out, allowing multi-centennial trends to be
analysed. This analysis showed that more negative values were found before 7900 14C BP,

suggesting high moisture availability. In particular analysis of lake shorelines and lake cores
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from the Dead Sea provided evidence for high water levels between 10 000 Cal yr BP and 8000

Cal yr BP, and a fall in levels at around 7700 Cal yr (Migowski, Stein et al. 2006).

Analytical pollen data for the early Holocene is found to be significantly different in composition
to that of the Late Glacial period. A rapid shift from Artemisia steppe to grassland is evident at
Eski Acigol and Lake Van at the beginning of the Holocene, and a rise in Pistacia, which seems to
reflect climate amelioration (Roberts, Reed et al. 2001). However, a delayed response of
Arboreal Pollen is also identified at Lake Van and Lake Zeribar. This lag has been estimated to
take in the order of 3000 years or more to reach an AP maximum, which generally occurs
between around 7500 - 5500 Cal yr BP (van Zeist and Bottema 1991; Roberts and Wright 1993;
Eastwood, Roberts et al. 1999; Roberts, Reed et al. 2001; Roberts, Brayshaw et al. 2011). The
precise reasons for this are yet to be established and may include many factors, such as low
effective precipitation (Bottema and Woldring 1984) and moisture stress (Roberts, Reed et al.
2001). Evidence from southwest Asia suggests that forest migration lag occurred in interior
areas due to a climate drier than present during the early part of the Holocene (Roberts and
Wright 1993). However, limnological and pollen evidence from Eski Acigol (an inland site)
suggests a delayed increase in Arboreal Pollen despite deep, dilute lake conditions suggesting

greater moisture availability.

Roberts et al. (2001) posit that this evidence together may reflect a significant disequilibrium
between woodland density/composition and climate in the semi-arid and sub-humid interior

regions of southwest Asia during this period.

To provide further input to this debate, vegetation modelling and pollen simulation will be
undertaken to establish the temporal and spatial variability in vegetation change in southwest
Turkey at the beginning of the Holocene, and potential links between this distribution and
climate will be assessed. Based on previous literature, and reconstructed climate evidence, the
modelling process for research question 2 starts out with 2 hypotheses (Figure 2-3), which may

be supported or rejected by the model output.
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Figure 2-3 Hypotheses for Research Question 3

H1: Pollen zones from southwest Turkey suggest a lag in tree expansion at the

beginning of the Holocene

HO: Pollen zones from southwest Turkey do not suggest a lag in tree expansion at

the beginning of the Holocene

If H1 is supported, then:

H2: Model output supports the suggestion of a climatic reason for a lag in tree

expansion at the beginning of the Holocene

HO: Model output does not support the suggestion of a climatic reason for a lag in

tree expansion at the beginning of the Holocene

2.2.3 Context for Research Question 3

Palynological investigations from coring activities defined a period of human impact known as
the Beysehir Occupation Phase, named after the place where this anthropogenically influenced
period was first discovered (van Zeist, Woldring et al. 1975; Bottema and Woldring 1984;
Eastwood, Roberts et al. 1999; Vermoere, Bottema et al. 2002). The traditional chronology of
the Beysehir Occupation Phase is between ~3500 to 1500 4C BP, calibrated to ~3800 to 1400
Cal yr BP (~1800 BC to AD 600). The Beysehir Occupation Phase is most clearly visible in SW

Turkey, and definition of the full spatial extent of the Beysehir Occupation phase is hampered in
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that there are only a few sites in central Turkey (such as Nar Golii) that have yielded
palaeoecological records. However a similar phase has been recorded in sporadic sites in NW

Turkey and northwestern Greece (England, Eastwood et al. 2008).

The beginning and the end of the phase is defined mainly by arboriculture, with species such as
grape (Vitis vinifera), walnut (Juglans regia), olive (Olea europaea) and manna ash (Fraxinus
ornus), but also the plane tree (Platanus orientalis). Secondary Anthropogenic Indicators (SAI)
such as Plantago lanceolata and Sanguisorba minor are also found as part of this phase and are
taken as indications of disturbed land, or grazing. Since its discovery at Beysehir, a number of

questions still remain with regards to the timing, intensity and reasons for the phase.

By the Hellenistic and Roman period climate evidence from around the Mediterranean suggests
a warmer and wetter phase than present day conditions, particularly between ~1950 and 1600
Cal yr BP, or BC 200 to AD 400 (e.g. Lamb 1977). Speleothem records at Soreq cave provide
evidence for a rise in humidity at ~1950 Cal yr BP (Orland, Bar-Matthews et al. 2009) and the
Dead Sea shows an increase in levels around this time (Migowski, Stein et al. 2006, Bookman et
al. 2004). In addition, an isotopic analysis of trees used to construct a Roman siege ramp at the
Fortress of Masada above the Dead Sea also indicates a humid peak at ~ 1950 Cal yr BP (Issar
and Yakir 1997). This correlates with an increase in pollen proportion from primary and

secondary anthropogenic indicators across southwest Turkey.

Based on reconstructed climate evidence, modelling for this research question is based on 4

hypotheses, which may be supported or rejected by the model output.
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Figure 2-4 Hypotheses for Research Question 3

H1: The beginning of the BO phase is synchronous across southwest Turkey

HO: The beginning of the BO phase is not synchronous across southwest Turkey

H2: Chronological modelling suggests the continuation of cultivation throughout the Mid-
Bronze Age

HO: Chronological modelling does not suggest the continuation of cultivation throughout
the Mid-Bronze Age

H3: Climate change is implicated in the expansion of the BO phase during the Hellenistic
to Late Roman period

HO: Climate change is not implicated in the expansion of the BO phase during the
Hellenistic and Late Roman period

H4: The end of the BO phase is synchronized across southwest Turkey

HO: The end of the BO phase is not synchronized across southwest Turkey

2.3 IDENTIFIED BARRIERS TO PROGRESS WITH KEY RESEARCH QUESTIONS

As this review was undertaken, a number of issues were encountered with relation to the
comparison of evidence from different fields of study, and different scales of analysis, which are

likely to hamper multidisciplinary academic investigation.

The first potential issue identified was that chronological differences between dating methods
have a profound impact on the potential for comparison of evidence from different fields.
Calibrated and un-calibrated radiocarbon dates, laminated lake sediment years, archaeological
ages and Beryllium dates were encountered. radiocarbon dates associated with pollen evidence
from across Europe were given calibrated ages where possible, however the dates from Turkish

pollen core records have traditionally been given in un-calibrated 14C years BP. A further
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difficulty was being able to compare pollen cores within Turkey, again due to variable
chronological control. A subtask for this thesis was therefore to calibrate these dates and to
examine how pollen cores could be better compared across the region to facilitate future

discussion and analysis.

It is also recognised that palaeodata is in general patchy and heterogeneous. The preservation of
palaeoecological data depends on the lithological and climatological conditions under which it
has been deposited, palaeoclimate data is often discontinuous, and archaeological data is also
notoriously variable in distribution and preservation, making consistent narratives challenging.
For this reason it is recommended that a subset of palaeodata is best used as a basis for
modelling efforts, which can explore many possibilities, and aid the reconstruction of coherent
narratives. These models can then be tested using independent palaeodata to compare model

output at disparate points throughout the model where evidence exists.

As a further observation, many continuous palaeoenvironmental records from throughout the
Holocene have a relatively low temporal resolution. Comparing pollen evidence with
archaeological evidence is a case in point, where cores with generally around decadal to
centennial resolution are compared with archaeological evidence that has potentially single
year precision (the exception being laminated lake sediments, but these are rare). Palaeoclimate
data is rarely precise enough to offer exact details of temperature and precipitation change,

instead giving estimates of relative climate through time.

The spatial resolution of a climate or vegetation proxy is also a potential issue. Palaeoclimatic
evidence tends to be spatially disparate and often does not directly relate to the temporal or
spatial granularity of archaeological or palaeoecological data. Archaeological analysis on its own
tends to focus on key sites or small areas in great detail, however it is difficult to expand into
regional narratives to compare with larger climate models without a great amount of data and
excavation, which is timely, costly and falls victim to preservation and excavation bias.

Furthermore, pollen productivity differences and pollen dispersal bias between species distorts
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a direct interpretation from being made. These issues will be investigated further within this
thesis. They are not easily countered, however steps can be taken towards providing high
resolution modelling that does not violate the limits of the palaeoenvironmental evidence being
used as a basis, whilst providing a mechanism for providing more local realisations of the data

than would be possible by pure interpretation.

Finally, divergence was found between interpretations of climate based on independent climate
proxies, and the interpretation of vegetation change in southwest Turkey. In the early Holocene,
this may be aided by more nuanced modelling efforts to better understand the link between
climate and vegetation. It is considered that this level of detail would only be achievable by
using modern vegetation-climate relationships as a basis. In the later Holocene, these
requirements still hold, but the impact of human agency on vegetation is a parallel contributory

factor.
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2.4 WHERE ALTERNATIVE METHODOLOGIES CAN HELP

This chapter and associated appendices has highlighted the wealth of palaeoenvironmental data
available to examine key research questions throughout Holocene Mediterranean, the potential
issues of interpreting the past based on only one such proxy, and the challenges of

multidisciplinary interpretations.

This thesis proposes a vegetation modelling approach, which aims to counter some of the issues
discussed above to deliver useful modelling scenarios of the key research questions discussed

above. This will be achieved by following the below recommendations:

1. To refine understanding of the relationship between vegetation and climate, a
bioclimatic modelling approach may be useful, using modern vegetation-climate
relationships as a basis.

2. Palaeoclimatic data will be used as a grounding to create scenarios for the key research
questions, and Palynological and archaeological data will be used as model comparison
to move forward from single discipline interpretation, and to aid differentiation of
climatic and anthropogenic influence.

3. The chronology of palynological data from southwest Turkey will therefore be reviewed
and enhanced to create a better basis for model-data and intra-regional comparisons.

4. To aid usefulness within the archaeological community, the model will be developed

using high resolution data to provide local model output.

Having developed a conceptual approach for the modelling framework, the utility of a modelling
approach will be elaborated upon in the next chapter, and specific examples of previous
vegetation modelling techniques will be critically reviewed, to assess their applicability for this

study.
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Chapter 3

Vegetation modelling: methodological considerations and

previous approaches.

This chapter critically assesses the utility of using a variety of vegetation modelling techniques
to meet the recommendations of section 2.4, with the aim of creating a bioclimatic vegetation
model suited to the Mediterranean environment of southwest Turkey, and engaging with key
research questions. The chapter begins by summarizing the importance of modelling, and the
philosophical and methodological ways in which a modelling framework can be constructed. It
then gives examples of previous vegetation modelling approaches, starting with modern
analogue techniques, before examining palaeoclimate-vegetation modelling, and modelling links
between vegetation and palynological data. It then discusses the applicability of previous

vegetationmodelling approaches to the aim of this thesis.
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3 VEGETATION MODELLING: METHODOLOGICAL

CONSIDERATIONS AND PREVIOUS APPROACHES.

3.1 THE IMPORTANCE OF MODELLING

It is rarely feasible to capture data for every facet of a complex system. As such, tractable and
constrained representations of reality are necessary in order to understand particular
attributes or aspects of a system's behaviour. A model is a purposeful representation of reality
(Mooney and Swift 1999), targeted towards a particular research aim. Modelling also has great
power to enhance and augment research efforts in areas that are impenetrable to understand by
direct measures due to the intermittent and patchy nature of available data. The issues of
intermittent data, and hence the potential for modelling is very applicable when dealing with
the environmental and cultural systems of the past. Modelling allows researchers to elevate
themselves out of pure description and discussion of data into more refined, calibrated and

complex reasoning.

The utilization of models to interrogate palaeodata has become beneficial in a number of cases.
Within the last thirty years in particular, there have been developments both in the modelling of
palaeoecological data to provide evidence for climatic and cultural phases (Bunting and
Middleton 2005), and the modelling of environmental and cultural variables to predict and infer
vegetation distribution (Cramer, Bondeau et al. 2001; Smith, Prentice et al. 2001). These were
largely achieved through the application of statistical and spatial models to source data. The
philosophical, methodological and technical attributes of these models are discussed in this

section, and an overview diagram is shown in Figure 3-1.
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3.1.1 Philosophical approach to vegetation modelling

After the definition of research aims, objectives and hypotheses, and the recognition of the
utility of a modelling approach, a philosophical framework for the study is generally set up. One
of the most common divisions in philosophical approach is the distinction of inductive and
deductive models (although some may have elements of both). Deductive reasoning starts with
a general theory with well defined premises, from which is chosen a more specific hypothesis to
test. Modelling of logical processes derives a logically-based conclusion (see Figure 3-2). Where
objective, well defined assumptions cease to apply, deductive reasoning becomes weaker
(Arthur 1994). In contrast, inductive reasoning starts with individual examples of data, and
analyses these data for patterns. From this, a preliminary theory is formed (see Figure 3-3). As
the data collected are usually only a sample of all possible data, models can be created which
help inform on the wider implications of this preliminary theory. The model can be tested with
more data collection, which will either strengthen or weaken the preliminary

theory/hypothesis.
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Figure 3-3 Conceptual model to show a deductive reasoning process, with the incorporation of data and
models

In addition to the inductive and deductive approaches, models may also be classified as using

a top-down, or bottom-up approach (e.g. Hunter 1992).

The top down approach broadly equates with deductive reasoning, and commences with the
representation of one main system, before sub-systems are added, and refined, from the top
level downwards. The approach affords the possibility of parameterisation of lower
subsystems in order to trade mechanistic detail for simpler, generalising models, usually in
order to model large and complex systems. In contrast, the bottom up approach would start
with sub-systems modelled in great detail. These subsystems would act as modules to be built
and connected into larger systems. It allows local optimisation if one process chain is deemed
more important than another, but its organic nature needs careful control in order to gain a

useful and efficient overall system.
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Models can also be classified into simulation (or forward) modelling, which uses physics or
biology to predict property distribution, or inverse modelling, which uses observed properties
to constrain physical or biological processes (Peng, Guiot et al. 2011). This is another way of
describing deductive or inductive approaches. In the vegetation modelling arena, ‘Top-down’
approaches can be identified within the Digital Global VVegetation Models (Cox 2001),
whereas ‘Bottom-up’ approaches are seen, for example, within individual forest-gap
modelling techniques (Friend, Shugart et al. 1993). Distinctions in time are also possible, so
models may be described as static or dynamic, as ‘snapshot’, equilibrium or non-linear. The
choice of model approach depends predominantly on the aim of the model, but is also

dependent on data availability and knowledge of process and mechanism.

3.1.2 Methodological approaches

Subsequent to the philosophical approach chosen, modelling is based on one or more
methodological approaches. This is an essential section as it defines the nature by which the

model reaches beyond the available data.

One of the most widely used methodological approaches used in vegetation modelling is to
predict relationships and distributions for areas or time periods which are insufficiently
populated by data. Predictive vegetation modelling is defined by Franklin (1995) as predicting
the vegetation composition across a landscape from mapped environmental variables. This type
of modelling was first developed in the 1970s, and expanded with the increase in Geographical

Information Systems (GIS), and digital environmental data over subsequent decades.

“Predictive vegetation models are founded in ecological niche theory and
vegetation gradient analysis... and rest on the premise that vegetation
distribution can be predicted from the spatial distribution of environmental
variables that correlate with or control plant distributions” (Franklin 1995

p-475)
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Examples of vegetation predictive modelling that predict for areas of unknown data are found in

Vogiatzakis and Griffiths (2006) that examine plant community distribution in Crete.

However, predictive models have also expanded in their remit over time, with predictive
modelling not only predicting future events, but also past events such as palaeoclimate and
palaeovegetation. A useful study by Peng (2000) reviews the major static and dynamic
vegetation models which have been widely used to simulate the potential response of
vegetation to past and future climate change. Spikins (2000) uses predictive environmental
modelling to examine regional changes in terrestrial vegetation in order to provide a context for
archaeological analysis, while Gearey and Chapman (2006) use predictive modelling to examine

the potential positioning of alder (Alnus) around an Iron Age site using hydrological modelling.

There are however a few issues with the term predictive modelling in a palaeoecological sense
as prediction implies looking into the future, whereas retrodiction! may be a more appropriate
term. Furthermore, prediction implies a degree of falsification, suggesting a model may in the
future be able to be proven true or false. This becomes increasingly more difficult to do in cases
where empirical evidence is less frequent spatially or temporally, or where empirical evidence
is not available and must be inferred from other data, as often happens when dealing with the
past. In this case it rests upon assumptions that the patchy validation, inferred, or comparison
evidence is representative, which itself is difficult to prove without knowledge of the statistical
population. Predictive models therefore, are often not validated in the true sense, and are

seldom compared with data which does exist (cf. Spikins 2000).

One optimal method of validation is the integration of new data as they emerge, such as the
integration of new data into climate predictions, which helps to empirically refine future

predictions through time. However, although new palaeodata emerge, the potential to collect

1 Retrodiction is defined as utilizing present information or ideas to infer or explain a past event or state
of affairs
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the data required to prove a predictive model is slim. It is for this reason that the use of the term

predictive is not thought to be advisable in this thesis.

A second commonly utilized methodological approach is to infer? from one type of data to
another. Retrodiction uses inference to gain conclusions about past events. The use of transfer
functions (or calibration methods) in palaeoecology are often termed inferential model (Sachs,
Webb Il et al. 1977; Heiri and André 2010) and are based on modern training sets of species
and environmental data, the derivation of a mathematical function such as correlation or
regression, which is then applied into the past to infer a conclusion. It is a method that relies on
uniformitarian principles. Different types of transfer functions exist, such as the Modern

Analogue Technique (MAT) and Analogue matching (AM).

There are however clear disadvantages with these schemes. For a start, the model uses
empirical palynological data as input to the model, so there is no way to test it unless
independent climate data are available. Secondly, it does not account for pollen source area
variability which may influence the result. Thirdly, modern pollen assemblages may not be good
match for any previous assemblage due to the influence of human activity or no analogue
conditions, relationships between pollen and climate may have changed, or the type of climate

during the past may not be represented in modern assemblages.

The further common motivation is to create models that refine already available data. These
models are used to narrow down plausible possibilities through simulation, in order to tighten
precision or define uncertainty through probabilistic modelling, usually for the goal of
multidisciplinary data comparison. An example is the multiple-scenario approach of Bunting

and Twiddle (2007)

2To infer is to deduce or conclude from evidence and reasoning rather than from explicit statements
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3.1.2.1 Technical considerations for vegetation modelling

For any given hypothesis, a palaeoecological model is developed by considering a number of
practical factors including scale, data availability, computing power, complexity, knowledge, and

time, as summarized in Figure 3-4.

A crucial factor is spatial scale which is dictated by the hypothesis to be tested, as some
processes are very scale dependent, whereas others operate at a variety of scales (for instance
investigating the impact of deforestation, which may have different local, landscape and
regional processes and effects), potentially ending up with very different results. This has

implications for the ways in which data is captured and displayed; for instance:

‘Polygons and their geometry and topology are themselves artifacts of the
modelling process... the real geographic variation is complex and continuous

(Goodchild, Guoqing et al. 1992 p. 90; cited in Franklin 1995)

Just as crucial is temporal scale as certain phenomena are time dependent and modelling can
focus on a particular temporal scale to simplify and drill down to a particular process or set of
processes. However, systems and processes usually operate at multiple scales simultaneously,

and in this instance modelling can quickly become very complex and potentially intractable.
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Figure 3-4 Technical considerations in model development

In reality, model development and the temporal and spatial scale of analysis is usually restricted
by practical considerations such as the availability of data. Data availability at any particular
scale tends to decrease the further back in time the study aims to look. A lack of palaeodata can
be circumvented by using modern analogue data; however, this has its own assumptions,

particularly the assumption of Uniformitarianism

As already stated, validation is difficult for palaeoecological studies as for example in the case
of vegetation modelling, the pollen, phytolith and small amounts of macrofossil evidence are
likely to be the only remaining evidence of past vegetation. Instead, validation can be achieved
using modern vegetation data, or comparison to other independent palaeoecological proxies

(Vermoere 2002).

Other factors such as computing power serve to restrict modelling at certain scales (e.g.,
difficulty in modelling individual plants on a continental scale), and importantly, a lack of

theoretical understanding can restrict modelling from occurring until more knowledge is
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advanced. Finally, model development should consider the complexity or simplicity required. A
model is meant to be a simplified version of reality. However, just how much to simplify, or
abstract is an important question. If the process to be modelled is influenced by a multitude of
variables, and these variables are all potentially important, then a highly abstracted model may

not be the most useful.

3.2 PREVIOUS VEGETATION MODELLING METHODOLOGIES

Having discussed typical philosophical and technical considerations of model development, and
related it to particular types of vegetation modelling, this section will further outline case

studies with similar research aims to those identified in this thesis.

3.3 WHAT VEGETATION TO MODEL?

When developing a vegetation model, one of the first decisions to take is the number and type of
plant and tree species to model. It is generally unfeasible to model all species that are found in a
modern biome or even a fossil pollen assemblage zone. Previous models have had differing

methods for modelling species, which will be elaborated below.

The first stage is often dependent on the aim of the research. If agricultural issues are the focus,
then sometimes only crop species will be examined, as seen in some of the agent-based
agricultural models (e.g. van West 1994; Dean, Gumerman et al. 2000; Altaweel 2008); forgoing
a broader investigation of human ‘indicative’ species such as Plantago or Artemisia. If the aim is
instead to investigate broad scale climate influence on natural vegetation, and link this to
cultural change, certain key tree species may be included as a key indicator approach, as in

Spikins’ (2000) study, which investigated highly abstracted successional sequences.
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Although parsimonious, the issue with this very selective choice is that they may miss large
effects from species that are not modelled. Conversely, if a great many species are modelled,
then any model developed may easily become intractable, and further parameters such as

climatic variables may be lacking to populate the model.

In Digital Global Vegetation Models (DGVMs, see below) a Plant Functional Type (PFT)
methodology is common, which groups species together and models their global distribution by
using key bioclimatic variables. This approach was exemplified by the BIOME model of
vegetation as developed by Prentice et al. (1992), whose goal was “to find the simplest possible
model with the smallest number of plant functional types, constraints and driving variables that
could still simulate broad features of present vegetation of the Earth (Prentice, Guiot et al. 1992
p.1).” The main driving factors for vegetation change were defined as climatic, and so a number
of bioclimatic indices were derived addressing vegetation tolerance limits and climatic
requirements. This model grouped plant types into broad-leaved evergreen woody plants,
boreal evergreen conifers, temperate deciduous trees or C4 grasses (e.g. Woodward 1987;
Sykes, Prentice et al. 1996). Biome models can be defined as 'Gleasonian' models (Prentice,
Cramer et al. 1992), as biomes emerge through the interaction of constituent plants in a quasi-

competitive manner.

Clearly, one issue with this approach is that the broad classes of vegetation are relatively coarse
and would not be useful for investigating particular niches of species that have a very specific or
unusual climatic or edaphic profile. Although these models are often claimed to be ‘Gleasonian’,
they are only insofar as different combinations of PFT arise, but the subtle differences between
species that are within one plant functional type are lost. It is therefore tailored to a more global
or regional model than to the landscape or local scale. A second issue is that these models tend
only to deal with ‘natural’ forest and grass species, disregarding the impact of anthropogenic

influence and agricultural species.
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At the other end of the scale are forest gap models (Friend, Shugart et al. 1993; Bugmann, Yan et
al. 1996), which model individual plants and trees, and necessarily model species individually as
well in terms of their allometry, climatic preferences, edaphic preferences and restrictions to
growth such as shade. However, these models require detailed parameterization, which may not
be available for a wide range of species. These models can be used in a number of research
questions, both looking at natural and anthropogenically influenced succession, but are often

quite restricted in extent due to the individual nature of the model.

Therefore the aim is to achieve a fine balance between selecting enough species that will give a
general picture of the dynamics the research is hoping to capture, but without overpopulating

the model with poorly parameterized agents or variables.

3.3.1 A selection of vegetation modelling examples

Invariably, most palaeoecological models start with components that are developed under
modern conditions, a so-called ‘Modern Analogue’ approach. Although this introduces many
assumptions, particularly in terms of Uniformitarianism, it is often the only way to gain enough
information on empirical links between vegetation and other variables. Once defined, such
models tend to relax modern parameters and variables to encompass different estimations of

past situations (which are ideally compared to palaeodata).

It is well established that certain linkages exist between vegetation and climate. For instance,
Prentice (1992) considers the transcontinental correspondence between geographic patterns of
vegetation and climate as one of the oldest observations in plant ecology (Prentice 1992).
Vegetation models that aim to exploit this connection between vegetation and climate often
investigate first the influence of modern climate on modern vegetation, before inferring past
vegetation assemblages from palaeoclimate records. This is often the first step in disaggregating

other influences such as anthropogenic effects.
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One of the most longstanding theories of vegetation-climate linkages is proposed by Képpen
(1936) which is an empirical classification system based on the link between broad scale
vegetation types, temperature and precipitation. The Koppen system traditionally defines
climatic classes through vegetation rather than vegetation through climate. Building on this
basis, further models were developed that examined the influence of climate on vegetation
assemblages (Raunkiaer 1934; Holdridge 1947; Dansereau 1957; Fosberg 1967; Kiichler 1967).
The Képpen and Holdridge schemes were later improved by Guetter and Kutzbach (1990) and
Prentice (1990) respectively while further refinements were made on species cold limits and
drought tolerances (Box 1981; Shugart, Antonovsky et al. 1986; Woodward 1987) with the
overall aim to 'simulate long-term vegetation dynamics by mimicking physiological mechanisms
that express the effect of abiotic and biotic conditions on growth, through simple response

functions' (Fyllas, Phillips et al. 2007p. 440).

The culmination of this research has resulted in sophisticated Dynamic Global Vegetation
Models (DGVM; low resolution, global extent) and forest dynamics models (high resolution,
local extent). One of the more established DGVM methodologies is detailed in Prentice et al.
(1992). The range limits of tree species were described by using five species-specific bioclimatic
constraints. Species are clumped together into groups with similar climate requirements; an
approach called a Plant Functional Type approach. These were defined as the amount of
growing degree-days on a 5° base (GDDs), the mean temperature of the coldest month (T.) the
mean temperature of the warmest month (T ), the Priestley-Taylor coefficient of annual
moisture availability (o) and the dominance class (D) for each plant type. The advantage of
these models is that once biomes have been defined, external forcing of the DGVM can be
implemented through changing global CO,, climate and land use. If the relationship is well
founded, palaeoclimatic data can then allow retrodictions of past biomes to explore the possible

distribution of palaeovegetation.
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In order to build up the parameters for Biomization approaches, modern climate data, and
palaeoclimate scenarios are required. With DGVM models this has traditionally been rather
coarse in resolution due both to the limitations of the data available, and the succinctness of the
model desired by Prentice et al. (1992), therefore trading off resolution and complexity for
extent. Thus, the vegetation output is global, but consists of broad classes at a fairly coarse
resolution (~0.5°), which while ample for certain global change applications, limits its use for
other more landscape and local based studies. Another potential issue is that direct validation

of DGVMs is impossible due to the long timescales involved (Calamassi, Paoletti et al. 2001).

Moving from the global to the regional scale, further research by Laurent et al. (2004) moves
from plant functional types to Bioclimatic Affinity Groups (BAG), correlating the European
species ranges of plants and trees with monthly climatic data. Similar species are then clustered
into groups using hierarchical clustering. This leads to data that is finer resolution than the
BIOME output, but still too coarse for landscape scale analysis. Furthermore only the minimum
and maximum thresholds of BAG groups are available, and not the continuous probability of a

species to populate a particular area of the landscape.

In order to begin to move beyond these limitations without compromising on model efficiency,
more recent models include process-oriented formulations of biogeochemical fluxes as well as
vegetation dynamics (e.g. Calamassi, Paoletti et al. 2001) and include time-dependent multi-
temporal functions (e.g., ‘fast’ processes of photosynthesis and respiration, ‘medium fast’
processes of seasonal and life cycle changes and ‘slow’ evolutionary processes). The European
Terrestrial Network Modelling Activity (ETEMA) Framework shows how bioclimatic models can
be utilized within a more complex model structure (Sykes, Prentice et al. 1996; Sykes, Prentice
etal. 2001). A model example uses a nested approach with macro (10-50 km) and micro scale
cells. The macro scale dictates topographical distributions, whereas the micro-scale represents
heterogeneity (e.g. vertical and horizontal fluxes of water). In terms of temporal analysis three

tiers of analysis are identified, deemed fast, intermediate and slow processes as shown in Figure
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3-5. At the fast scale, daily weather data are used to examine diurnal cycles and soil moisture
dynamics. At the intermediate scale phenological processes are modulated by seasonal changes
in temp and daylength and nutrient or water availability, and soil organic matter or fire
disturbance episodes. At the slow scale vegetation dynamics (changes in vegetation abundance,

mortality, migration etc.) are driven by life cycles with natural or human land use modules.

Fast Processes
Intermediate T
Processes
Initialis:_ation, Cikio H,0 and
calculation of allocation and CO2 surface
drivers, etc. growth exchange
st Soil organic Soil heat and
o S matter moisture
dynamics dynamics
Vegetation
* .
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Land use
next fast time step

next intermediate time step

next slow time step
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Figure 3-5 Temporal framework of the ETEMA modelling system (Sykes, Prentice et al. 2001)

To answer the requirement of Prentice, Cramer et al. (1992) for increasingly mechanistic

modelling techniques, forest dynamics models have also developed using a ‘Bottom-up’
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approach, in order to understand processes of climatic influence and competition at the stand
level. As the models turn more mechanistic, they necessarily become more complex than the
more straightforward models based on correlation, and as such incorporate a number of sub-
models. For instance, FORCLIM (Bugmann 1994), consists of three modular submodels, defining
the abiotic environment with a soil water balance model, a soil carbon and nitrogen turnover

model and a tree population dynamics model based on gap dynamics.

Forest gap models, in contrast to DGVMs, are high resolution, however require a lot more data
to run, in terms of allometry, growth habits, climate and edaphic preferences. However, this is
rarely available with northern European vegetation, let alone Mediterranean species. When
attempting to use these types of models for palaeoecological applications, the assumptions

increase dramatically, as daily weather data are replaced with stochastic weather generators.

One of the first digital computer simulations that attempted to understand complex natural
ecosystems was the JABOWA model (Botkin, Janak et al. 1972). This model simulated north
American hardwood forest growth, in which general biotic characteristics of tree species such
as age height and diameter were included, as were the relations between height and diameter,
the total leaf weight and diameter, the rate of photosynthesis, the availability of light, and the
relative growth under particular climates. Growth, birth and death submodels were
implemented. Since these early models, models of competition have become more complex, to

understand phases of succession.

The majority of these succession models have been applied in temperate locations, and
therefore follow the traditional succession route with an oak climax community. The Lund-
Potsdam-Jena General Ecosystem Generator (LP]J-GUESS) model (Smith, Prentice et al. 2001), is
an individual-based model of the type suggested by Sykes et al. (Sykes, Prentice et al. 2001).
Plants are modelled individually with attributes such as height, depth, area and leaf area index
(LAI), and thus competition between plants can be considered at an individual level. The

models’ output focuses on carbon and water exchanges, and budgets. Smith et al. (2001) were
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able to demonstrate that the individual-based models performed particularly well in areas
where deciduous and evergreen species meet, and where plants have under pronounced
seasonal water deficits, emphasizing that light competition and stress-induced mortality is an

important and integral part in plant succession at many scales of analysis.

There are a few examples of very high resolution models employed in the Mediterranean region.
For instance, Millington et al. (2009) developed a Landscape Fire-Succession Model (LFSM) to
simulate the dynamic interaction of fire, vegetation and climate in a spatially explicit manner. By
using a plant functional type approach and incorporating wildfire scenarios, disturbance,
succession and resource gradients they can simulate Mediterranean community structures. This
type of model is likely to be useful for examining the structure of vegetation in southwest
Turkey under various wildfire situations, however it does not directly relate to the research
questions set in this thesis. Furthermore, the detail of the model is likely to make it difficult to
use over the long timescales required by this study, to compare with empirical palaeoecological
evidence. Millington et al. (2009) recognize the difficulties in implementing detailed models of
wildfire-vegetation dynamics at the landscape scale over decades, due to the difficulties of
scaling process knowledge and information from fine grains to large extents, and the high levels

of parameterization required (Keane, Cary et al. 2004).

Zavala et al. (2000; 2004) use an analytical mean field approach to study succession within the
Mediterranean, specifically the balance between pine and oak presence. In the first study Zavala
(2000) examined pine-oak segregation based on precipitation gradients and disturbance, and in
the second model, dominance and extinction of species was examined. The detailed models
include seed dispersal and likelihood of species establishment. Again, this model is likely to be
useful in future work, however both the lack of information on seed dispersal and species
establishment for key palaeoecological species in southwest Turkey is likely to be a barrier to

the uptake of this model. As well as implementation difficulties over large periods of time, there
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are also likely to be computational issues with models of this detail in gaining a region-wide

view to compare with empirical data.

As well as regional to global and individual to stand level models, one further scale of analysis is

demonstrated, that of the regional to landscape scale models.

The distribution of vegetation across the landscape is not defined by distinct areas, homogenous
stands or neat boundaries. However, mapping the continuous distribution of vegetation and

species is a challenging area.

As discussed by He et al. (2003), recording the presence / absence of a species or vegetation
type is increasingly common due to the proliferation of remote sensing and aerial
photogrammetric techniques. Species data are typically presented in the form of an atlas in
which species occurrence and other covariates may or may not be fully observed, and are

usually at the regional to landscape scale.

The interpretation of presence / absence species distribution in relation to environmental
variables has been undertaken by a number of authors, in order to understand which variables
determine vegetation distribution and how vegetation shifts due to changes in these variables.
One method of doing this is by using a Logistic Regression model, and is often used to predict
probabilities of a specific vegetation type or species at each point (Toner and Keddy 1997). A
potential issue with these models is one of autocorrelation, however this can be resolved to a
certain extent by sampling methodology. This methodology is interesting as it does not require
overly mechanistic parameterization, it can be tailored to the resolution of the input data, and
the method has been successfully used in Mediterranean environments as shown by Carmel et

al. (2001).

A related approach is the use of AutoLogistic Regression models (Besag 1972; Box, Crumpacker
et al. 1993; Augustin, Mugglestone et al. 1996; Wu and Huffer 1997) which aims to incorporate

autocorrelation by examining the effect of neighbouring cells to assess the influence of
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underlying environmental factors (He, Zhou et al. 2003). This may also be done by fitting

theoretical variogram models (Albert and McShane 1995).

The linkage of species potential with multivariates is also evidenced by the work of Spikins
(2000), Fyfe (2006) and Caseldine et al. (2007). Using a variety of GIS layers, such as
topography, pedology, geology or hydrology, and a set of autecological rules, this type of
modelling allows the exploration of the spatial distribution of vegetation in the environment.
For the purposes of this thesis, this type of modelling will be called a ‘natural potential’
approach. The attractiveness of the natural potential approach is that it can be used where fossil
pollen data are either limited or absent. One of the first modellers to start to incorporate both
this spatial aspect of GIS, as well as the temporal aspect of vegetation change at the regional
scale came from the field of archaeology. Spikins (2000) drew on the ideas of Box (1981) with
respect to the ‘natural potential’ vegetation of an area based on ecological groupings and rules,
which essentially resulted in a set of preferences of vegetation species for certain types of
environment, such as particular slope angles, elevations, or soil types (which can also be
inferred by geology where soil data is patchy or nonexistent). By classifying and weighting these
features a GIS model of preference for each species can be derived (Figure 3-6) Furthermore,
rulings on dominance and succession can be employed in order to attempt simple succession
while the output can be arranged as timeslices to examine plausible changes in woodland
distribution through time (e.g. Spikens, 2000). The incorporation of a temporal aspect to
vegetation models allows models to be used with allied disciplines such as archaeology where
discourses surrounding possible triggers for population movement, and resource allocation
through time can be studied. However, Spikins does not go as far as to compare model output
with independent data such as pollen evidence due to differences in scale and representation

between the two data sources.

Fyfe (2006) uses a natural potential approach in order to estimate the upland expansion of

mixed agriculture in Exmoor during the early Medieval period. Like Spikins (2000), Fyfe (2006)
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uses a 50 m DEM to place vegetation in the landscape, but calculated local vegetation
assemblages by using a regional analysis within HUMPOL. Four temporal snapshots were
created where vegetation position was (arbitrarily) shifted uphill to examine the effect that
upward expansion of agriculture had on pollen assemblages. As with Spikins, the simulated

pollen assemblages were not however compared to independent data.
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Figure 3-6 Method used by Spikins to selecting dominant vegetation types (Redrawn from Spikins 2000)



Where fossil pollen data does exist, it enables comparison of model output with another
independent source of evidence. Caseldine et al. (2007) simulated the nature of vegetation
communities at the opening of the Neolithic, on Achill Island, Ireland and suggested that the
area is relatively quantifiable as wind regimes are constant through time, and are not thought to
have changed significantly throughout the Holocene. The area is also surrounded on three sides
by sea, minimising the complicating effects of background pollen. The study is interesting as it
uses two versions of vegetation input, one with very simplified blocks of species (with no regard
to topography), and another where vegetation is placed depending upon the slope angle, aspect
and elevation. Pollen assemblages were simulated with HUMPOL, but then they were compared
against the fossil pollen evidence. Even the model with simplified blocks of vegetation actually
predicted the empirical fossil pollen data fairly well, and results were most similar to fossil
pollen when background pollen was not used. Comparing deviations from the empirical data
using the topographically chosen vegetation can show the assumptions of the ecological rules
chosen. For example, Pinus was assumed to be restricted to steeper and more exposed sites,
although this led to its underrepresentation in the pollen assemblage, indicating that pine was
more widespread, therefore Caseldine et al. (2007) assigned them to smaller pockets where
other trees could not flourish. Continuous Digital Elevation Models (DEMs), soil maps, geology
and hydrological layers are just some of the inputs which can be combined in a GIS to analyse
and model landscape processes across a range of spatial scales, inherently making every input,

process, and output spatial in nature.

This methodology is thought to be an increasingly useful one and has therefore been
incorporated into the most recent iteration of pollen dispersal modelling software. The Multiple
Scenario Approach (MSA) by Bunting et al. (2007) allows the possibility of using cost surfaces
such as soil and topography, to assign potential vegetation. From these vegetation models,
pollen loading at particular points in the landscape is simulated which can be compared to
actual fossil pollen, therefore retrodicting a vegetation model based on modern relationships.

The model has a scripting system which aids in the creation of landscape swarms, examining
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many possible vegetation distributions that will lead to a particular pollen assemblage and
comparing their fit statistically. The use of such a model requires detailed knowledge of
vegetation-pollen relationships in order to implement the model well. The next section in this
review aims to elaborate on this specific element of vegetation modelling - the translation of
fossil pollen data to vegetation distribution and vice versa as it is one of the most important
sources of data for palaeoecological applications, however it does requires knowledge of

particular pollen dispersal mechanisms to interpret well.

3.3.2 Approaches to the modelling of vegetation from palynological
data

The tradition of reconstructing a quantitative view of past vegetation from fossil pollen data is
long standing. Indeed, Lennart von Post (1916) first showed that changes in pollen percentages
through the depth of a peat core in Sweden could be consistently measured, concluding that
changes in fossil pollen percentage values represented changes in local vegetation assemblages.
It was found that changes in pollen percentages did not always represent the same changes in
vegetation distribution around a core due to differences in pollen dispersal, as well as the
interlinked nature of percentage data (Fagerlind 1952). This discovery, plus a range of other
taphonomical factors act to confound reconstructions of past vegetation patterns directly from
the data, which prompted the development of models to investigate and better represent the
relationship between fossil pollen and the surrounding vegetation which produced it. Many of
the early modellers were ecologists and botanists who aimed to understand the proportions
and ratios of past vegetation from pollen data. The models were 1-dimensional, and numerical

in output, and the spatial component was largely absent.

The R-Value model by Davis (1963) used modern pollen-vegetation relationships to examine
the ratio (R-Value) between the amount of pollen deposited at a point, and the relative

abundance of vegetation surrounding that point. Once R-values were established for each taxon,
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they were used to understand the probable proportion of the same taxa found in post glacial
fossil pollen data. This simple measure of differential pollen productivity was to be utilised as
the basis for analysis in many models that followed. The main assumption of course was that the
modern pollen productivity measure for a taxon was constant over time, allowing fossil pollen

to be reconstructed into percentage vegetation in a palaeolandscape.

The models developed throughout the 1970s and 1980s used more complicated statistical
correlative methods to describe the relationship between pollen percentage and vegetation
composition. In order to define the component of pollen in a (pollen core) sequence that came
from long distance travel, a background pollen term was introduced by Andersen (1970), which
helped to tighten the pollen productivity parameters for more accurate representation of local
pollen (and thus local vegetation distribution). Parsons and Prentice (1981) and Prentice and
Parsons (1983) used a maximum likelihood approach to gain general relationships across many
sites for specific taxa, and explored various ways to represent background pollen. This was later
known as the Extended R-Value (ERV) method, which could be inverted to calculate the
vegetation proportion from pollen percentages. As it used a number of sites and a maximum
likelihood method for parameter optimisation, it gave a higher confidence level than those
models before it. However, it was still spatially limited and only estimated vegetation

proportion, not the distribution of vegetation in the landscape.

The next batch of models began to deal with the placement of vegetation in space. Using
Tauber’s (1965) model of pollen pathways through the environment, Jacobson and Bradshaw
(1980) distinguish between extra local, local and regional pollen. forming the basis for further
quantitative model development by Prentice (1985; 1988). Borrowing from the field of
atmospheric dispersion modelling, Prentice uses a form of Gaussian Plume model, utilising
Sutton’s equations for atmospheric diffusion (Sutton 1953) and Stokes’ law based on the size
and weight of individual pollen grains, to approximate the travel of pollen grains through the

atmosphere from plant source to the point of deposition. Assuming a forest structure, the model
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allows for the prediction of ground-level concentrations of pollen in a 2-dimensional plane away
from a point source. An integrated form of the equation predicts the amount of pollen still
airborne (or the amount of pollen deposited) for each pollen type at a particular distance from
this source. Inverting this model allows for a more defined estimate of vegetation proportion at
varying distances away from a point of deposition. A Distance Weighted Plant Abundance
(DWPA) parameter meant that an estimation of the pollen source area could then be
investigated. Sugita (1993) modified Prentice’s model to estimate pollen deposition over the
entire surface of a basin (i.e. a closer approximation to a lake scenario than a single point of
deposition), and introduced the concept of the Relevant Source Area of Pollen (RSAP) for the

point at which the correlation between pollen loading and DWPA does not improve.

From these early inductive models, providing information about the processes between pollen
dispersal and pollen deposition, software was developed that turned the methodological
process on its head. In order to explore Prentice and Sugita’s algorithms under many conditions,
the POLLSCAPE software was developed by Sugita (Sugita 1994; Sugita 1997), the main
objective of which was to start with scenarios of vegetation cover, to use the model to predict
the pollen loading in a lake or bog, and to allow the simulated pollen assemblage to be easily
compared with empirical pollen data (Ekl6f, Brostrom et al. 2004). The structure of the
vegetation input into the model is simplified, being composed of circular patches of different
sizes (Figure 3-7a). A later version is capable of inputting a vegetation layer directly from a
simulated or derived vegetation map from GIS to incorporate more realistic vegetation. The
model comprises of a ‘ring-source’ model used to calculate the cumulative distance-weighted
percentages of plant species in a sequence of concentric rings moving outwards from the lake
(Figure 3-7b), assuming this is circular (Eklof, Brostrém et al. 2004 ). The output of the model

can then be utilised to calculate pollen productivity estimates or investigate the RSAP.
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Figure 3-7 (a) Conceptual diagram showing the simplification of input vegetation distribution and composition
for the POLLSCAPE model (Redrawn from Sugita, Gaillard et al. 1999). (b) Schematic of POLLSCAPE
approach, where v is the vegetation abundance parameter calculated for each ring source distance Z from the
point of deposition, and o is the background term. (redrawn from Bunting and Middleton 2005) (c) Schematic
of HUMPOL approach showing cellular calculation of vegetation abundance v at each distance (z) and angle (6)
from the point of deposition (Redrawn from Bunting and Middleton 2005)

POLLSCAPE was deemed successful in predicting the relevant source area of pollen in relatively
simple, closed forest systems in the USA and Canada (Sugita 1994; Calcote 1995; Sugita,
Andersen et al. 1998), but until Sugita’s (1994) study there had been no attempt to understand
how vegetation other than continuous forest could be represented by pollen movement, and
ultimately in pollen deposition, or at what resolution. The work by Sugita (1994) emphasised
the variation in pollen deposition assemblage, depending on the composition of vegetation
surrounding the deposition point, making the collection of empirical data in various biomes (as
well as a concerted effort to model variations in parameters) necessary to understand the scale
and magnitude of this variation. Sugita et al. (1999 p.418) identifies that the “degree of
landscape openness, the spatial spread of vegetation patches, and regional pollen production
and transport” are the main influences on pollen deposition at a site. This has important
implications when reconstructing vegetation from pollen cores, particularly when investigating

relatively unmanaged ‘natural’ landscapes, where ecological rules may dominate, versus heavily
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managed landscapes where vegetation patch sizes and distributions are controlled or exploited
for anthropogenic purposes. Further improvements in the model were developed by modelling
a variable background term, thus far assumed a constant. This was part of the ‘Landscape
Reconstruction Approach’ (LRA) outlined by Sugita (2007a; 2007b), noting an important shift in
the focus of the literature from reconstructing vegetation as a numerical, empirical exercise, to a
wider understanding within the context of a spatial landscape. The Landscape Reconstruction
Approach undertakes a tiered methodology, first concentrating on large lake contexts in order
to understand the regional pollen component, and then using these data to refine small lake and

bog contexts, in order to tease out the local pollen component.

The last major development in vegetation-pollen modelling is due in part to the expansion and
development of GIS technology and techniques into the mainstream over the last 20 years,

allowing greater investigation into all aspects of landscapes due to its integrative nature.

This paradigm shift allowed the development of a two-dimensional Prentice-Sugita Model,
named HUMPOL (Bunting and Middleton 2005). Whereas previous models have emerged from
the ecological and botanical fields, the HUMPOL model was developed by those with a
geographical background. The theoretical basis was given a new angle by incorporating the
spatial domain, utilising the expanding field of GIS. Instead of the one-dimensional ring-source
model, HUMPOL was based on the GIS concept of the raster, a cellular grid format (Figure 3-7c)
which allowed a nested multi-resolution approach. In essence this meant that both lower
resolution regional and higher resolution local modelling could be undertaken to better
characterise vegetation distribution, and the regional pollen signal. The cellular nature of the
model meant that independent weightings could also be added to the vegetation map, to begin
to model the impact of other parameters; for instance, the effect that wind or topography would
have on the pollen deposition assemblage. As previously discussed, more recent additions to

this modelling software are being implemented (Bunting, Twiddle et al. 2007)
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3.3.3 The applicability of previous model approaches to answer
thesis aim and key research questions

A selection of previous vegetation modelling approaches have been introduced in this chapter.

Their utility in answering the specific requirements of this thesis will now be discussed.

One of the first points raised in this chapter was how vegetation models have previously
approached the decision of which plant and tree species to model. Species can be modelled
individually as trees or plants, or as Plant Functional Types. They can incorporate
anthropogenically introduced species, natural species, or both depending on the aim of the
research. The research questions identified in Chapter 1 require engagement with both
naturally occurring species, and species that have been taken for cultivation during the later
stages of the Holocene. As such, a model that only investigates crop species or a small selection
of ‘natural’ tree species is only of limited use. However, it is acknowledged that attempting to
model all possible species occurring in the Mediterranean during these phases is impractical.
The answer must therefore lie in the selection of a subset of key species which are instrumental
in assessing the climate-vegetation and vegetation-cultural questions investigated. It is
considered that previous plant functional type and bioclimatic affinity groupings do not provide
the right level of information for the right species set encountered in southwest Turkey, and so
the modelling of new bioclimatic relationships between environment and vegetation is
recommended. Whether these are modelled as single species, or as representatives of a broader
class of vegetation will depend on the availability of species data for the study area and

bioclimatic variability between species.

Subsequent to deciding key species, the recommendations developed in Chapter 2 require
nuanced relationships to be developed between climate and vegetation using modern data.
Exactly how nuanced depends on the practical considerations discussed earlier, in terms of the

data availability, resolution and scale of study, and computing power.
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Model parameters can range from broad bioclimatic ranges such as relative winter temperature
ranges and Growing Degree Day requirement in regional or global models, to detailed
biochemical processes in individual models which impact on plant growth, allometry and

survival, and probabilistic modelling of seed dispersal with climatic conditions.

Five scales of vegetation model were encountered during the review; global, regional,
landscape, nested, or individual stand models. The research questions require a relatively
intricate model in order to understand the interplay between species within and between
vegetation belts with changes in regional climate at various points in the Holocene. Importantly,
it was identified that the model should be comparable with independent evidence such as
palynological and archaeological evidence. This is likely to require higher resolution than the
0.5° biome models that characterize continental to global scale vegetation dynamics. Another
related issue is that regional models are based on climate-vegetation relationships derived from
medium to low resolution species distribution maps. Global BIOME models and regional BAG
models are therefore considered to be too coarse to adequately meet the requirements of the

research questions set.

However, at the other end of the spectrum, the complexity of Mediterranean landscapes has led
some to doubt the feasibility of spatially explicit, physiologically based forest models in a
Mediterranean context (Millington, Wainwright et al. 2009). Very detailed information on
topography, soils and species distribution may not be available for modern analysis, and
detailed microclimatic information will certainly not be available for retrodictions of past
environments. Parameterising a model to a level where data does not exist to populate it is not
advised, as it would either have such large bounds of uncertainty as to not be useful, or it would

give a false sense of precision if parameters were estimated as examples.

The particular complexity of the southwestern Turkish environment warrants a relatively high
spatial resolution, as climatic and vegetational changes are apparent with sharp elevation

gradients requiring data in the 10s of km resolution. A nested approach could prove fruitful,
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however, the available implementations of this approach still require large amounts of
parameterization that is not necessarily valid for a palaeoecological model such as this in a
Mediterranean environment. The practical considerations of developing a new nested model at

a variety of scales are further considered too large for this thesis.

The landscape-scale logistic models and natural potential models of (Carmel, Kadmon et al.
2001) Spikins (2000) Fyfe (2006), and Caseldine (2007) provide the most applicable scale for
the modelling of climate-vegetation links to engage with the research questions set. However, it
is acknowledged that key enhancements to the models can be made to create a more robust,

integrated methodology.

Firstly, it would be advantageous if the climate-vegetation rules behind the model were tailored
to Mediterranean species, and were robust in their relationships. This would require the
bioclimatic relationships of key species to be defined. Secondly, it was discussed that the model
output had clear potential to be ingested into pollen dispersal models, thus creating a model
that could be compared to actual pollen evidence. Thirdly, a range of climatic scenarios would

need to be developed that engaged with the key research questions.

3.4 SUMMARY

This chapter has introduced the key factors that are considered when developing a model
including philosophical approach, methodological approach, and the practical considerations of
spatial and temporal scale, computing power and data availability. A selection of vegetation
modelling case studies were identified and critically assessed for their utility in engaging with

the key aim and research questions of this thesis.

Based on this review, none of the previous modelling approaches were immediately ‘fit for

purpose’ for use with the aim of this thesis. Instead, a hybrid modelling process is detailed
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below which incorporates ideas from previous models, to create a detailed vegetation model

linking climatic, edaphic and vegetation layers to test the hypotheses set out in Chapter 1.

This thesis will take on the form of a deductive model, as research questions have been
identified from general theory, and can be rephrased as hypotheses. The thesis will create a
modelling framework, and then collate data with which to validate or compare the model to.
This process then acts to support or reject the modelling hypotheses, therefore refining the
general theory. It is acknowledged that by using this approach, particularly for a

palaeoenvironmental situation, assumptions should be well defined to aid robustness.

In terms of species choice for model input, it was decided that a subset of key species would be
defined that engaged with the research questions. Which species these were, and whether they
were modelled singly or as a plant functional type will be discussed in the methodological
chapter of this thesis. Some parameter sets already exist, however it was decided that their
previous species range parameters were not wholly appropriate for this study, in that some of
the key Mediterranean species were not covered, and that those parameters that were defined
were either developed using low resolution climate and vegetation data, or very restricted
sample data from one geographical location. It is therefore decided that a new consistent
methodology would be developed to define species environmental and climatic limits. This will
require that key climatic, edaphic, topographic and vegetative layers will need to be assessed for

spatial and temporal resolution and processed to create a consistent input.

In terms of the spatial scale of modelling, it was decided that the landscape scale ‘Natural
Potential’ and Logistic Regression models were most appropriate to the research questions.
Regional to Global BIOME models are considered too coarse, and individual forest gap models
too detailed. However to use these models will require a revision of the methodology. This new
approach could take components of the Modern Analogue and BAG work of researchers such as

Laurent et al. (2004), correlating climate and edaphic variables with species limits, but at a finer
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scale, also retaining more detailed information to model relative species probability across a

continuous landscape.

In order to retrodict the model, climatic scenarios should be defined based on robust climate
evidence. This will be done without evidence of climate interpreted from pollen, as the output
from the model should be compared to independent evidence such as that from fossil pollen and
archaeological evidence. It is acknowledged that to do so may require translation tools such as

HUMPOL to create comparable data.

The methodology therefore aims to create a vegetation model partly using components from
previous models, and partly developing new processes, as a proof of concept that a vegetation
modelling framework can both engage with complex hypotheses at the landscape scale, and be
compared to independent evidence such as fossil pollen data. In doing so, the thesis will develop

an unprecedented workflow for testing climate-vegetation hypotheses.
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Chapter 4

Model methodological development

Following the review of modelling approaches and previous methodologies carried out in
Chapter 3, a new modelling framework is developed to cater to the particular requirements of

the southwest Turkey and research questions of the thesis.

The chapter starts by defining key model requirements based on research from the previous
chapters. The overarching roadmap for model development is then introduced. This allows the

linkage to be made between key model requirements, and model development.

The second section of the chapter is then involved with modelling preparation, which considers
a number of important components of the model that will result in the tailoring of the model to
the particular requirements of the southwest. The section starts by identifying key species to
include in the model, and environmental parameters that are important in the geographical
distribution of these species. Data availability, quality, resolution and appropriateness is
considered, in order to construct a robust model investigating the linkages between key species,
climatological and edaphic variables. A Logistic Regression approach is developed to model
single species variability across the region, and further methodological consideration is given to

the modelling of multiple species probability in one vegetation model output.
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4 MODEL METHODOLOGICAL DEVELOPMENT

4.1 MODELLING REQUIREMENTS

Based on the aim and research questions of the thesis, a set of modelling requirements have
been developed which have not been fully addressed by the previous vegetation modelling

approaches examined in Chapter 4. The requirements are:

a. Toincorporate key Mediterranean species, but also provide the flexibility to
include other species found in palaeoecological records that are not typically
Mediterranean
To develop a high resolution approach to engage with the landscape scale

c. Toidentify the climatological envelopes of key species as a basis for modelling
climate-vegetation interactions

d. To incorporate topographical and edaphic preferences to better characterise
vegetation potential

e. Tomodel vegetation potential under different climatic conditions, without being
intractable or overparameterised.

f. To output probabilistic spatial representations of vegetation change over time as
well as statistical metrics of change.

g. To translate model output into a form that is comparable to palaeoecological
data

h. To have robust regional palaeoecological evidence to compare with model
output

i. To statistically compare model output with palaeoecological evidence

If these requirements are met, it will allow the modelling framework to analyse linkages
between climate, vegetation and pollen dispersal. In order to satisfy these requirements within
this thesis, a number of key methodological stages will be undertaken. Firstly, to satisfy
requirement ‘a’ key species found in pollen records from southwest Turkey will be identified to
create a subset for modelling, To satisfy requirement ‘b’, a brief review of available vegetation
distribution, climatological and edaphic data will be undertaken, to provide the highest quality
and resolution dataset to model with. Datasets chosen will be of Europe-wide extent, to provide

a wide range of climatic and edaphic conditions, and a statistically robust sample for modelling.

To satisfy requirements ‘c’ and ‘d’, the thesis will summarise a priori information on key species

preferences to provide information on the key parameters required for species envelope
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modelling. This will provide the basis for the statistical characterisation of each species in a

consistent way.

Using these species characterisations, modelling development will then investigate ways of
probabilistically mapping vegetation change over time to engage with requirements ‘e’ and ‘f’.
The end product of this development will be a bioclimatic model of vegetation showing different
distributions under different climate scenarios. This is the first major output of the thesis, and

could represent a standalone model in its own right.

Nonetheless, to fully engage with key research questions this vegetation model output needs to

be compared to actual palaeoecological data, as reflected in requirement ‘g’.

It is acknowledged that the comparison of vegetation model output to palaeoecological data
requires a number of methodological steps. The most comprehensive palaeoecological data is
sourced from pollen core sequences. However, as has been discussed in Chapter 3, vegetation
distribution cannot be directly compared to pollen distribution. In order for this comparison to
be undertaken the vegetation model output can be translated into pollen simulations for key

parts of the landscape using HUMPOL.

Furthermore, in order to compare these pollen simulations to palynological data for key time
periods requires knowing what analytical pollen data is available for the key time period. This is
captured in requirement ‘h’. In order to do this, analytical pollen core chronology will be

assessed and calibrated in a consistent manner.

Finally, to compare simulated pollen to analytical pollen evidence requires a quantitative
measure of comparison (requirement ‘i’). In order to address this requirement, a number of
statistical tools will be assessed and an optimal tool chosen. Graphical and cartographical

displays of model output will also aid discussion.

4.2 MODELLING ROADMAP
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Figure 4-1 summarises the methodological roadmap that will be undertaken to achieve this

comparison, and the process is further elaborated below.

Section 4.3 will discuss the reasoning behind the choice of species to be modelled. Secton 4.4
assesses model data input. Section 4.5 and Appendix 1 summarise a priori information on key
species preferences. Section 4.7 and Section 4.8 details how to probabilistically map spatial

representations of vegetation change over time.

Looking forward, Chapter 5 then displays the results of this modelling effort under different
climatic scenarios, and discusses the methodology for translating vegetation into pollen
simulations. The chronological modelling of analytical pollen data is then documented in
Chapter 6, in preparation for comparison with simulated pollen output. Chapters 7-9 then
discuss the result of the modelling and comparison exercises in relation to the three research

questions.
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This chapter focuses on the first step of the modelling framework; defining the modern

bioclimatic limits of key species found in the palaeoenvironmental record of southwest Turkey,

and modelling their relative probability across the region. A slightly expanded version of the

content of this chapter is shown in Figure 4-2, firstly identifying the key species in the

environmental record, secondly assessing the data available to define the bioclimatic limits of

key species, and thirdly to develop the modelling methodology to define bioclimatic limits and

species probability.
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Figure 4-2 Overview flow diagram of Chapter 5
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4.3 IDENTIFICATION OF KEY SPECIES IN SOUTHWEST TURKISH PALAEOECOLOGY



The first methodological task in the development of this vegetation model focused on southwest
Turkey is the selection of a suite of plant and tree species. This selection is necessary due to the
time and computational effort that would be required to model all the species which could have

potentially grown in southwest Turkey during the Holocene.

After an assesment of the key palynological texts from southwest Turkey (van Zeist, Woldring et
al. 1975; Bottema and Woldring 1984; Eastwood, Roberts et al. 1999; Vermoere 2002;
Kaniewski, De Laet et al. 2007), Table 4-1 shows those species that are present in high numbers
in pollen records found across southwest Turkey since the last glacial period, and are identified
in the texts as key indicators for a range of climatic and anthropogenic circumstances. The
species are classified into forest, herbaceous steppe, cultivation presence and grazing presence
indicators. It is important to note that some species, such as Carpinus betulus and Platanus
orientalis, are able to be identified to the species level, whereas others such as Pinus are not.
This has important implications for further modelling as some species assumptions will need to

be made.
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Table 4-1 —Key species found in southwest Turkish pollen cores

Trees / shrubs Herbs, flowers and Cultivation Grazing /
pteridophyta! disturbance
Quercus cerris-tp Artemisia Olea europaea Centaurea
macrolepis and trojana solstitialis
Quercus coccifera-tp?, but also | Poaceae / Gramineae Juglans regia Plantago
ilex or rotundifolia lanceolata
Pinus (Potentially nigra or Chenopodiaceae Pistacia Sanguisorba
brutia) minor
Betula Cerealia-tp
Fagus Fraxinus ornus
Cedrus libani Vitis vinifera

Abies cilicica

Castanea sativa

Juniperus

Corylus

Alnus

Picea

Tilia

Carpinus betulus

Platanus orientalis

Populus

Ulmus-tp

It is also important to note that the selection of species will be impacted by constraints of data

availability. The main evidence that exists for vegetation species in the southwest of Turkey

come from pollen cores. Macrofossils also exist at archaeological sites for a select group of

species, however it is more difficult to determine the provenance of this evidence, as it may
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have been transported before being placed in situ. It is assumed that the deposition and
preservation of pollen has an inherent spatial component that is related to the surrounding
(palaeo)vegetation, thus making it an empirical data source which can be used to compare to
model output. However, the pollen species found in palynological records are only a subset of
the complex flora that will have grown in any particular environment (Prentice 1988). Those
represented in pollen records show pollen from wind pollinated plants only. Furthermore, those
pollen grains that are represented in the pollen record are from those plants and trees which
have been able to disperse their pollen to a site in the landscape where it falls on, or is carried to

a deposition point, that will later be used as a core site (Sugita 1994; Sugita and Scott 2007).

It would be possible to model species that are not represented in pollen cores, where there is
other evidence that they were present. However, as pollen cores are analytical data the model
will be tested against, other species would not have been able to be validated. For this reason,
those species that are present in the pollen record are taken forward as potential model inputs.
[t is crucial to note that the selection of species to model is the only part of the multivariate
modelling process where pollen records are used to inform the model developments to avoid

circularity.

Of course, many other species are identified in the pollen record, which potentially play an
important part in understanding the connection between climate, culture and vegetation, for
instance, aquatic plants, or the wide array of herbs and flowering plants found. However, at the
present time not enough information is known regarding their distribution and ecology to
adequately understand their climatic preferences, flowering habits, or pollen dispersal
mechanism to be able to model them adequately. This will be discussed in the following section

as part of data availability considerations.
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4.4 MODEL INPUT DATA

As identified in Chapter 3, the modelling of high resolution landscape scale processes is
significant. Previous modelling approaches that used coarse data are less useful for the
archaeological community that tends to work at the finer scale. To this end, the spatial scale and
resolution of model input data is considered as a critical part of model development. It is also
the case that if the environmental characteristics of individual species are to be discerned, data
needs to be collected from a wide area. The third vital data requirement in any modelling
exercise is that data needs to be of high quality and consistency. In order to develop this modern

analogue model, three attributes are therefore ideally required from the data:

1. High resolution data
2. Alarge extent to investigate climatic ranges
3. Spatial consistency

In order to capture the main sources of environmental variability in the model, four principal
data types will be assessed that form the main components of the model. These are vegetation
distribution data, climatic data, topographical data, and edaphic data. A critical review of data

sources for these four data types is detailed in Appendix 6.

Considering this review, the final quantitative data layers chosen to build the bioclimatic model
are shown in Table 4-2. In order to understand potential sources of error and define the bounds
of uncertainty for the model, the potential positional and representational uncertainty

connected to each dataset is summarised in Table 4-3. The final species choice is summarised in

Table 4-4.
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Table 4-2 Final parameters and data source

Final Parameters

Source

Species distribution

JRC, CORINE, Turkish forestry directorate

Seasonal precipitation

WORLDCLIM

Absolute winter minimum temperature

GCHN, WORLDCLIM

Average seasonal temperature WORLDCLIM

Average minimum temperature WORLDCLIM

Average maximum temperature WORLDCLIM

Precipitation seasonality CGIAR

Temperature seasonality CGIAR

Aridity, PET CGIAR

Radiation CGIAR

Soil type Harmonised World Soil Database
pH Harmonised World Soil Database
Drainage Harmonised World Soil Database

Available water content

Harmonised World Soil Database

Organic carbon

Harmonised World Soil Database

Elevation, slope, aspect

SRTM
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Table 4-3 Identification of uncertainty of data sources

Layer Uncertainty

SRTM 10 m relative vertical height accuracy and <=20 m
absolute horizontal accuracy

CORINE 100 m positional accuracy, >85% accurate land cover

classification. CORINE data downgraded in resolution to

1km? to match Pelcom database.

Vegetation distribution data

Field data averaged from 16km?2 grids. Average of 13%
discrepancy between forest area from national forest

statistics and Tree Species Distribution map.

WorldClim

Generally below 50 m elevation uncertainty, potentially
up to 250 m within mountainous areas of Turkey. Cross
validation error of precipitation <10 mm/month. Cross

validation error of temperature generally <0.3°C.
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Table 4-4 Final species choice

Final species choice

Pinus brutia, Pinus nigra

Populus nigra

Alnus cordata

Tilia cordata

Quercus cerris

Ulmus glabra

Quercus coccifera

Olea europaea

Betula pendula

Juglans regia

Cedrus deodara

Dry agriculture

Abies alba

Fraxinus ornus

Juniperus oxycedrus

Vitis vinifera

Carpinus betulus

Castanea sativa

Corylus avellana

Grassland

Fagus sylvatica

Artemisia Steppe

Platanus orientalis
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4.5 CHARACTERISATION OF INDIVIDUAL SPECIES CLIMATIC AND EDAPHIC ENVELOPES

This section aims to quantitatively characterise the key species identified in section 4.3 based on the
climatic and edaphic data selected in section 4.4. This will provide a basis for probabilistically modelling

their distribution both in modern times and retrodictively under different climatic regimes.

Alarge pool of species distribution and environmental data was available from a wide geographical
extent. To be able to define species characteristics and limits does not require assessment of every pixel
in every distribution, but instead can be examined using a representative sample (Augustin, Cummins et
al. 2001). This section therefore first undertakes a sampling strategy and statistical methodology to

investigate species limits.

The analysis then assesses the climatic, edaphic and topographic envelope that each species distribution

covers. The outline methodology for this section is summarised in Figure 4-3.

2. Create random

1.Convert vegetation
distribution data into
presence / absence

stratified sample points
for each species
between presence /
absence areas

3. Pre-process
environmental datasets

4. Intersect sample
points with
environmental
parameters

5. Output Summary
statistics of bioclimatic
range

6. Assess relative
species range

7. Develop and validate
model to map individual
species probability
based on bioclimatic
range

Figure 4-3 Processing steps to model bioclimatic range

4.6 SPECIES BIOCLIMATIC RANGES
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To investigate the climatic and edaphic considerations of each species, a sampling strategy was devised in
order to compare the statistical distribution of species presence with the statistical distribution of species
absence, and to reduce autocorrelation effects. The details of this methodology are presented in Appendix

7.

Once climatological, topographical and edaphic data had been collected for each sample point for each
species, the mean, median, minimum, maximum, 5t and 95t percentiles of each variable for each species
was calculated. A summary of these statistics are shown in Table 4-5 and Table 4-6, and the full tabular
data for each species is available on request. Although not recorded here, PCA analysis was also used to

visualise the relative correlation between species presence and environmental variables.

4.6.1 The statistical significance of species bioclimatic ranges

Following the absolute and relative definition of species environmental ranges based on high resolution
data, the data was further analysed to discover whether the distribution of environmental variables was
significantly different between species presence and absence. This is important as it assesses the
potential for each variable to separate between areas that are preferential for species, and those that are
not. It is not required for every variable to show significant difference for every species, only that a
selection do. This analysis can be done in a number of ways. Certain statistics compare the distribution
across groups, while others compare the ranges, or compare the medians. Each statistical test has certain
assumptions, one of which is the normality of data. A precheck was undertaken to examine the skewness
and kurtosis of the data, before choosing suitable statistical checks to assess the difference in medians,
distribution and range between two samples. The statistical tests undertaken and the full results are
detailed in Appendix 8. The results show that the median, distribution shape and range of species
environmental parameters are significantly different to the European control. The statistics have also
shown that all species are distributed on significantly different soil types, pH, aspect, soil texture and soil
drainage than the European control. These statistics help to validate the approach of characterising

species presence and absence using climatic, topographical and edaphic parameters.
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Table 4-5 Species bioclimatic ranges based on European data

Species Minimum monthly Maximum monthly Median monthly Spring Maximum monthly Summer Mini.m.um Iannual Minimum aridity szlx.iml-lm
temperature (°C) temperature (°C) temperature (°C) temperature precipitation (mm) index aridity index
Quercus cerris -9.9 34.6 10.1 26.2 432 0.3 1.4
Quercus coccifera -9.6 34.5 11.51 26.7 432 0.4 1.4
Pinus brutia -8.2 35.1 12.3 27.0 384 0.4 1.4
Pinus nigra -12.1 34.8 9.5 25.8 260 0.2 29
Betula pendula -12.0 28.9 5.7 22.5 481 0.6 3.9
Olea europaea -2.5 36.5 14.1 26.9 313 0.3 1.7
Cedrus deodara -7.4 32.5 10.7 24.7 468 0.5 1.6
Castanea sativa -12 30 8.9 26.0 538 0.5 4.7
Fraxinus ornus -10.4 321 10.6 25.1 447 0.4 45
Juglans regia -6.5 32.5 10.73 24.7 553 0.6 2.4
Vitis vinifera -9.3 39.3 12.1 29.4 276 0.2 1.5
Carpinus betulus -11.5 30.3 9.1 24.1 405 0.5 2.4
Platanus orientalis -11.5 34.6 10.7 26.7 442 0.4 1.7
Fagus sylvatica -13.1 33.8 8.0 25.8 452 0.4 6.4
Picea abies -13.0 311 5.8 235 454 0.4 6.4
Alnus cordata -5 31.9 9.9 25.9 616 0.6 1.6
Abies alba -14 30.6 6.8 25.2 478 0.4 7.2
Ulmus glabra -12.7 28.6 8.6 21.8 546 0.6 6.3
Corylus avellana -6.4 29.1 9.0 22.7 482 0.47 2.4
Dry agriculture -11.7 36.1 9.2 26.9 253 0 2.3
Sclerophyllous -8.5 36.3 12.2 26.9 248 0.2 2.9
Shrubland -12.4 36.3 8.8 26.9 292 0.2 6.7
Grassland -13 36.3 8.5 26.9 276 0 49
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Table 4-6 Species bioclimatic ranges based on European data (contd.)

Species Maximum elevation Maximum slope angle Average pH Organic carbon Average drainage Average texture
Quercus cerris 2510 31.0 6.5 1 3 2
Quercus coccifera 2278 319 7.2 1 4 2
Pinus brutia 2120 30.0 7.2 1 4 2
Pinus nigra 2673 33.7 6.7 1 4 2
Betula pendula 2581 36.7 5.5 3 4 2
Olea europaea 1524 23.3 7 1 4 2
Cedrus deodara 2285 27.3 7.3 1 3 2
Castanea sativa 2791 40.8 6.2 1 4 2
Fraxinus ornus 2495 40.1 6.5 1 3 2
Juglans regia 2178 23.8 8.3 1 4 2
Vitis vinifera 1720 39.0 7 2 4 2
Carpinus betulus 2355 23.4 6.2 1 3 2
Platanus orientalis 2653 321 6.6 1 4 2
Fagus sylvatica 3312 37.5 6.1 2 4 2
Picea abies 2918 35.7 5.6 3 4 2
Alnus cordata 2163 31.2 6.2 3 6 3
Abies alba 3310 42.8 6.1 2 4 2
Ulmus glabra 2957 42.8 5.9 2 3 2
Corylus avellana 2344 33.5 6.5 2 3 2
Dry agriculture 2918 35.7 5.6 3 4 2
Sclerophyllous 2681 29.8 6.9 1 4 2
Shrubland 3021 36.5 6.4 2 4 2
Grassland 2840 39.0 6.2 4 3 2
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4.7 MULTIVARIATE REGRESSION AND SPECIES PROBABILITY

This chapter has so far identified key model input; choosing species and bioclimatic parameters,
before assessing individual species ranges and their statistical significance. The next section will
use this information to develop and validate a model to map individual species probability
across southwest Turkey, and then develop a method to combine these individual species

probabilities together to create a multi-species vegetation model, as shown in Figure 4-4.

Develop and validate Develop and validate
model to map individual model to map multi-
species probability based species probability based

on bioclimatic range on bioclimatic range

Develop method of
predicting / retrodicting
species bioclimatic range
under different climate

scenarios.

Run model under
different scenarios

Figure 4-4 Multivariate regression and species probability methodological steps
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4.7.1 Methodological development 1: Developing and validating an
individual species bioclimatic model.

As discussed in Chapter 3, the Biome model of Box (1981) identified upper and lower
boundaries for plant types, which could be mapped against available climate normals. Section
4.6 tabulated species bioclimatic limits for key Mediterranean palaeoecological species, and this
data could be used to undertake a simple ecological modelling exercise. Indeed, this type of
model was first created as part of model development of the thesis, however it was found that
the threshold method was only useful for simple analyses. One of the main issues was that it did
not provide a mechanism to differentiate the relative potential of species at any particular point,
and did not allow for more realistic, nuanced spatial analysis of vegetation potential at the
landscape scale. Therefore, although these thresholds are a useful component for discussion and
single species modelling, they are not adequate to investigate multi-species vegetation

modelling.

Chapter 3 also considered more detailed models that included the mechanistic physical
processes that control the survival and performance of plants, incorporating water balance
models, forest gap model (Cramer, Bondeau et al. 2001) etc. However, as discussed, this tends to
involve the grouping of species into Plant Functional Types (PFT), and the population of a
number of parameters with information that is not available for palaeoecological investigations.
Again, as part of model development a model of this type was created using a software called
SIMILE integrated with GIS software, to explore species recruitment, growth and death. These
exact issues were faced when trying to consider feasible parameters to put into allometry and
hydrology sections of the model, and practical issues were encountered with the size of the

model and amount of time required to cover a small area of the region.

This provided the background for the justification of which vegetation model type to employ. A
number of statistical tools were investigated alongside GIS analysis, however, considering the
source data, a relatively straightforward regression analysis was decided upon as a basis for
investigating multivariate relationships of independent variables against a dependent variable.
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Considering previous research, it was considered that a regression based analysis would be a
potentially appropriate solution to assessing the link between environmental parameters and
vegetation distribution (Braak 1987; Carmel, Kadmon et al. 2001). What type of regression
analysis to undertake also depended to a certain extent on the type of data available. Here, it
takes the form of a dichotomous dependent variable (presence or absence of species), and a
number of independent variables in a variety of formats (climate, topography, edaphic). A
dichotomous dependent variable restricts the type of regression analysis available. Logistic
Regression analysis and Discriminant Analysis are two common methods used to investigate the
correlation of independent variables with a binary dependent variable (e.g. Peng et al. 2002, Jain
and Jain 2007). Discriminant Analysis assumes normally distributed data, which, from previous
analysis, the dataset under consideration is known to violate. Conversely, Logistic Regression
does not require normality, linear relations or equal variance, and is therefore considered a
suitable statistical tool to predict the event probability of a dichotomous dependent variable.
The use of Logistic Regression is a relatively novel choice for modelling vegetation probability at
this scale, but has been utilised by a few authors to good effect (Augustin, Cummins et al. 2001;

Fangliang, Zhou et al. 2003; Flantua, van Boxel et al. 2007) .
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4.7.2 Logistic Regression Analysis

4.7.2.1 Model parameter choice: VIF analysis and variable dimension
reduction.

Once Logistic Regression analysis was decided upon to assess species potential across the
region, a number of practical aspects needed to be considered. If a Logistic Regression analysis
is to be successful, it is important to check for multicollinearity amongst variables. Suites of
variables were therefore entered into linear regression models in order to calculate Variance
Inflationary Factors (VIF). This gives a measure of the severity of multicollinearity, and states
how much the variance of the estimated regression coefficients will increase due to collinearity.
If variance is too high, it may lead to lack of statistical significance of individual independent
variables, and may also result in wrong signs and magnitudes of coefficient estimates leading to
incorrect conclusions. VIF values above ~10-12 are a cause for concern. Bivariate correlations

were also undertaken to examine the strength of correlations between variables.

If the VIF is too high in the analysis there are a number of options that may be used to reduce it.
The first method is to remove those variables with the highest VIF until the overall VIF falls
below the threshold value. A second method attempts to merge those variables that have a high
VIF into a smaller number of files that contain the majority of variance. This is done via
averaging, PCA or some other method of dimension reduction. The difficulty with this method is
knowing what these end variables represent once they have been merged. Considering that
seasonal climate changes have been recognized as being important to vegetation distribution,

the first option is preferred, to maintain the ability to investigate seasonal effects.

4.7.3 Logistic Regression methodology

SPSS binary Logistic Regression was first used to calculate a standard Logistic Regression. The
linear logistic model is a type of generalized linear model that extends the linear regression

model by linking the range of real numbers to the 0-1 range. This is achieved by using a link
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function as shown in Equation 1. The addition of a hierarchical scheme adds terms to the
regression model in phases, or blocks, in order to examine the influence of particular variables

once other variables are accounted for.

OR

Equation 1 Logistic Regression link function

Where Z; is the value of the unobserved continuous variable for the ith case, and m; is the
probability the ith case experiences the event of interest. As with other multiple regression

analyses, Z is linearly related to a number of independent variables x, as shown in Equation 2.

Zi = bo + blxl'l + blxl'z‘l' . T+ bpxl'p

Equation 2 Logistic Regression equation

Where xijis the jth predictor for the ith case, b is the jth coefficient and p is the number of
predictors

The regression coefficients are estimated in SPSS using an iterative maximum likelihood
method. The likelihood function I for n observations y; ., y, with probabilities Ty, ., 1, and case
weights wy, ., wy, can be written as:

n

l= nnz’viyiu — )Will=yo)

i=1
It follows that the logarithm of | (the logit) is

n

L=1n() = ) (wiyeIn(m) +wy(1 = y)In(1 - 7))

i=1
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and the derivative of L with respect to f3; is

L~
Ly, = T Z w;i (Vi — T)x;
L=

4.7.4 Fitting the model

The binary regression model may be fitted using one of two main approaches. The firstis a
simultaneous approach (forced entry), whereby all independent variables are treated
simultaneously and equally. This strategy is most appropriate when there is not a logical or
theoretical basis for considering any variable prior to another (Foster, Barkus et al. 2006). The
second approach uses a stepwise routine, which automates the addition or exclusion procedure
of variables. The variables are chosen based on the Wald statistic, a likelihood ratio test or a
conditional algorithm. This method is useful for creating parsimonious models, however has
been criticized for capitalizing on chance, and may ‘throw out’ variables that are in fact useful
(Foster, Barkus et al. 2006). The third approach is a hierarchical approach, which requires that
the point of entry of independent variables into the model is based upon theoretical

considerations, thus alleviating those criticisms squared at stepwise regression.

Variables were entered using the forced entry method as opposed to stepwise forward or
hierarchical entry. This was because the order of importance of variable entry into the model

was not known and presuming this would have potentially created bias.

475 Rare Events correction

There is an anticipated issue with the use of standard Logistic Regression given the form of the
dataset. Considering the amount of land area under which any one species is cultivated across
Europe compared to the amount of area where it is not grown, the amount where it is grown is
many times smaller. As such, species presence is considered a rare event (RE). Rare events can
cause problems in standard regression models, and an underestimation of the probability of

occurrence can commonly occur (King and Zeng 2001). A Logistic Regression that is tailored to

101



rare events, such as the one developed by Imai et al. (2007) designed to run in the 'R’ statistical
package is considered to be the most appropriate statistical method for calculation of

coefficients.

Rare Events correction was implemented in R, using the Relogit package (Imai et al. 2007, lami
et al. 2008). The approach is composed of three different correction phases. The first requires
gaining a representative sample, using choice controlled sampling. This helps to reduce

autocorrelation, and is documented in Appendix 7.

The second 'prior’ correction is required due to the bias introduced by sampling on the
dependent variable. The formula (Equation 3) uses the actual proportion of present to absent
values (1) and the observed proportion of present to absent values (¥) to calibrate the constant

of the regression equation (a). This value is calculated for each species as shown in Table 4-7

=e-nl( )

Equation 3 Prior correction

The third correction aims to rectify the underestimation of the probabilities from the

substitution of the intercept value.

102



Table 4-7 Calculation of T values for Rare Events correction

Species Area where present Area where absent T

(Km?2) (Km?2)
Quercus cerris 98578 4864853 0.020
Pinus brutia 15789 5054469 0.003
Pinus nigra 160557 4802874 0.033
Fraxinus ornus 29748 4933683 0.006
Betula Pendula 389574 4573857 0.085
Juglans Regia 2119 4961312 0.0004
Quercus coccifera 20561 4942870 0.0042
Olea europaea 10407 4953024 0.0021
Castanea sativa 125379 4838052 0.0259
Vitis vinifera 66668 8236903 0.008
Abies Alba 167220 4796211 0.0348
Alnus cordata 4214 4959217 0.000849
Carpinus betula 149284 4814147 0.0310
Populus nigra 9319 4954112 0.00188
Corylus avellana 5198 4958233 0.001
Tilia cordata 50053 4913378 0.010187
Juniperus oxycedrus 14052 4949379 0.0028
Sclerophyllous 87614 4875753 0.017969
Shrub 141512 4821855 0.0293
Non-irrigated 1200311 3763056 0.318972
agriculture
Fagus sylvatica 470460 4492971 0.10471
Picea abies 684971 3545293 0.193
Platanus orientalis 10040 4216348 0.00238
Ulmus glabra 15086 4213253 0.00358
Grassland 37256 4926111 0.007563
Cedrus libani 1364 4962067 0.000274
Populus 9319 4954112 0.00188
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476 Model assessment

The output to the Logistic Regression model can be assessed in a number of ways. Some of the
statistical values reported in SPSS are not appropriate for the method, for instance, the various
R? values, although calculated, have limited use in Logistic Regressions and are therefore not
given consideration. The Hosmer and Lemeshow goodness of fit test is sensitive to sample size
(i.e. Kramer and Zimmerman, 2007), and may not be valid for very large or small sample sizes. It
has also been criticised for having limited power, as it depends on an arbitrary cut point on

predicted probabilities (e.g. Hosmer et al. 1997).

Therefore, classification tables were consulted, as they assess the accuracy of model prediction
to observed values. The classification table from each block can be compared to the
classification from the baseline (null) model, which only includes the constant. The null model
was classified into true and false prediction rates, resulting in an overall accuracy of ~50%, the
amount of correct classifications by chance. The addition of variables into the model increases
the classification accuracy significantly if the combination of variables are correlated to species
presence. A hit ratio of 25% more than chance (i.e. more than the null model) is generally

considered acceptable.

4.8 RARE EVENTS LOGISTIC REGRESSION MODEL RESULTS

4.8.1 Species coefficients

The Logistic Regression coefficients (‘b’ in Equation 2) from the Rare Events regression analysis
of each species are tabulated in Appendix 8. Where variables were removed due to an overly
large VIF, this is stated in the table, and where variables are found to have a statistically

insignificant relationship to the dependent variable, this is stated with the tern ‘INS’.

4.8.2 Overall model accuracy

From these coefficients, the user, producer and overall accuracy of the model could be
calculated. The results of this analysis are shown in Figure 4-5. Those species with higher

accuracy are likely to either be more influenced by the climatic, topographic or edaphic
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variables entered, or else are constrained to a specific geographical niche which is easy to
differentiate from the rest of Europe. If a species is adaptable and is present over large areas of
Europe, it is harder to differentiate by climate or soil type, and therefore the modelling accuracy
is lessened. This is why the broader classes of shrubland and grassland are more difficult to
predict, compared to the climatically and geographically restricted distributions of Olea
europaea, or Quercus coccifera. However, all species were modelled with accuracy over 70%

which still represents a good model fit.
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Figure 4-5 Overall model accuracy by species

The variables and their associated coefficients were then constructed into equations that would
be calculable in ArcGIS. The format of such an equation is shown in Equation 4, the output to

which is probability surfaces as detailed in the next section.

Pinus_Brutia =-16.10 + ([ph] *-0.147) + ([slope] * 0.148) + ([SRTM_1km.tif] *-0.001) + ([awc] *
0.290) + ([drainage] * 0.235) + ([texture] * 0.582) + ([prec_sum] * -0.055) + ([prec_aut] * -
0.013) + ([ai_cal] *4.761) + ([tmax] * -0.008) + ([t_seas] * 0.002) + ([p_seas] *-0.028) +
([calcisol] * 1.226) + ([fluvisol] * 0.432) + ([vertisol] * 0.904) + ([east] * 0.267)

Equation 4 Logistic Regression equation in ArcGIS format
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4.8.2.1 Probability maps

Calculating the Logistic Regression equation for each species using significant variables over the whole region allows a probability surface to be built
up. For brevity, only two species maps are displayed here. It is important to note that the probability surface represents the relative probability of
where a species could grow, based on the statistical data collected for the whole of Europe. It does not predict exactly where a species does grow, as
this is also dictated by many other factors such as urban development, cultural practices and economics. It therefore represents the best estimate of

correlation with natural factors given the data available.

Legend 1 . ) i 4 Legend

B #ctusl Castanea satva I ~ctual Olea europeae F

Olea europeae probability ™ . 24
Value [

I High: 0.95
] Low: 0.00

0 195 390 780 1,170 1,560
-— Ki

Figure 4-6 Species probability of (a) Castanea sativa, and (b) Olea europaea across Europe. Overlaid is actual species distribution.
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4.9 METHODOLOGICAL DEVELOPMENT 2: DEVELOPING AND VALIDATING A
MULTIPLE SPECIES BIOCLIMATIC MODEL.

The output to the Logistic Regression has been calculated as a continuous probability surface
through GIS analysis. In the previous section one probability surface was calculated for each
species. In order to create a model of multiple species at once however, requires some
combination of this probability, and some decision rules to decide the dominant species at each
pixel. A couple of methods were considered. The first used a cutoff of presence / absence of a
species, estimated using a Receiver Operator Curve (ROC), followed by logical rules to assign the
species with the highest probability at any one pixel to be the present species. However, this

created large areas of mono species, due to certain species having an overall higher probability.

[t was decided that a more natural process would need to include randomness and
heterogeneity. A second method was therefore developed that designated a certain number of
points for each species, representing 1km? stands, to be distributed across the region of interest,
weighted towards areas with high potential. As this took a lot of computing power, the analysis
from this point onwards focused on southwest Turkey, and therefore subset all the probability

surfaces to this extent.

To achieve this, summary statistics were calculated for each species probability surface. The
average species probability for the area of southwest Turkey was taken as a measure of relative
species probability, and from this, the amount of points were calculated based on a sample size

of 30 000, from which the original Logistic Regression was formed, as shown in Equation 5.

Equation 5 Species points calculation
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Where a is the probability of the iju pixel, n is the total number of pixels, and c is the original
sample size of 30,000. Figure 4-7 shows the average probability for each species, and Table 4-8
tabulates the amount of points to be distributed for each species given this probability. Points
for each species were then distributed randomly, but weighted by the probability surface, using
Hawth'’s Tools ‘Generate Random Points’ tool. Figure 4-8 shows the distribution of Pinus nigra
points overlaid on the probability surface, and Figure 4-9 shows all species points when merged

into a single shapefile.

To turn this vegetation point file into a final vegetation surface adequate for simulation of pollen

dispersal requires 4 more processing steps.

1. The point files for all species are collated and converted to a 1 km resolution raster with
metres as the linear unit. Each species is given a unique ID to differentiate them. In
certain areas, more than one point is found on a particular pixel. If this is the case then
the tool chooses the most frequent species on that point. If there are the same number of
points on the pixel from a number of species, then the highest FID is used, essentially a
random measure.

2. Steppic areas are mapped based on a threshold of annual precipitation under 400 mm
and 300 mm for montane steppe and true steppe respectively. Under 300 to 400 mm
tree species are still present, mixed in with steppe. Under 300 mm, the classification is
purely steppe.

3. Water bodies are added as a class. HUMPOL requires water bodies are classified as ‘1’.

4. The final layer is shown in Figure 4-10 with each class as a particular ID value.
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Figure 4-7 Average species probability across southwest Turkey based on modern data
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Table 4-8 Amount of points to be distributed for each species

Species Average probability # of points based on sample size of 30
000
Abies alba 0.063 1886
Dry agriculture 0.168 5050
Alnus cordata 0.000 0
Betula pendula 0.001 36
Pinus brutia 0.025 750
Carpinus betulus 0.002 73
Castanea sativa 0.001 38
Cedrus libani 0.004 120
Corylus avellana 0.000 0
Fagus sylvatica 0.022 662
Fraxinus ornus 0.000 12
Grassland 0.048 1428
Juglans regia 0.000 8
Juniperus oxycedrus 0.000 5
Pinus nigra 0.158 4727
Olea europaea 0.002 72
Picea abies 0.158 4727
Platanus orientalis 0.017 517
Populus nigra 0.001 33
Quercus cerris 0.145 783
Sclerophyllous 0.136 3562
Shrubland 0.193 4077
Tilia cordata 0.000 5803
Ulmus glabra 0.000 5
Vitis vinifera 0.002 59
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Figure 4-8 Pinus nigra point spread weighted by the continuous probability surface beneath
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Figure 4-9 All species points after probability distribution
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Figure 4-10 Vegetation model surface converted to raster map ready to load into HUMPOL suite
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A final check was undertaken to compare the percentage of species in the probabilistic model in

Figure 4-10 with the percentage of species based on actual species data in Turkey. This

essentially assesses whether the probabilistic model developed from data from the whole of

Europe predicts species distribution in southwest Turkey. Figure 4-11 displays this comparison,

which shows a good agreement between model output and actual data (R2= 0.85).
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Figure 4-11 Main species percentage in southwest Turkey, comparing model output and actual data.

4.10 METHODOLOGICAL ASSUMPTIONS AND REVIEW

As this modelling methodology contains data from different sources, a novel approach with

many components, and has utilised modern relationships to inform on past events, there are

unescapably some assumptions that need to be stated in order to provide a transparent basis

for modelling. Once stated, these provide opportunities for future work to accept or reject the

assumptions, and to further develop the model and data that feeds into it to provide more
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refined and robust model components. Table 4-9 summarises main discussion points on the

robustness of the model, and the assumptions that are held to move the model forward.
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Table 4-9 Summary of the robustness and assumptions of the model

Area of model

Assumption

Justification

How to improve in future

1. Isspecies set
representative
enough?

Assumes species distribution data
adequately represents the

distribution of key species

Data is taken from the highest resolution,

most coherent dataset currently available.

Requires more comprehensive study of
species ranges, and improvement in

worldwide plant distribution data.

Assumes broad scale distribution of
species adequately represents their

climatic envelope

Data was taken from across Europe to
examine species distribution under a large

range of climate regimes

Requires more laboratory tests on species
limits, and increased high quality worldwide

data on species distribution.

Assumes that the modern
distribution range adequately
represents the palaeo-range of
species - i.e. that they have not
dramatically evolved during the

Holocene.

During the last 10 000 years fossil vegetation
and genetic data has not yet provided
evidence of significant changes in the form of
key species modelled, and evidence is also
lacking to suggest that their reaction to
climate was different to the same modern day

species.

Further genetic studies are required to
understand whether plant physiology may
have undergone subtle changes throughout

the Holocene.
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2. Are model
inputs valid for
the
palaeoclimate
case?

Assumes summer precipitation was
still mainly orographic, autumn and

winter precipitation was still frontal.

There is not yet enough evidence to suggest
that large scale atmospheric circulation over
southwest Turkey was dramatically different
during most of the Holocene period.
Precipitation during the Late Glacial and early
Holocene may have been affected by
monsoonal circulation, however this is yet to

be proved.

The model will be set up with similar
precipitation patterns to the modern
situation, but changing their seasonal
magnitude. Comparison with pollen records
may suggest that this situation is not
appropriate for particular periods, which will

provide evidence for further work.

Assumes vegetation patterning today
is still dictated broadly by climatic,
topographic and edaphic factors,

despite human interference.

By taking data from across Europe certain
local anthropogenic strategies of vegetation
placement are likely to have been averaged
out. [t is also the case that even where
vegetation has been planted by humans, the
climatic and edaphic scenario still has to be
viable for the species to thrive to the extent
that is mapped by the species distribution

maps.

Requires further study of species distribution
under scenarios of low, moderate and high

human interference.
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Area of model

Assumption

Justification

How to improve in future

Are model inputs valid
for the palaeoclimate

case? (contd.)

Assumes broadly similar topography

and soil types

It is acknowledged that soils have developed
significantly over the Holocene period,
however it is assumed that the broad type of
soils that develop on certain bedrock (i.e.
calcerous soils over limestone) is likely to be
similar to that which was present in the

earlier Holocene period.

Requires digitised version of geological data

for the whole of southwest Turkey.

Assumes winter minimum
temperature from previous studies is

assumed realistic

Winter minimum temperatures for species
tolerances are generally taken from United
States Department of Agriculture plant
hardiness zones, a standardised and well

known system.

Requires more laboratory tests to understand

species hardiness
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Are shifts in
precipitation
and
temperature
for the whole
region valid?

Assumes climate shifts (i.e. -100 mm
precipitation) acts across the whole
of the southwest, as they generally do

today.

Statistical tests were undertaken to examine
the pattern of climate across Turkey over the
30 year reference period which suggested
that climatic shifts generally occurred
similarly at different points across southwest

Turkey. This analysis is available on request.

Run further model runs to investigate
different precipitation and temperature

gradients.
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4.11 SUMMARY

This chapter has developed a modelling methodology, which is tailored to the species found in
Mediterranean southwest Turkey. It has investigated the climatological and edaphic envelopes
of these key species as a basis for modelling climate-vegetation interactions, using high

resolution data in order to engage with the landscape scale.

A Rare Events Logistic Regression approach was used to enable the modelling of potential
vegetation distribution under different climatic scenarios, in order to engage with the research
questions set in this thesis. Model output is displayed as a species specific probability surface
across the landscape, on which a semi-random distribution of species instance points is placed.
This has allowed heterogenous, multi-species simulations to be created. These simulations can
now be driven by particular climatic scenarios of interest. The next chapter defines the climatic
scenarios that will be tested and displays the results of those climate scenarios. Model results
are displayed in both graphical form to examine relative species probability, and maps of
species probability, to understand the potential spatial patterning of vegetation under different

climatic scenarios.
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Chapter 5

Vegetation Modelling Analysis

This chapter first defines the climate scenarios and model runs that the vegetation model will be
driven under, before displaying the results from these model runs. The chapter then provides an

overview of model output, presenting relative species potential under 27 different model runs.

Results are displayed in the form of relative species potential graphs, to show the impact of
variables on species composition, and cartographical representations to investigate the spatial
component of vegetation variation. The chapter will finish by describing the methodology used

to convert vegetation model output into pollen simulations.

The chapter shows that species composition under modelled scenarios is likely to be
dramatically different from modern species distribution. GIS analysis allows the investigation of

vegetation across the region, showing the importance of regional variability.
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5 VEGETATION MODELLING ANALYSIS

An overview of the vegetation modelling analysis undertaken in this chapter is shown in Figure
5-1. The analysis began by identifying key model runs for each research question based on
reconstructed climate evidence. The vegetation model was then run using these parameters. An
analysis of the relative potential of vegetation cover and the spatial distribution of vegetation
was developed, using graphical and cartographical representations. Finally, in order to compare
model output with analytical pollen data, the chapter also documents how vegetation model

output will be translated into pollen simulations.

Analyse main climate variables in Run model under various climate

southwest Turkey and define scenarios and analyse regional
climatic scenarios to run. scale changes in vegetation.

Analyse in more detail relative
species potential under different
climate scenarios

Analyse the spatial variation
of species under different
climate scenarios

Detail how pollen is simulated
from vegetation model output

Figure 5-1 Overview of Chapter 5 methodology
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5.1 MobpEL RuNs

Table 5-1 summarises the climate anomalies that will be investigated with the bioclimatic
vegetation model developed in Chapter 5. The rational for these climate scenarios is discussed
in Appendix 10, which introduces the modern spatial distribution of these climate scenarios,
and discusses how varying their magnitude may impact the spatial distribution of vegetation in
a broad sense. In summary, scenarios are based on key climatic variables known to affect
vegetation (based on research from Chapter 3), and Model Runs vary the magnitude of change
of these climatic variables (Based on previous palaeoclimatic academic literature discussed in

Chapter 2).

Nine different types of scenario were run (for instance change in absolute winter temperature),
which each have a scenario identifier. Each scenario also has 1 to 4 model runs associated with
it, which examine different climate scenario magnitudes. Model run S1-MR1 for instance would
refer to Scenario 1 (absolute winter temperature) and model run 1, in which absolute winter
temperature was decreased by -2°C. These identifiers will be referred to in the text for brevity.
In all, 27 different model runs were implemented. Which climatic scenarios are likely to impact

on the main research questions of the thesis will also be discussed.
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Table 5-1 Model Runs

Scenario Scenario Description Model Run
MR1 MR2 | MR3 | MR4 | MR5 | M$6
S1 Modern conditions No anomalies
S2 Decrease in absolute winter . . . .
temperature -2°C -4°C 6°C | -8°C
S3 Increase in absolute winter +29C i i i
temperature
S4 Decrease in average temperature 2°C -8°C ) )
S5 Increase in average temperature +2°C +4°C ) )
S6 Decrease in winter precipitation 100 200 -300
mm
S7 Increase in winter precipitation +100 +200 +n?;%0 )
S8 Decrease in average temperature _qo _qo -8°C -4°C -4°C -4°C
- A 8°C 8°C
and winter precipitation 100 mm 200 mm -300 | -100 | -200 | -300
mm mm mm mm
S9 Decrease in average winter 8°C
tem ; ; -8°C -8°C,
perature and increase in +100 mm +200 T +300 -
precipitation mm
S10 High summer precipitation and +2°C average
temperature temperature ) ) )
+50 mm summer
precipitation
S11 7% change in radiation 7% change in
radiation,
7% change in +2°C average ) )
radiation temperature
+50 mm summer
precipitation

The climate scenarios introduced above were converted to regression equations for each
species, probability surfaces were calculated, species distributions were modelled, and species
distributions were then combined into overall vegetation maps as discussed in Chapter 4. A

summary diagram of this process is shown in Figure 5-2.
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1. Variable layers

2. Single species Regression equation
(E.g. winter precipitation +100mm)

Olive potential = o +
Component of (([Winter_precip] + 100) * ) +
(([Summer_precip]) * B,) +
(([Autumn_precip]) * Bs) ...etc

A

Results in
4. Single Species Distribution (points) 3. Species Probability layer
o Converted to
o &5
;
Combine
5. Multiple Species Distribution (points) 6. Vegetation model output (raster)

Converted to

A 4

Figure 5-2 Recap of methodology
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5.1.1 Relative species potential - graphical model output

Following model runs, output graphs were calculated that display the relative species potential
for the region under different model runs. The graphs are characterized by (a) woodland
species, (b) potential arboriculture species, and (c) an overview of broad vegetation classes.
Percentage values are calculated within each set of species in order to optimise the visualisation

of percentage change, particularly for species with low percentage values.

Figure 5-3 displays the relative potential of species across southwest Turkey based on model
results. It shows that of all trees under modern conditions (S1), Pinus nigra and Quercus
coccifera have the highest potential across the region, and of arboriculture species, Vitis and
Olea show highest potential. In general, coniferous and deciduous trees, and cereal and

grassland are of equal potential, however true steppe and arboriculture potential is low.

Figure 5-4 shows the relative potential of key vegetation species and classes under the scenario
of varying winter absolute minimum temperature (S2 and S3). Figure 5-4a shows that in
general, the relative potential for species generally does not change dramatically as winter
absolute minimum drops. The main decrease seen is Pinus brutia, as this has been documented
as having a poor tolerance to cold winter temperatures, although there is also some decrease in
Platanus orientalis. Figure 5-4b demonstrates that, of the potential arboriculture species, Olea in
particular is the main species that is restricted by cold winter temperatures. In general, under
decreased absolute winter temperatures, the relative potential of deciduous species across the
southwest drops (Figure 5-4c) leading to a concurrent rise in the relative potential of coniferous
species, grass and cereal. Steppic species and arboriculture species only make up a small
fraction of total vegetation potential under these scenarios, but arboriculture potential would

also drop due to a lack of Olea potential.

Figure 5-5 demonstrates relative vegetation potential under varying average temperatures (S4
and S5). Under low average temperatures Pinus nigra and Abies alba are found to have the

highest potential, and coniferous species in general are preferentially advantaged by low
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temperatures. Conversely, under warm conditions, Quercus coccifera and Olea europaea are
found to be particularly advantaged. The proportion of deciduous, arboriculture and grassland

vegetation increase under positive temperature anomalies of 2-4°C.

Figure 5-6 demonstrates relative vegetation potential under decreasing winter precipitation
(S6). Under this scenario, species potential changes reasonably dramatically. The absolute
potential of most species decreases. Figure 5-6a demonstrates that Quercus coccifera potential
in particular decreases rapidly under a lack of winter precipitation. Also decreasing is Platanus
orientalis potential, Pinus nigra potential and Quercus cerris potential. There are a few species
(e.g., Fagus sylvatica, Juniperus and Picea) that are seen to increase in potential under decreased
winter precipitation. Figure 5-6b shows that Olea and Vitis are the arboriculture species most
affected by a decrease in winter precipitation, although most species are affected to a certain
extent. Figure 5-6c emphasizes that as arboriculture, deciduous, coniferous and grassland

potential all decrease, steppic areas increase.

Figure 5-7 shows regional vegetation model output with increasing winter precipitation (S7).
Under such climatic conditions, most forest and arboriculture species increase in potential.
Considering Figure 5-7a, the main forest species to increase under such climatic conditions are
Quercus coccifera, Betula pendula, Populus nigra, Carpinus and Fagus. Species that proportionally
decrease are likely to be Cedrus, Pinus nigra, Pinus brutia and Platanus. Figure 5-7b shows that
Olea is particularly advantaged by this increase in winter precipitation, as is Vitis. Juglans and
Fraxinus are less likely. Figure 5-7c shows that under increasing precipitation, deciduous

species are likely to increase proportionally compared to coniferous, steppic or grassland areas.

Figure 5-8 demonstrates S8, which modelled both decreasing precipitation and decreasing
average temperature. This model run shows relatively similar results to Figure 5-6, although
Pinus brutia also decreases under lower average temperatures. Other coniferous species
however, such as Abies, Cedrus libani and Pinus nigra are more likely to increase in relative

importance due to lower temperatures.
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Figure 5-9 and Figure 5-10 shows regional vegetation model output with changing solar
radiation, increased summer precipitation and temperature, and both effects at once (S10 and
S11), and Table 5-2 shows an overview of advantaged species under each model run. All
scenarios increase the growing potential of Abies, Carpinus, Platanus and Olea. Changing
radiation parameters has the effect of increasing Quercus cerris and Pinus brutia probability.
Changing summer temperature advantages Quercus coccifera, whereas changing summer
precipitation advantages Vitis vinifera. Changing all parameters advantages Quercus cerris, Pinus

brutia, Olea europaea, Abies alba and Carpinus betulus.
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B Pinus nigra

B Quercus coccifera
B Quercus cerris

M Betula pendula

M Abies alba

M Carpinus betulus
M Fagus sylvatica

B Platanus orientalis
1 Cedrus libani

B Populus nigra

M Pinus brutia

= Juniperus

Picea abies

b

M Vitis vinifera

B Olea europeae

M Juglans regia

B Fraxinus ornus

B Castanea sativa

m Corylus avellana

B Steppe

M Grass / cereal
m Coniferous

M Deciduous

W Arboriculture

Figure 5-3(a) Forest species potential relative percentage under modern conditions (b) Arboriculture species potential relative percentage under modern conditions
(c) Relative percentage of coniferous, deciduous, steppic and grassland species potential under modern conditions
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Figure 5-4(a) Forest species potential relative percentage with varying winter minimum temperature (b) Arboriculture species potential relative percentage with
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Figure 5-6 Relative percentage with decrease in winter precipitation (a) Forest species (b) Arboriculture (c) Broad vegetation classes
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Figure 5-7 Relative percentage with increase in winter precipitation (a) Forest species (b) Arboriculture (c) Broad vegetation classes
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Table 5-2 Overview of advantaged species under changing radiation and summer climate

Species Changing Changing Changing Changing
radiation average summer radiation,
temperature | precipitation summer
and average precipitation
temperature and average
temperature
Pinus nigra
Quercus coccifera X
Quercus cerris X X X
Betula pendula
Abies alba X X X X
Carpinus betulus X X X X
Fagus sylvatica X X
Platanus orientalis | x X X X
Cedrus libani
Populus nigra X X
Pinus brutia X X X
Picea abies X
Vitis vinifera X
Olea europaea X X X X
Juglans regia X

Fraxinus ornus

Castanea sativa

Corylus avellana
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5.1.2 Spatial variability of model output

This section examines the spatial distribution of species under modelled climate scenarios.
Under modern conditions (S1, Figure 5-11) modelled species concentration is highest in Mugla

and Antalya, with shrubland and cereal species potential dominating.

Figure 5-12 shows that a clustering of Quercus coccifera probability is shown around the coastal

regions of Mugla and Antalya, particularly along the southern coast.

A mixed woodland transition zone was found across the higher elevation areas in Burdur and
Denizlj, turning into higher probability for Pinus nigra, Quercus cerris and Abies alba among

interior parts of the region such as Isparta and Afyon.

Figure 5-13 shows that Afyon is also the region with the highest potential for Tilia, Populus,
Picea, Juniperus and Fraxinus ornus. The potential for cold intolerant species under modern
conditions can also be discussed using this figure. Under modern conditions, the environmental
potential of Olea is seen to reside predominantly in Mugla province, whereas Vitis is higher on
the lower valley slopes of Izmir and Afyon. The less cold intolerant arboriculture species

Castanea and Juglans also have moderate potential in Afyon, also Denizli, Burdur and Isparta.

This can be compared with Figure 5-14 to Figure 5-16, which maps these species under model
run S2-MR4. As previously discussed, woodland species potential does not change significantly
for most species. The main species that is affected by the decrease in winter temperatures is
Olea europaea, which contracts by 52km or 33% of its range. It can be seen on the figure that
there is a spatial aspect to this restriction. Its distribution decreases from some of the more
interior areas of Mugla. Aydin, [zmir and Mugla now hold olive potential equally, where it clings
onto the coastal strip. A contraction of Pinus brutia is also seen, to 28% of its previous range as
it has a susceptibility to colder temperatures under ~-12°C. The amount of area potentially

covered by Platanus decreases by 173km or 1%, and Juniperus is also restricted.
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Not every model run will be discussed here, however it is interesting to examine some of the
more extreme climatic scenarios to assess how vegetation distribution may change under such
events. Figure 5-17 to Figure 5-19 displays model output from S8-MR2. Figure 5-17 shows a
large shift to steppic conditions. Figure 5-18 shows that the greatest concentration is in the
north-east provinces of Afyon and Usak. In comparison to modern conditions, the proportion of
Abies alba increases, and this was particularly apparent as clusters of modelled coniferous
forest at high elevation sites such as Uyluk Tepe and Bey Daglar1. Where previously, Quercus
coccifera had high potential across the Eu-Mediterranean and Oro-Mediterranean zone, now,
Quercus coccifera is restricted to low elevation sites near the coast in Aydin, Antalya and Mugla.

In the western region grassland and shrubland predominates.

When considering only arboriculture species, all modelled species are disadvantaged by
decreasing precipitation and temperature, however, Olea europaea is the most disadvantaged.
Decreasing precipitation and temperature lead to a contraction of all arboriculture to specific
valleys and hillsides in the very south and west of the region, in particular Antalya, Isparta,
Izmir and Aydin. Vitis is more likely in the westernmost provinces of [zmir and Aydin, and

Castanea is more likely in Antalya and Isparta.

Figure 5-20to Figure 5-22 displays model output from S5-MR1. Under a scenario of increased
temperature, mixed shrubland, Cerealia and Quercus woodland is found to be advantaged, with
Quercus coccifera particularly advantaged throughout the humid coastal areas. Another
important feature of this model run is the increase in potential for arboriculture species.
Fraxinus ornus potential is particularly high throughout the region. Olea potential around the

coast has increased, but Olea also increases in range into the interior of Isparta, Usak and Afyon.

Figure 5-23 to Figure 5-25 displays model output from model run S7-MR1. Under increased
precipitation mixed Quercus is likely to be advantaged across southwest Turkey, however
greater potential is seen in the westernmost provinces of Izmir and Aydin, and the Oro-

Mediterranean regions of Denizli and Burdur.
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At the furthest extreme (Figure 5-26to Figure 5-28) the effect of increasing winter precipitation
(S7-MR1) is predicted to allow the expansion of mixed woodland across most of southwest
Turkey. Quercus coccifera and Pinus brutia are likely to be found in valleys at low elevation,
whereas Quercus cerris, Carpinus, Betula and Pinus nigra are found on hillslopes and higher
elevation areas. Olea and Vitis have potential in many provinces, with Olea moving from the
coast into Burdur, Isparta, and Izmir, and Vitis having the highest potential in Afyon, Denizli and

Burdur.

Finally, Figure 5-29to Figure 5-31 shows vegetation model output with an increase in radiation,
average temperature and summer precipitation. Again, an increase in Quercus coccifera and
cerris is expected, and an increase in Pinus brutia and Abies are also likely in intramontane
valley areas. Pinus nigra is expected in the interior areas of the region. Olea probability is high
throughout Mugla and Antalya, but has also increased in other areas such as Aydin, Burdur,

Denizli and Izmir. Vitis probability is also high throughout the region.
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Figure 5-11 Area map and modeled species overview under modern conditions
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Figure 5-13 Modelled species percentage by species across southwest Turkey under modern conditions
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Figure 5-14 Area map and modeled species overview under -8°C
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Figure 5-15 Modelled species potential and relative percentages by province across southwest Turkey
under modern conditions
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Figure 5-16 Modelled relative species concentration across southwest Turkey under -8°C
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Figure 5-18 Modelled species potential and relative percentages by province across southwest Turkey -
8°C and -200 mm precipitation
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Figure 5-19 Modelled relative species concentration across southwest Turkey under -8°C and -200 mm
precipitation
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Figure 5-20 Area map and modeled species overview +2°C
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Figure 5-21 Modelled species potential and relative percentages by province across southwest Turkey
under +2°C
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Figure 5-22 Modelled relative species concentration across southwest Turkey under +2°C
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Figure 5-23 Area map and modeled species overview +100 mm precipitation
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Figure 5-24 Modelled species potential and relative percentages by province across southwest Turkey
under +100mm
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Figure 5-25 Modelled relative species concentration across southwest Turkey under +100 mm
precipitation
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Figure 5-27 Modelled species potential and relative percentages by province across southwest Turkey

under +300mm
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Figure 5-28 Modelled relative species concentration across southwest Turkey under +300 mm

precipitation
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Figure 5-29 Area map and modeled species overview with +2°C and +50 mm summer precipitation
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Figure 5-30 Modelled relative species concentration across southwest Turkey under +2°C +50 mm
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Figure 5-31 Modelled relative species concentration across southwest Turkey under +2°C +50 mm

summer precipitation
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5.2 SIMULATING POLLEN ASSEMBLAGES FROM MODEL OUTPUT

In order to compare the model output discussed in this chapter with analytical pollen evidence,
the model output from these scenarios needs to be translated into pollen simulations. The
process of converting maps of vegetation distribution into simulated pollen has been developed
and validated by previous researchers. An implementation of this process is the HUMPOL suite

of programs by Bunting and Middleton (2005)

The suite consists of three main programs, the content and order of use of which is shown in

Table 5-3.

Table 5-3 Overview of the HUMPOL suite

Program Function

1. POLGRID Image conversion program. Converts ASCII
files output by ArcGIS into IDRISSI GRIDs to

ingest into POLSACK.

2. POLSACK Data collection program. Contains all the taxa
to be modelled, with associated Pollen
Productivity Estimates (PPE) and Fall Speeds.
Also creates communities and dictates the
percentage of taxa in each community.
Defines sample points for pollen core
simulation, and defines a wind rose to adapt

pollen dispersal.

3. POLFLOW Takes the IDRISSI GRID, and the data
collection, to model pollen dispersal using the
Prentice-Sugita model. Outputs pollen loading

at each sample point for each taxa.
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The first task undertaken to convert vegetation model output into pollen simulations was to
export the model output from ArcGIS using an ASCII format, which can then be loaded into
POLGRID. This was then converted into IDRISSI GRID format to load into POLSACK. In order for
POLSACK to run the pollen simulation task, a number of parameters need to be populated in the

program.

The first set of parameters to populate is the pollen core simulation coordinates. These are the

locations of the pollen sequences in Eastings and Northings (Table 5-4).

Table 5-4 Pollen core simulation coordinates

Pollen core Eastings Northings

Karamik 307062 4256202
Hoyran 314005 4239712
Beysehir 366947 4156394
Gravgaz 269742 4161601
Bereket 261064 4158998
Pinarbasi 238498 4148582
Sogut 222876 4104320
Golhisar 197707 4114735
Elmali 223744 4068736
Avlan 228083 4053982
Koycegiz 111785 4092170
Golcuk 64919 4251863
Aglasun 280157 4168545
Ova 169963 4032880

The second set of parameters to populate is the Pollen Productivity Estimates (PPE) and Fall
Speeds of each species in the model. These are available for most plant species, however
empirical data are lacking for some. For the purposes of this model, where Pollen Productivity
Estimates were unavailable, values were substituted from other species. This has been an
acceptable practice in previous research as long as substitutions are stated as an assumption
(Bunting, pers. comms.).
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Table 5-5 shows the PPE and Fall Speeds used in this modelling exercise, and their sources.
Where PPEs are unknown, values are taken from a species with a middle ranging PPE, such as
Quercus. This is acknowledged as a limitation of the approach, however PPE data are the subject
of a current research initiative in southwest Turkey (Eastwood, Fyfe etal. 2011) so can easily

be substituted to update the model as part of future work.

A third parameter allowed a wind rose to be included (Figure 5-32). This was based on modern
wind patterns during the spring pollen season, where wind blows predominantly from the west
onto the southwest coast (Willemsen 2011). Again, future iterations of the model could
investigate this parameter to see how this parameter changes pollen assemblages calculated at

each pollen site.

Wwind roze scaled by proportional area
Divisions shown at 258%, 50% and 75%

Murnber of zegments : 10

Figure 5-32 Windrose based on modern values
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Table 5-5 Species PPE and Fall Speed parameterisation

Species Fall PPE | Substitution / Clarification Source
Speed

Abies alba 0.12 6.88 REVEALS - Europe
Dry agriculture 0.06 1.85 | Cerealia REVEALS - Europe
Alnus cordata 0.021 |9.07 REVEALS - Europe
Betula pendula 0.024 | 3.09 REVEALS - Europe
Pinus brutia 0.031 | 6.38 REVEALS - Europe
Carpinus betulus 0.042 | 3.55 REVEALS - Europe
Castanea sativa 0.015 | 5.38 | Quercus for PPE, Olea for fall Average PPE

speed
Cedrus libani 0.031 | 6.38 | Pinus REVEALS - Europe
Corylus avellana 0.025 | 1.99 REVEALS - Europe
Fagus sylvatica 0.057 | 2.35 REVEALS - Europe
Fraxinus ornus 0.022 | 1.03 REVEALS - Europe
Grassland 0.035 |1 Gramineae REVEALS - Europe
Juglans regia 0.037 | 5.38 | Quercus (Filipova, Kvavadze et

al. 2010)

Juniperus oxycedrus | 0.016 | 2.07 REVEALS - Europe
Pinus nigra 0.031 | 6.38 REVEALS - Europe
Olea europaea 0.015 | 5.38 | Quercus (Erdtman 1969)
Picea abies 0.056 | 2.62 REVEALS - Europe
Platanus orientalis | 0.035 | 5.38 | Quercus REVEALS - Europe
Populus nigra 0.035 | 5.38 | Quercus REVEALS - Europe
Quercus cerris 0.035 | 5.38 REVEALS - Europe
Quercus coccifera 0.035 | 5.38 REVEALS - Europe
Sclerophyllous NA NA | Olea and Artemisia
Shrubland NA NA | Quercus Coccifera (30%), Quercus

cerris (30%), Artemisia (20%),

Plantago (20%)
Tilia cordata 0.032 | 0.8 REVEALS - Europe
Ulmus glabra 0.032 | 1.27 REVEALS - Europe
Vitis vinifera 0.15 5 Quercus for PPE, Olea for fall Average PPE

speed
Steppe 0.025 | 1.85 | Artemisia REVEALS - Europe

Model output is presented in the form of a text file containing pollen yield data (pollen loading)

for each sample point specified in the model (i.e. each pollen core location that pollen

simulations are calculated for). This represents pollen influx at a specific point, calculated using

the Prentice-Sugita algorithm. Pollen loading was calculated for each model run, at each pollen

site of interest. This data was then taken forward to compare with analytical pollen data.
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5.3 SUMMARY

This chapter has provided an overview of model output, presenting relative species potential
under 27 different model runs. Uniquely, A GIS approach has allowed an assessment of the

spatial aspect of these model runs over a whole region, at the species level.

In summary, under reduced temperature and precipitation, model results indicate that steppe is
likely to encroach across southwest Turkey from the north east. Species composition is likely to
mainly consist of cold-tolerant species such as Pinus, Abies and Cedrus, with cold and drought

intolerant species being restricted to coastal regions.

Conversely, under increased precipitation and temperature, Quercus and arboriculture species
are likely to be advantaged, and are shown to increase in density and extent into the Oro-

Mediterranean region.

The results of this analysis are likely to have interesting implications when compared to
analytical pollen data, as they may provide linkages between climatic theory, vegetation
distribution, and pollen assemblage variability across the region of southwest Turkey. To this
end, the chapter outlined the methodology for translating vegetation model output into

simulated pollen using the HUMPOL suite of software, thus allowing this analysis.
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Chapter 6

Chronological refinement of pollen data and validation

methodology

The vegetation model runs developed in Chapter 5 demonstrated varying species potential
under a range of climate change scenarios, based on bioclimatic and edaphic rulings. To
compare this model output with analytical pollen data, vegetation model output was converted

to simulated pollen assemblages.

In order to compare simulated pollen with analytical pollen data at key stages throughout the
Holocene, two further methodological steps are required to create a standardised base of
analytical pollen evidence. The first involves analysing the deposition characteristics and
chronology of each sediment core and associated analytical pollen sequence in southwest
Turkey, to provide a coherent, calibrated chronology. Bayesian modelling will be utilised to
allow pollen sequences to be synchronised with one another, and any chronological
uncertainties highlighted. The second methodological step requires the calculation of species
percentages based on only those species modelled in the vegetation model, to provide a
consistent basis for comparison. The details of both of these components are discussed in this

chapter.
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6 CHRONOLOGICAL REFINEMENT OF POLLEN DATA AND

VALIDATION METHODOLOGY

6.1 THE IMPORTANCE OF A CONSISTENT POLLEN ZONE CHRONOLOGY

Analytical pollen sequences are traditionally divided into pollen assemblage zones that highlight
a particular vegetation assemblage, while zone boundaries can be used to distinguish changes in
vegetation composition. Pollen assemblage zones can be determined visually (e.g. Bottema and
Woldring 1984) or statistically using cluster analysis (Eastwood, Roberts et al. 1999). Once
pollen assemblage zones have been determined, chronological ages can be assigned for each
zone boundary. Traditionally, this has been achieved using linear interpolation between
adjacent radiocarbon ages and extrapolation at depth, which assumes a constant sediment
accumulation rate (SAR) between adjacent radiocarbon ages, even though they may be

thousands of years apart.

Although some of the more recent pollen sequences do have more reliable chronological
frameworks, such as those taken from Goélhisar (Eastwood, Roberts et al. 1999), a generally
accepted schema of vegetation change since the Holocene does not exist across the whole
region, partly because of variable chronological control on cores, and partly because of a lack of
chronological modelling to explore age-depth relationships. In fact, eleven main issues can be
identified that have so far complicated and confounded the regional correlation of pollen

sequences in the southwest of Turkey:

1. Alack of radiocarbon ages, due to low organic matter content
2. Large error uncertainties with some radiocarbon ages due to low organic matter content
3. Large bulk “C age samples (spread over large segments of core depth) rather than AMS

4. Chronological imprecision introduced upon calibration.
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5. Uncertainties (sometimes large) associated with linear interpolation and extrapolation
6. Absence of lithological variability to inform upon sediment accumulation rates (SARs).
7. Notable lack of core sequences with detailed loss-on-ignition and magnetic
susceptibility data.
8. Presence of tephra layers in only a few pollen sequences 3
9. A difference in dating method across sites
10. Assumption that core tops represent the present day
11. 14C ages can also be impacted by limestone geology, as ages can be influenced by
younger or older carbon, which can lead to a wide margin of error when ages are
calibrated to calendrical dates (Eastwood, Roberts et al. 1998).
The combination of variable organic content, radiocarbon age extraction, age uncertainty and
tephra identification across different cores makes it difficult to synchronise pollen across the

region, or even confidently place pollen zones in historical or pre-historical periods. This in turn

makes it difficult to integrate with other records such as archaeological finds.

Whilst not a ‘cure-all’ for the above issues, recent advances in the application of statistical
models to chronological modelling such as the use of Bayesian modelling of 14C dates have
allowed the impact of different sediment deposition parameters on date calibration to be
explored, and the uncertainty associated with variable chronological control to be quantified.
Furthermore they allow the extraction of calibrated age probability density functions for any
date entered into the model, thus age estimates for pollen zone boundaries can be calculated.
This method has not previously been applied to the lake cores of southwest Turkey, but has
been employed on other sediment sequences to good effect, providing a more accurate picture

of deposition through time (Buck, Kenworthy et al. 1991; Buck, Cavanagh et al. 1996).

The aim of this chapter is therefore to analyse and chronologically model the pollen sequences
of southwest Turkey using Bayesian statistical techniques. An assessment will be undertaken of

the applicability of Bayesian analysis to multiple sediment cores throughout southwest Turkey,

3 Tephrochronological studies in the eastern Mediterranean region of Turkey are in their infancy,
however there is improvement as more tephra layers are being located in sediment sequences
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with a view to provide a more robust base for comparison of model output with analytical
pollen evidence. An overview flow diagram is shown in Figure 6-1 that represents the key

processes undertaken and described in this chapter.

Analytical Pollen Zone Calibration
Radcllocagbon Oxcal Calibrated
ate »| calibration » radiocarbon
(produces st
. uncal. dates)
Sediment
Core
Pollen v
sequ-ence, Bayesian
consists of > analvsis
multiple pollen y
zones
v
Probabilistic age of Pollen zone Analytical pollen
pollen zone boundaries mapped zones identified for
boundaries »|  tokey periods of »| each key period of
calculated interest interest

Figure 6-1 Flow diagram showing the overall process undertaken as described in this chapter to calibrate
and identify analytical pollen zones for each key period of interest. Red boxes show work done by
previous researchers.

6.2 APPROACHES TO AGE-DEPTH MODELLING

Long term sedimentary core samples with associated pollen sequences provide useful analytical
comparison data for the model runs in this thesis. In order to allow comparison with other data,
the dating evidence available for these core samples firstly needs to be calibrated in a consistent
manner. Furthermore, if such records are to be used to inform on the timing of events, and the
relative timing between different sedimentary sequences, age-depth models can be used to
estimate the deposition characteristics of a core over time. Undertaking age-depth models are

an important step as they allow age estimates of levels of a sediment core that are not dated.
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Traditionally, age-depth models are created using a simple linear interpolation model. There are
some limitations of this approach. Firstly, most age-modelling routines that calculate linear
interpolation tend to reduce the irregular distributions of calibrated 14C dates down to single
point estimates with symmetric error bars (Blaauw 2010). Furthermore, if a deposit is assumed
to accumulate at rates that are relatively constant throughout the whole core (i.e. through
multiple aged sediments) then a linear interpolation model may show artificially abrupt SAR
changes between each radiocarbon dated pair with depth (Bennett 1994). An alternative is to
use spline or polynomial regression, which results in smoother age-depth curves that may not
always pass through each individual dated level. Age-depth modelling is therefore a trade off
between fitting a curve through most or all dated levels, and obtaining a smooth curve that
represents a likely approximation of the true (but unknown) accumulation history of the

deposit (Piotrowska, Blaauw et al. 2010 p.7).

When considering complex comparison studies with multiple cores or palaeoecological
evidence, further methods may be necessary to provide accurate and precise age-depth models
for those sequences (Bronk Ramsey 2008a). One such method is the development of Bayesian
modelling, which can be employed both in the calibration of radiocarbon dates, and the
development of age-depth models. Two packages are currently favoured for comprehensive
Bayesian modelling capability; BCAL developed by Sheffield University, and the Oxcal software
(currently version 4.1) from the Research Laboratory for Archaeology at Oxford (Bronk Ramsey

2001; Bronk Ramsey 2008b).

Bayesian approaches to age-depth modelling are more advanced than linear interpolation, as
they can incorporate chronological ordering and wiggle-match dating. Importantly, it provides
better functionality to compare multiple archives than basic interpolation procedures. For these
reasons, the Oxcal software package and online capability were used to model sediment cores
and associated pollen sequences in southwest Turkey, with the aim of creating a coherent

chronology.
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6.3 THE BAYESIAN APPROACH TO DEPOSITION MODELS.

A useful overview of using Bayesian theory to create deposition models is given by Bronk
Ramsey (2008a), and this section includes discussion from that paper. A Bayesian approach is a
mathematical framework that allows the combination of information of a probabilistic nature in
a formal way. A full discussion of Bayesian theory is outside the scope of this thesis, however

the interested reader is directed to Gilks et al. (1996), D’Agostini (2003) and Buck et al. (1996).

Bayes theory details how to quantitatively combine prior information with likelihood
information. Prior information is information about a system that we know before
measurements are taken. In the context of sediment cores this relates to information such as
lithology, the depth of radiocarbon dates and pollen zone boundaries. Likelihood information is
that which is defined from measurement. In the context of sediment cores this relates to the
probability distribution functions which represent the likelihood of any one sample (such as a

radiocarbon date) having a particular age.

Bayesian analysis therefore aims to find a representative set of possible ages for each depth
point in a sedimentary sequence. In the sediment core case, ages are generally highly correlated
by depth, so cannot undertake analytically. Therefore Markov Chain Monte Carlo sampling is
used within the Oxcal Bayesian model to build up a distribution of possible solutions (Gilks,

Richardson et al. 1996).

Using Bayes theorem the algorithms employed essentially sample over all possible solutions
with a probability that is a product of the prior and likelihood probabilities. The resulting
distributions are referred to as the posterior probability densities and take account of both the

deposition model and the actual age measurements made (Bronk Ramsey 2008a p.3)

Further terminology is used within Bayesian analysis which is also useful to introduce. In a

deposition core, deposition is assumed to consist of a discrete series of events. This can equate
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to sediment within a sediment core that is dated by radiocarbon dating, or an archaeological
artefact for instance. An event is by definition short when compared to the resolution of the

measurement techniques employed.

Within a Bayesian depositional model, these events can be grouped into phases or sequences. A
phase is a group of events for which there are no fixed relations such as a group of
archaeological artefacts with no context. A sequence is a group of elements in a given order such
as radiocarbon dated sediment samples from a laminar deposit. Note that it is possible that
events can be grouped and groups can be sequenced. The way of grouping events together
within Oxcal is to define boundaries between which a group of events is placed. These have a

particular mathematical formulation based on Buck et al. (Buck, Kenworthy et al. 1991)
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6.4 MODEL SET UP 1: LIKELIHOOD AND PRIOR INFORMATION

As introduced, the Bayesian models available in Oxcal allow the combination of contextual
information from sediment and pollen sequences (such as depth, lithology etc.) with
radiocarbon or other direct dating information. This allows the integration of information
between different records to provide a coherent chronology on which to base environmental

and archaeological research (Bronk Ramsey 2008a).

The modelling of age-depth deposition models across southwest Turkey therefore required the
collation of likelihood and prior information, the input of key events, phases and sequences, and

then the appropriate choice of parameters and models from the Oxcal Bayesian analysis suite.

As a first step, an empty model was created for each sediment sequence across southwest
Turkey. A summary of likelihood information available for the region is found in Table 6-1. The
table details the number, type, quality and uncertainty of radiocarbon ages that are associated
with sediment cores across southwest Turkey. Likelihood information could then be entered

then into the model as an R_Date function. So for example:

R_Date("B-213851", 2230, 40)

indicates an event A has a likelihood characterised by a date of 3450 +28. An R_Date function
was added for all radiocarbon dates within a core, and this was repeated for all cores available
across southwest Turkey. A parameter to specify which radiocarbon curve to use was set to the
IntCal 09 atmospheric curve (Reimer, Baillie et al. 2009). Table 6-1 also summarises core
lithology, details on SAR if known, and other relevant information such as the presence of
tephra layers, which can be used for prior information. The most useful prior information input
was the depths at which each radiocarbon date was taken. The depth information from each
study was attached to the model as a ‘z’ parameter under each radiocarbon date as shown

below:
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R_Date("B-213851", 2230, 40)

2=783;
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Table 6-1 Overview of radiocarbon dates and core characteristics

roughly ordered by chronological robustness

Core No. of ages | Type of ages Tephra Lithology Author SAR Notes
Bereket 11 AMS No Silt, clay, peat, sand, Kaniewski 2007 SAR assumed constant
gravel between dates
Gravgaz 7 AMS Not published, but Clay, peat Vermoere 2002 High deposition rate
recently discovered between 550-800cm
Golhisar 11 GHA 7 Bulk Yes Calcareous silt, peat, silt, Eastwood et al. 1999 Changes in SAR with
and B (spliced) clay peat lithology
Aglasun Core 6 5 Bulk No Clay, travertine, marl Vermoere 2002
Golcuk 4 Bulk Yes Sullivan 1989
Sogut Golu 2 Bulk Yes Clay, clay with shells, Van Zeist and Wolding 1975 10cm per 515 years early
marl. part, 10cm per 135 years
later part
Kdycegiz Golu 2 Bulk Yes Peat, clay, gyttia, sand Van Zeist and Wolding 1975
Karamik 2 Bulk No homogeneous clay Bottema and Woldring 1984 10cm per 680 years Core top assumed
present day
Pinarbast 2 Bulk No Clay, sand, gravel
Beysehir Goli | 2 Bulk No homogeneous clay, little Van Zeist and Wolding 1975 10cm per 120 year Core top assumed
organic matter present day
Ova 2 Bulk No Clay Bottema and Woldring 1984 Contains 2 haitus,
pollen sum is low
Hoyran 1 Bulk No homogeneous clay. Van Zeist and Wolding 1975 10cm per 143 years
Beysehir Goli |1 1 Bulk No homogeneous clay Bottema and Woldring 1984
Avlan 0 - No Clay, peat Bottema and Woldring 1984
Elmali 0 - No Clay, sand Bottema and Woldring 1984
Golhisar | 0 - No Peat, clay, sand, gravel Bottema and Woldring 1984
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Four points were considered as part of this stage of the analysis

1. How would depth be notated for bulk as opposed to AMS dates?
2. Should lithological information be included?
3. Should tephra information be included?

4. Could the sediment have been reworked or affected by old carbon?

On point 1, conventional (bulk) radiocarbon dating determines the age of a material by counting
decays from 14C atoms. The number of decays over a given period allows the 14C content of the
material to be determined. The departure of the 12C:14C ratio from the equilibrium value enables
calculation of the age of the material (Bennett 1999). This method requires a relatively large

sample for dating, usually taking ~5 to 10 cm of sediment from each layer in the core.

In contrast, accelerator (AMS) radiocarbon ages are determined by counting the number of 12C
to 14C atoms directly in a mass spectrometer, and obtaining the age of the material from this
(Bennett 1999). AMS dates can be gained from much smaller samples, meaning that the sample

taken is smaller, and the depth from which it is taken is more precise.

For bulk samples, the midpoint of the sample depth was taken as the depth parameter. So for
instance if a radiocarbon date sample was taken between 340 and 350 cm the depth of sample
would be notated as 345 cm. AMS depth parameters were more precise and was taken directly.
As the sediment within the cores is not laminar, it is considered that an uncertainty of ~5cm for
bulk sample positioning is not likely to dramatically change the age depth model, and so a mean

depth is allowable in this instance.

On point 2, although lithological information was available for some cores, it was in the main
fairly homogeneous, and so was not included in the model. Except for the G6lhisar cores, SAR
information was also not available to investigate whether significant changes to deposition had
occurred. This emphasises the importance of measuring SAR for the chronological

interpretation of sediment cores and associated pollen sequences.

169



On point 3, tephra layers can play an important part in synchronising sediment cores from
disparate areas. However, to include this as a parameter in the model would have required an
agreed calendrical date for the tephra deposition to have occurred. Due to the nature of the
calibration curve for this period this is difficult to assign a calendrical date by calibrating using
14C dates just below the tephra (Eastwood, Tibby et al. 2002). Instead, as this tephra layer is
present in a few cores across southwest Turkey, it was decided that this layer could act as a
validation layer to see how well the model synchronised the sediment cores across the region. If
the tephra was added at the correct depth after the model was run, and they lined up across the

region, this would be an independent test of the validity of the chronology.

On point 4, dating of terrestrial plant macrofossils avoids problems with possible contamination
with reworked material in bulk samples and reservoir effects (Hormes, Preusser et al. 2003).
AMS dates from Bereket and Gravgaz (using uncharred plant remains) are therefore considered
to be reliable and show increasing age with depth (Kaniewski, De Laet et al. 2007). Of the bulk
radiocarbon samples taken from other cores, no marine or volcanic margin cores were utilised

for modelling, reducing potential reservoir effects.
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6.5 MODEL SET UP 2: AGE DEPTH MODELLING

In order to choose an appropriate Bayesian age-depth model and associate parameters, it is
important to recognise three main factors that can impact on model accuracy and precision.

These are considered by Ramsey (2008a) to be:

1. The complexity in the underlying deposition mechanisms,
2. Random elements to the process.

3. Abrupt changes to different modes of deposition

In terms of points 1 and 2, it is often the case that despite the complexity of the underlying
processes, the sedimentation rate stays approximately constant. This is often assumed to be the
case in peatland deposition for instance (Piotrowska, Blaauw et al. 2010). In this circumstance
random processes are of a sufficiently fine scale that they become averaged out over the low
resolution of the overall sediment core. This only holds as long as a large slump or flood event
does not dramatically change the deposition rate on a large scale of course (Ramsey 2007).
Abrupt changes to different modes of deposition can be incorporated through examination of
the lithology and sedimentology of the cores, and incorporating any significant changes which

may reflect a key change in Sediment Accumulation Rate.

In this instance, lithology in most cores has been assessed as fairly homogenous. The bottom of
a couple of cores show coarse gravel changing into clay suggesting a change in deposition rate,
however this is generally at the bottom of the core, as it prevents the core from being taken
further. Considering one study that did incorporate sediment accumulation rate data
(Eastwood 2007) there are potentially two time periods at Golhisar where mean SAR decreases
from ~1.5 mm yr-! to ~0.5 mm yr-! (at ~8200 14 C yr BP and ~5100 14C yr BP) and one period

where SAR increases to ~2.5 mm yr-! (at ~ 2900 #C yr BP). Whether these constitute ‘dramatic’
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changes is unclear, but as they tend to last for thousands of years they suggest a long phase of

erosion or deposition as opposed to an extreme event slump or flood.

Due to the mixture of circumstances for different cores, a number of deposition models were
employed within the Oxcal Bayesian analysis package to investigate the likelihood and prior

information that was available (namely the age probability distribution of radiocarbon dated
samples, the order of these samples, and the depth at which these were found) to provide an

improved estimate of age-depth chronology.

If actual deposition rates were known for all cores, the ‘D_Sequence’ or ‘'V_Sequence’ model
could have been used. A more general model discussed by Bronk Ramsey (2007) is the ‘Uniform
Deposition’ model, where the accumulation rate is unknown, but is assumed to be
approximately constant between events (although what constitutes approximately constant is
not defined). This model was the first to be taken forward to examine the agreement between it

and the actual sediment core evidence.

At the other end of the scale is the ‘Simple Sequence’ model, which assumes a particular order
between radiocarbon dates, but no assumption of a constant accumulation rate. This is an
appropriate model when large changes in deposition rates are considered to exist between ages.
This was the second model to be taken forward to examine agreement between it and sediment

core evidence.

A further model available is the ‘Poisson process’ model. This model again utilised the depth of
radiocarbon ages as an input parameter, but then also included a ‘rigidity’ parameter,
equivalent to the “events per unit depth”. In a sediment core, deposition is assumed to be a
discrete series of events (particles). If it is assumed that the way particles are deposited over
time is essentially a random process, the process can be considered as delivering a Poisson
distribution. The model works under the assumption that with particle size much lower than
the unit length of measurement, deposition becomes almost constant and therefore approaches

the constant deposition model. Conversely, where particles are large compared to the unit
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length of measurement, deposition appears more variable. This is reflected in a model
parameter defined as the 'k’ value, equal to the amount of increment events per unit length. The
sediment accumulation rate depends on the size of the particle and the resolution of time over
which the measurement is taken. As the time resolution decreases (from minutes to years to
centuries), a particular sediment size does not affect the sediment accumulation rate so much

and it averages out towards a constant, or uniform deposition model.

In the Bayesian model setup, the depth of radiocarbon dates is measured in cm. The size of
particles tends to fall between fine sand (~1mm or less) and gravel (~1cm). Suitable k values
are therefore likely to be between 0.01 to 1. In order to examine how this affected model output,

three models were run under a Poisson deposition process, with 0.01, 0.1 and 1 as ‘k’ values.

In addition to radiocarbon dates, depths, model parameters and boundaries, two more
important model parameters were added. Firstly, another piece of prior information was added,
in that the top of the core was constrained by adding a core top date as the year that the core
was taken. Blaauw advises that whenever available, such an anchor point should be included

(Blaauw 2010). An example of the syntax of this simple sequence is shown below:

C_Date("Core taken", 2007, 0);

This allowed first estimates of calendar age ranges (i) to be calculated. Secondly, following
calibration of the radiocarbon dates and the calculation of an age depth model, it is possible to
interpolate a date for a point that is not directly dated. This procedure is essentially a type
conversion function that returns a PDF for an age from an expression. This function allows the
quantitative estimation of pollen zone boundaries. These boundaries were therefore included in

the model in the form:

Date( pollen_boundary_2to3)

With an associated depth (z) value. As a summary, Table 7-1 contains a summary of key

parameters used within the Bayesian modelling process.
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Table 6-2 Key model parameters used within the Oxcal Bayesian modelling procedure.

Short description Label Description

Model types

Simple sequence Sequence Assumption of order

Uniform sequence U_Sequence Uniform deposition rate

Poisson process P_Sequence Interpolated ages. No
assumption of order or
deposition rate

Model Parameters

Radiocarbon age R_date() Radiocarbon age with lab code,
measurement for the sample
(rm) and surrounding
uncertainty (Sm Jarguments

Depth z() Depth of radiocarbon age in
core

Top and bottom Boundary Boundary of core

boundary

Events per unit (rigidity | k() Postulated events per unit.

of model) Event scale is typically 0.01 to
1cm in sedimentary sequences.

Date Date() Interpolates date for point that
is not directly dated. It is
essentially a type conversion
function that returns a date or
PDF for a date from an
expression

Prior Prior() defines a PDF either from a file
with specific data, or copied
from earlier in the calculation

Order Order() Group function or query which
gives the relative order of
events. Uses the Marco Chain
Monte Carlo (MCMC) method to
find probability ta<tp, ta<tc

Correlation Correlation() Provides a probability density

plot of t, against t,
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6.6 MODEL SET UP 3: MODEL DIAGNOSTICS AND VISUAL OUTPUT

A number of diagnostic statistics were available to compare model output (Table 6-3). The main
results from the analysis are marginal posterior densities (the probability distribution). The
99.7% range of this distribution is calculated, which is known as the highest posterior density

(hpd) range.

Agreement indices can be calculated which show the measure of agreement between the model
(prior) and the observational data (likelihood). These are arranged by individual sample
agreement (A), which allow the identification of outliers, combined agreement (Acomb) Which
assesses whether distributions can be combined, a model agreement index (Amode1), which is an
overall measure of model agreement, and an individual agreement index (Aoveran). Values over
60% are deemed adequate agreement for individual sample agreement, model agreement and
individual agreement indices, and 1/v(2n) for combined agreement (Oxcal 2010). Statistics are
also available for the convergence integral, which is a test of the effectiveness of the MCMC

algorithm.

175



Table 6-3 Bayesian Modelling Output Diagnostics

Type of output

Model diagnostic

Description

Table

Un-modelled and modelled

dates

BP or BC/AD

Model indices

A; Acomb, Amodel and onerall

Summary report

Model specification

Parameter definitions

Likelihood distributions

Constraints

Prior factors

Groupings
Plots Single plot Single Radiocarbon calibration plot
Multiple plot Multiple Radiocarbon sequence plot
Curve plot Position of Radiocarbon ages on
calibration curve
Depth plot Position of dates with depth
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6.7 RESULTS

For brevity, this section will provide results for one sediment core in this section, whilst results

from other cores can be found in Appendix 11. The Karamik core was chosen as it is one of the

longest pollen sequences within the region, and, although it only has two radiocarbon ages, the

result will allow demonstration and discussion of uncertainty within the core.

6.7.1 Calibration

The two radiocarbon dates available for Karamik were first calibrated in Oxcal using the

IntCal09 reference curve (Reimer, Baillie et al. 2009) Calendar ages were calculated for up to 3

standard deviations as shown in Table 6-4. Their likelihood distribution and position on the

radiocarbon curve is shown in Figure 6-2.

Table 6-4 The calibration of Karamik core radiocarbon dates (IntCal09)

Name Depth (m) | Uncalibrated (BP) | Calibrated ( Cal yr BP)
Karamik 68.2% (10) 95.4%(20) 99.7% (30)

From | to From | to from | to
R_Date GrN-6881 5.75-6.05 20130 + 290 24409 23713 24837 23366 25131 22683
R_Date GrN-6880 3.75-4.05 6520 70 7504 7330 7567 7307 7592 7251
Name Depth (m) | Uncalibrated (BP) | Calibrated ( Cal yr BC/AD)
Karamik 68.2% (10) 95.4%(20) 99.7% (30)

From | to From | to from | to
R_Date GrN-6881 5.75-6.05 20130 290 22460 | -21764 | -22888 | 21417 | 23182 -20734
R_Date GrN-6880 3.75-4.05 6520 + 70 -5555 5381 | -5618 | -5358 | -5643 -5302
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Figure 6-2 The position of likelihood distributions for two calibrated radiocarbon ages on the
radiocarbon curve IntCal09 (Reimer, Baillie et al. 2009)

These dates were then modelled considering their depth and order, to calculate age likelihood
distributions for discrete points in the sediment sequences that are undated (in this case, local
pollen assemblage zone boundaries). Lithology was noted throughout the core; this consists
largely of clay (suggesting marsh or lake conditions for most of the core); and were not
considered distinct enough to enter into Bayesian modelling. A condition was also entered into
the model that required all sediment deposition to have occurred before 1975 in order to

constrain the top of the core.

178



Three different types of age-depth model were calculated in order to assess model-data fit
under different assumptions. The first model tested was the Uniform Deposition (U_sequence)
model. This reflects a known order between events, an unknown deposition rate, but the
assumption of the rate being uniform between events. This model leads to poor agreement
(A=0%) and an inability to resolve the order of boundaries, suggesting that the assumption of

uniform deposition between events is not appropriate.

The second model tested was a simple sequence model (Sequence), which assumes a particular
order of events, but does not assume a uniform deposition. This created a model with A=99.8,

however the age precision of the top and bottom of the core was seen to be very low.

The third model tested was a Poisson-process deposition model. The k parameter is seen to be a
trade off between flexibility of sediment accumulation rate changes (lower k values), and the
narrowing date ranges (higher k values). Models with medium to high k values (i.e., above 1) did
not resolve (as shown in Table 6-5). As sediment is predominantly clay, it is likely that a small K
value of 0.01 or lower is probably most appropriate, and indeed following model runs with
different K values, smaller values do lead to better model match with data. As the K value
decreased (approaching a Simple Sequence model), the probability density distribution of
potential ages also increased. This led to the core top and bottom having increasing uncertainty
and decreased precision; in this case in the order of thousands of years. Trading off model fit
with precision, and also considering particle size, the Poisson process model with K=0.01 was

chosen as the best model to take forward.
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Table 6-5 Output Bayesian modelling using different deposition models, Karamik core.

Model Useq | K=4(4cm) | K=1(1cm) K=0.1 (1 mm) K=0.01 Sequence (cal
(0.1mm) BP)

A_model 3.8 96.3 99.8 99.9
A_overa" 3.8 96.3 99.8 99.9

Age range, Cal yr BP (20)
End of core | - - 95 to -27 936 to -27 5159 to -27 7447 to -23
(top)
GrN-6883 - - 7667 to 7456 7570 to 7320 7568 to 7307 7568 to 7305
GrN-6881 - - 22858 t0 22261 | 24668 to 23018 24807 to 23332 | 24817 to 23345
Start of - - 23366 to 22560 | 25581 to 23177 27677 to 22966 | 52538 to 23550
core
(bottom)

Figure 6-3 shows the probability distribution of calibrated ages in comparison to the modelled

ages, including an agreement measure between model and empirical data. Agreement between

the model and empirical data is high.
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Figure 6-3 Calibrated and modelled radiocarbon dates (a) GrN-6880 and (b) GrN-6881 under a Poisson
sequence model and a K value of 0.01. The model agreement with data is 99.7%, and brackets show the
68.2% age probability.

Using the chosen Poisson-distribution model, the depths of the local pollen assemblage zone
boundaries were incorporated into the model as ages to be calculated. The results (shown in

Table 6-6) produce an overall accuracy for this model of 99.9%, with no large outliers.

It is recommended to use at least 2 standard deviations to robustly represent the hpd. The
68.2% hpd for the beginning of each pollen zone was therefore taken forward as shown in Table

6-7, and a concurrent archaeological period was estimated based on periods used by Vermoere
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(Vermoere). The uncertainty of pollen zone boundaries was calculated to allow a comparison of
the tightness of pollen zone chronology both temporally through the core, and spatially when

compared with other cores.
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Table 6-6 Modelled Karamik core radiocarbon dates and vegetation zones

Name Modelled (Cal BP) Modelled (BC/AD) Indices
68.2% 99.7% 68.2% Amodel = Aoverall =

Karamik (10) 95.4%(20) (30) (10) 95.4%(20) 99.7% (30) 99.9 99.9
P_sequence (0.1) | from to from to from to from to from to from | to A | Convergence
Bottom 24527 | 23552 | 27363 | 22969 38487 | 22568 -22578 | -21603 | -25414 | 21020 | 36538 | 20619 97.1
GrN 6881 24383 | 23685 | 24805 | 23333 25087 | 22672 -22434 | -21736 | -22856 | 21384 | 23138 | 20723 99.7 98.6
Zone 1/2 _ -
boundary 24598 | 21453 | 24944 | 13658 25077 8797 -22649 | -19504 | -22995 | 11709 | 23128 | -6848 99.2
Zone 2/3 .
boundary 23917 | 13024 | 24028 8122 24417 7408 -21968 | -11075 | -22079 | -6173 | 22468 5459 99.1
Zone 3/4 -
boundary 15406 7340 | 21763 7324 23845 7286 -13457 -5391 | -19814 | -5375 | 21896 | -5337 98.9
Zone 4/5 .
boundary 8614 7270 | 16062 7250 21783 7175 -6665 -5321 | -14113 | -5301 | 19834 | -5226 98.4
GrN 6880 7506 7331 7568 7307 7592 7253 -5557 -5382 -5619 | -5358 | -5643 | -5304 100 99.9
Zone 5/6
boundary 7552 6779 7573 5001 7607 2951 -5603 -4830 -5624 | -3052 | -5658 | -1002 99.8
Zone 6/7
boundary 4977 1449 6253 412 6977 53 -3028 501 -4304 | -1538 | -5028 1897 99.8
Top 2839 -24 5192 -27 6462 -27 -890 1974 -3243 1978 | -4513 1978 99.9
Core taken -24 -25 -24 -25 -24 -25 1974 1975 1974 1975 1974 1975 100 100
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Table 6-7 The 68.2% Highest Posterior Density (hpd) for the beginning each pollen zone in the Karamik
core, and the estimated archaeological period that the pollen zone covers.

Highest Posterior Density beginning | Estimated
(68.2%) archaeological period
that pollen zone Uncertainty
Zone | CalyrBP Cal BC/ AD begins (years)
Zone
1 24527 t0 23552 | -22578to-21603 | Palaeolithic 975
Zone
2 24598 t0 21453 | -22649 to-19504 | Palaeolithic 3145
Zone
3 23917 t0 13024 | -21968to -11075 | Epipalaeolithic 10893
Zone Epipalaeolithic or
4 15406 to 7340 -13457 to -5391 Neolithic 8066
Zone Aceramic or Ceramic
5 8614 to 7270 -6665 to -5321 Neolithic 1344
Zone Ceramic Neolithic or
6 7552 to 6779 -5603 to -4830 Early Chalcolithic 773
Between Late
Zone Chalcolithic and
7 4977 to 1449 -3028 to 501 Roman 3528
Between Phrygian
period and Turkish
Top 2839to-24 -890 to 1974 republic 2863

Table 6-7 shows that most pollen boundaries have high chronological uncertainty. However, by
examining the final age-depth model as shown in Figure 6-4 it is possible to see that this
uncertainty is not equally distributed. As noted by van Zeist et al. (van Zeist, Woldring et al.)
deposition on average is slower between the bottom of the core (~24 Cal ka yr BP) and
radiocarbon date GrN-6880 (~7 Cal ka yr BP), than between GrN-6880 and the top of the core.
By using Bayesian modelling, it is possible to state that between GrN-6881 and GrN-6880
chronological uncertainty is likely to be relatively high, and increases away from chronological
control. This suggests that the linear interpolation model implemented by van Zeist et al. (1975)

may not have been an appropriate model for this section of the core. Furthermore, although the
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hpd around this area is quite wide, the distribution is not normal, and zone boundaries are

either negatively or positively skewed.
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Figure 6-4 Karamik age-depth model using a Poisson deposition model (K=0.01). The chart shows the
highest posterior density (hpd) distributions for the top and bottom boundaries of the core, 2 radiocarbon
dates, and key pollen zone boundaries (i.e. zone 1/2 is the hpd for the boundary between pollen zone 1 and

2). Convergence integrals (C) are shown for each age. The brackets and the blue boundary shows the

95.4% probability range.
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Taking into account the shape of the hpd, it is possible to link the peak probability of the

beginning and end of each zone, therefore estimating the most likely span for pollen zones

through time, whilst still representing uncertainty, as shown in Figure 6-5.

OxCal v4.1.7 Bronk Ramsey (2010); r:5
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Figure 6-5 Prior distributions for Karamik pollen boundaries, showing 68.2% brackets and crosses for
median age. Pollen zones with colour gradients show the most likely pollen zone positions, whilst

representing uncertainty.

Zones 2 and 3 take up a relatively small amount of depth (62 and 40 cm respectively), but are

likely to have been laid down over a long period of time (median likelihood of 6359 and 4566

years respectively) suggesting a low SAR of around 0.1 mm yr-1. By zone 5 it is estimated to

increase to around 0.3 mm yr-1, and by zones 6 and 7, it is estimated at ~0.5 mm yr-L. This is in

comparison to a SAR of between 0.4 and 1.4 mm yr-! for Golhisar during the late Holocene.
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6.8 REVISED POLLEN ZONE CHRONOLOGY
Bayesian modelling as described above was carried out for all suitable pollen cores from the

southwest of Turkey. Once undertaken, each modelled pollen zone sequence was mapped onto a
timeline showing key events as shown in Figure 6-6. Again uncertainty is represented using
gradation of colour. This allowed an overview of pollen core synchronisation to be displayed,
and the position of the tephra layer is also indicated where found within the core. Following
modelling tephra layers are found to be synchronised, which provides an independent check

that Bayesian modelling has provided appropriate age-depth models.
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Figure 6-6 Overview diagram of pollen sequence synchronicity across southwest Turkey. Each pollen zone is shaded to represent the chronological
uncertainty attached to the zone. The core is split into two columns to allow the representation of uncertainty of conjoining pollen zones, so that zone
1 is on the left, 2 on the right, 3 on the left and so on. Brown shading represents a generally steppic pollen signature. Dark green represents
predominantly coniferous, light green represents predominantly deciduous. Purple represents zones where there is a high percentage of pollen from
potentially cultivated species. Double black lines indicate the position of the Santorini tephra layer, showing independent synchronisation across the
cores, and helping to validate the approach
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6.9 CALCULATION OF POLLEN PERCENTAGES TO COMPARE WITH MODEL OUTPUT

Palynologists use the term pollen influx to refer to the amount of pollen grains per year that are
deposited in a core sequence from one species. This pollen influx goes towards the pollen sum,
which is defined as the basic sum that includes all pollen types on which their percentages can
be calculated. It is valid to take a subset of pollen influx to only investigate a forest pollen sum,

or only cultivated species (Vermoere 2002) and this technique will be employed below.

In order to quantitatively compare simulated pollen with the analytical pollen zones modelled
in the above analysis, the species in the pollen sum of analytical pollen data needs to match the
species in the modelled output. Simulated pollen is composed of a subset of species chosen at
the beginning of the thesis. To match this, only the pollen influx from those species that are

modelled is taken forward for analysis..

Pollen data for most pollen sequences was available from the European Pollen Database
(www.europeanpollendatabase.net). Pollen data from Aglasun and Gravgaz was received from
Marleen Vermoere (pers. comms.), and data from Golhisar was received from Warren Eastwood
(pers. comms.). Pollen evidence recorded in pollen diagrams are generally converted from raw
pollen counts to relative pollen percentage values. In order to compare simulated pollen with

analytical pollen, both datasets were converted to relative pollen percentage.

6.9.1 Dissimilarity measures

Once percentages are calculated and compared, an overall quantitative measure of their
similarity is required. This is done using a dissimilarity measure. Chord dissimilarity (square
chord distance) measures have been used successfully in palaeoecological studies to compare
fossil pollen with modern pollen measures (Overpeck, Webb et al. 1985; Baker, Van Nest et al.

1989). They are recommended by Overpeck et al. (1985) in preference to correlation
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coefficients or principal components analysis, as correlation coefficients are not appropriate for
samples (only variables) and principal components analysis does not examine the ‘degree of
analogy’ between the two sample sets. A range of difference dissimilarity measures exist.
Unweighted dissimilarity measures are most heavily influenced by pollen types with large
ranges such as Pinus, whereas rare pollen types have little influence on the values of these
coefficients (Prentice 1980; Overpeck, Webb et al. 1985). Weighted measures such as the
Canberra metric and Squared Standardised Euclidean distance give more emphasis to rarer
pollen types, but this can lead to noisy results governed by pollen taxa with little magnitude.
The signal to noise measures of squared chord distance, the information statistic and squared X2
coefficient are a compromise that aim to identify the signal component of the differences at the
expense of the noise component, which is related to random effects (Prentice 1980; Overpeck,
Webb et al. 1985). The squared chord distance in particular has been successfully used as the
most reliable equation of choice in previous palaeoenvironmental research (Andersen 1970;
Overpeck, Webb et al. 1985; Prell 1985). Due to the mixture of common and rare pollen types in
the output, and previous research recommendations, this statistic was chosen as the best

dissimilarity measure for analysis, and is shown in Equation 6-1.

2
dij = Zk(Pikl/Z — P'/?)

Equation 6-1

The nearer a dissimilarity measure is to zero, the closer the match between two samples. This
immediately creates a comparable measure between model runs and between zones. The
precise reason for the high or low measure can then be identified by assessing single species

correlation with simple difference measures.

In terms of whether the dissimilarity measure is ‘good’ ‘moderate’ or ‘poor’ there are only
critical values available based on comparing northern European forest types against each other.
For example, Overpeck et al. (1985) used modern northern hemispheric pollen data, and
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showed that dissimilarity increased between pollen core sites as latitude and longitude
increased, and forest type changed. The critical cutoff value for squared-chord distance here
was calculated as 0.12 to 0.15. Oswald et al. (2003) used Receiver Operator Curves (ROC) to
identify the critical value using modern analogue data where the dissimilarity measures within
and between forest types overlapped slightly, and found the cutoff was 0.075. Maher (2000)
suggests 0.2 as the analogue / no analogue cutoff, and 0.7 as the cutoff for very different

conditions.

In essence the aim of the measure in this research study is not to compare modern pollen with
fossil pollen, but to compare simulated pollen based on a particular climatic scenario, and fossil
pollen signatures. This has an impact on potential critical values, primarily because previous
critical values are dependent on the similarity of species within and between a particular
northern European forest type, which may not be relevant in Mediterranean semi-arid

environments.

Furthermore, the vegetation modelled in this thesis is not formed into biome classes, it instead
shows dynamic changes across the landscape, which is different from previous studies. Thirdly,
previous models are restricted in that they need to compare fossil pollen with a modern
analogue. By simulating pollen other combinations of vegetation distribution can be explored

that do not have a modern analogue.

It is for these reasons that a constant cutoff value is too premature to be defined for this model.
The comparison between model and actual pollen will therefore only be a relative measure,
which does not overstate model accuracy. If a relatively low dissimilarity measure is
encountered when predicting palaeovegetation, this is taken to mean a closer match between
the vegetation output driven by a particular climate scenario, and fossil pollen data. If the
dissimilarity measure is relatively large, there are much larger discrepancies between model
output and fossil pollen, which means that, accepting the assumptions below, the climate

scenario is less probable than those with a lower dissimilarity measure.
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It is however very important to note that there is the potential that similarity, instead of being
due to a good match with climate, may be due to either equifinality (another climatic scenario
that is not modelled giving the same pollen assemblage), or due to inaccurate model parameters
such as pollen productivity estimates. There must also be the allowance made for pollen
loadings based on pollen counts to be approximations of the true population. Chapter 10
discusses the future work that could be done to further validate the modelling approach. An
overview of the process described here is shown in Figure 6-7, and an example of the output is

shown in Table 6-8.

193



Simulate pollen data from Subset pollen data for only
HUMPOL for key scenarios for modelled species
every pollen sequence site

New pollen percentages calculated
based on species subset for every
pollen sequence site

Simulated pollen percentages Relevant pollen zones extracted for
calculated for each scenario for key research questions
every pollen sequence site

Pollen split into pollen zones using
depth information

A set of simulated pollen percentages

representing particular climate scenarios
are compared in turn to pollen zones for
each time period using a dissimilarity
measure

Dissimilarity measures are ranked and
plotted using radar diagrams to identify the
scenarios that give the best agreement for
each research question.

Individual species difference is calculated to
investigate where model under and over-
estimates pollen data

Findings are discussed in relation to
independent climate evidence and
archaeological evidence

Figure 6-7 Overview of comparison procedure
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Table 6-8 Example pollen zone from Koycegiz, with pollen sum, calculated percentage, and comparison to
simulated pollen percentages under a scenario of modern climate. Similarity between model and data in

this instance is relatively low.

% Simulated Over/under
Koycegiz zone 3a % Analytical pollen (modern estimation of
(555 cm depth) Pollen sum pollen scenario) model
Abies 12 0.14 0.01 -0.14
Alnus 3 0.71 0.00 -0.71
Artemisia 3 13.05 4.74 -8.31
Betula 0 0.00 0.01 0.01
Carpinus 0 0.28 42.32 42.04
Castanea 0 0.00 0.03 0.03
Cedrus 20 2.13 0.44 -1.69
Cerealia 5 1.70 1.33 -0.37
Quercus 18 28.37 38.67 10.30
Corylus 0 0.00 0.00 0.00
Fagus 0 0.00 0.16 0.16
Fraxinus 0 0.00 0.00 0.00
Juglans 0 0.00 0.00 0.00
Juniperus 0 0.14 0.00 -0.14
Olea 0 1.84 2.46 0.62
Pinus 55 39.01 2.38 -36.63
Picea 0.00 0.00 0.00
Plantago 0.28 5.83 5.54
Platanus 0 0.00 0.45 0.45
Poaceae 30 11.35 1.13 -10.22
Populus 0.00 0.01 0.01
Tilia 0.00 0.00 0.00
Ulmus 0.43 0.00 -0.43
Vitus 0.57 0.03 -0.54
Total Sum 146 100 100 0.00
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6.10 VALIDATING MODEL-DATA COMPARISON USING MODERN POLLEN DATA

In order to validate the approach, pollen was simulated from the vegetation model under
modern conditions. This was then compared to unpublished moss polster data collected as part
of a parallel project advancing modern pollen monitoring in southwest Turkey (Eastwood, Fyfe

etal. 2011).

In this study, moss polster data were collected in the form of a transect stretching from the Eu-
Mediterranean into the Oro-Mediterranean region of southwest Turkey. Six moss polster
samples representing the coastal regions to Elmali (samples MS 10-1 to MS 10-6) were
compared with simulated pollen loading for the Elmali and Avlan pollen sites, while a further six
moss polsters from various locations in the mountainous interior (MS 10-45 to MS 10-50) of
southwest Turkey (between Keg¢iborlu-Sandikli) were compared with simulated pollen loading
for the Aglasun and Bereket pollen sites. Only species within the vegetation model were

compared and percentages were calculated based on this subset.

Validation against pollen evidence results show low dissimilarity using the chord dissimilarity
measure for Aglasun and Bereket compared to modern moss polster pollen data, with 0.16 and
0.12 respectively. The sites at Avlan and Elmali show slightly higher dissimilarity with 0.44 for
Elmali and 0.40 for Avlan, due mainly to an underestimation in the bioclimatic model of the
proportion of Pinus. However, both model-data comparisons generally show good fit between
simulated pollen and analytical pollen, helping to validate the approach. It is hoped that as more
data becomes available, further verification, validation and calibration of the model can occur as

part of future work.
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Figure 6-8 Validation of model and data fit using modern moss polster data (Eastwood 2011, Unpublished
data) and modern model output, Avlan and Elmali.
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Figure 6-9 Validation of model and data fit using modern moss polster data and modern model output,
(Eastwood, Fyfe et al. 2011) at Aglasun and Bereket.
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6.11 SUMMARY

Age-depth modelling of sediment cores and associated pollen sequences has traditionally
involved the assumption of linear interpolation between dated sediments. The age of pollen
zone boundaries that fall within two dated sediments are therefore not generally analysed in a
quantitative manner for their potential age spread. Traditional age-depth modelling also makes

it challenging to quantitatively compare different sediment sequences with each other.

Utilising Bayesian statistics this chapter aimed to provide probabilistic age spreads for pollen
zone boundaries, and therefore a more accurate estimate of pollen zone chronologies, aiding the
synchronisation of pollen zones across southwest Turkey, and a definition of relative age

uncertainties, both spatially and temporally.

The chapter has summarised the methodology used to revise and tighten-up the chronologies of
the pollen sequences, before identifying particular pollen zones that were likely to cover the key

research questions posed in this thesis.

The chapter has also summarized the process whereby analytical pollen data is pre-processed
and then compared with simulated pollen data to investigate correlation between model

scenarios and palaeoecological evidence.

199



7 RESEARCH QUESTION 1: VEGETATION MODELLING

FRAMEWORK RESULTS AND DISCUSSION

7.1 RESEARCH QUESTION

Can the model framework provide a coherent narrative to explain evidence of high lake stands
concurrent with steppic vegetation signatures during the Late Glacial period (~24 to 19 Cal ka

yr BP)?

7.2 RESEARCH QUESTION 1 HYPOTHESIS

In order to provide a testable basis for the model, a hypothesis was formed at the beginning of
the thesis that may be supported or rejected by the model output. The working hypothesis is
that low evaporation caused by low temperatures allowed lake levels to remain high, and
allowed glacial expansion in southwest Turkey, but low precipitation restricted vegetation to
steppic assemblages and scattered trees. This scenario can be tested with the vegetation model
developed throughout this thesis, and forms the basis of a null and alternative hypothesis as

shown in Table 7-1.
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Table 7-1 Model hypothesis for Research Question 1.

H1: Low precipitation and temperature during the Last Glacial Maximum provides a
possible climatic basis for steppic species distribution, high lake levels and glacial

advance.

HO: Low precipitation and temperature during the Last Glacial Maximum does not
provide a possible climatic basis for steppic species distribution, high lake levels and

glacial advance.

In engaging with this hypothesis, a number of modelling results will be discussed, including the
chronological matching of pollen core zones to this particular period, the comparison of
simulated pollen with analytical pollen under a range of climate scenarios, and GIS modelling of
key climate-vegetation relationships. It is intended that the assimilation of these different

components provides a rich picture on which to base discussion.
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7.3 CHRONOLOGICAL MODELLING

This first model results section utilises chronological modelling undertaken in Chapter 6 to
identify key pollen zones that cover the period of interest, and the certainty to which they can

be assigned to the period.

The LGM covered the period between ~24 and 19 Cal ka yr BP. Bayesian modelling has shown
that two sequences of analytical pollen data potentially cover this period; the interior site of

Karamik and the high elevation site of Sogiit.

By using Bayesian statistics the estimated likelihood that particular pollen zones began or
ended around this period can be assessed. Figure 7-1 highlights in blue the temporal extent of
the Last Glacial Maximum period. This is overlain on the posterior estimates of the beginning
and end of the pollen zones. Using the Oxcal ‘Order’ function it is possible to calculate that 60%
of the highest probability density (hpd) function (the age distribution) for the beginning of
Karamik zone 1 falls within the LGM period. Furthermore, 82% of the hpd for the beginning of
Karamik zone 2 also falls within this period. The end of the zone is less well constrained; 65% of
the hpd for the end of Karamik zone 2 is outside of the LGM. Considering this analysis, it is likely
that most of Karamik zones 1 and 2 were deposited under the conditions of the Last Glacial

Maximum.

Assessing now the high elevation site of Sogiit, 80% of the hpd of zone 1 falls outside the LGM,

suggesting that the LGM period is likely to have finished before Ségiit zone 1 was deposited.
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Figure 7-1 Highest Probability Density plots for key pollen zone boundaries potentially covering the Last
Glacial Maximum. The top distribution is the beginning of the zone and the bottom is the end of the zone
for each zone. Also highlighted in blue is the temporal extent of the Last Glacial Maximum period.
Brackets are the 68.2% highest probability density range.

Pollen analytical data from Karamik zones 1 and 2 were taken forward for analysis, and their
pollen assemblage is summarised in Table 7-2. This shows that pollen reflects a predominantly
steppic assemblage during the LGM, comprising Artemisia, Chenopodiaceae, Gramineae and
Cerealia-type pollen. Arboreal pollen comprised mainly deciduous Quercus and Betula, with

coniferous Cedrus, Pinus and Abies.

Following calibration and analysis, these two pollen zones were compared to pollen simulations
under different climatic conditions to assess linkages between climate and vegetation

assemblage over this area during the Last Glacial Maximum.
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Table 7-2 Pollen zones correlated to the Last Glacial Maximum (24 to 19 Cal ka yr BP).

Site Zone Beginning (Cal yr Ending (Cal yr Pollen assemblage
BP 68.2%) BP 68.2%)
Karamik 1 24527 to 23552 24598 to 21453 High NAP, low Pinus, high
Artemisia, Gramineae,
Cerealia-type
Karamik 2 24598 to 21453 23917 to 13024 High NAP, low Pinus, high

Artemisia, Gramineae,

Cerealia-type
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7.4 VEGETATION MODEL OUTPUT UNDER A VARIETY OF CLIMATE CONDITIONS:
DISSIMILARITY WITH ANALYTICAL POLLEN EVIDENCE

Following the conversion of vegetation model output to simulated pollen, simulated pollen from
27 different model runs (under different climate scenarios) was compared with analytical
pollen data for the Last Glacial Maximum period (Karamik zones 1 and 2). Each dissimilarity
measure between model and data was given a rank, compared to every other model run. This

provided an easily comparable metric of better and worse fitting models.

Figure 7-2 shows the result of this analysis summarised into the 11 main climate scenarios
defined in Chapter 5. Scenarios with high ranks represent a better fit between model and data
than those with low ranks. The figure shows that the highest similarity between model output
and analytical pollen was found under climate scenarios with low winter precipitation and low
average temperature. This is found when comparing to both pollen zones (1 and 2). This is an
important step in supporting the hypothesis defined in section 7.2, as the modelling exercise
demonstrates that pollen from the Karamik core is similar in composition to pollen simulated

under a reduced precipitation and temperature regime.

This result can be elaborated by examining individual model runs within each scenario. Figure
7-3 displays the dissimilarity measure for each model run, Figure 7-4 displays rankings for each

model run, and Table 7-3 lists the actual dissimilarity values.
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Figure 7-2 Radar diagram showing the similarity between simulated pollen under a variety of climate
scenarios and actual pollen from Karamik pollen zones 1 and 2. A high average rank suggests relatively
high similarity between model runs and data under this category. The most similar climate scenario for

these two zones is under conditions of low average temperatures and low precipitation.
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Figure 7-3 Karamik (zones 1 and 2) dissimilarity for each model run.
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Figure 7-4 Karamik (zones 1 and 2) model ranks for each model run. The highest rank is found under
model runs with -200 mm winter precipitation, and low average temperatures (-8°C).

Figure 7-3 shows that within certain scenarios (i.e. S2, winter temperature) there is not much
variation in dissimilarity between the model runs. They all reflect a relatively poor similarity
with pollen data. This leads to the average rank being low as shown in Figure 7-2. For other
model runs (i.e. S7, an increase in precipitation) there is more variability in similarity between
model runs and data. This leads to a moderate average, which again is reflected in Figure 7-2.
Scenario S8 (low temperature and precipitation) shows high similarity under all model runs,

hence the average rank for this scenario is high in Figure 7-2.

Figure 7-4 shows that the best similarity between simulated pollen data and pollen analytical
data is found under model run S8-MR2, reflecting a winter precipitation departure of -200 mm

from modern conditions, and an average temperature departure of -8°C. A relatively low
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dissimilarity figure of 0.26 suggests a good fit between model and data, potentially suggesting a

strong link between climate and vegetation during this period.

At this point it should however be highlighted that this modelling exercise only explores a small

subset of possible climate scenarios. Furthermore, the accuracy and robustness of the model

requires further testing before the accuracy of such ranges are given weight. It is therefore

strongly advised that the absolute magnitude of climate change should not be taken as the

actual situation without a great deal more analysis.

Table 7-3 Chord dissimilarity measures for the Glacial period comparing simulated pollen from model

runs with actual pollen evidence.

Dissimilarity Rank

Scenario KZ-1 KZ-2 KZ-1 KZ-2 Average Rank
S1 0.97 0.87 10 13 11.5
S2-MR1 0.96 0.87 12 15 13.5
S2-MR2 0.97 0.87 9 12 10.5
S2-MR3 0.97 0.87 8 11 9.5
S2-MR4 0.97 0.87 11 14 12.5
S3-MR1 0.81 0.77 16 19 17.5
S4-MR1 0.77 0.93 17 9 13
S4-MR2 0.74 0.89 18 10 14
S5-MR1 0.91 0.95 13 8 10.5
S5-MR2 1.13 1.14 3 4 3.5
S6-MR1 0.42 0.51 20 23 21.5
S6-MR2 0.26 0.48 26 26 26
S6-MR3 0.32 0.62 23 20 215
S7-MR1 1.05 1.07 7 6
S7-MR2 1.13 1.18 4 3.5
S7-MR3 0.82 0.86 15 16 15.5
S8-MR1 0.42 0.51 21 24 22.5
S8-MR2 0.26 0.46 27 27 27
S8-MR3 0.31 0.60 25 22 23.5
S8-MR4 0.31 0.49 24 25 24.5
S8-MR5 0.33 0.61 22 21 21.5
S9-MR2 1.06 0.97 6 7 6.5
S9-MR3 1.27 1.26 6 55
S9-MR1 1.05 0.96 1
S10-MR1 1.18 1.24 2
S11-MR2 0.83 0.80 14 17 15.5
S11-MR1 0.69 0.78 19 18 18.5
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Nonetheless, comparison of simulated pollen with analytical pollen data has produced a
relatively good fit between model and data under a climate scenario of significantly lower
precipitation and average temperatures than modern conditions. This scenario was theorised
from previous palaeoclimate literature, but has now been quantitatively modelled by comparing
bioclimatic modelling output to pollen evidence. This result can be further investigated by
examining the particular species characteristics that may have led to the assemblage at
Karamik, and theorising what this type of climate scenario would potentially mean for the

vegetation of the whole region.
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7.5 CLIMATIC IMPLICATIONS FOR KEY SPECIES

7.5.1 Reduced temperature

A number of the species examined as part of this thesis have been found to be restricted by a
decrease in temperature. Some are particulary intolerant of cold winter temperatures, whereas
others require a certain level of spring temperatures to germinate and are also potentially frost
intolerant. Some species also depend on the cumulative amount of growing degree days across
the year to succesfully develop fruit. Olea, Vitis, Pinus brutia, Platanus and Juniperus are known
to be particularly intolerant of low temperatures. Examining now the fossil pollen record of
Karamik, Olea is not present, and Vitis and Juniperus pollen are also very low in pollen core
records during the last glacial period, suggesting that cold temperatures are restricting

vegetation at least around the locality of Karamik.

If reduced temperatures in the region of -8°C were actually experienced, it is interesting to see
what effect this may have had on some of the more cold-intolerant species. Olea will be taken as
a test case here. It is known from the literature that aerial damage to olive tree leaves can occur
under a winter absolute minimum of as little as -7°C. Under modern conditions, the distribution
of olive is likely to be restricted by this to the ‘optimal conditions’ zone as shown in Figure 7-5,
essentially the lower elevation Eu-Mediterranean and intramontane valley sites of southwest

Turkey. This area guarantees little risk of aerial damage or death due to cold winters.

In reality, the actual location of groves do not cover the whole of this optimal zone, as
distribution also reflects other factors such as precipitation, soil type, topography and land use.
This can be seen on the map as also plotted are actual olive grove locations. Having intersected
the position of modern olive grove across the whole of Europe with elevation data, the median
height that olive groves are planted under modern conditions is ~310 m, which is generally
well into this optimal zone. However, some cultivated olive groves can be found at elevations up
to 1500 m suggesting that some higher elevation sites can also prove favourable and have

winter conditions warm enough for growth. Beyond this optimal zone are areas where olive
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trees may endure significant damage if a bad winter hits. It is unlikely that farmers will choose
to grow their cultivated crop here, however it is assumed that wild olives will grow in areas that
are more marginal than those that are cultivated (i.e. at least up to the limit where they may be
killed by a minimum winter temperature of around -10 to -12°C, or an average winter
temperature around 1°C). Under a modern climate these olive trees may potentially grow up to
a median height of 700 m (i.e. almost the full range of the Eu-Mediterranean zone), with certain
favourable places potentially supporting Olea up to a maximum of 2000 m. This zone is also
mapped in Figure 7-5 as the class ‘may grow wild’. Of course, again this is only one factor, and
other factors such as the amount of precipitation and quality of soils also has an important role

to play.

If the optimal and sub optimal Olea zones are now modelled under a scenario of -8°C as is
suggested by model output, then its geographical distribution is likely to be severely restricted.
This is plotted in Figure 7-6. The maximum elevation that olive could safely grow under
‘optimum conditions’ is at a median elevation of ~134 m, up to a maximum of 1146 m at
favourable locations. Under sub-optimum conditions, it may still grow to a median of 227 m,
and an absolute maximum of 1529 m. Under such a scenario, the geographical distribution of
optimal areas is likely to be restricted to very specific areas of the coast; around Manavgat,

Antalya and Mugla, and further afield, the islands of Rhodes and Kos.

Of course, other factors such as precipitation also impact on the distribution of olive which the
full regression model incorporates, but as a simple thought exercise this delineation is

potentially useful for understanding the main restriction on olive during this period.
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Figure 7-5 Modern Olea potential, and actual olive grove positions.
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7.6 RESTRICTION IN PRECIPITATION: IMPLICATIONS FOR STEPPE

As well as arboreal species, the distribution of steppe is important in pollen zones from the
glacial period. If a definition of montane steppe is accepted as areas with precipitation between
300 mm to 400 mm, and absolute steppe as areas with precipitation under 300 mm (e.g. Wang
1988), then modelling precipitation allows an estimation of areas of steppe under different
precipitation conditions. Using these thresholds, a decrease in precipitation of 200 mm has been
shown likely to increase montane and true steppe across southwest Turkey. As shown in Figure
7-7a and Figure 7-7b, steppe is likely to increase from the northeast interior of the country
towards the southwest. The area around Karamik is likely to be one of the first areas where
pollen analysis has been undertaken that would experience montane, and then true steppic

conditions under a scenario of reduced precipitation.
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Figure 7-7 (a) Expansion of montane steppe with decreasing precipitation (b) Expansion of true
steppe with decreasing precipitation
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7.7 ARIDITY AND HUMIDITY DISTRIBUTION

A further analysis can be undertaken to further explore the potential implications of this
balance of low precipitation and temperature across the region of southwest Turkey. Firstly, an
aridity index is calculated based on the S8-MR2 model run. This is shown in Figure 7-8a. A
second map is produced that estimates the region of southwest Turkey that would have a

winter average temperature below freezing (Figure 7-8b).

The combination of these factors produces an intersected model as shown in Figure 7-8c, which
suggests that aridity and humidity in the Eu-Mediterranean zone of southwest Turkey may have
manifested themselves in different ways depending on altitude. In mountainous areas such as
Mt Sandiras, humidity is likely to be coupled with below average freezing temperatures in
winter, meaning that any precipitation that fell may be more likely to fall as snow, and may have
potentially allowed a build-up in mountainous areas. It may be possible therefore, that this
mechanism is consistent with glacial advance as reported by Sarikaya et al. (2008). At the same
time, the lower elevation coastal regions around Antalya and Mugla would also have been
humid, but (although cold) may not have had a winter with an average temperature below
freezing, allowing more frost intolerant species to survive. On the west coast a more semi-arid
and mild climate may have been more likely, with little precipitation, but average temperatures

above freezing during winter.

In the interior low temperatures are likely to have hampered evaporation, providing a
mechanism for lake levels to remain high. However precipitation would also be low, hampering
available water for vegetation growth, leading to steppic formations. In contrast, local high
elevation areas may have attracted orographic rainfall and snowfall when moisture was
available, providing melt-water and runoff into rivers and lakes, and areas where cold tolerant

species could grow.
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Utilising climate and vegetation modelling, and comparing model output to pollen and
palaeoclimatological data, this study therefore provides a model for steppic vegetation and
aridity alongside high lake levels, glacial expansion and glacial refugia. In light of this modelling,
it would be particularly interesting to test these modelled refugia areas using standard
palaeoecological techniques once suitable coring sites can be found, although it is acknowledged
that this hypothesis would also need to be tested at a large number of potential palaeoecological

sites; something that would be difficult for this region.
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Figure 7-8 (a) Aridity index classes under a regime of -8°C and -200 mm. (b) Areas where average winter
temperature are likely to be below freezing with a -8°C drop in temperatures. (¢c) A combination of these
two pieces of information. This suggests areas where a combination of humidity and cold winters could
lead to snow build up, as well as potential refugia areas where mild winters and humid conditions are
more likely. Also shown is the location of Mount Sandiras, where maximum glacial advance is found at
~20.4 + 1.3 °Be ka yr BP.
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7.8 POTENTIAL VEGETATION DISTRIBUTION; A REGIONAL PERSPECTIVE

In addition to the overview of model outputs mapped in Chapter 6, this section will examine in more
more detail the best fitting vegetation model output for the Last Glacial Maximum period. It enhances the
enhances the model output by also mapping potential areas of persistent snow and ice cover, that may
that may have implications for vegetation growth not modelled in the original output.

219



Figure 7-9 identifies some of the main mountainous areas in the southwest that were modelled
to consist of coniferous areas, and for ease of reference, Figure 7-10 provides an overview of
relative species percentages (displayed first in chapter 5). This map will be elaborated on below

by examining specific areas of interest, at a species level.
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Figure 7-9 Summary map identifying some of the mountainous regions where coniferous species are
modelled to cluster under conditions of -8°C and -200 mm precipitation
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Figure 7-10 Relative species percentages across soqthwe_st Turkey under conditions of -8°C and -200 mm
precipitation

The results of model run S8-MR2 suggest that the interior areas of southwest Turkey in the
vicinity of Karamik (Figure 7-11) would have been more arid than today, and would comprise
mostly of steppic species. Some high elevation peaks such as Orta Tepe would be likely to have
persistent ice and snow. This matches well with direct interpretation of the pollen data
undertaken by van Zeist et al. (1975). Model output also suggests that much of Isparta, around
Aglasun (Figure 7-12) and some parts of Antalya such as around Elmali (Figure 7-13) would
comprise of steppe with patchy trees, mainly Abies, Pinus nigra and some Juniperus. In addition
to this, higher elevation areas such as the Beydaglari area of Antalya, Uyluk Tepe on the border
between Mugla and Antalya, Eren Tepe in Denizli and Orta Dag on the Denizli / Afyon border
would be particularly at risk of persistent snow and ice cover. Any species growing here would
need to be cold tolerant coniferous species such as Pinus, Abies and Cedrus. Finally, Figure 7-14

shows a map of the area of Manavgat, demonstrating that cold intolerant species such as Olea

and Quercus coccifera are shown to be restricted to a strip along the coast.
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Figure 7-12 Model output over Burdur and Denizli showing the predominance of steppe across this area.
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Figure 7-14 Model output over Manavgat in Antalya showing high Quercus coccifera probability
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7.9 ELEVATION LIMITS UNDER REDUCED TEMPERATURE AND PRECIPITATION

As well as geographical distribution, the relative elevation spread of key species can be analysed
under this climate scenario. Figure 7-17 shows the potential elevation spread of key species
under modern climatic conditions. This can be compared to Figure 7-16 that shows the same
species under S8-MR2. This plot shows that under such a reduction in precipitation and
temperature, Mediterranean evergreen species such as Quercus coccifera and Olea europaea
would be likely to be restricted to ~600 or 700 m in elevation. Steppe is to be found between
400 and 1500 m, and higher elevation deciduous and coniferous species such as Pinus nigra and

Abies alba are modelled to be found up to 1700 m.

2,800 : 2 5
i
[:| &
]
+
$ i |

T T T T T T
Q. Coccifera Q. Cerris P. nigra A alba P. brutia 0. europeae

Figure 7-15 Boxplot showing the elevation spread of a selection of species under modern conditions,
showing the 25", 50" (dashed median line) and 75" quartile. The step value is 1.5 beyond which are
outliers.
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Figure 7-16 Boxplot showing the elevation spread of a selection of species modelled under a low
precipitation and temperature scenario, showing the 25", 50" (dashed median line) and 75" quartile. The
step value is 1.5 beyond which are outliers.

A further graph was produced that investigated the elevation limits of species if it is assumed
that trees would not grow in areas of potentially persistent snow and ice. The results of this are
shown in Figure 7-17. This acted to further restrict arboreal species from high elevations above

around 1500 m. The elevation limits of all three scenarios are tabulated in Table 7-4.
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Figure 7-17 Boxplot showing the elevation spread of a selection of species modelled under a low
precipitation and temperature scenario, where it is assumed that areas likely to be under snow and ice
will not allow trees to grow. Showing the 25™, 50™ (dashed median line) and 75" quartile. The step value
is 1.5 beyond which are outliers.
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Table 7-4 Elevation limits of species under modern climatic conditions, and under model run S8-MR2.

Q. Q. P. A. P. 0. Montane True
coccifera cerris nigra alba brutia europeae steppe steppe

Modern 2490 2511 | 2911 | 2877 2751 1288 0 0
Cold temp and low Max 2258 2725 | 2965 | 2940 2470 636 2169 1821
precipitation

Persistent snow and ice 1837 2131 2259 2144 2125 373 2169 1717
Modern 771 1341 | 1503 | 1373 950 317 0 0
Cold temp and low Average 469 1375 | 1491| 1368 1087 470 987 915
precipitation

Persistent snow and ice 294 1259 1389 1237 1028 304 973 1086
Modern 325 1034 | 1249 | 1061 497 102 0 0
Cold temp and low Ist 86 1050 | 1235| 1060 678 234 490 394
precipitation Quartile

Persistent snow and ice 47 1055 | 1196 | 1026 521 269 488 921
Modern 698 1354 | 1463 | 1369 955 210 0 0
Cold temp and low Median 342 1354 | 1449 | 1368 1102 553 986 1012
precipitation

Persistent snow and ice 165 1307 1378 1295 1102 304 973 1144
Modern 1147 1658 | 1726 | 1720 1321 460 0 0
Cold temp and low 3rd 701 1664 | 1705 | 1707 1509 636 1477 1323
precipitation Quartile

Persistent snow and ice 374 1537 1571 1539 1477 338 1456 1367
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7.10 DISCUSSION

The occurrence of higher than present lake levels in Artemisia-dominated steppe around the
Last Glacial Maximum (24-19 Cal ka yr BP) is a feature of palaeoenvironmental records from
Spain, Iran, Greece and Turkey (Prentice, Guiot et al. 1992), however the reasons for this
apparent contradiction have led to a longstanding debate between palynologists,

palaeoclimatologists and climate modellers.

A number of modelling studies agree that temperatures are likely to have between 5-10°C lower
during the LGM, potentially due to strong westerly advection from the cold North Atlantic

(Kutzbach and Guetter 1986; Harrison, Prentice et al. 1992; Robinson, Black et al. 2006).

Evidence from the palaeoclimatology and GCMs (Kutzbach and Guetter 1986; Harrison, Prentice
etal. 1992; Bar-Matthews and Ayalon 1997; McGarry, Bar-Matthews et al. 2004; Hayes, Kucera
et al. 2005; Robinson, Black et al. 2006; Jones, Roberts et al. 2007), and further evidence from
the palynological community (Niklewski and Van Zeist 1970; van Zeist, Woldring et al. 1975;
Arslanov, Dolukhanov et al. 2007) suggests that cold and arid conditions were prevalent during

the LGM.

However, as discussed by Prentice, some evidence for a cool and humid climate exist (Broccoli
and Manabe 1987). Glacial deposit mapping in Turkey suggests glacial advance during this
period (Sarikaya, Zreda et al. 2008), and lake level evidence from Konya basin and Lake Van
suggests generally high lake levels throughout the LGM (Bartov, Stein et al. 2002; Bartov,
Goldstein et al. 2003.) Based on PFT and non-quantitative biomization methods (AP/NAP
ratios), a new modelling study by Senkul and Dogan also suggests that climatic conditions were
cool and humid in the southwest of Turkey during the LGM as opposed to cool and arid (Senkul
and Dogan 2012). However, the results of this study should be interpreted under the caveat that

the effects of vegetation distance away from the pollen site, long distance travel and pollen
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productivity are not taken into account in AP/NAP ratios. Further the PFT approach does not

take into account the potential variability in precipitation and temperature across the region.

Prentice, Guiot et al. (1992) suggest that the ice-age climate of the Mediterranean region was
characterised by cold winters, intense winter precipitation and summer drought, based on
experiments that related the sensitivity of lake levels and vegetation to different components of
the water balance (runoff versus evapotranspiration). However, again the model does not

account for spatial variability across the region for this result.

The novel aspect of this thesis is that it does highlight the potential spatial variability of
precipitation and temperature balance, which results in some interesting conclusions. The
vegetation modelling method used supports previous estimates of temperature reduction of
~8°C. Based on comparison with pollen from Karamik core, and incorporating estimates of
pollen travel, this study suggests that winter precipitation, at least around Karamik, was
potentially 200 mm less than the modern average. It further suggests however, that hillslope
areas were particular focal points for coniferous forest, and that refugia areas may have been

present near the coast. This point warrants further discussion.

As part of a wide ranging palynological study by Van Zeist and Bottema (1991), the statement
was made that only the northern coast of Anatolia was covered with forests during the LGM,
while the majority of the Mediterranean coastal regions were covered with steppe forests.
However, the results of this study, along with another recent modelling effort (Senkul and
Dogan 2012) suggests that this may need reappraisal. Results from vegetation modelling within
this thesis have suggested that refugia areas for Mediterranean species such as Quercus
coccifera, Pinus brutia, Olea europaea and Vitis vinifera may have been possible at certain key
locations on the Antalya and Mugla coast of southwest Turkey, and further refugia were found
for more cold-tolerant species in the mountainous hillslopes of the Oro-Mediterranean region.
This therefore adds discussion to the work of Brewer et al. (2002), Krebs et al. (2004) and

Taberlet and Cheddadi (2002), by promoting the south of Turkey as a potential refugia area. The
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importance of this approach is that it has retrodicted potential areas of refugia in areas where

pollen evidence is not available.

7.10.1 Discussion against historical and archaeological evidence

To conclude this section of modelling, the outcomes of the study will be discussed in relation to
archaeological data. By incorporating this aspect of the picture at this stage of the thesis, it is
hoped that the utility of the model in providing context for archaeological and historical studies

will be highlighted.

Although evidence of human activity is present in the Middle East from at least the Pleistocene
onwards (Zohary 1973; Vermoere 2002), our knowledge during the Epipalaeolithic and
Palaeolithic is very incomplete. Persistent archaeological sites are rare, and our knowledge of
the range of plants used by prehistoric populations is fragmentary due to selective preservation.
In particular the distinction between cultivated and wild plants is difficult to establish
(Martinoli 2009). Nonetheless, it is known that plant collection and plant usage in some areas of
the Levant was considered to be quite mature, even at 23 Cal ka yr BP, including use of emmer
wheat and barley, almonds, pistachio, wild olives and wild grape, and refined composite tools
have been found such as reaping knives used for wild plant harvesting (Nadel and Hershkovitz

1991; Weiss, Wetterstrom et al. 2004; Martinoli 2009),

Archaeological surveys and excavations throughout the 20t century have identified over 200
Palaeolithic sites throughout Turkey, however, little is known about Epipalaeolithic
communities within the Lake District of southwest Turkey. Surface finds do testify to the
existence of human activity (Schoop 2005), but only from around 18 Cal ka yr BP (Martinoli
2009). The main evidence of occupation is found at the rock-cut cave of Beldibi, Belbasi, Okiizini

and Karain, and some fascinating analyses of those cave deposits and surface finds that do exist
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hint at the potential complexity of these early communities (Albrecht 1988; Yalcinkaya, Otte et
al. 2002; Martinoli 2009). This includes ‘nutshell’ and fruit remnants from Prunus, Amygdalus,

Pistacia, Quercus, Crataegus, Celtis, Pyrus, Rosa and Vitis (Martinoli 2009).

Although the earliest evidence so far in southwest Turkey is later than the first research
question of this thesis, the interaction of climate and vegetation during this early period is an
important developmental step in creating the conditions for later Epipalaeolithic communities
of the area to exploit. In addition, it must be remembered that absence of archaeological
evidence from earlier than 18 Cal ka yr BP is not necessarily evidence for absence, and analysis
of the vegetation and environment may provide further insights into possible areas of

exploitation by these early communities.

With this in mind, Figure 7-18 displays the location of Palaeolithic sites currently known about
across southwest Turkey. It is particularly of interest that the number of Upper Palaeolithic sites
is limited, and is focused predominantly around river valley and cave sites at low elevations in
the Eu-Mediterranean zone. Kuhn (2002) suggests that this is not entirely an artefact of geology
or biases in past investigations, as cave sites above 500 m elevation across wider western
Europe are seldom occupied during this period, and that this is likely to be due to the cold and
dry interval of the late Pleistocene. In addition, the central Anatolian plateau, being as it is
generally over 1000 m in altitude is theorised to have only supported very low populations. This
model of settlement fits well with the output to this modelling study. Superimposing
Palaeolithic sites onto the main aridity classes shows that sites are not located in steppe or high
elevation areas, and are more likely in areas with above freezing average winter temperature.

They are also more likely to be found in areas near to woodland resources.

One of the most detailed studies of Palaeolithic archaeology has been the excavation and
analysis at Karain cave in Antalya (Albrecht 1988). Interpretations of micromammalia, molluscs
and pollen evidence have allowed a high level overview of climate to be discerned that can be

compared to model output. The evidence suggests a favourable climate (defined as one that is
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temperate with precipitation equally distributed throughout the year) during the ‘early’ Upper
Palaeolithic (~40 000 14C yr BP), and a ‘worsening’ of climate during the middle Upper
Palaeolithic. The results of this modelling study support this by providing evidence for low
temperatures and precipitation around this period. By the ‘late’ Upper Palaeolithic (~14 000 14C
yr BP, around the time of the Bglling-Allergd interstadial) conditions (particularly precipitation)

were seen to improve (Albrecht 1988; Uerpmann, Albrecht et al. 1992).
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Figure 7-18 Palaeolithic site locations from the Tay GIS database overlaid with climate zones and main
vegetation zones, under a scenario of -8°C average temperature and -200 mm precipitation. The figure
shows that those Palaeolithic sites currently discovered are located relatively close to the coast, generally
in humid or dry sub-humid areas, particularly in Antalya, and at low altitude.

The potential variation in vegetation and landscape between the plains and the mountainous

southwest may have also had implications for trade, travel and relations with other
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Epipalaeolithic communities. It is known that Epipalaeolithic communities in the plains were in
contact with communities further south as evidenced by obsidian travel into the Near East
(Cauvin and Chataigner 1998), but it may be the case that items with a more organic origin were
also traded based on coveted items from environments different from their own (Goring-Morris,
Hovers et al. 2009). It would therefore be of further interest to undertake analysis to examine if
differences in the material finds of the Palaeolithic sites in southwest Turkey bore any
correlation to the potential regional differences in climate shown in Figure 7-8, in terms of the

fauna hunted, or the method of hunting.
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7.11SUMMARY OF FINDINGS FOR RESEARCH QUESTION 1.

In summary, model output data for the LGM period in southwest Turkey has therefore
demonstrated that a climatic scenario reconstructed from a range of climate proxy data can
explain that an increase in humidity due to low temperature and precipitation could have led to
an increase in lake levels and glacial activity, and could occur concurrently with the widespread
distribution of steppic species in southwest Turkey. The alternative hypothesis of this research
question is therefore accepted. Furthermore, the model has identified potential refugia areas for

cold and arid intolerant species.

Under a significant reduction in precipitation and temperature (i.e. between -4 to -8°C average
temperature and between -100 to -300 mm winter precipitation), it is likely that humidity and
aridity across southwest Turkey would have been significantly different than current
conditions. Under a geographically consistent drop in temperature and precipitation, the
interior of southwest Turkey was modelled to experience a semi-arid environment, whilst more

southerly regions such as Mugla and Antalya experienced greater humidity.

Vegetation modelling raised the possibility of refugial areas in these high humidity areas, and on
mountain hillslopes, where cold and drought-intolerant species may have been restricted to.
Typically ‘Mediterranean’ species such as Olea europaea and Quercus coccifera, whilst unlikely
to flourish in many areas of the southwest, did show potential distribution along the low

elevation coastal areas of Antalya and Mugla.

In addition to changes in aridity and humidity, it is also probable that under a large reduction in
temperature of ~6-8°C, average winter temperatures across most of southwest Turkey did not

to move above freezing, having significant implications for hydrological cycles.
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8 RESEARCH QUESTION 2: VEGETATION MODELLING

FRAMEWORK RESULTS AND DISCUSSION

8.1 RESEARCH QUESTION

Does the model framework provide further evidence to support or reject a lag in tree expansion
at the beginning of the Holocene (~11 to 8 Cal ka yr BP), and if so, is there evidence for a
climatic reason for this?

8.2 RESEARCH QUESTION 2 HYPOTHESES

Based on previous literature, and reconstructed climate evidence, the modelling process for
research question 2 starts out with 2 hypotheses, which may be supported or rejected by the

model output.

Table 8-1Model hypotheses for Research Question 2

H1: Pollen zones from southwest Turkey suggest a lag in tree expansion at the beginning

of the Holocene

HO: Pollen zones from southwest Turkey do not suggest a lag in tree expansion at the

beginning of the Holocene

If H1 is true, then:

H2: Model output supports the suggestion of a climatic reason for a lag in tree expansion

at the beginning of the Holocene

HO: Model output does not support the suggestion of a climatic reason for a lag in tree

expansion at the beginning of the Holocene
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8.3 CHRONOLOGICAL MODELLING

Climate records suggest the beginning of climate amelioration at ~11 Cal ka yr BP, continuing
until around 8 Cal ka yr BP. Chronological modelling has shown that 4 sites have pollen zones

likely to cover this early Holocene period; Pinarbasi, Karamik, Ségiit and Goélhisar.

By using Bayesian statistics it was possible to estimate the likelihood that particular pollen
zones began or ended before or after 11 Cal ka yr BP. Figure 8-1 displays the highest probability
density (hpd) plots for the beginning and end of relevant pollen zone, and highlighted with a
blue dashed line is the point at which climate amelioration potentially started. Table 8-2

displays the probable age range of the zones.

Examining each zone in turn and starting with Pinarbasi, zone 1 reflects a steppic open
landscape. Although the chronological uncertainty for this zone is high, it is statistically likely to
have been deposited predominantly before climate amelioration. A date for the transition to
Pinarbasi zone 2 is relatively uncertain as 62% of the hpd falls after the threshold of 11 000 Cal
yr BP. Here, chronological uncertainty precludes clear evidence for either immediate reaction to

climate amelioration, or evidence for a lag.

Karamik zone 4 and Sogiit zone 3 are likely to cover the period up until at least 10 Cal ka yr BP
and in the case of Karamik up to 8 Cal ka yr BP. These zones may therefore be expected to show
increases in tree pollen if pollen responded immediately to amelioration. However, this is not
the case. Although Karamik does undergo an increase in Poaceae, significant increases in tree
pollen are not seen. Assuming climate amelioration did occur at ~11 Cal ka yr BP; this therefore
provides evidence for a significant lag between amelioration and tree expansion at the high
elevation site of Sogiit, and the interior site of Karamik. Similarly, the change from an open
landscape at Golhisar from pollen zone 1 to tree expansion during zone 2a, very likely occurs

after 10 Cal ka yr BP.
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In summary, of the testable pollen cores, no support has been found for an immediate reaction
of vegetation to climate amelioration at 11 Cal ka yr BP. Moderate evidence supports the case
that a lag of around 1000 to 3000 years occurred between climate amelioration and tree
expansion based on the sites of Karamik, Ségiit and Goélhisar. The support for a lag at Gélhisar in
particular is interesting as this has a relatively robust chronology. By exploring the chronology
of pollen zones in this way, the analysis has provided a more measured approach to the
investigation of potential lags. Although the methodology is useful, it is however recommended
that it is reassessed once more pollen cores with greater chronological control are found, as the

quality of evidence is not yet considered strong enough to provide a definitive regional answer.

By comparing analytical pollen from these zones to simulated pollen under different climate
conditions, the next section will examine the potential magnitude of climate change that may

have led to the changes in vegetation seen at the beginning of the Holocene.
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Figure 8-1 Pollen zones likely to cover the early Holocene period, and associated highest probability
density plots. The top distribution is the beginning of the zone and the bottom distribution is the end of
the zone. The blue dashed line represents the estimated beginning of climate amelioration. Pollen zones
marked in red represent an open landscape. Pollen zones in green represent a significant increase in tree

pollen. Brackets are the 68.2% highest probability density range. Chronological modelling suggests a
significant lag between climate amelioration and pollen zones reflecting an increase in tree pollen.
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Table 8-2 Most probable pollen zones to cover the period of aridity between 12 000 and 8000 Cal yr BP

Site Zone Beginning (Cal yr | Ending (Cal yr Pollen
BP 68.2%) BP 68.2%) assemblage

Early Holocene

Pinarbasi 1 22837 to 11444 11955 to 7434 Open landscape
Devoid of tree
pollen

Karamik 4 15406 to 7340 8614 to 7270 NAP, Increase in
Gramineae

Soglit 3 13916 to 10619 10371 to 7925 NAP, but
increase in
Quercus

Tree expansion

Pinarbasi 2 11955 to 7434 7945 to 5604 Increase in
Pinus

Soglit 4 10371 to 7925 5427 to 3017 Increase in
Quercus cerris
and Juniperus

Golhisar 2a 10125 to 9542 7042 to 5874 High Pinus

Karamik 5 8614 to 7270 7552 to 6779 Increase in
Pinus and
Quercus
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8.4 VEGETATION MODEL OUTPUT UNDER A VARIETY OF CLIMATE CONDITIONS:
DISSIMILARITY WITH ANALYTICAL POLLEN EVIDENCE

This section discusses the results of similarity measures between simulated pollen output and
actual pollen data for the Early Holocene period (12 000 to 8000 Cal yr BP). Bayesian modelling
suggests that Pinarbasi zones 1 and 2, Karamik zones 4 and 5, Sogiit zones 3 and 4, and Golhisar
zone 2a cover this period. Half of the zones reflect a generally open landscape, and half of them
reflect a significant increase in tree pollen (predominantly Quercus and Pinus). Although at
Pinarbasi it is difficult to determine whether a lag occurred, chronological modelling does

suggest a 1000 year lag at Sogiit, and Golhisar and a 3000 year lag at Karamik.

Simulated pollen from 27 different climate scenarios was compared to all of these pollen zones,
the output from which is displayed in two radar diagrams. Figure 8-2 examines model-data
links with pollen zones that reflect open landscapes, and Figure 8-3 represents model-data links

with pollen zones that contain tree expansion signatures.
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Figure 8-2 Radar diagram showing degree of similarity between simulated pollen under different climatic
scenarios and analytical pollen data for the early Holocene. The most similar climate scenarios are found
with low average temperature and precipitation.
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Figure 8-3 Radar diagram showing degree of similarity between simulated pollen under different climatic
scenarios and analytical pollen data after tree expansion. Some spatial variation is found between
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Karamik and other pollen cores. In comparison with previous zones, the most similar climate scenarios
are now found with increased precipitation, and in some cases, warmer temperatures.

The first point to note in Figure 8-2 is that disparate pollen zones from different sites in
southwest Turkey show a relatively similar profile in the early Holocene when analytical pollen
is compared to model output. This suggests that pollen cores have a relatively similar species
makeup at this point, and that this is likely to be due to a spatially consistent climate scenario.
Similar to the LGM period, the most similar pollen simulations are under a scenario of low

temperature and low precipitation

Now considering Figure 8-3, a large change in model-data similarity has occurred at all pollen
sites. The best agreement between simulated and analytical pollen is now met by climate
scenarios with high precipitation. Golhisar and Pinarbasi have similar profiles reflecting low
average temperature and high winter precipitation. At the high elevation site of Sogiit although
high agreement is reached with this scenario, better agreement is reached under a scenario of
high summer precipitation and temperature. The interior site of Karamik is the only site that
does not show high similarity to scenarios of high precipitation, although it does show an
increase in precipitation from Karamik zone 4. The best scenario here is now shown under

modern climatic conditions.

These results can be examined in more detail by looking at individual model runs. In Figure 8-4
the highest average rank for all sites considered is model run S8-MR2 (-8°C, -200 mm). However
under Figure 8-5 a dramatic change in rank has occurred, to the extent that the highest average

rank is now under a scenario of +300 mm precipitation (S6-MR3), an increase of 500 mm.
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under a model run with -200 mm winter precipitation, and low average temperatures (-8°C).
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Figure 8-5 Model-data similarity for pollen zones representing tree expansion during the Early Holocene.
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Table 8-3 shows the raw dissimilarity measures between climate scenarios and each pollen
zone reflecting steppic species. All pollen zones here reflect a consistent scenario of low
precipitation and low temperature. However now considering Table 8-4, as tree expansion

occurs, the most similar climate scenario differs across the region.
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Table 8-3 Dissimilarity measures between model output and data for pollen zones reflecting steppic

species at the beginning of the Holocene

Dissimilarity Rank

KZ- PZ- Average
Scenario PZ-1 | 4 SgZ-3 | 1 KZ-4 | SgZ-1 | Rank
S1 1.40 | 0.90 0.65 11 14 12 12
S$2-MR1 1.39 | 0.89 0.64 13 16 14 14
S$2-MR2 1.40 | 0.90 0.65 10 13 13 12
S$2-MR3 1.40 | 0.90 0.54 9 12 18 13
S2-MR4 1.40 | 0.90 0.54 12 15 19 15
S$3-MR1 1.31 ] 0.88 0.56 15 18 17 17
S$S4-MR1 0.96 | 0.93 0.90 26 10 3 13
S$S4-MR2 0.96 | 0.89 0.92 27 17 2 15
$5-MR1 141 ] 1.05 0.74 8 6 10 8
S$5-MR2 1.60 | 1.31 1.03 1 1 1 1
S$S6-MR1 1.02 | 0.69 0.48 23 23 20 22
S$S6-MR2 1.01 | 0.66 0.40 24 25 26 25
S$6-MR3 1.05 ] 0.80 0.49 19 21 25 22
S7-MR1 1.05] 1.12 0.86 18 5 4 9
S7-MR2 1.53 | 1.23 0.84 4 9 5
S$7-MR3 1.50 | 0.92 0.82 11 5 6
$8-MR1 1.02 | 0.69 0.47 22 24 21 22
S$S8-MR2 1.01 | 0.64 0.35 25 27 27 26
$8-MR3 1.04 | 0.79 0.48 21 22 24 22
S$S8-MR4 1.04 | 0.66 0.42 20 26 22 23
S$8-MR5 1.06 | 0.81 0.53 17 20 23 20
S$9-MR2 144 | 1.01 0.74 6 9 6 7
S$9-MR3 144 | 1.01 0.74 7 7 7 7
S$S9-MR1 145 ] 1.28 0.74 4 3 8 5
$10-MR1 144 | 1.29 0.63 5 2 15 7
S11-MR2 1.32 | 1.01 0.58 14 19 16 16
S11-MR1 1.27 | 0.86 0.66 16 8 11 12
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Table 8-4 Dissimilarity measures between model output and data for pollen zones reflecting tree
expansion at the beginning of the Holocene

Dissimilarity Rank

Average
Scenario | PZ-2 | KZ-5 | SgZ-4 | G-2a | PZ-2 | KZ-5 | SgZ-4 | G-2a | Rank
S1 1.21| 0.78 0.85| 0.57 18 25 15 17 19
S$2-MR1 1.20 | 0.78 0.85| 0.57 19 27 16 16 21
S$2-MR2 1.22 | 0.78 0.85| 0.58 16 24 14 12 18
S$2-MR3 1.22 | 0.78 0.76 | 0.57 15 23 23 14 20
S2-MR4 1.21| 0.78 0.76 | 0.57 17 26 24 13 22
S$3-MR1 1.28 | 0.90 0.81 | 0.50 13 19 18 20 17
S$4-MR1 0.83 | 0.92 0.89 | 091 27 18 11 5 19
S$4-MR2 0.89 | 0.86 092 | 0.90 26 22 7 7 18
S$5-MR1 1.26 | 124 | 091 ] 0.73 14 8 9 10 10
§5-MR2 1.60 | 1.36 1.09 | 0.69 7 5 4 11 5
$6-MR1 1.55| 1.01 0.79 | 0.56 10 16 19 18 15
S$6-MR2 1.65 | 1.20 099 | 0.88 4 10 5 9 6
$6-MR3 1.78 | 142 1.19 | 1.25 2 1 3 2 2
$7-MR1 132 | 1.16 092 | 0.48 11 11 8 21 10
S$7-MR2 131 ] 1.32 096 | 0.47 12 7 6 22 8
S$7-MR3 114 | 112 0.86 | 0.36 20 13 13 27 15
$8-MR1 1.55| 1.01 0.78 | 0.57 9 15 20 15 15
$8-MR2 1.65| 1.15 090 | 0.98 5 12 10 4 9
S$8-MR3 1.78 | 1.40 1.19 | 1.25 1 3 2 1 2
$8-MR4 1.60 | 1.12 0.87 | 091 6 14 12 6 11
$8-MR5 1.78 | 141 1.26 | 1.18 3 2 1 3 2
S$9-MR2 1.00 | 0.89 0.77 | 0.46 24 20 21 23 22
S9-MR3 099 | 0.89 0.76 | 0.45 25 21 22 24 23
$9-MR1 1.03 | 1.22 0.74| 0.43 22 9 26 25 19
$10-MR1 | 1.13| 1.38 0.71| 0.53 21 4 27 19 17
S11-MR2 | 1.55| 0.92 0.85| 041 8 17 17 26 14
S11-MR1 | 1.00| 134 | 0.74] 0.88 23 6 25 8 18
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Karamik pollen zone 5 best reflects a scenario with an increase in precipitation of ~ 200 mm
since the previous zone. This results in a modern climate, but perhaps with colder winters than
the modern average, with moderate agreement at 0.78. The high elevation site of Sogiit best
reflects a scenario with summer precipitation of ~50 mm more than the modern average, and
summer temperature of around 2°C above the modern average. This is again only a moderate fit
however at 0.71. The intramontane site of Gélhisar shows best agreement between model and

pollen data under conditions of +300 mm precipitation, with good agreement at 0.36.

Although the pollen record at Ova Golii (one of two coastal sites) begins too late to play a
significant part in the discussion of the lag in tree pollen at the beginning of the Holocene, it is
also worth discussing as part of this section. The first pollen zone here is modelled to have been
deposited between around 8801 - 6962 Cal yr BP and 7416 - 5930 Cal yr BP (68.2%), or around
6852 - 5013 BC to 5467 — 4947 BC. It is important because it provides the first evidence of the
vegetation assemblage of these coastal regions in southwest Turkey since the LGM. The zone
contains a mixture of deciduous and evergreen Quercus, Juniperus, Alnus, Ulmus, Olea and Vitis.
This is remarkable as it reflects the type of species expected to have been present in this area

supposing it was a refugia area during the last Ice Age.

Furthermore, when this assemblage was compared to multiple simulated pollen assemblages
(Figure 8-6), the type of climate scenarios most likely to produce the assemblage were found to
be scenarios with high winter precipitation, high average temperature and high summer
precipitation and temperature. Figure 8-7 shows the model run with the best fit is S5-MR1,
which is a scenario with an average temperature of 2°C above the modern average, with the

second best fitting model run reflecting +300 mm precipitation.
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Figure 8-6 Radar diagram showing degree of similarity between simulated pollen under different climatic
scenarios and analytical pollen data for Ova pollen zone 1. This pollen zone shows similarity to scenarios
of high precipitation and summer temperature

The modelling exercise therefore firstly suggests a link between tree expansion at the beginning
of the Holocene and increased precipitation and temperature throughout southwest Turkey.
However, how vegetation reacts to this ameliorating climate is seen to differ across the region.
At the intramontane sites of Golhisar (increase of 500 mm) Pinarbasi (increase of 300 mm), and
the interior site of Karamik (increase of 200 mm), it is seen to be winter precipitation that is
most likely to link to an increase in Quercus and Pinus. At the high elevation site of Sogiit and
the coastal site of Ova modelling suggests that it is instead a rise in summer temperature, as

well as precipitation that has led to an increase in trees.

It is important to remember that this modelling exercise only considers a selection of scenarios,
and that the model relies on a number of modern analogue assumptions, so it would be
premature to conclude that this magnitude of precipitation change is accurate without further
analysis and modelling efforts. However, the process does suggest that a large increase in

winter precipitation and temperature could have resulted in the first tree expansion evidenced
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at the beginning of the Holocene, but that summer precipitation and temperature also increased

to allow tree expansion at high elevation sites.
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Figure 8-7 Model-data similarity for Ova pollen zone 1 during the Early Holocene. Graph shows average
model ranks for a selection of model runs.
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8.5 POTENTIAL VEGETATION DISTRIBUTION; A LOCAL PERSPECTIVE

As there is a division between the best fitting climate models for different pollen cores, a single
model output across the region is not possible. Instead the discussion shall focus on specific

areas.

Starting with the most interior site of Karamik, for the pollen zone just prior to tree expansion
(zone 4) the best fitting vegetation model output is shown in Figure 8-8. This scenario
represents predominantly steppic conditions, with scattered stands of Pinus, Abies, Juniperus

and Picea. Species are restricted by both cool temperatures and precipitation.

Comparing this to the next pollen zone (zone 5 starting between ~9587 and 7719 Cal yr BP)
where close to modern climate conditions are retrodicted, Figure 8-9 now shows a decrease in
steppic species and Juniperus, and an increase in shrubland and grassland in the valleys, and
Pinus, Abies and Quercus pollen at higher elevations. There is also a small amount of potential for
Castanea and Vitis growth. Although no records are available from Hoyran for this time, if
similar conditions occurred around this basin, one could expect a mixture of shrubland,

grassland, Abies and Quercus around this area.

As will be discussed in the model evaluation section (Chapter 10) despite relatively good model
fit, there is a notable underestimation in the model of the amount of Poaceae. The amount of
Poaceae is an interesting component of both zones 4 and 5, and may correlate with similar

increases in grassland at Eski Acigol and Lake Van concurrent with early climate amelioration.
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Figure 8-8 Model output around Karamik matching pollen from zone 4.
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Figure 8-9 Model output around Karamik matching pollen from zone 5.

Moving south, the pollen cores of Aglasun, Gravgaz and Bereket do not have records covering
this period, and so the next pollen core to discuss is Pinarbasi. This is a site at 1034 m elevation.
Pollen zone 1 is devoid of tree pollen during the early Holocene period and consists mainly of
NAP, predominantly Artemisia steppe. This is represented well in Figure 8-10 as Pinarbasi is
found in a particularly arid depression. It is likely that under a scenario of low temperature and
precipitation the areas would have been predominantly steppe and montane steppe, with some
small areas providing areas for Pinus and Cedrus to survive. If this climate scenario also applied
to Aglasun, Gravgaz and Bereket, these areas can also be expected to reflect montane steppe

during this period.

In the next pollen zone, there is a rapid expansion of Pinus, until it forms ~95% of the pollen

proportion. In comparison to Karamik, the best fitting model is S9-MR1, which has higher than

251



modern winter precipitation (+100 mm), but still reflects low temperatures (-8°C). This
suggests slightly more precipitation was available in this area than in the interior. The result is

an increase in Pinus nigra, Abies, Quercus cerris, grassland and shrubland around the coring site.

inter precip. -200mm, Average temp. -8°C
Species / Vegetation type

Figure 8-10 Local vegetation model output around Pinarbasi under S8-MRs
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Figure 8-11 Local vegetation model output around Pinarbasi under S9-MR1

Moving further south again, and at slightly lower elevation, the intramontane site of Golhisar
(~900m asl) reflects moderate Pinus levels, high NAP, a small amount of Quercus cerris and
coccifera input and very low pollen influx in zone 1. This zone is best correlated with a scenario
of cold temperatures (-8°C) but +200 mm precipitation (S9-MR2). As pollen influx in this zone is
very low, the evergreen Quercus pollen may have appeared through long-distance travel. The
modelling results support this as Quercus coccifera is not retrodicted to occur within the area of

interest (Figure 8-12)

During the next Golhisar zone (2a), the best correlation between simulated pollen and analytical
pollen was reached with a scenario of modern temperatures, and +300 mm winter precipitation
(S7-MR3). Under this magnitude of increased winter precipitation, the model predicts an
increase in deciduous species, particularly Quercus coccifera, but also Betula, Carpinus, Olea and

Vitis, and a small increase in Pinus nigra, Abies and grassland. It also predicts a decrease in
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steppic indicators, Fraxinus and Juniperus. Figure 8-13 shows vegetation model output for this

scenario, showing widespread Quercus coccifera, and a mixture of Abies, Carpinus, Quercus cerris

and Juniperus at higher elevations. It is tentatively suggested that this site may show the

potential expansion limit of Quercus coccifera at around 8 Cal ka yr BP.

A
Legend

Pollen cores

! * Pollen cores

Species / Vegetation type

Vitis vinifera
A O=zeuropeze
[ -
=

Pinus nigra - =

® Quercus coocikra
Quercus cerris ! =
Pinus bruta " “ 1 "
Bstuls pendula
Abies alba
Ceresl and Grassiand
Fagus sylvatcs
Juniperus oxycedrus
Picea abies
Platmnus orientalis
Shrubland
Tilia cordata f
Cedrus libani
Populus nigra
Modern lskes
w

) L el =)

Kilometers
Sources: Esiid

Delorme, NAVTEQ! |

Figure 8-12 Local vegetation model output around Gélhisar under a model run S9-MR2
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Figure 8-13 Local vegetation model output around Gélhisar under model run S7-MR3

The high elevation site of Sogiit (~1400 m) is the next site that has pollen records for this
period. Figure 8-14 displays the model output that best matches analytical pollen from zone 3,
which represents the period up to at least