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Abstract
This thesis presents reconstructions of the vegetation and climate history of the Eastern
Mediterranean region during theHolocene, based on a comprehensive pollen data set, the
development and application of new reconstruction techniques, and rigorous statistical analyses.
The EasternMediterranean is of interest because it experienced one of the earliest transitions to
permanent agriculture, facilitating the expansion of human populations in the region.
Nevertheless, there were significant changes in population across the region during theHolocene,
as witnessed by rise and o�ten abrupt decline of specific ancient civilizations. There is an ongoing
debate about whether climate changes in�luenced vegetation, which in turn a�fected the
availability of resources for ancient societies, or if human activities altered vegetation and
subsequently those changes impacted the climate. The current uncertainty arises from a focus on
records from individual sites and the lack of a comprehensive regional understanding of
vegetation and climate history. Understanding historical events in the EasternMediterranean
region necessitates robust reconstructions of the vegetation and climate in the region during the
last 12000 years in order to disentangle the causal factors underpinning observed changes in
vegetation and societal events in the region.

The thesis leverages the EasternMediterranean-Black Sea-Caspian Corridor (EMBSeCBIO) project,
which collectedmodern and fossil pollen data for the EasternMediterranean region, to develop or
apply statistically based predictivemodels for vegetation and climate reconstruction.
Standardized data syntheses, when analysed using statistical techniques, are an e�fective tool for
generating objective regional environmental reconstructions, addressing uncertainties and
reducing analytical biases.

In this thesis, a new technique for reconstructing vegetation is developed and calibrated by using
amodern pollen training dataset to characterize the composition and variability in the abundance
of pollen taxawithin di�ferent biomes. The new technique performs better than existing
vegetation reconstructionmethods, ismore robust when applied to pollen time series, and allows
the explicit recognition of assemblages that have no analogue in themodern vegetation. This new
methodwas then applied to fossil pollen data from the EasternMediterranean region to predict
changes in vegetation types through theHolocene. These reconstructions were used to address
several controversies about the regional vegetation history. These analyses showed that the
greatest extent of non-analogue vegetation occurred during the early Holocene, the timing of
re-a�forestationwas broadly synchronous across the region, that themaximumexpansion of
temperate deciduous forest occurred between 5.5 and 5 ka, and that the increase in
drought-adapted vegetation in the late Holocenewas regionally heterogeneous.

The thesis addresses climate changes during theHolocene by applying a recently developed
method, frequency-weighted (fx) Tolerance-weightedWeighted Averaging Partial Least Squares
(fxTWA-PLS) to the EMBSeCBIO database in order to reconstruct four climate variables crucial to
vegetation growth and relevant to humanwell-being. Reconstructions were obtained for the
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mean temperature of the coldestmonth (MTCO),mean temperature of thewarmestmonth
(MTWA), growing degree days above a threshold of 0° C (GDD0) and plant-availablemoisture,
represented by the ratio of actual to equilibrium evapotranspiration (α), for 71 individual pollen
records. The reconstructions were comparedwith independent evidence for climate changes and
with climatemodel simulations in order to identify the drivers of observed changes. The
glacial-Holocene transition and the early part of theHolocenewere characterised by conditions
colder and drier than present. Rapid increases in temperature andmoisture occurred between ca
10.3 and 9.3 ka, which is considerably a�ter the end of the Younger Dryas.MTCO showed a gradual
increase from 9 ka to the present, indicating that winter temperatures were forced by orbitally
induced increases in insolation during theHolocene.MTWAalso showed an increasing trend
from 9 ka to 5 ka, followed by a gradual decline towards present-day conditions. The initial
increase in summer temperature is not consistent with a response to orbital forcing, but
comparisonwith climatemodel simulations suggests that a delayed response to summer
insolation changes is likely a re�lection of the persistence of the Laurentide and Fennoscandian ice
sheets; summer cooling post-5 ka is consistent with the expected response to insolation changes.
A�ter the initial rapid increase in plant-availablemoisture between 11 and 9.3 ka, subsequent
changes were small.

This thesis represents the first e�fort to obtain a comprehensive and quantitative reconstruction of
regional vegetation and climate changes in the EasternMediterranean. In addition to providing a
secure foundation for documenting the environmental history of the region through the
Holocene, it also provides the necessary basis for understanding historical events and their
potential impact on the regional vegetation. It has resolved a number of persistent controversies
about the nature of regional vegetation changes and provides a resource to explore the remaining
controversies about the interaction between climate, vegetation and human activities in a region
that is of great interest tomultiple scientific communities.

8



Contents
Declaration............................................................................................................................................. 2
Acknowledgments................................................................................................................................. 3
Agradecimientos....................................................................................................................................4
Impact statement...................................................................................................................................5
Authors contributions........................................................................................................................... 6
Abstract................................................................................................................................................... 7
Contents.................................................................................................................................................. 9
Chapter 1. Introduction........................................................................................................................ 12

1.1 Relevance of vegetation and climate reconstructions for the EasternMediterranean.......... 12
1.2 Reconstructing vegetation frompollen....................................................................................14

1.2.1 Overview of the pollen-vegetation relationship for reconstructing vegetation........... 14
1.2.2Methods for palaeovegetation reconstruction...............................................................16

1.3 Reconstructing climate frompollen.........................................................................................24
1.3.1 Overview of the plants-climate relationship for reconstructing climate......................24
1.3.2Methods for palaeoclimate reconstruction.................................................................... 25

1.4 Paleoenvironmental controversies in the EasternMediterranean........................................ 30
1.5 Overall purposes and thesis outline......................................................................................... 32
1.6. References.................................................................................................................................33

Chapter 2. A newmethodbased on surface-sample pollen data for reconstructing
palaeovegetation patterns..................................................................................................................53

2.1 Abstract...................................................................................................................................... 53
2.2 Introduction.............................................................................................................................. 54
2.3Materials andMethods............................................................................................................. 57

2.3.1 Pollen and vegetation data..............................................................................................58
2.3.2 Biome characterization...................................................................................................60
2.3.3 Calculation of the dissimilarity and similarity scores.................................................... 61
2.3.4 Evaluation of themodern biome reconstructions.........................................................62
2.3.5 Impact on the �lickering switch problem....................................................................... 63
2.3.6 Estimation and evaluation of biome analogue thresholds...........................................64

2.4 Results....................................................................................................................................... 64
2.4.1Within-biome variability in the training dataset.......................................................... 64
2.4.2 Assessment of themodern reconstructions.................................................................. 65
2.4.3 Impact of choice of training dataset...............................................................................68
2.4.4 Comparisonwith reconstructions using the biomisationmethod.............................. 69
2.4.5 Reconstruction stability.................................................................................................. 70
2.4.6 Assessment of the approach for non-analogue detection............................................ 71

2.5 Discussion.................................................................................................................................. 71
2.6 Conclusions............................................................................................................................... 74

9



2.7 References................................................................................................................................. 75
2.8 Supplement...............................................................................................................................83

Chapter 3.Holocene vegetation dynamics of the EasternMediterranean region: old
controversies addressed by anewanalysis...................................................................................... 121

3.1 Abstract..................................................................................................................................... 121
3.2. Introduction............................................................................................................................ 122
3.3. Materials andMethods.......................................................................................................... 124

3.3.1. Application to fossil records.......................................................................................... 125
3.3.2. Non-analogue vegetation types...................................................................................126
3.3.3. Timing of the early Holocene forest expansion...........................................................126
3.3.4. Timing ofmid-Holocene expansion of temperate deciduous forest......................... 127
3.3.5. Evaluation of the expansion of drought-tolerant vegetation in the late Holocene...127

3.4. Results.....................................................................................................................................128
3.4.1. Prediction accuracy of themodern core-top reconstructions.....................................128
3.4.2. Non-analogue vegetation types.................................................................................. 129
3.4.3. Post-glacial forest expansion........................................................................................ 131
3.4.4. Temperate deciduous forest.........................................................................................132
3.4.5. Late Holocene forest dynamics.................................................................................... 132

3.5. Discussion............................................................................................................................... 136
3.6. Conclusions............................................................................................................................. 139
3.7. References.............................................................................................................................. 140
3.8. Supplement.............................................................................................................................151

Chapter 4. Pollen-based reconstructions ofHolocene climate trends in the eastern
Mediterranean region........................................................................................................................164

4.1 Abstract.................................................................................................................................... 164
4.2. Introduction............................................................................................................................165
4.3. Methods.................................................................................................................................. 166

4.3.1. Modern pollen and climate data.................................................................................. 166
4.3.2. Fossil pollen data.......................................................................................................... 167
4.3.3. Climate reconstructions............................................................................................... 168
4.3.4. Construction of climate time series............................................................................. 169
4.3.5. Climatemodel simulations.......................................................................................... 169

4.4. Results..................................................................................................................................... 171
4.4.1. Performance of the fxTWA-PLS statisticalmodel........................................................ 171
4.4.2. Holocene climate evolution in the region................................................................... 172
4.4.3. Comparisonwith climate simulations......................................................................... 177

4.5. Discussion...............................................................................................................................180
4.6. Conclusions.............................................................................................................................183
4.7. References.............................................................................................................................. 184
4.8. Supplementary.......................................................................................................................193

10



Chapter 5. Discussion.........................................................................................................................224
5.1 The use of large-scale pollen data syntheses for addressing uncertainties in the
reconstruction of vegetation and climate................................................................................... 224
5.2Widely applicable approaches...............................................................................................229
5.3 Insights into the Environmental History of the EasternMediterranean from comparing
reconstructions.............................................................................................................................230
5.4 Future research directions...................................................................................................... 234
5.5 References................................................................................................................................235

11



Chapter 1. Introduction

1.1 Relevance of vegetation and climate reconstructions for the Eastern
Mediterranean

Reconstructing vegetation and climate changes in the EasternMediterranean over the past 12,000
years is crucial as a foundation for understanding the natural and social events that have shaped
the history of the region. The Eastern Mediterranean has been the scene of significant historical
occurrences, including the adoption of agriculture as the primary form of subsistence during the
Pleistocene-Holocene transition. The region has also witnessed the development and decline of
several major civilisations. For example, there was a major cultural discontinuity between the
Neolithic and the Bronze Age (between ca. 6300 and 5000 cal. yr. BP) in the southeastern part of
the Balkans and the Aegean regions (Tsirtsoni, 2014; Lespez et al., 2016; Rascovan et al., 2019), the
Akkadian empire in Mesopotamia terminated abruptly at ca. 4200 yrs. BP (Weiss, 1982; Szczęsny,
2016) and many cities from Greece to Egypt were abandoned during the Late Bronze Age ca. 3200
BP (Dickinson, 2012; Drake, 2012). It has been argued that environmental factors played a primary
role in driving these cultural events (Weiss, 2012; Bar-Yosef et al., 2017; Kaniewski & Van Campo,
2017; Weiss, 2017; Sinha et al., 2019) as human subsistence is closely tied to climate because
agricultural productivity relies on suitable environmental conditions. There have been significant
�luctuations in climate during the Holocene (Wanner et al., 2008; Wanner, 2021) which could
have impacted subsistence systems su�ficiently to lead to societal destabilization. However, it has
also been argued that socio-political, economic, or technological changes may have been more
important than climate change. Examples of these factors include increased social inequalities,
concentration of power, economic consequences of heavy irrigation leading to soil salinization
and reduced production, and advancements in irrigation systems (Carozza et al., 2015;Middleton,
2018; Sołtysiak & Fernandes, 2021; Groucutt et al., 2022). It has also been emphasised that the
ability of a society to respond and adapt to climatic stressesmay vary andwill a�fect the apparent
response to climate changes (Degroot et al., 2021).

The fall of the Akkadian Empire is one of the best-documented examples of social changes and
serves as an example of the ongoing debate about the role of climate and cultural factors. The
collapse of the Akkadian Empire at ca. 4200 years BP lead to the abandonment of urban
settlements in northern Mesopotamia and the shi�t from agriculture to pastoralism as the main
subsistence strategy (Weiss et al., 1993; Weiss, 2017). The scarcity of resources, particularly grains,
lead to stresses on the population and political instability and ultimately the collapse of the
Akkadian Empire. This, in turn, led to increasing pressure on Third Dynasty of Ur civilization from
refugees from the north moving southward and, coupled with grain shortages, led to the
subsequent collapse of that civilisation. Some paleoclimatic records indicate that this interval was
characterised by drought conditions in the eastern Mediterranean region (Cullen et al., 2000;
Drysdale et al., 2006; Bar-Matthews et al., 1999; Sinha et al., 2019), whichwould certainly have led
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to conditions unfavourable for the growth of crops. However, the magnitude of this drought is
rarely quantifiable and the signal is di�ficult to compare both between palaeoclimate records and
with societal evidence because of di�ferences in the temporal resolution of the records.
Furthermore, not all regional climate records show a signal of drought (McMahon, 2006; Ön et al.,
2021). Indeed, there are uncertainties about the chronology of the Akkadian Empire, including the
possibility that the empire emerged during the drought rather than before it (Zettler, 2003;
Sallaberger, 2007; Riehl et al., 2014). Critics of the drought-driven collapse model have argued
that complex societies continued to exist uninterrupted in the region even a�ter the collapse of
Akkadian elite palace structures (Zettler, 2003; Wossink, 2009) and have questioned whether
alternative factors, such as the desire for independence among Mesopotamian city-states,might
have beenmore important in explaining the observed societal changes (Middleton, 2018).

Investigating what factors constrained population growth, why agricultural economies emerged,
spread, declined, or intensified, and how humans responded to abrupt environmental changes
are regarded as priority questions for archaeology (Kintigh et al., 2014). However, an
understanding of past climate-society dynamics is not possible without robust reconstructions of
regional climate and climate-induced vegetation changes (Degroot et al., 2021). This involves
environmental reconstructions based on appropriate data, with appropriate temporal resolution
and spatial coverage, and performed using adequate statistical methods that allow the
identification of genuine trends or anomalies, the cause of which can be explored in a way that
allows the in�luence of climate and human activities on the environment to be disentangled
(Degroot et al., 2021).

Much of the uncertainty around the question of whether climate in�luenced vegetation, and
hence the resources available to people, or whether people altered the vegetation and hence
impacted climate, re�lects the focus on evidence from individual sites and a largely subjective
interpretation of the data for reconstructing vegetation and climate changes. Relying on the
interpretation of individual sites to obtain a regional picture is challenging because of the
potential for idiosyncrasies between individual records due to site-specific di�ferences. Comparing
individual records can be hindered by variations in the quality of the agemodels, or di�ferences in
temporal resolution and reconstruction methods (Sadori et al., 2011; Bini et al., 2019). Regional
paleoenvironmental data compilations o�fer an alternative because they necessarily imply
standardising the data and the agemodels, which facilitates comparison across records but,more
importantly, enables the application of uniform statistical analyses to tackle uncertainties in
environmental reconstruction (Harrison, 2017) and minimizing subjective interpretation (e.g.
Parker et al., 2021; Parker &Harrison, 2022).

The goal of my thesis is to exploit the advantages of large-scale pollen data compilations,
specifically drawing on the Eastern Mediterranean-Black Sea-Caspian Corridor (EMBSeCBIO)
database (Cordova et al., 2009; Marinova et al., 2018; Harrison, Marinova, et al., 2021). I first
improved the EMBSeCBIO database by incorporating new sites and constructing new agemodels.
I then used these data to develop statistically-based reconstructions of vegetation and climate
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changes in the Eastern Mediterranean during the past 12,000 years. These reconstructions, in
turn, will make it possible to examine whether societal changes were a response to climate and
environmental changes or whether societal changes contributed to changing the environment
and climate.

1.2 Reconstructing vegetation frompollen

1.2.1 Overviewof the pollen-vegetation relationship for reconstructing vegetation

A vegetation type, or biome, is defined as a collection of plant taxa that occur within a specific
bioclimatic range. While individual plant species may have unique responses to climate, species
within a biome generally share similar climatic preferences and can coexist and interact with each
other (Fig. 1.1) (Pausas & Bond, 2021). The interactions between species are particularly important
for plant assemblages in water-stressed environments (Figure 1.1 b) such as those typical of the
Eastern Mediterranean (Michalet et al., 2006; Valiente-Banuet et al., 2006; Verdú et al., 2021).
Climate plays a predominant role in determining the distribution of plant species, and various
approaches have been used to define biomes based solely on climate. Some examples of
vegetation classifications based on this approach are Schimper et al. (1903),Whittaker, (1970) and
Walter (1973). Alternatively, biomes can be defined based on plant physiognomy, which considers
the dominant or mixed growth forms of plants (Woodward et al., 2004). This approach takes
climate into account as a principal driver but also considers other factors such as soil type,
interactions among species, and fire regimes that are also important in shaping plant
communities (Pausas & Bond, 2021). One advantage of using the plant physiognomy approach is
that it allows vegetation to be classified at di�ferent resolution levels, ranging from fine-scale
classifications (e.g. sclerophyllous shrublands or heathlands) to intermediate-scale classifications
(e.g. shrublands), and coarse-scale classifications (e.g. open vegetation) depending on the
purposes of the classification (Pausas & Bond, 2021). In contrast, defining biomes solely based on
climatic distribution can blur the distinction between vegetation and climate and overlook the
underlying processes that shape vegetation patterns (Woodward et al., 2004). The way a
vegetation type (or biome) is defined is important for palaeovegetation reconstruction because it
determines the target for palaeovegetation reconstruction and the assumptions incorporated in
themethod for reconstructing vegetation frompollen.

There are several possible sources of information about past vegetation, including plant
macrofossils, pollen, ancient DNA, and biomarkers. However, pollen is themost abundant source
of past terrestrial environmental conditions and has been widely used to reconstruct past
vegetation and climate changes (see Prentice, 1988; Prentice et al., 2000; Bartlein et al., 2011).
Pollen grains are highly resistant to decay because their outer wall or exine is made of
sporopollenin biopolymer, which is extremely tough (Mackenzie et al., 2015). The shapes, sizes,
and surface characteristics of pollen grains allow identification of individual plant taxa,
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sometimes to species level. Pollen assemblages, preserved in anoxic sediments that have been
dated, provide a record of changing vegetation composition through time.

There is a relationship between the regional vegetation cover and the abundance of taxa in
modern pollen assemblages that have been extensively studied to reconstruct past vegetation
dynamics and understand changes in plant communities over time (e.g. Davis, 1963; Livingstone,
1968; Webb, 1974; Prentice, 1983; Broström et al. 2008; Li et al., 2011; Dawson et al., 2016). These
studies have shown that pollen samples can be used to represent the source vegetation, but there
are considerations to take into account. The sampling area of the pollen record, which is related to
the type of record (e.g., lake core, moss polster) and the size of the basin, is a crucial factor in
representing the regional vegetation. This concept is known as the pollen source area theory
(Tauber, 1965; Janssen, 1973; Prentice, 1985; Sugita, 1993). The size and characteristics of the
sampling area can in�luence the composition of the pollen assemblage and its representation of
the vegetation. However, there are factors that complicate the direct interpretation of pollen taxa
abundances as a re�lection of vegetation plant abundances because they in�luence the
composition of the pollen record (Prentice, 1988 provides a comprehensive review of these
factors). One important consideration is the pollen productivity of di�ferent plant taxa. Some
plant taxa produce a large amount of pollen, such as Poaceae (grasses), while others produce less,
such as Larix (larch), or rely on insect pollination, like Acer (maple). These di�ferences in pollen
productivity can skew the representation of plant abundances in the pollen record. Another factor
to consider is the transportability of pollen grains. Some plants have pollen grains that are easily
dispersed by wind (e.g. Pinus), while others have heavier or less aerodynamic pollen grains that
are less easily transported (e.g.Malvaceae) (Dyakowska, 1936).

Figure 1.1 Pattern of species responses along a climate
gradient only considering climate drivers (a), and also
considering biotic interactions (b), in the example
figure, the presence/absence of shade. The biotic
interactions or disturbance regimes can prevent species
from occupying all suitable habitats. Thus, in the
intermediate levels of the gradient, species thatmay
coexist when considering climate only (a) are not really
coexisting. Redrawn fromPausas and Bond (2021).

Pollen records can vary in the level of taxonomic identification, o�ten chosen based on research
purposes or available resources. The level of taxonomic identification impacts the precision and
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detail at which vegetation can be reconstructed, as di�ferent species within a genus or familymay
have di�ferent life forms and phenologies. For example, in theMediterranean region, Pinus can be
both an arctic dwarf shrub (e.g. dwarf mountain pine: Pinus mugo) or a warm-temperate
sclerophyll tree (e.g. Aleppo pine: Pinus halepensis; stone (or umbrella) pine: Pinus pinea). The
Malvaceae family includes both warm-temperate low-to-high shrubs/small trees (e.g. tree
mallow: Malva eriocalyx) and a drought tolerant forb (e.g.Malva cretica). The genus Erica genus can
be both a xerophytic shrub (e.g. Erica multi�lora) and warm-temperate low-to-high shrub/small
tree (e.g. Erica arborea).

The information carried by pollen to reconstruct the vegetation can be analyzed through several
methods. The simplest method for reconstructing vegetation from pollen involves qualitatively
interpreting pollen percentages. This method implicitly deals with di�ferences in pollen
productivity by excluding taxa with high pollen productivity (e.g., Cyperaceae) from the total
pollen sum and upweighting taxa with low pollen production that nevertheless represent a
significant component of the vegetation assemblage (e.g. Larix). These diagrams are then
interpreted in terms of climate based on expert knowledge of the regional vegetation and the
characteristics of the pollen record. While this subjective interpretation has proven valuable for
characterizing broadscale vegetation changes, for example, changes in the abundance of forest
taxa, is highly dependent on the analyst and thus di�ficult the comparisons between records.
Alternative methods have been developed, including biomisation, modern analogue
reconstructions, and explicit modelling of pollen production and dispersion that are base on
taking into account the relationship between pollen and vegetation.

The following section provides a brief overview of the main quantitative methods, and their
respective advantages and disadvantages. This assessment underpins my research to utilize the
strengths of two di�ferent methods to develop a novel technique for reconstructing vegetation
thatmitigates theweaknesses associatedwith existing approaches.

1.2.2Methods for palaeovegetation reconstruction

Biomisation technique

The concept of using Plant Functional Types (PFTs) to define biomes in pollen analysis for
vegetation reconstruction was introduced by Prentice et al. (1996). This approach involves
categorizing biomes based on plant physiognomy, i.e. on the mixture of dominant growth forms
of plants within a given area. The concept of PFTs captures the in�luence of various environmental
factors on the formation and characteristics of di�ferent biomes (e.g. climate, fire regimes, soil
type and herbivory) (Prentice et al., 1992; Woodward et al., 2004; Pausas & Bond, 2021). In the
approach proposed by Prentice et al. (1996), biomes are defined as a combination of PFTs that are
themselves defined based on specific plant traits. These traits include growth form (e.g., tree,
shrub, herb), leaf form (broad-leaved, needle-leaved), phenology (evergreen, deciduous), and
bioclimatic limits (e.g. cold-tolerant, drought-adapted). Prentice et al. (1996) defined the
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temperate deciduous forest biome, for example, as a combination of the boreal summer green
tree, cool-temperate needle-leaved tree, eurythermic needle-leaved tree, temperate summer
green tree, and cool-temperate summer green tree PFTs. Similarly, they defined the xerophytic
woods/scrub biomes as consisting of the warm-temperate sclerophyll shrub, warm-temperate
broad-leaved evergreen tree/shrub, and eurythermic needle-leaved tree PFTs.

The biomisation technique is based on the assignment of pollen taxa into PFTs (expressed in a PFT
- taxon matrix) and the subsequent definition of biomes as a mixture of dominant PFTs
(expressed in a biome - PFT matrix). This allows pollen taxa to be transferred into biomes
(expressed in a 0 - 1, absence-presence, biome-taxonmatrix). The allocation of pollen taxa to PFTs
and of PFTs to biomes is made on the basis of expert knowledge of the �lora of a specific region. A
similarity index (Equation 1.1) is used to estimate the a�finity of a given pollen sample for each of
the defined biomes, taking into account the abundance of each taxon in the sample. A square root
transformation of the pollen abundances is used to reduce the e�fect of variability in pollen
production, bringing the extreme values closer to the mean. A threshold value (usually 0.5%) is
used to remove the noise caused by taxa that are present in low abundance on the assignments.
The pollen sample is then assigned to the biomewith the highest a�finity score.

𝐴
𝑖𝑘

= Σ
𝑗
 δ

𝑖𝑗
 𝑚𝑎𝑥 0, 𝑝

𝑗𝑘
− θ

𝑗( )[ ]{ } 

Equation 1.1. Biomisation similarity index. Aik is the a�finity of pollen sample k for biome i; summation is over all taxa
j; 𝛿ij is the entry in the biome - taxonmatrix for biome i and taxon j; pjk are the pollen percentages, and 𝜃j is a threshold
pollen percentage (usually set at 0.5% abundance). The square-root operation stabilizes variance and increases the
sensitivity of themethod to less abundant taxa.

The accuracy of biomisation is assessed by comparing biome predictions based on modern
samples against a target vegetation map, either visually or through a comparison (confusion)
matrix. Biomisation is an iterative process: depending on the accuracy of the initial
reconstructions, the taxa-PFT and the PFT-biome matrices are adjusted to reduce
misclassifications. This is necessary, in part, because some taxa could be assigned tomultiple PFTs
and it is necessary to determine which PFTs they are most likely to represent in a given region.
Similarly, there is some uncertainty caused by including all constituent PFTs and in some cases a
better prediction is obtained by only using PFTs that are dominant or highly characteristic of a
given biome.

Biomisation is the most widely used method to reconstruct past vegetation based on pollen
records (Prentice et al., 1996; Prentice&Webb, 1998; Jolly et al., 1998; Tarasov et al., 1998;Williams
et al., 1998; Yu, 1998; Allen et al., 2000; Edwards et al., 2000; Elenga et al., 2000; Takahara &
Takeoka, 1992; Thompson & Anderson, 2000;Williams et al., 2000; Yu et al., 2000; Harrison et al.,
2001; Marchant et al., 2001; Bigelow et al., 2003; Pickett et al., 2004; Allen & Huntley, 2009;
Marchant et al., 2009; Tarasov et al., 2013) because it provides good reconstructions of vegetation
at the sub-continental scale, has the advantage of being simple and does not require an extensive

17



modern training data set. However, the subjective classification of taxa to PFTs and PFTs to biomes
can cause problems given the limited taxonomic resolution of most pollen assemblages. Taxa
identified at genus or family level can frequently be assigned tomore than one PFT, and therefore
contribute to the similarity score for multiple biomes where these PFTs are present, and similarly
PFTs may be present in multiple biomes but not characteristic of every biome. Grasses (Poaceae),
for example, are present in practically all vegetation types, although they are most characteristic
of open vegetation, such as woodlands, shrublands or steppe. The inclusion of the grass PFT in
every biome could therefore make it di�ficult to discriminate between forests and open
vegetation. One solution to this problem is to define biomes in terms of characteristic PFTs.
However, this could make it di�ficult to account for within-biome variability in the abundance of
characteristics PFTs. For example, shrubs are characteristic of thewarmer/wetter end of the tundra
biome but become less abundant as conditions become colder or drier, resulting in considerable
variability in the proportion of shrubs present in samples assigned to this biome (see e.g. Edwards
et al., 2000). One approach to solving this problemhas been the introduction of additional biome
types, for example distinguishing shrub tundra from graminoid and forb tundra as was done by
Bigelow et al. (2003), but clearly this proliferationwouldmake large-scalemapping of vegetation
changes problematic (Prentice et al., 2000). A further problem with the biomisation approach is
that taxa that are present in low abundances can introduce confusion in the assignment to
biomes. The introduction of a threshold value for including taxa was designed to minimise this
problem, but can be counterproductive when there are characteristic taxa that produce little
pollen (e.g. Larix in the cold deciduous forest) and, even if they are not removed by the threshold,
would be given very little weight in the biome assignment. One solution to this problemhas been
up-weighting the abundances of such taxa (see e.g. Edwards et al., 2000; Bigelow et al., 2003) but
this necessitates making a subjective and largely arbitrary decision about theweighting to apply.
Another possible solution is to apply specific thresholds for di�ferent taxa, a higher value for
species that produce a large amount of pollen, and a lower threshold for taxa that produce little
pollen (Williams et al., 2000), but this assignment is also subjective and can vary between
regions.

Even when defining biomes in terms of their most characteristic PFTs, there is still a problem in
that some PFTs can be dominant in several di�ferent biomes and that some biomes are e�fectively
characterised by a sub-set of PFTs present in a related biome. For example, the temperate
deciduous forest is characterised by the dominance of a subset of PFTs that also characterise cool
mixed forest. Prentice et al. (1996) defined a rule for allocating assemblages to a biomewhere the
a�finity score is the same between two biomes, specifically giving preference to the biome with
the greatest number of PFTs included. However, even when applying this rule, the existence of
biomes that are represented by a subset of the PFTs in a closely related biome can result in the
calculation of similarity scores for the two biomes, so-called ties. In the downcore application of
biomisation this can lead to instability, where relatively small changes in pollen abundance of a
taxon in a non-shared PFT can lead to switches between biomes (o�ten called the �lickering switch
problem: Allen&Huntley, 2009).
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However, perhaps the most important limitation of the biomisation technique is the reliance on
expert knowledge and the necessity for an iterative approach to optimise the allocation of taxa to
PFTs and PFTs to biomes. This subjectivity has led to the creation of di�ferent schemes for di�ferent
regions, which in turn makes comparisons of regional reconstructions di�ficult (Williams et al.,
1998; Prentice et al., 2000).

The LandscapeReconstructionAlgorithm (LRA)

The Landscape Reconstruction Algorithm (LRA) is an approach that tries to account for the
complexities that in�luence the pollen rain sample. LRA is a mathematical method that involves
modelling the relative contributions of di�ferent pollen sources to the pollen signal observed in
sedimentary deposits, considering the factors involved in this process including specific-taxon
pollen productivity (RPPs: Relative Pollen Productivity Estimates), modes of dispersal dependent
on pollen grain physical properties and local geophysical factors, and the abundance of source
vegetation types in the study area. The model is used to estimate the proportion of each type of
vegetation in the landscape, which can be reconstructed at two di�ferent scales by using the two
models (Sugita et al. 2007), first at a regional scale with the Regional Estimates of VEgetation
Abundance from Large Sites (REVEALS: Sugita, 2007a)model that uses pollen frommultiple sites
(≥104 km2), and then at a local scale (relevant source area of pollen) with the Local Vegetation
Estimates (LOVE: Sugita, 2007b) model that uses pollen from smaller sites (≥ca. 1-5 km radius,
relevant source of pollen sensu Sugita, 1993) (Githumbi et al., 2022).

The REVEALS model has been widely employed to produce reconstructions of the regional
changes in vegetation abundance and land use in large parts of the North Hemisphere. This
model has found application in various regions, including Sweden (Hellman et al., 2008b, 2008a;
Mazier et al., 2008; Cui et al., 2014), the Swiss plateau (Soepboer et al., 2010), parts of USA (Sugita
et al., 2010), northern Asia (Cao et al., 2019), northern subtropical China (Li et al. 2020, 2023) and
Europe as a whole (Trondman et al.,2015, Githumbi et al., 2022; Serge et al.,2023). However, a
major limitation of REVEALS is that is data demanding as the inputs of REVEALS model are
original pollen counts, relative pollen productivity estimates (RPPs) and their standard deviation,
the fall speed of pollen grains (FSP), basin type (lake or bog), size of basin (radius), maximum
extent of regional vegetation, atmospheric conditions and wind speed (m s−1). The FSP can be
calculated using measurements of the pollen grains and Stokes’ law (Gregory, 1973) and thewind
speed, atmospheric conditions, and maximum extent of regional vegetation are generally
assumed and input as constant values.

The RPP is a crucial parameter to obtaining a good accuracy of the REVEALSmodel (Sugita, 2007a;
Broström et al., 2008). RPPs are derived from modern pollen rain studies, where the amount of
pollen produced by di�ferent plant species is measured in relation to their abundance in the local
vegetation assessed by extensive fieldwork to characterise vegetation around each site. Thus,
RPPs are coe�ficients that represent the relationship between pollen production by a plant taxon
and its abundance in the vegetation. These estimates are then used in the LRA to model the
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dispersal of pollen from source vegetation to the sedimentary deposits, taking into account the
relative productivity of di�ferent plant species. Despite its significance, obtaining RPPs poses
several challenges. RPPs rely on the comparison of modern pollen assemblages with vegetation
composition. Obtaining representative modern reference data for all plant taxa in a given region
requires extensive field surveys and pollen sampling across various vegetation types, which may
not be feasible or logistically possible in some areas. though RPPs have been estimated for a
reasonable number of European plant taxa. Githumbi et al. (2022) synthesized 39 plant taxa from
boreal and temperate Europe, including 22 herbs or low shrubs. They also examined 22 plant taxa
from Mediterranean Europe, with seven taxa in common with the first region. Serge et al. (2023)
expanded Githumbi et al. (2022) synthesis by adding RPP values for 13 more additional
entomophilous taxa. However, RPPs have only been collected for 18 taxa in the Eastern
Mediterranean region. Filipova-Marinova et al. (2010) obtained RPPs for 5 Tertiary-relict species,
while Grindean et al. (2019) obtained them RPPs for 13 taxa (6 families, 5 genus and 2 species) of
the Romanian forest steppe. The scarcity of RPPs from the region is a limitation for the
application of the REVEALS approach to the Eastern Mediterranean region, given the extensive
taxonomic diversity represented by the EMBSeCBIO fossil dataset, which includes over 200 taxa.

One approach to address the scarcity of RPPs for certain regions is to use REVEALSwithout pollen
productivity estimates (PPE) (ROPES: REVEALS without PPEs) (Theuerkauf & Couwenberg, 2018).
This approach consists of assessing how appropriate is to use PPEs values obtained from another
region (or a random value) in the REVEALS model to reconstruct the abundance of plants by
assessing how constant the ratio between the pollen accumulation rate of a taxa (PAR) and the
plant abundance reconstructed by REVEALS along a pollen record. If the PPE used is correct and
appropriate for the interest region, this ratio will be constant over time otherwise, the ratio will
instead vary. This is under the assumption that the changes in plant abundance are linearly
represented in the observed pollen accumulation rate (PAR). ROPES preserves all the other
assumptions of the REVEALS model and still needs information on parameters such as speed of
pollen grains (FSP), basin type (lake or bog), size of the basin (radius), the maximum extent of
regional vegetation, atmospheric conditions and wind speed (m s−1). However, the most
important limitation of this method is that it can only be applied in well-dated, high-resolution
pollen records with substantial variation present in each pollen type and low noise in the PAR data
(Theuerkauf & Couwenberg, 2018, 2022). This means that it would be unsuitable, for example, for
application in the eastern Mediterranean region, where most of the records are of moderate
resolution, or indeed formany other regions of theworld.

Themodern analogue technique (MAT)

The Modern Analog Technique (MAT) is a statistical method that is based on measuring the
degree of similarity or distance between fossil pollen samples and a collection of modern pollen
samples to attribute the properties of the modern assemblages to the fossil assemblagewith the
highest similarity (or the highest analogy). The technique has been applied both to reconstruct
vegetation types (Overpeck et al., 1985; Jackson&Overpeck, 2000; Janská et al., 2017; Chytrý et al.,
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2019; S. Liu et al., 2021; Jackson & Williams, 2004; Correa-Metrio et al., 2012; Caballero-Rodríguez
et al., 2017; Zanon et al., 2018) and climate parameters (Prentice, 1980; Prentice et al., 1991;
Bartlein & Whitlock, 1993; Gaillard et al., 1994; Davis, 1995; Zhang et al., 2022). For vegetation
reconstruction, MAT is based on the rationale that similar pollen assemblages originate from the
same type of vegetation.While for climate reconstruction,MAT assumes that pollen assemblages
formed under similar climate conditions. MAT has the advantages of being conceptually simple,
the distances are straightforward to calculate and as it does not explicitly model the
pollen-climate relationship, these relationships is not required to be either linear or unimodal.
However, applying MAT requires making several decisions that can impact the reconstruction
accuracy (Lytle &Wahl, 2005;Williams& Shuman, 2008).
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pik = the proportion of pollen type k in sample i, Rk = the range of proportions for pollen type k over all samples, and sk = the
standar deviation of proportions of pollen type k over all samples

Table 1.1Nine distancemetrics for determining dissimilarity between two pollen assemblages (Prentice, 1980;
Overpeck et al., 1985). Equal-weightmetrics standardize the pollen types so that each a�fects the distance value
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equally. Unweightedmetrics do not scale pollen abundance in anyway. Signal-to-noisemetricsmoderately increase
the contribution of rare pollen types (Prentice, 1980). A�ter Gavin et al., (2003).

One decision is the choice of distancemetric tomeasure the similarity between fossil andmodern
pollen samples. Several metrics to measure the distance between two samples have been
proposed (Prentice, 1980; Overpeck et al., 1985). There are three types (Table 1.1) di�fering in how
much weight is applied to rare pollen types. Although there are metrics that perform better for
certain types of vegetation (e.g. Oswald et al., 2003) or that perform similarly well (see Gavin et al.,
2003), the squared chord distance (SCD) is routinely chosen in MAT, as it performs well across
di�ferent pollen assemblages (Overpeck et al., 1985; Gavin et al., 2003).

One crucial decision is the selection of the geographical and taxonomic extent of the modern
dataset. In MAT each modern sample represents a unique example of vegetation with a unique
combination of taxa and taxon abundances. However, the information content of an analogue is
typically carried by themore dominant pollen taxa, particularly when signal-to-noisemetrics such
as SCD are used. Thus, rare taxa can introduce noise into the analysis (the shared dominant
species will reduce the dissimilarity, but the presence of less abundant species will increase this
distance). Strategies such as restricting comparisons to themost common pollen types (Overpeck
et al., 1985; Calcote, 1995; Zanon et al., 2018) or using PFTs instead of taxa to reconstruct either
vegetation (Zanon et al., 2018) or climate (Davis et al., 2003;Mauri et al., 2015; Zhang et al., 2022)
have been implemented to reduce this problem. However, as described above in the context of
biomisation, the allocation of taxa to PFTs is a�fected by the taxonomic resolution of the pollen
samples and this means that some taxa could represent multiple PFTs. As in the case of the
allocation of taxa to PFTs in the biomisation approach, the assignment to PFTs is based on expert
knowledge and this introduces a degree of subjectivity into the method. Moreover, comparisons
of the performance of di�ferent distance metrics including some that focus on poorly represented
taxa by equal weighting between taxa, such as Canberra distance, have shown that rare species
are important to di�ferentiate between biomes, especially between those that are similar
(Overpeck et al., 1985; Oswald et al., 2003). In theory, the noise introduced by rare taxa should be
mitigated by enlarging the pool of potential analogues to a wider variety of plant communities.
Recent applications of MAT have focused on expandingmodern datasets to includemore climatic
and ecological variation and thus improve analogue selection. However, expanding the
geographic range of the modern data set o�ten leads to an e�fective decrease in the taxonomic
resolution of pollen data, because the number of species contributing to each pollenmorphotype
increases. As a result, there is a higher risk of inappropriate matches between apparently
analogous pollen samples (Williams & Shuman, 2008). Splitting taxa based on regional variation
has been proposed as a way to reduce the risk of false positives (Williams & Shuman, 2008), but
this means the selection of the pool of modern analogues would be scale-dependent and
dependent on the analyst. Additionally, an extensive pollen modern dataset that could allow
taxonomic regional subgrouping is not available in many regions of the world, including the
EasternMediterranean region, whichwould preclude thewider application of such an approach.
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Another limitation of MAT is the choice of an appropriate threshold for the distances between
modern and fossil samples to define the degree of similarity required for amodern sample to be
considered an analogue of a fossil sample. The threshold can be defined a priori based on expert
knowledge or by choosing a cut-o�f point on the statistical distribution of the distances, for
example, e.g. by using the distribution quantiles (Simpson, 2012). This selection should take into
account the number and geographical or climatic spatial coverage of the modern samples, the
taxonomic diversity of the samples, and the scale of the study (Gavin et al., 2003; Jackson &
Williams, 2004; Overpeck et al., 1992). The routine practice is to use a single threshold, the on-o�f
scheme, to determine whether a sample is similar enough to be considered an analogue.
However, more �lexible schemes such as two-tier schemes, where the first tier (threshold)
represents a likely analogy of vegetation and the second tier defines a potential although less
certain analogue (Davis et al., 1999; Lytle & Wahl, 2005) and the reconstruction is based either on
a single first-tier analogue or two second-tier analogues, have shown better performance. The
conservative criteria of restricting analyses to the "best" analogues, removes from consideration
"good" analogues that also carry useful information (Lytle & Wahl, 2005). Additionally, pairwise
comparison of dissimilarity scores for biomes (through the ROC curve) has shown that threshold
values are di�ferent between biomes (Gavin et al., 2003).When fossil assemblages do not pass the
threshold for having an acceptable modern analogue, thismay re�lect the selected threshold, the
use of a restricted collection of modern samples or because past environmental conditions were
completely di�ferent from the conditions typified by the modern spectra and the fossil
assemblage is indeed a "no-analogue" assemblage.

There may be several potential best analogues, and in such cases, it is general practice to assign an
averaged value of all the analogues to the fossil sample. Averaging can reduce the impact of any
single modern assemblage that might not fully represent the conditions of the fossil sample.
However, how many analogues to take is a subjective decision. When MAT is used for climate
reconstruction, it is possible to average several best analogues. However, when applied to
vegetation reconstruction, this averaging process is not straightforward, and the use of MAT for
combining multiple analogues has remained qualitative or has necessitated refinement through
the use of extra information, such as ratios of pollen types. MAT is sensitive to small changes in
pollen abundance, which can lead to rapid and unrealistic shi�ts in biome assignments downcore,
known as the "�lickering switch" problem.

In summary, while MAT o�fers a simple and �lexible approach for reconstructing vegetation and
climate based on fossil pollen samples, it requires careful decision-making by the analyst,
particularly regarding the geographical and taxonomic extension of themodern dataset, the type
of metric to use and how much weight to give to rare taxa, the choice of threshold for analogues,
and the appropriateness of averaging acrossmultiple analogues.
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Overall

In this thesis, I have taken advantage of di�ferent existing approaches to design a newmethod for
reconstructing vegetation (Chapter 2). The newmethod adopts a similar approach to biomisation
in terms of the classification of vegetation types and uses a similar distance index to estimate the
distance between a fossil sample and the samples from the training dataset. However, similar to
MAT, it uses an extensive modern training data set, as to MAT approaches, to minimise the
subjective decisions inherent in biomisation. The new approach alsomakes use of the ROC curve
to estimate a unique threshold for each biome, allowing the identification of fossil assemblages
that are not analogous to anymodern biome.

1.3 Reconstructing climate frompollen

1.3.1 Overviewof the plants-climate relationship for reconstructing climate

The di�ferent methods for reconstructing climate from pollen all rely on the fact that the
geographic range and abundance of species are largely determined by aspects of climate (e.g.
seasonal temperatures or moisture availability). There are two main sources of evidence
supporting climate as the main determinant of species distributions (Araújo & Peterson, 2012).
Firstly, the geographic distributional limits of species are o�ten found to correspond to specific
combinations of several climate variables (e.g. Woodward & Williams, 1987; Walther et al., 2005;
Harrison et al., 2009), and this is also true for altitudinal ranges (e.g.Wilson et al., 2005; Lenoir et
al., 2008). Secondly, these limits have been shown to change in response to changes in climate,
demonstrated by ongoing climate changes (e.g. with biomes in Gonzalez et al. (2010), with
species in Lenoir et al. (2007), and with ecosystems in Higgins et al. (2023) and to past climate
changes (e.g. Dobrowski et al., 2011). However, it is not always straightforward to model the
vegetation response to climate changes because di�ferent plant species are sensitive to di�ferent
climate variables (Figure 1.2).

The distribution of some species, for example, is controlled primarily bywinter temperature while
other species re�lect growing season temperatures or the availability of water during the thermal
growing season (Harrison et al., 2010). If a species is controlled bywinter temperature, then it
could display amultimodal response to some other aspect of the climate. The perfect equilibrium
between species and climate, where a certain combination of climate variables will determine the
presence and abundance of a given species, is thought to be unrealistic as other factors including
biotic interactions or dispersal constraintsmay prevent or facilitate species from occupying all
suitable habitats (Beale et al., 2008; Huntley, 2012; Araújo& Peterson, 2012).
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Figure 1.2 Potential taxon abundance of Abies in a climatic space defined by growing degree days above a base level of
0°C (GDD0), themean temperature of the coldestmonth (MTCO), and a plant availablemoisture index calculated as
the ratio of annual precipitation to annual potential evapotranspiration (MI). Modified fromWei et al. (2020).

There are several indicators that have been used to infer past climates including 𝛿18O and 𝛿13C
from speleothems (e.g. Bar-Matthews & Ayalon, 2004; Göktürk et al., 2011) or shells (e.g. Dean et
al., 2015), inorganic (e.g. Ti, Mg, Ca, Si) elemental composition of sediments (e.g. Bliedtner et al.,
2020) u organic elements (e.g. alkenones) (Marriner et al., 2022). However, in general, they only
provide inferences about trends in specific climatic variables, such as temperature or
precipitation, and cannot provide information about the seasonality of the climate, which is
probably more important for human well-being because it is related to the productivity of
agricultural crops. Pollen data are therefore still the most widely used source of climate
reconstructions, particularly quantitative climate reconstructions (Bartlein et al., 2011; Chevalier
et al., 2020), at regional to continental scales.

1.3.2Methods for palaeoclimate reconstruction

Process-basedmethods

In this approach, the outputs from the process-based vegetation models that predict the
distribution and properties of plant functional types (PFTs) including, for example, net primary
production and leaf area index, as a function of climate, soil properties, and atmospheric CO2
content are inverted to infer past climate conditions from fossil pollen samples (Wu et al., 2007;
Garreta et al., 2010; Izumi & Bartlein, 2016). Pollen taxa are assigned to PFTs using standard
tables developed for vegetation reconstruction (Prentice et al., 2000; Pickett et al., 2004;
Marchant et al., 2009) in order to characterise the fossil pollen assemblages. A climate space is
then constructed by systematically varying the input variables of the model. The inversion
method then identifies the point in this climate space that provides the bestmatch between the
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PFT profile of the fossil pollen sample (in terms of abundance) and the PFT profiles generated by
the model. To accelerate the search and make the approach computationally tractable, a Monte
CarloMarkov Chain algorithm is o�ten used.

Model inversion could be a valuable tool for reconstructing the past climate because it takes into
account all the factors that could in�luence species distribution, including the impact of changes
in CO2 on photosynthesis and water use e�ficiency and competition. However, the quality of the
model used is critical (Harrison et al., 2023). Model inversion has generally been performed using
relatively simple biogeography models, particularly models from the BIOME family (Haxeltine&
Prentice, 1996; Kaplan et al., 2003). Thesemodels do not include, for example, the impact of fire or
biotic interactions (including human activities) on vegetation (Harrison et al., 2023). Thus, they
may not capture all the complexities involved in the processes that govern species distribution.
More complex or more realistic vegetation models require the specification of a large number of
PFT-specific parameters and therefore tend to simulate vegetation as a function of only a limited
number of PFTs (Fisher et al., 2018). Furthermore, inverting such complex models is
computationally very intensive.

Statistical tools

ModernAnalogue Technique (MAT)

The MAT technique, when applied to climate reconstruction, works under the same principles and
assumptions described in section 1.2 and has the same limitations. When MAT is applied to
reconstruct climate, rather than vegetation, there is the possibility of averaging climate values
from several analogues (usually between 5 and 10 analogues). Although the number of analogues
to average is a subjective decision, averaging is considered to provide a more robust estimate of
the actual climate of a fossil sample than using only a single best analogue. MAT has been used
with extensive fossil pollen datasets to provide continental-scale climate reconstructions,
including gridded maps created by interpolation of the site-based reconstructions (e.g. Davis et
al., 2003; Gajewski et al., 2000; Ladd et al., 2018;Mauri et al., 2015; Sawada et al., 2004). It has also
been used to provide time-series climate reconstructions (e.g. Marsicek et al., 2018; Viau &
Gajewski, 2009).

Artificial neural networks

Artificial neural networks (ANN) are a type of machine learning algorithm that consists of
interconnected nodes or "neurons" organized into layers. Each node takes input data, applies a
mathematical function to it, and produces an output. These outputs are then fed into the next
layer of nodes until a final output is produced (Warner & Misra, 1996). The network learns by
adjusting the weights between nodes through a process called backpropagation (Kubat, 2021).
During training, the network is shown examples of inputs and their corresponding desired
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outputs, and the weights are adjusted to minimize the di�ference between the predicted output
and the desired output. Once the network has been trained, it can be used tomake predictions on
new input data that has not been seen before. Peyron et al. (1998) were the first to apply ANN for
reconstructing climate variables, specifically using a modern pollen data set for training and then
applying the model to reconstruct climate at 18000 yr B.P. in Europe. The technique has
subsequently been applied several times, particularly for reconstructing sea surface temperature
(e.g. Peyron&Vernal, 2001;Malmgren et al., 2001; de Vernal et al., 2005; Kucera et al., 2005).

One advantage of ANN is that it performs very well for non-linear relationships between pollen
abundances and climate variables, which is something that can be di�ficult to model using
traditional statistical techniques (Bartlein et al., 2011; Chevalier et al., 2020). However, ANNhas a
tendency to overfit the training data, which means that the method may not generalize well to
new data. This problem is exacerbated when using small datasets (Kubat, 2021), so ANN works
best when trained using an extensivemodern pollen dataset, which is not available inmany parts
of the world, including the eastern Mediterranean. Also, since the ANNalgorithm is complex, it is
challenging to improve the model if the predictions or reconstructions are poor. Furthermore,
despite the sophistication of ANN technique, it does not consistently outperform simpler climate
reconstruction techniques (Salonen et al., 2019).

The response surface technique

The response surface technique (Bartlein et al., 1986; Prentice et al., 1991; Huntley et al., 1993)
involves fitting a smooth surface to pollen taxon abundances in a climate space defined by two (or
more) climatic variables such as temperature (e.g. Anderson et al., 1991), and precipitation. The
surfaces are fitted using a �lexible surface-fitting procedure that allows for complicated shapes
and some extrapolation of the values of the pollen percentages as a function of these variables.
The climate conditions at the time the fossil pollen sample was deposited are identified by
finding the point on the response surface space where the sample shows the lowest dissimilarity
to the assemblage constructed from the fitted values of all the taxa. The climate at this point is
then attributed to the fossil pollen sample.

One advantage of the response surface approach is that it provides a continuous estimation of the
climate space through interpolation. Thus, unlike MAT, it can provide an estimate for the climate
of the fossil sample that is not observed in the training data set. It also filters out non-climatic
noise in the pollen data and only retains primary pollen-climate signals (Chevalier et al., 2020).
However, an issue with the application of response surfaces to reconstruct past climates is the
necessity for the analyst to define a priori the fitting procedure and the degree of smoothness for
describing the taxon abundances. The most commonly used approach has been to use second or
third order polynomial curves for fitting (Bartlein et al., 1986) and locally weighted smoothing
(e.g. LOWESS; Prentice et al., 1991; Huntley et al., 1989). However, there is a risk of excessive
smoothing which will increase the area of climate that is considered to be the best match
(Bartlein et al., 1986).
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Regression-based techniques: inverse regression andweighted averaging partial least squares

Inverse regression

Inverse regression is a statistical method used to estimate the input parameters of amodel given
the output or response variables. In the context of palaeoclimate reconstructions, inverse
regression was developed and used by Huntley & Prentice (1988) to create a transfer function for
reconstructing summer temperature. The first step is to derive transfer functions (regression
equations) to relate the pollen abundances of di�ferent taxa to the climate variables of interest
using a modern calibration pollen dataset and corresponding climate variables. The statistical
model is then inverted, where each climate variable is treated as a dependent variable in a
multiple regression with the taxon abundances as the predictors. The transfer function is then
used to estimate the past climate variables from the fossil pollen data. The inverse regression
method is used to estimate the most likely values of the climate variables that would have
produced the observed plant species distribution in the fossil pollen record. Improved fit can be
obtained by Box-Cox transformation of the taxon abundances (Bartlein et al., 1984). This approach
is particularly useful because multiple types of data can be used, when available, for a given time
period. Inverse regression does not account for the non-linear or non-monotonic responses of
pollen taxa to climate, but this can be solved by using multiple transfer functions for di�ferent
subsets of the data. However, using multiple transfer functions for each region or sub-region
makes the method complicated. It also means that the best-fitting equation for a given point
under modern conditions may not be the most suitable when applied to the same point in the
past (Bartlein et al., 2011).

Weighted averaging partial least squares regression

Weighted averaging partial least squares (WA-PLS) regression is a variant of partial least squares
(PLS) regression (Wold, 1966;Wold et al., 2001) that placesmore emphasis on important variables
by assigning weights. It is particularly useful in situations where there are more predictor
variables than observations and where the predictor variables are highly correlated and therefore
di�ficult to interpret individually. The method was first introduced for reconstructing climate by
ter Braak & Juggins (1993). WA-PLS involves transforming the pollen abundances into predictor
variables using a weighted averaging procedure based on the degree of correlation between each
taxon and the response variables (in this case climate variables). The PLS regression method is
then used to find a linear combination of the predictor variables that is most strongly related to
the response variables, and this linear combination is called the first PLS component.

The weighting scheme in WA-PLS assigns weights to each taxon based on their sensitivity to the
di�ferent environmental variables and their reliability. Taxa that are strongly correlated with the
climate variable of interest are given higher weights, while taxa with weaker correlations may
receive lower weights or be excluded altogether. The weights can be estimated from the data
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using a variance-covariance matrix, where taxa with higher covariancewith the response variable
receive higher weights. These weights are then used to scale the predictor variables before
applying the PLS regression. PLS regression is a multivariate statistical technique that finds a
linear combination of the predictor variables that is most strongly related to the response
variables, this combination is also called the latent variable or component (H. Birks, 2003). In the
context of WA-PLS, PLS regression is performed a�ter the predictor variables have been
transformed and weighted. The first PLS component is calculated by maximizing the covariance
between the linear combination of the predictors and the response variables. This component
represents the most important pattern of variation in the predictors related to the response. A�ter
calculating the first PLS component, the residuals (the part of the data not explained by the first
component) are computed, and the process is repeated to find subsequent PLS components. This

Figure 1. 3 Comparison of climate variables reconstructions underWA-PLS and xfTWA-PLS2 approaches, based on the
Holocene pollen record fromBasa de laMora in the Iberian Peninsula. Redrawn from Liu et al. (2020)

iterative process continues until a predetermined number of components are calculated or until
the amount of variance explained by the components reaches a certain threshold. The
components are ordered based on their ability to explain the variance in the response variables,
with the first component explaining the most variance, and themodel is fitted using the first few
components. The determination of the number of components to use in the WA-PLS model is a
crucial step. Using too few components may result in an inadequate representation of the
relationship between predictors and response while using too many components can lead to
overfitting, where the model captures noise rather than meaningful patterns. The optimal
number of components depends on the complexity of the relationship between the observations

29



and the climate variables. Various statistical criteria, such as cross-validation or information
criteria, can be employed to select the appropriate number of components. Thesemethods assess
the predictive performance of the model using a subset of the data that was not used in model
building and selects the number of components that yield the best performance. The
performance of the model can be evaluated using statistical measures, and the weights can be
optimized iteratively to enhance the reconstruction quality.

One limitation of WA-PLS regression is that it assumes that the relationship between the
environmental variables and the pollen abundances is linear and that the relationship can be
approximated by a set of partial least squares (PLS) components, implying that the changes in the
pollen abundances are linear to the changes in the climate variables, and also, it assumes the
variance of the proxy data to be constant over time. WA-PLS is specifically designed to deal with
unimodal responses of taxa to environmental gradients, it has di�ficulty in handling more
complex responses such as bimodal or multimodal distributions (Liu et al., 2020). In common
with inverse regression, it always gives an answer, which could be the wrong answer in
no-analogue situations (Bartlein et al., 2011).

A further issue that a�fects the accuracy of climate reconstructions using all regression-based
techniques, including WA-PLS, is the tendency for the reconstruction to be compressed towards
the center of the sampled climate range (Seppä et al., 2004; Shen et al., 2006; Salonen et al.,
2012). This leads to an overestimation of values at the high end and an underestimation of values
at the low end of the range of the climate variable. A modified approach that takes into account
the climatic tolerance of individual taxa and the frequency of sampled climate (fx) in the training
dataset has been developed to reduce this compression bias. Tolerance weighted average partial
least-square considering fx (fxTWA-PLS2) has been described and tested in two consecutive works
(Liu et al., 2020, 2023) and has been shown both to considerably reduce the compression bias and
to perform better than other reconstruction approaches. One consequence of the reduction of the
compression bias is that the method produces a greater amplitude of changes through time (Fig.
1.3), and thus is likely to provide amore realistic reconstruction of climate variability.

Overall

In this thesis, I use the fxTWA-PLS technique to make climate reconstructions because it is a
relatively simple statistical technique but at the same time appears to provide a significant
improvement on other available statistical techniques, in particular through minimising the
compression bias that is characteristic of other regression-based approaches.

1.4 Paleoenvironmental controversies in the EasternMediterranean

Palynological studies have been conducted in the easternMediterranean region since the 1970s to
address a variety of research questions, including tracing the origin of agriculture (e.g. van Zeist et
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al., 1970) or documenting the impact of climate changes known from the high latitudes (e.g.
Turner & Greig, 1975; van Zeist & Woldring, 1980). E�forts weremade quite early on to summarize
the existing data to document the environmental history of the region (e.g. van Zeist et al., 1975;
van Zeist & Bottema, 1977; Bottema & Woldring, 1984; van Zeist & Bottema, 1991; Bozilova &
Tonkov, 1995). Although the number of sites records continued to increase, there was no attempt
to produce new regional compilations until the creation of the Eastern Mediterranean-Black
Sea-Caspian Corridor (EMBSeCBIO) database (Cordova et al., 2009;Marinova et al., 2018; Harrison,
Prentice, et al., 2021). In the absence of a large-scale synthesis, analysis has focused on comparing
individual pollen records from the eastern Mediterranean and this has led to a number of
unresolved debates about theHolocene climate and vegetation history in the region (Sadori et al.,
2011; Roberts et al., 2011; Messager et al., 2017).

One significant factor contributing to the persistence of these controversies is that many climate
or vegetation reconstructions are based on the subjective interpretation of individual records
(Sadori et al., 2011; Bini et al., 2019). Di�ferences between records may re�lect the importance of
local factors at a given site compared to the regional signal. Cross-comparison may also be
hampered by data gaps in a particular record. Amajor challenge in interpreting individual records
is the variability in chronologies and resolutions across di�ferent sources, which limits the
comparison of specific environmental periods or events between records. Further uncertainties
can be introduced by the subjective selection of particular records for comparison, which can
result in an incomplete representation of the processes being studied.

The use of large-scale data syntheses to examine regional signals through the statistical analysis
of standardized data in a uniform manner has proved to be a powerful tool for analysing many
types of data (Prentice & Webb, 1998; Prentice et al., 2000; Power et al., 2008; Davis et al., 2003,
2013; Parker et al., 2021; Parker & Harrison, 2022; M. Liu et al., 2023). The EasternMediterranean
was included in the BIOME 6000 Palaeovegetation Mapping Project, but it was not treated as a
separate region because there was no specific regional data synthesis available. Instead, some
sites from the region were included in the European biomisation (Prentice et al., 1996; Elenga et
al., 2000), some in the African and Middle Eastern biomisation (Jolly et al., 1998; Elenga et al.,
2000) and some in the biomisation of the Former Soviet Union (Tarasov et al., 1998, 2000). This
resulted in di�ferences in the methodological decisions made, for example in the classification of
taxa to PFTs, which in turn impacted the reconstructions. Given the long history of human
occupation of the eastern Mediterranean stretching back to the Pleistocene, and the highly
heterogeneous nature of the regional climate, topography, and vegetation cover, it is important to
treat the region in a consistent manner to determine whether di�ferences between sites are a
re�lection of the methodology or a real feature re�lecting the complexity of the climate and
vegetation history.

The production of new records from the eastern Mediterranean (e.g. Vermoere et al., 2001; M.
Filipova-Marinova, 2003;Wick et al., 2003; Atanassova& Stefanova, 2005; Atanassova, 2005; Leroy
et al., 2006), not included in any of the BIOME6000 regional biomisations, was a motivation for
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the EMBSeCBIO project (Cordova et al., 2009), which sought to create a regional database
including records that were not part of any existing dataset. The resultant EMBSeBIO database
was subsequently used to test the biomisation approach for mapping modern vegetation in the
eastern Meditteranean region (Marinova et al., 2018). The database has not been exploited
beyond this.

This thesis exploits the EMBSeCBIO database analysis to tackle uncertainties in reconstructing
climate and vegetation from pollen data by developing or using predictive models and applying
di�ferent statistical methods. The relatively poor performance of the biomisation technique in the
eastern Mediterranean, as shown by Marinova et al., (2018), was one motivation for developing a
new approach to reconstruct vegetation in this thesis.

1.5Overall purposes and thesis outline

The overall goal of my thesis is to provide reconstructions of vegetation and climate changes for
the eastern Mediterranean region that can ultimately be used to explore the relationships
between climate, vegetation and human activities during theHolocene using themost up-to-date
and robust tools possible.

Although I capitalised on the existence of the EMBSeCBIO pollen database (Cordova et al., 2009;
Marinova et al., 2018), it was necessary to extend the site coverage and to create new agemodels
for all the sites, benefitting from the most recent radiocarbon calibration (IntCal20: Reimer et al.,
2020) and Bayesian age modelling tools (Blaauw et al., 2021; Villegas-Diaz et al., 2021). Given the
limitations of existing vegetation reconstruction techniques, as summarised above, I developed a
new method that combines the strengths of biomisation and the MAT approach. This work is
presented in Chapter 2. Having demonstrated that this new technique produced reliable
vegetation reconstructions and allowed the identification of non-analogue samples, I used these
reconstructions to resolve some of the persistent controversies about the vegetation history of the
region, including examining the potential relationship between reconstructed vegetation
changes and human population changes. This work is presented in Chapter 3. Finally, I used the
new reconstruction method developed by Liu et al. (2020, 2023) to provide reconstructions of
bioclimatic variables, including measures of season temperature and plant-available water, at
sites across the region and used these to create composite curves of regional climate evolution
through theHolocene. In reconstructing plant-available water, I made use of the recentmodelling
work that allows the physiological e�fects of changing CO2 onwater-use e�ficiency (Prentice et al.,
2022), to provide a correction for the reconstructed plant-available water which therefore provides
a more realistic estimate of changes in moisture through time than previous approaches. The
climate reconstructions are presented in Chapter 4. I address the implications of these new
reconstructions inmy final chapter (Chapter 5).
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Chapter 2. A newmethodbased on surface-sample
pollen data for reconstructing palaeovegetation patterns
This chapter has been published as: Cruz-Silva, E., Harrison, S. P., Marinova, E., & Prentice, I. C.
(2022). A newmethod based on surface-sample pollen data for reconstructing palaeovegetation
patterns. Journal of Biogeography, 49(7), 1381–1396. https://doi.org/10.1111/jbi.14448. It has been
written according to the guidelines of the journal

2.1 Abstract

Aim: Biomisation has been the most widely used technique to reconstruct past regional
vegetation patterns because it does not require an extensive modern pollen dataset. However, it
has well-known limitations including its dependence on expert judgement for the assignment of
pollen taxa to plant functional types (PFTs) and PFTs to biomes. Here we present a new method
that combines the strengths of biomisation with those of the alternative dissimilarity-based
techniques.

Location: The EasternMediterranean-Black Sea Caspian Corridor (EMBSeCBIO).

Taxon: Plants

Methods:Modern pollen samples, assigned to biomes based on potential natural vegetation data,
are used to characterize the within-biome means and standard deviations of the abundances of
each taxon. These values are used to calculate a dissimilarity index between any pollen sample
and every biome, and thus assign the sample to the most likely biome. We calculate a threshold
value for each modern biome; fossil samples with scores below the threshold for all modern
biomes are thus identified as non-analogue vegetation. We applied the new method to the
EMBSeCBIO region to compare its performancewith existing reconstructions.

Results: The method captured changes in the importance of individual taxa along environmental
gradients. The balanced accuracy obtained for the EMBSeCBIO region using the newmethodwas
better than that obtained using biomisation (77% vs. 65%). When the method was applied to
high-resolution fossil records, 70% of the entities showed more temporally stable biome
assignments than obtained using biomisation. The technique also identified likely non-analogue
assemblages in a syntheticmodern dataset and in fossil records.

Main conclusions: The newmethod yieldsmore accurate and stable reconstructions of vegetation
than biomisation. It requires an extensive modern pollen dataset, but is conceptually simple, and
avoids subjective choices about taxon allocations to PFTs and PFTs to biomes.
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2.2 Introduction

Pollen evidence has been widely used to reconstruct Holocene changes in vegetation, both at
individual sites and at a regional scale (e.g. Bozilova & Tonkov, 1995; Edwards et al., 2017; Huntley
& Birks, 1983). These reconstructions provide insights into how vegetation responds to climate
changes and human activities (Gaillard et al., 2010; Prentice, 1986), relevant for understanding
how vegetation patterns and biodiversitymay respond to future climate changes (Bradshaw et al.,
2015; Cole, 2010). They also provide information about the resource base for human societies,
relevant for understanding how cultural changes such as the adoption of agriculture a�fected the
natural environment, and documenting the sensitivity of human societies to environmental
change and degradation (Leroy et al., 2010; Turner & Sablo�f, 2012). Vegetation reconstructions
have also been widely used to test the performance of Earth System models (Foley et al., 2013;
Kaplan et al., 2003; Song et al., 2021).

Available methods use modern pollen–vegetation relationships to reconstruct regional
vegetation changes. Semi-quantitative approaches, including biomisation (Prentice et al.,1996,
2000), distinguish between vegetation types by grouping individual taxa into plant functional
types (PFTs) and PFTs into biomes or Land Cover Classes (LCC) (pseudobiomisation: Fyfe et al.,
2010). Quantitative approaches, based on pollen source area theory (Prentice, 1985; Prentice &
Parsons, 1983; Sugita, 1993), include the Landscape Reconstruction Algorithms (Sugita, 2007a,
2007b ) that accounts for pollen dispersal dynamics using region-specific pollen productivity
estimates (PPEs) and pollen size and deposition velocities, or the Regional Estimates of
VEgetation Abundance from Large Sites (REVEALS) without PPEsmethod (ROPES: Theuerkauf &
Couwenberg,2018), which derives PPEs and mean plant abun-dances from single pollen records.
The lack of information on PPEs and deposition velocities means these model-based
reconstructions have only been applied in limited regions and for limited vegetation classes
(Gaillard et al., 2010; Harrison et al., 2020). Statistical approaches including theModern Analogue
Technique (MAT; Gaillard et al., 1994; Jackson &Williams, 2004; Overpeck et al., 1985, 1992;Wang
et al., 2020; Williams & Jackson, 2007 ) use modern training datasets to establish relationships
between pollen assemblages and biomes, and then use these relationships to reconstruct biomes
for fossil pollen assemblages. The accuracy of statistical reconstructions depends on the
representativeness of the training dataset (Turner et al., 2021); the lack of su�ficiently extensive
modern training data precludesMAT reconstructions formany regions.

Biomisation has been one of the most widely used vegetation-reconstruction methods (Allen &
Huntley, 2009; Allen et al., 2000; Bigelow et al., 2003; Edwards et al., 2000; Elenga et al., 2000;
Harrison et al., 2001; Jolly et al., 1998; Marchant et al., 2001, 2009; Pickett et al., 2004; Prentice&
Webb, 1998; Prentice et al., 1996; Takahara et al., 2000; Tarasov et al., 1998, 2013; Thompson &
Anderson, 2000; Williams et al., 1998, 2000; Yu et al., 1998, 2000), in large part because of its
conceptual simplicity andminimal data requirements. Althoughmodern pollen samples are used
to test the method, biomisation does not require the extensive modern calibration datasets
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needed for statistical approaches, nor does it require regional information about pollen
productivity and deposition velocities.

The principle of the biomisation method is to assign pollen taxa to PFTs defined based on life
form, leaf type, phenology and climate tolerance, where taxa within a PFT are assumed to have
similar responses to physical and biotic environmental factors. Major vegetation types (biomes)
are then characterized as assemblages of PFTs, where the PFTs included represent either the
dominant taxa or taxa that are characteristic of the biome. The allocation of pollen taxa into PFTs
and PFTs into biomes is initially determined by knowledge of the regional vegetation and
subsequently optimized, a�ter comparison of reconstructions to observed vegetation, by
re-moving non-diagnostic taxa or PFTs. The assignment of individual pollen samples to biomes is
made by calculating an a�finity score for the similarity of the pollen assemblage to every biome,
based on the weighted average of the square root of the pollen abundances of taxa that could be
present in each biome.

Biomisation has been shown to produce robust reconstructions of vegetation patterns at key
times in the past. However, it has some well-known limitations. These include the fact that there
is no direct relationship between pollen abundance and plant abun-dance such that the dominant
taxa in the regional vegetation may be under-represented in the pollen assemblages. For
example, Larixis the dominant genus in the boreal cold-deciduous forest of Eurasia but produces
little pollen and is systematically under-represented in pollen samples (Bigelow et al.,2003). In
contrast, Pinus produces abundant and easily dispersed pollen and is o�ten over-represented in
pollen samples, both in biomes where it actually occurs and as a result of long-distance transport
into biomes representing open vegetation types (Bigelow et al., 2003; Edwards et al., 2000). The
use of the square root of pollen abundance in the biomisation formula decreases the weight of
over-represented taxa, but they still contribute to biomes that contain the PFT to which they
belong. An alternative method of down-weighting over-represented taxa is to set a universal
threshold of abundance for inclusion in the analysis higher than the 0.5%default value (Williams
et al., 2000), but this eliminates a large number of under-represented taxa that might be
diagnostic.

The definition of biomes in terms of diagnostic or dominant PFTs emphasizes the most
characteristic expression of a biome but does not account for the fact that there is variability in the
abundance of these PFTs within a biome and considerable di�ferences between PFT abundance at,
for example, the northern and southern limits of the biome (Edwards et al., 2000). This issue has
been solved by creating additional PFTs or biomes. For example, the temperate summer green
PFT in the eastern United States and Canada was split into intermediate and warm variants to
separate out taxa with di�ferent climatic tolerances (Williams et al., 2000). Similarly, the tundra
(TUND) biome has been split into multiple sub-biomes which are di�ferentiated by the
presence/absence of di�ferent categories of shrubs (Bigelow et al., 2003). However, these
approaches still only consider part of thewithin-biome variability.
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Figure 2.1Overview of the approach for pollen-based vegetation reconstruction accounting for within-biome
variability. PNV, potential natural vegetation.

A further problem is associated with the fact that some biomes are characterized by a subset of
the PFTs present in another biome. For example, the PFTs defining deciduous forest types are
o�ten a subset of those defining equivalent mixed forest types, creating a situation where
identical a�finity scores are obtained for the two biomes. The biomisation approach solves this
through a tie-break rule that favours the less PFT-rich biome. However, the presence of a small
amount of pollen from a PFT that is not shared would be su�ficient to change the a�finity score
and hence the biome allocation, meaning that the biome assignments can be sensitive to small
changes in pollen abundance and may not be stable. Small changes in pollen abundance can also
result in shi�ts towards biomes that are not characterized by a subset of the PFTs representative of
another biome, for example in the case where taxa are assigned to more than one PFT. The
problem referred to as the ‘�lickering switch’ problem, is most noticeable when biomisation is
used to reconstruct changes in vegetation through time using down-core pollen samples at a
single site (Allen et al., 2000; Fyfe et al., 2018). The �lickering switch problemhas been observed to
be acute in high-resolution records where onemight expect greater similarity in biome allocation
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between adjacent samples (see e.g. Allen & Huntley, 2009;Marchant et al., 2001). One final issue
poorly addressed by the biomisation technique is the existence of palaeovegetation communities
with non-analogue in the present-day vegetation because they consist of extant species but in
combinations not found at present (Jackson & Overpeck,2000; Overpeck et al., 1992; Williams &
Jackson, 2007 ). Statistical dissimilarity approaches have addressed this by establishing
thresholds for detecting such assemblages, but it is important then to establish criteria to avoid ad
hoc choices of such thresholds (Gavin et al., 2003).

In this study, we have derived a method that overcomes these problems and extends existing
dissimilarity-based approaches by accounting explicitly for within-biome variability. We
calculated a dissimilarity index (which takes account of this variability) between a given pollen
sample and every biome, and thereby assess the likelihood that a sample belongs to a particular
biome. We applied this method to reconstruct the modern vegetation of the Eastern
Mediterranean- Black Sea Caspian Corridor (EMBSeCBIO) region (33°– 49°N, 20°–60°E), where
the performance of the new approach can be compared to reconstructions made using
biomisation (Marinova et al., 2018). The EMBSeCBIO region is characterized by strong
temperature and precipitation gradients and topographic heterogeneity, resulting in clear
patterns in biome distributionwithin a relatively limited geographical space and thus provides an
excellent case to test how well the di�ferent methods capture spatially complex vegetation
patterns.

2.3Materials andMethods

The work�low is summarized in Figure 2.1. We first assigned modern pollen samples to biomes,
where the biomes are defined using a recently developed global modern potential vegetation
map. Since themodern samples were derived fromdi�ferent settings and basins of di�ferent sizes,
we tested what would be an appropriate search window for determining the biome for each
sample. We then divided the modern pollen samples into training and testing datasets. The
training dataset was used to characterize the within-biome variability of the pollen assemblages
assigned to a given biome, in terms of the mean, range and standard deviation of each pollen
taxon. We then calculated the dissimilarity index between every sample in the test dataset and
every biome. This index provides an approximation of the probability that a given pollen
assemblage would be produced by a particular biome such that samples can be allocated to the
biome with the highest likelihood.We tested the robustness of these assignments using di�ferent
training and testing data, since the selection and size of the training and testing datasets could
in�luence thewithin-biome variability and hence the dissimilarity calculation.

We then compared the reconstructions based on this new approach to previous vegetation
reconstructions for the EMBSeCBIO region. Finally, we estimated optimal threshold values for the
biome scores by pairwise comparison of every biome, using the receiver operating characteristic
(ROC) curve as a performancemetric, to determinewhether assemblages were characteristic of an
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observed modern biome or could represent a non-analogue vegetation type. We tested this
procedure using a synthetic modern dataset and also applied it to fossil pollen assemblages from
the EMBSeCBIO region.

2.3.1 Pollen and vegetation data

The modern pollen dataset was derived from the SPECIAL Modern Pollen Data Set (SMPDS:
Harrison, 2019) and the EMBSeCBIO pollen database (Harrison & Marinova, 2017; Harrison et al.,
2021). The SMPDS consists of relative abundance records of 247 pollen taxa from 6459 terrestrial
sites from Europe, the Middle East and northern Eurasia. These taxa result from taxonomic
harmonization of the individual records and amalgamation of rare taxa into higher taxonomic
groups, a�ter ensuring that this was consistent with their distribution in climate space (Harrison,
2020; Wei et al., 2020). To avoid duplication, we removed all SMPDS samples from the
EMBSeCBIO region (28° to 49°N, 20° to 62°E).We did not use SMPDS sites from east of 62°E, where
the sampling is limited and likely not representative of the diversity of the vegetation.Most of the
pollen assemblages in the SMPDS (94%) are from lake or bog environments where sediments are
currently accumulating, have been dated to the last 50 years, or are modern samples from moss
polsters, litter or pollen traps. For comparability, we only used sites from the EMBSeCBIO database
with ages <150 calibrated years before present (cal BP). This resulted in the selection of 1356
samples from the EMBSeCBIO database and 4409 samples from the SMPDS (Figure 2.2). Pollen
counts in the EMBSeCBIO database were amalgamated into higher taxon groupings consistent
with the SMPDS (Supplementary Table 2.1).

Since our goal was to develop amethod to reconstruct vegetation changes through time, we used
potential natural vegetation (PNV) as a target for the modern reconstructions.Maps of PNV have
been widely used in this way to test regional vegetation reconstructions (e.g. Bigelow et al., 2003;
Marchant et al., 2009; Marinova et al., 2018). Themodern vegetation datawere extracted from an
updated version of the Global PNV map produced by Hengl et al. (2018). The original version of
this map had a resolution of 1 km; the updated version
(https://github.com/Envirometrix/PNVmaps) has a resolution of 250 m. The PNV map was
produced using pollen-based vegetation reconstructions as a target, a large set of spatially explicit
covariate datasets representing the potential climatic, topographic, geologic and hydrological
controls on plant growth, and an ensemble of five machine-learning approaches (neural
networks, random forest, gradient boosting, K-nearest neighbourhoods, Cubist) to account for the
relationships between vegetation and these covariates. Di�ferent machine-learning approaches
vary in terms of computational requirements, predictive power and interpretability; the use of an
ensemble of machine-learning tools allows an assessment to be made of the robustness of the
predictions (Hengl et al., 2018; Heung et al., 2016). The prediction accuracy of this dataset at 1 km
is ca 70%globally. The PNVmap has 13 biomes in the area covered by the SMPDS and EMBSeCBIO
databases. We amalgamated biomes that covered a limited area or occurred as disjunct patches
(e.g. erect dwarf shrub tundra, cool evergreen needleaf forest) because they do not sample
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within-biome pollen variability adequately. As a result, we defined nine biomes (Table 2.1) that
are structurally distinctive and represent distinct parts of the climate space of the region: tundra
(TUND), desert (DESE), graminoids with forbs (GRAM), evergreen needleleaf woodland (ENWD),
xeric shrubland (XSHB), cold evergreen needleleaf forest (CENF), temperate malacophyll
broadleaf forest (TEDE), cool mixed evergreen needleleaf and deciduous broadleaf forest (CMIX),
warm-temperate evergreen needleleaf and sclerophyll broadleaf forest (WTFS). Thus, graminoid
and forb tundra, erect dwarf shrub tundra, low and high shrub tundra, and prostrate dwarf shrub
tundra were amalgamated into a single tundra biome (TUND in Table 2.1) and the cool evergreen
needleleaf forest was amalgamated into the cool mixed evergreen needleleaf and deciduous
broadleaf forest (CMIX in Table 2.1).

Figure 2.2Map of the distribution ofmodern pollen samples from the SPECIALmodern pollen dataset (SMPDS) and
the easternMediterranean-Black Sea Caspian corridor (EMBSeCBIO) database used for the training and testing
datasets. The red box delineates the area covered by the EMBSeCBIO database; samples outside the red boxwere
obtained from the SMPDS dataset. The backgroundmap shows the distribution ofmajor biomes derived from the
Hengl et al. (2018) reconstruction of potential natural vegetation. The biome codes are: CENF, cold evergreen
needleleaf forest; CMIX, coolmixed evergreen needleleaf and deciduous broadleaf forest; DESE, desert; ENWD,
evergreen needleleaf woodland; GRAM, graminoids with forbs; TEDE, temperate deciduousmalacophyll broadleaf
forest; TUND, tundra;WTFS, warm-temperate evergreen needleleaf and sclerophyll broadleaf forest; XSHB, xeric
shrubland.
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2.3.2 Biome characterization

The training and testing datasets were created by sub-sampling themodern pollen samples using
the PNV map to assign samples to biomes. We used samples from this larger area to sample the
whole of the realized range of each biome and to include biomes that are not currently
represented in the EMBSeCBIO region but may have occurred there under di�ferent climate
conditions in the past. This ‘space-for-time’ substitution is warranted because the climatic drivers
of plant compositional turnover across space are similar to those that drive compositional
turnover through time during the Late Quaternary (Blois et al., 2013).

There are some locations with multiple modern samples in a very small area, for example,
multiple moss polsters within a catchment of a few square kilometres. This could lead to the
over-representation of some localities in the training dataset and therefore an apparent reduction
in the variability of assemblages from the biome(s) involved. Similarly, there are some regions
where there are modern pollen samples from sites that are geographically close together and
have similar vegetation, resulting in over-sampling of that biome in the training dataset
(Supplementary Figure 2.1) and consequently overfitting to the better sampled biome. To limit
redundancy in such cases, a single modern sample at each point (defined by latitude and
longitude coordinates) was randomly selected for the analyses. We tested di�ferent ways of
subsampling the data to reduce the biome oversampling bias. The best performance was
obtained by down-sampling biomes with a large number of samples to create a dataset with a
similar number of samples from each biome. The down-sampled data were then split into
training and test datasets.

Code Biomename Definition

TUND Tundra Open vegetation characterized by
cold-adapted forbs, sedges, graminoids and
shrubs found in arctic and high alpine regions

DESE Desert Open or non-vegetated landscape
characterized by sporadic occurrence of
drought-adapted vegetation including
succulents, graminoids, forbs and shrubs

GRAM Graminoids with forbs Grasslands dominated by graminoids and
forbs

ENWD Evergreen needleleaf woodland Semi-open vegetation characterized by
evergreen conifer trees, with an understorey of
graminoids, forbs and sedges
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XSHB Xeric shrubland Vegetation dominated by tall drought-tolerant
or sclerophyll shrubs.

CENF Cold evergreen needleleaf forest Forest vegetation dominated by cold-tolerant
conifers

TEDE Temperate deciduous
malacophyll broadleaf forest

Forest vegetation dominated by summer
green trees

CMIX Coolmixed evergreen needle leaf
and deciduous broadleaf forest

Forest vegetation characterized by amix of
temperate summer green trees and conifers

WTFS Warm-temperate evergreen
needleleaf and sclerophyll
broadleaf forest

Forest vegetation dominated by broad-leaved
and needle-leaved evergreen trees,
characteristic ofMediterranean-type climates
with summer drought

Table 2.1 Description of the nine biomes used in the analyses. The table gives the code, the full biome name and a
brief definition of the vegetation

The observed PNV biome for each pollen sample in the modern training dataset was derived
using di�ferent search windows (from 12 × 12 km up to 50 × 50 km) around the location of the
sample point.We determined both the dominant and subdominant biome in each searchwindow
for subsequent evaluation, based on which biomes occupied the largest (dominant) and second
largest (sub-dominant) number of 1 km2 pixels within the search window. We also tested the
impact of using di�ferent proportions of sites for the training set and the test set for each of these
search windows, splitting using ratios of 50:50, 60:40, 70:30, 75:25 and 80:20.We tested howwell
each of these combinations predicted themodern vegetation of the EMBSeCBIO region using only
modern samples from this region in the test set. The best performance, based on the balanced
accuracy, was obtained using a search window of 20 × 20 km centred on the sample location, with
a training/test data partitioning ratio of 70:30 (Supplementary Tables 2.2 and 2.3).

The training samples were grouped according to the dominant biome observed in the PNVmap.
Each modern biome was then characterized by the relative abundance (expressed in terms of the
mean, and standard deviation) of all taxa present to account for variability in pollen abundances
within each biome.

2.3.3 Calculation of the dissimilarity and similarity scores

We calculated the following coe�ficient of dissimilarity between the pollen assemblage of a
sample from the test dataset and each biome:
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where Dik is the dissimilarity of pollen sample k frombiome i; pjk is the pollen percentage of taxon j
in sample k; μji is the mean of taxon j in biome i, sji is the sample standard deviation of taxon j in
biome i and ε is a parameter. Summation is over all taxa in sample k.

Equation (2.1) is based on the idea that each taxon has a certain distribution of values within a
biome, and more weight is assigned to those taxa for which this distribution is narrow. For each
taxon, Dik is related inversely to the log-likelihood that a pollen sample is drawn from the
population represented by the abundance of that taxon among the modern pollen samples in
each biome. The term ε has two functions. First, it decreases theweight of characteristic taxawith
low values of s (e.g. due to limited sampling) in the calculation of the dissimilarity measure.
Second, it allows the absence of taxa from a fossil sample (s = 0) to be informative, with ε = 0 they
could not be considered in the calculation. The choice of the value of ε represents a balance
between accuracy and sensitivity, since small values of ε could result inmore accurate predictions
of well-sampled biomes but increase the sensitivity such that poorly sampled biomes are less well
predicted. Values between 0% and 1% were tried, and good results obtainedwith a value of 0.5%
(Supplementary Table 2.4) whichwas therefore used for the subsequent calculations.

The dissimilarity values were converted to similarities by:

𝑆
𝑖𝑘

= 𝑒
−𝐷

𝑖𝑘
/100

(2.2)

where Sik is an approximation of the likelihood of biome i given pollen sample k. By the nature of
the dissimilarity index, these similarity scores quantify how close a pollen sample is to themean
abundance values in the biome, accounting for within-biome variability. Samples that represent
vegetation closer to the ecotonal boundary of a biome will necessarily have a lower similarity
score, although this score will still be higher than the score for other biomes.

2.3.4 Evaluation of themodern biome reconstructions

The biome reconstructions were evaluated quantitatively using a matrix of predicted versus
observed vegetation at each site (‘confusion matrix’: e.g. Bigelow et al., 2003). We constructed
confusion matrices for the test dataset and the EMBSeCBIO dataset, based on both the dominant
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and subdominant biome registered in the search window around the sample. The confusion
matrix provides an assessment of the accuracy of the reconstructions, but is strongly in�luenced by
imbalances in the sampling of di�ferent classes (Carrillo et al., 2014; Grandini et al., 2020). Some
biomes are less well represented in the training dataset even a�ter down-sampling to reduce
di�ferences in sample numbers between biomes. Under these circumstances, the ‘balanced
accuracy’ metric, defined as the average accuracy obtained on all classes (Carrillo et al., 2014),
provides a better performancemetric. The balanced accuracymetric is given by:

𝐵𝐴 =  1
𝑙

𝑖=1

𝑙

∑
𝑘

𝑖

𝑛
𝑖

(2.3)

where ki is the number of sites correctly predicted for biome i, l is the number of biomes and ni is
the number of sites in biome i. The evaluation was performed both on the testing dataset and on
samples only from the EMBSeCBIO region. The reconstructed modern biome distribution for the
EMBSeCBIO regionwasmapped.

We compared the performance of the new method to a reconstruction made using the
biomisation method (Marinova et al., 2018).We reclassified the 13 biomes used byMarinova et al.
(2018) to match the set of nine biomes (Table 2.1) used here, by considering the three types of
warm-temperate vegetation they recognized as equivalent to our WTFS biome, combining cool
and cold evergreen needleleaf forest, and combining deciduous broadleaf woodland with
evergreen needleleaf woodland. However, the allocations of taxa to PFTs and PFTs to these
biomes were entirely based onMarinova et al. (2018) (Supplementary Tables 2.5 and 2.6).We then
applied the biomisation technique to samples from the EMBSeCBIO region. The accuracy of the
reconstructed biomes was evaluated against the PNV map based on the dominant and
subdominant biome in the searchwindow.

2.3.5 Impact on the �lickering switch problem

We used fossil pollen data from the EMBSeCBIO database to assess the impact of the newmethod
on the stability of biome reconstructions through time. The EMBSeCBIO database contains 187
records covering some part of the Holocene. New age-depth models have been produced for 149
of these records using the IntCal20 calibration curve (Reimer et al., 2020) and the ‘rbacon’ R
package (Blaauw et al., 2021) in the framework of the ‘AgeR’ R package (Villegas-Diaz et al., 2021),
which automates the supervised creation ofmultiple agemodels formultiple cores. Optimumage
modelling scenarios were initially selected from multiple ‘rbacon’ age models run using di�ferent
prior accumulation rate and thickness values, using the lowest quantified area between the prior
and posterior accumulation rate distribution curves; the optimum model was verified by
comparing the distance of the estimated ages and the dating control points to check the accuracy
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of the model interpolation and through visual inspection to ensure that changes in accumulation
rate were independent of the control points.We extracted 30 fossil pollen records with a temporal
resolution <100 years and covering an interval of at least 1000 years, on the assumption that it is
unlikely that there will bemultiple biome changes within a specific interval between samples that
are <100 years apart and that large numbers of such changes would indicate instability due to the
�lickering switch problem.We applied the biomisation technique and our newmethod to these 30
records and counted the number of biome changes that occurred between adjacent samples. This
number was standardized for di�fering lengths of record by dividing by the total number of
samples in the recordminus one.

2.3.6 Estimation and evaluation of biomeanalogue thresholds

We used the similarity scores obtained from the pollen samples in themodern testing dataset for
each biome (Supplementary Figure 2.3) and made pairwise comparisons between biomes. We
obtained the optimal threshold value di�ferentiating each pair of biomes by calculating specificity
and sensitivity metrics (Supplementary Figure 2.4) and plotting these on a ROC curve
(Supplementary Figure 2.5) using the ‘cutpoint’ R package (Thiele, 2021), where the point with the
maximum balance (sensitivity + specificity) was selected as the optimal threshold between two
biomes. The ROC curve has been used previously in MAT-based vegetation reconstructions to
assess the ability of di�ferent distance metrics to distinguish between groups and to avoid ad hoc
interpretations of dissimilarity scores and thresholds (Gavin et al., 2003). We derived a single
threshold value per biome, as the lowest value obtained in comparisons of that biome against all
other biomes. If a pollen sample has a similarity score below the lowest threshold value for all
biomes, it is assumed to represent a non-analogue assemblage.We tested this approach using (1)
the 3650 modern samples in the testing dataset, and (2) a synthetic dataset of 70 samples, using
pollen abundances from actual samples and removing taxa or assigning abundances to di�ferent
taxa randomly. We then applied this approach to fossil samples to determine if it identified
non-analogue samples in these records and summarized these analyses by quantifying the
proportion of records with at least one non-analogue sample in specific time periods, defined as
200-year windowswith 50%overlap.

2.4Results

2.4.1Within-biome variability in the training dataset

Most biomes show considerable within-biome variability in taxon abundances, re�lecting changes
in the importance of individual taxa along climate and environmental gradients (Figure 2.3;
Supplementary Figure 2.2). The most abundant taxa in every biome of the training dataset
correspond to PFTs characteristic of that vegetation type (Figure 2.3). For example,
open-vegetation types such as GRAM (Figure 2.3 b) are characterized by high abundances of
Poaceae (μ ≈ 20%), Amaranthaceae (μ ≈ 20%), Artemisia (μ ≈ 15%), Asteroideae (μ ≈ 3%) and
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Cyperaceae (μ ≈ 3%). Similarly, CMIX (Figure 2.3 f) is characterized by high abundances of Pinus
(diploxylon) (μ ≈ 25%), Betula (μ ≈ 10%), Alnus (μ ≈ 5%), Picea (μ ≈ 4%), Fagus (μ ≈ 4%) and
deciduous Quercus (μ ≈ 4%). Each biome has less characteristic taxa that represent understorey
vegetation (e.g. Poaceae in CMIX, μ ≈ 11%), indicates azonal vegetation (e.g. Cyperaceae in CMIX,
μ ≈ 5%) or (e.g.Pinus diploxylon in GRAM, μ ≈ 9%).

Di�ferences in composition along the climate gradients covered by a specific biome are re�lected
in the abundance of the dominant taxa (Figures 2.3 a,e). For example, Poaceae, Artemisia and
Amaranthaceae are the three most important taxa in GRAM (Figure 2.3 b) but their relative
importance changes between cold and warm ends (here distinguished by the MTCO value that
represents the mid-point of the sample range, < or > 2°C for GRAMand < or > −3°C for CMIX) of the
climate range occupied by the biome. Di�ferences can be evenmore extreme for subordinate taxa.
Picea and Fagus are present in GRAM in low abundances when MTCO <2°C (Figure 2.3 c) but are
absent when winter temperatures are higher, where the subordinate taxa include Olea and
Argania in low abundance (Figure 2.3 d). Similar shi�ts in composition can be seen in other biomes,
for example CMIX (Figure 2.3 f), where Pinus (Diploxylon) and Poaceae are the dominant taxa
throughout the range, but Betula and Picea are important at the cold (Figure 2.3 g) andQuercus and
Alnus are important at thewarm (Figure 2.3 h) end.

2.4.2 Assessment of themodern reconstructions

The modern reconstruction using the training dataset reached a balanced accuracy of 66%,which
improved to 76%when both dominant and subdominant biomeswere considered (Table 2.2). The
best predictions, considering both dominant and subdominant biomes (Table 2.2), were for CMIX
(89%), TUND (83%), XSHB (82%), GRAM (76%), TEDE (74%), ENWD (72%), CENF (71%), DESE
(70%). The least well-predicted biome was WTFS (65%). Persistent mismatches can occur
between closely related biomes: DESE samples were allocated to xerophytic shrublands in 13%of
the cases, while samples from GRAM were allocated to DESE in 11% of the cases. Similarly, CENF
samples were allocated to CMIX in 11% of cases.

The modern reconstruction using the EMBSeCBIO dataset (Table 2.3) (excluding CENF and TUND
which had too few samples for useful evaluation) reached a balanced accuracy of 64%, which
improved to 77% when both the dominant and subdominant biomes were considered. The best
predictions, considering both dominant and subdominant biomes (Table 2.3), were for DESE
(89%), XSHB and ENWD (85%), GRAM (75%), TEDE (74%), and CMIX (67%). The least
well-predicted biome was WTFS (64%). GRAM samples were allocated to DESE in 12% of the
cases, and CMIX samples were allocated to TEDE in 15%of the cases.
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Figure 2.3 Examples of the characterization of individual biomes in terms of their pollen assemblages and the
distribution of the pollen sites belonging to these biomes in bioclimatic space. The bioclimatic space is defined in
terms of themean temperature of the coldestmonth (MTCO) and growing degree days above a base level of 0°C
(GDD0). The climate data at each pollen site were derived fromHarrison (2020). Plot (a) shows the bioclimatic
space occupied by graminoids with forbs (GRAM, yellow dots) and plot (e) the space occupied by coolmixed
evergreen needle-leaf and deciduous broadleaf forest (CMIX, blue dots) in the context of the bioclimatic space of
thewhole Europe andmiddle eastern region (grey dots). Dashed lines indicateMTCOmid-point values for each
biome. The box plots show themedian and standard deviation of the abundance of the 12most abundant
individual taxa in GRAMand CMIX, where (b, f) show samples from the complete training dataset, (c, g) show
samples from the training set withMTCO values lower than themid-point values and (d, h) show samples from the
training set withMTCO values higher than themid-point value. Box plots for the other biomes are given in
supplementary.

66

https://onlinelibrary.wiley.com/doi/full/10.1111/jbi.14448#jbi14448-bib-0030


Biomes Predicted

∑DESE XSHB WTFS GRAM ENWD TEDE CMIX CENF TUND

Observed

DESE 16[0] 3 1 2 1 0 0 0 0 23

XSHB 2 27[4] 1 4 0 0 0 0 0 38

WTFS 0 4 16[6] 4 0 3 1 0 0 34

GRAM 4 1 1 23[5] 1 1 1 0 0 37

ENWD 1 3 2 3 21[2] 0 0 0 0 32

TEDE 0 1 4 1 1 19[6] 2 0 0 34

CMIX 0 0 0 1 2 1 28[3] 0 0 35

CENF 0 0 0 1 1 2 4 23[2] 2 35

TUND 0 0 0 1 0 0 3 0 19[1] 24

∑ 23 43 31 45 29 32 42 25 22 292
Table 2.2Quantitative comparison of predicted and observed dominant and sub-dominant (in brackets) biomes
across thewhole testing dataset. The observed dominant and sub-dominant biomes are taken from theHengl et al.
(2018) potential natural vegetationmap. The biome codes are: CENF, cold evergreen needleleaf forest; CMIX, cool
mixed evergreen needleleaf and deciduous broadleaf forest; DESE, desert; ENWD, evergreen needleleaf woodland;
GRAM, graminoids with forbs; TEDE, temperate deciduousmalacophyll broadleaf forest; TUND, tundra;WTFS,
warm-temperate evergreen needleleaf and sclerophyll broadleaf forest; XSHB, xeric shrubland. The total number of
predicted and observed records for each biome are also shown (∑). The grey diagonal shows the number of correctly
predicted samples, while o�f-diagonal elements are those incorrectly predicted.

Themethod correctly predictedmodern vegetation patterns across the EMBSeCBIO region (Figure
2.4), including the distribution of WTFS along the coastal plains around the Mediterranean and
the transitions from forest through woodland to open vegetation in the Middle East and to the
east of the Caspian Sea. The distribution of CMIX and TEDE in the CarpathianMountains and the
Balkans were also correctly predicted. In regions of complex topography, such as the Caucasus
(Figure 2.4 c), the method successfully captured the transition from forest to more open
vegetationwith elevation.

2.4.3 Impact of choice of training dataset

The construction of the training dataset had only a minor impact on the overall accuracy of the
reconstructions: the average balanced accuracy was 76 ± 1.87% (Supplementary Table 2.2). In
evaluation of di�ferent biome search windows with di�ferent training/test splits, the average
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balanced accuracy was 76 ± 0.96% (Supplementary Table 2.3). The prediction accuracy in the
EMBSeCBIO region was similar (average balanced accuracy 76 ± 0.77%) to that for datasets
covering all of the SMPDS region (Supplementary Table 2.3). The removal of lakes larger than
50 km2, which have a larger pollen source area than the area used to allocate dominant and
sub-dominant biomes for each sample (Prentice, 1985; Sugita, 1993), improved the prediction, but
onlymarginally from a balanced accuracy of 76% to 77%.

Biomes Predicted

∑DESE XSHB WTFS GRAM ENWD TEDE CMIX CENF TUND

Observed

DESE 44[7] 1 0 4 1 0 0 0 0 57

XSHB 1 7[10] 0 0 0 2 0 0 0 20

WTFS 0 22 137[14] 24 3 35 0 0 0 235

GRAM 12 3 0 61[12] 4 4 1 0 0 97

ENWD 1 3 5 8 87[28] 2 1 0 0 135

TEDE 12 10 15 11 24 199[29] 6 0 0 306

CMIX 0 0 1 1 9 10 36[9] 1 0 66

CENF 0 0 0 0 1 0 0 0 0 1

TUND 0 0 0 0 0 0 0 0 0 0

∑ 77 56 172 121 157 281 52 1 0 917

Table 2.3Quantitative comparison of predicted and observed dominant and sub-dominant (in brackets) biomes in
the easternMediterranean-Black Sea Caspian corridor region. The observed dominant and sub-dominant biomes are
taken from theHengl et al. (2018) potential natural vegetationmap. The biome codes are as follows: CENF, cold
evergreen needleleaf forest; CMIX, coolmixed evergreen needleleaf and deciduous broadleaf forest; DESE, desert;
ENWD, evergreen needleleaf woodland; GRAM, graminoids with forbs; TEDE, temperate deciduousmalacophyll
broadleaf forest; TUND, tundra;WTFS, warm-temperate evergreen needleleaf and sclerophyll broadleaf forest;
XSHB, xeric shrubland. The total number of predicted and observed records for each biome are also shown (∑). The
grey diagonal shows the number of correctly predicted samples, while o�f-diagonal elements are those incorrectly
predicted.

2.4.4 Comparisonwith reconstructions using the biomisationmethod

The balanced accuracy obtained for the EMBSeCBIO region using the newmethodwas better than
that obtained using the biomisationmethod (excluding CENF and TUND) (Table 2.4), with a value
of 64% (compared to 49%) when considering only the dominant biome, and 76% (compared to
65%) when considering both dominant and sub-dominant biomes. Both methods produced
better predictions for open vegetation types than forests: DESE (89%), XSHB (85%) and ENWD
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(85%) are the best predicted biomes with the new method, and ENWD (89%), DESE (83%) and
GRAM (73%) with biomisation. However, there is a considerably larger range of prediction
accuracy with the biomisation approach. Thus, theworst predicted biome using the newmethod

Figure 2.4Maps showing (a) observed and (b) reconstructed biomes using themodern records across the eastern
Mediterranean-Black Sea Caspian corridor region. The colours show the observed or reconstructed biome. The biome
codes are: CENF, cold evergreen needleleaf forest; CMIX, coolmixed evergreen needleleaf and deciduous broadleaf
forest; DESE, desert; ENWD, evergreen needleleaf woodland; GRAM, graminoids with forbs; TEDE, temperate
deciduousmalacophyll broadleaf forest; TUND, tundra;WTFS, warm-temperate evergreen needleleaf and sclerophyll
broadleaf forest; XSHB, xeric shrubland. The size of the dots in (b) provides an indication of the similarity score
obtained, where the larger dotsmean higher similarities. Plot (c) shows an enlargement of themap of reconstructed
biomes in the Caucasus region, where the distribution is strongly controlled by elevational gradients.

had an accuracy of 64% (WTFS), whereas the worst predicted biome using biomisation had an
accuracy of only 37% (TEDE). Mismatches occur between similar biomes in both methods. Some
GRAM samples, for example, were allocated to DESE in 12% of cases under the newmethod, and
15% of cases in biomisation. Similarly, CMIX samples were allocated to TEDE in 15%of cases using
the new method and to CENF in 26% of cases using biomisation. Some TEDE samples were
wrongly allocated either to ENWD (8% in the new method, 20% in biomisation) or WTFS (5% in
the newmethod, 22% in biomisation).
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2.4.5 Reconstruction stability

Down-core reconstructions for high-resolution records using the newmethod showed generally
greater stability thanwas obtained using the biomisation approach. Therewas no di�ference in
the range of the proportion of changes between contiguous samples per thousand years
(0%–77%), but the newmethod reduced the proportion of changes in 70%of the records, and
produced a similar number of changes in 7%of the records (Supplementary Table 2.7). Thus, the
newmethod providesmore stable reconstructions and reduces the tendency for small variations
in taxon abundance to cause unrealistic temporal shi�ts between biomes.

Biomes Predicted

∑DESE XSHB WTFS GRAM ENWD TEDE CMIX CENF TUND

Observed

DESE 43[15] 2 8 1 1 0 0 0 0 70

XSHB 1 4[3] 1 0 2 0 0 0 0 11

WTFS 1 0 127[29] 27 9 3 3 28 3 230

GRAM 14 1 5 47[19] 3 0 1 0 0 90

ENWD 1 0 3 10 90[80] 2 1 3 0 190

TEDE 9 0 55 31 50 81[12] 4 10 0 252

CMIX 2 0 3 10 6 0 21[10] 19 2 73

CENF 0 0 0 1 0 0 0 0 0 1

TUND 0 0 0 0 0 0 0 0 0 0

∑ 86 10 231 146 241 98 40 60 5 917

Table 2.4 Quantitative comparison of predicted and observed dominant and sub-dominant (in brackets) biomes in
the eastern Mediterranean-Black Sea Caspian corridor region. The predicted dominant and sub-dominant biomes
were obtained using the biomisation method as described by Marinova et al. (2018); the observed dominant and
sub-dominant biomes are taken from the Hengl et al. (2018) potential natural vegetationmap. The biome codes are
as follows: CENF, cold evergreen needleleaf forest; CMIX, cool mixed evergreen needleleaf and deciduous broadleaf
forest; DESE, desert; ENWD, evergreen needleleaf woodland; GRAM, graminoids with forbs; TEDE, temperate
deciduousmalacophyll broadleaf forest; TUND, tundra;WTFS, warm-temperate evergreen needleleaf and sclerophyll
broadleaf forest; XSHB, xeric shrubland. The total number of predicted and observed records for each biome are also
shown (∑). The grey diagonal shows the number of correctly predicted samples, while o�f-diagonal elements are
those incorrectly predicted.
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2.4.6Assessment of the approach for non-analoguedetection

A threshold value for identifying analogue and non-analogue samples was estimated for each
biome (Supplementary Table 2.8). Only 4.5% of the modern samples were identified as
non-analogue, a value that is reasonable for false positives. However, 100% of the synthetic
dataset were identified as non-analogue. Application of this approach to the fossil dataset
showed an abrupt increase in the proportion of non-analogues at the transition between the
late-glacial and early Holocene (~11 ky), where the number of entities identified as having
non-analogue assemblages exceeds 20% (Figure 2.5). A�ter ~4 ky, the proportion of entities
identified as having non-analogue samples is around 5% and taken to indicate the presence of
false positives.

2.5Discussion

We have devised a method to reconstruct vegetation that is conceptually simple and uses the
observed within-biome variability in taxon abundances explicitly. Exploiting information about
within-biome variability avoids subjective choices about taxon allocations to PFTs and biomes
inherent in biomisation. It also circumvents issues associated with the under- or
over-representation of some species in pollen assemblages. The new method produced a more
accurate reconstruction of modern vegetation patterns in the EMBSeCBIO region than
biomisation (77% vs. 65%) because it preserves the observed community properties acquired
from all taxa across all samples. The substantial increase in balanced accuracy (64%–77%) when
both dominant biome and subdominant biomeswere considered shows,moreover, thatmany of

Figure 2.5 Proportion of high-resolution pollen records (entities) having at least one sample identified as
non-analogue in a 200-year time-window over the past 12,000 years, where the timewindowswere constructedwith
50%overlap. Values <5% are generally assumed to be false positives, but values above this are thought to indicate
genuine non-analogue vegetation assemblages.

the remaining misallocations occurred between climatically related biomes, a feature that is
common to biomisation reconstructions (Prentice et al., 1996, 2000). Themethod identifies even
poorly sampled biomes successfully: DESE is represented by far fewer samples than forest biomes
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in the training set, for example, but is predicted with 70% accuracy whereas scarcity of samples
led to a very low probability of reconstructing DESE using biomisation, for example in Africa and
the Arabian Peninsula (Jolly et al., 1998).

Our approach exploits a large modern pollen dataset to characterize biomes. This is important
because previous research (Turner et al., 2021) has shown that the accuracy of pollen-based
climate reconstructions is contingent on maximizing the sampled environmental space and is
una�fected by the inclusion of climatically insensitive or systematically overrepresented taxa.
Turner et al. (2021) also showed that the range and continuity of sampling along an environmental
gradient is more important than the sampling density, consistent with our decision to reduce
over-sampling of some biomes and eliminate redundant samples from themodern samples prior
to model development. However, subsequent methodological decisions, such as the size of the
search window or the partitioning of the data for testing and training, had very little impact and
changed the overall accuracy of the reconstructions by less than ±2%.

The new method provides more stable reconstructions of past vegetation than the biomisation
approach. Given that multiple switches between biomes within a limited period of time in
high-resolution pollen records are more likely a re�lection of the over-sensitivity of the
reconstruction technique tominor �luctuations in taxon abundances rather thanmultiple changes
in vegetation on decadal to sub-centennial timescales, this suggests that the newmethod largely
overcomes the so-called �lickering switch problem. Previous attempts to reconstruct vegetation
patterns through time (e.g. Williams et al., 2000, 2011; Zanon et al., 2018) have minimized the
�lickering switch problem by focusing on reconstructions for widely spaced time periods. Our new
approach opens up the possibility of making robust reconstructions at higher temporal
resolution.

We have demonstrated how the similarity scores for individual biomes can be used to determine
whether a given vegetation assemblage is present in the modern vegetation. We show that this
approach identifies synthetic samples composed of extant taxa in combinations not seen in the
modern dataset as non-analogue. If we assume a 5% cut-o�f for false positives based on the
assignments of the modern testing dataset, there are analogues for late Holocene vegetation
records from the EMBSeCBIO region but the number of non-analogues samples during the late
glacial and early Holocene exceeds 20%. This is consistent with other studies that have identified
late glacial and early Holocene non-analogue pollen assemblages in many regions
(Caballero-Rodríguez et al., 2017; Correa-Metrio et al., 2012; Jones et al., 2017;Williams& Jackson,
2007), including the EMBSeCBIO region (Connor& Kvavadze, 2009).

Pseudobiomisation has been used to reconstruct LCCs for the Anatolian and Balkan parts of the
EMBSeCBIO region (Fyfe et al., 2015; Woodbridge et al., 2014). The main focus of this workwas to
identify di�ferent degrees of anthropogenic modification of the vegetation (Fyfe et al., 2010), and
most of the LCCs specifically include agricultural cover (e.g.mixed open vegetation, LCC8which is
defined as a combination of heath/scrubland, pastures/natural grassland and arable land).
Although three LCCs are primarily natural vegetation, and are broadly equivalent to the biomes
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used in this analysis, they represent only⪅25 sites and this precludes a direct comparison between
the new method and the pseudobiomisation approach. Nevertheless, the overall accuracy of the
pseudobiomisation for the whole of Europe was only 50%, and predictions for theMediterranean
region were recognized as being poor (Fyfe et al., 2015; Woodbridge et al., 2014), suggesting that
the newmethod is likely to bemore accurate.

We have evaluated our reconstructions using a PNV map created using a machine-learning
approach with pollen-based biome reconstructions to infer the vegetation that should be present
as a function of climate and other environmental factors from the evidence available about the
(relict) natural vegetation. Although this map is reasonably accurate globally, it is nevertheless
most reliable where there are abundant data for training and less reliable where data are scarce
(Hengl et al., 2018). However, the stability of our reconstructions using di�ferent modern
sub-samples drawn fromdi�ferent locations suggests that uncertainties in the PNVmapping have
had little in�luence on our reconstructions.

Although we have focused on the reconstruction of natural vegetation, the newmethod could be
applied to reconstruct actual vegetation cover including land use. This would be useful to quantify
the magnitude of human impact on vegetation through time and the e�fect of such changes on
biodiversity, landscape degradation, carbon storage and climate. However, while there are many
satellite-based sources of high-resolution land-cover data (Buchhorn et al., 2020; CCI Land Cover,
2017; Gong et al., 2013; Sulla-Menashe et al., 2019), they focus on vegetation properties that
impact land-surface feedbacks rather than biomes. Thus, for example, they make no distinction
between the broadleaved evergreen tree cover characteristic of tropical environments and the
sclerophyll broadleaved evergreen trees of the Mediterranean. Furthermore, since the amount of
bare ground is important for water-exchange with the atmosphere, they distinguish low cover
areas regardless of whether this cover is herbs, shrubs or trees. Finally, field validation of these
maps has been limited, where it has been done the accuracy is only about 80% (Tsendbazar et al.,
2021). Nevertheless, although there would be a considerable amount of work involved in creating
more accurate biome descriptions from existing land cover datasets, it could be a useful to explore
this in future.

A more important limitation of our method may be the use of a universal search window
(20 × 20 km) to determine the biome for eachmodern site, selected by comparison of performance
scores for di�ferent windows. The increase in balanced accuracy from 66% to 76%when both the
dominant and subdominant biomes are considered suggests a greater degree of precision to take
account of the pollen source area of each site could be beneficial. A fi�th of the modern samples
are from lakes or bogs (19%), and 68% of these records are from basins <1 km2 in area. The
selected search window is close to the theoretical pollen source area for small (<1 km2) basins
(Prentice, 1988; Sugita, 1993). Of the remaining modern samples, 33% are frommoss polsters and
16% are from soil or other surfacematerials, both categories that record an evenmore local signal
than small lakes or bogs, although the area sampled depends on vegetation openness andmay be
comparable with small lakes in some settings (Beer et al., 2007; Bunting et al., 2004; Jackson &
Wong, 1994; Prentice, 1988). This again suggests that the choice of a 20 × 20 km searchwindow is
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reasonable. Improvements to prediction accuracy could be achieved using a search window
appropriate to the pollen source of each site. However, the EMBSeCBIO database lacks
information about site type for 27% and about basin size for 14% of the sample records.
Furthermore, basin size is only recorded categorically, so the quantitative information required to
allow us to test this idea still needs to be collected.

Our new method combines the relative simplicity of the biomisation approach with the more
rigorous statistical basis of dissimilarity-based reconstruction techniques. One major advantage
of the current approach compared to existing dissimilarity-based reconstruction techniques is
that it explicitly takes account of within-biome variability. Samples that represent ecotonal
transitions between biomes can therefore be assigned to a biome and the nature of the ecotone
represented can be determined by comparing the scores for other biomes, providing a more
nuancedway of examining past vegetation changes and transitions.

2.6 Conclusions

Our new approach provides a promising way of reconstructing past vegetation taking account of
the non-proportionality in the relationship between vegetation cover and pollen abundances.
There are alternative approaches to doing this, but their accuracy is tempered by very high data
demands. Our new method requires an extensive modern pollen dataset but is less
data-demanding than other approaches and yields robust results. Biomisation depends on expert
judgement for the assignment of taxa to PFTs and PFTs to biomes; our method avoids this
limitation, while producingmore accurate and temporally stable reconstructions.
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2.8 Supplement

Supplementary Figure 2.1: Number of modern pollen samples allocated to each biome. The biomes were derived
from the Potential Natural Vegetation (PNV) Map of Hengl et al. (2018) using a searchwindow of 20 km x 20 km. This
figure illustrates the extremely uneven nature of the sampling of biomes in the combined SPECIAL Modern Pollen
Data Set (SMPDS) and the Eastern Mediterranean-Black Sea Caspian Corridor (EMBSeCBIO) database used for the
training and testing datasets, and hence the necessity for down-weighting the representation of some biomes. The
biome codes are: WTFS: warm-temperate evergreen needleleaf and sclerophyll broadleaf forest, CMIX: cool mixed
evergreen needleleaf and deciduous broadleaf forest, TEDE: temperate deciduous malacophyll broadleaf forest,
CENF: cold evergreen needleleaf forest, XSHB: xeric shrubland, ENWD: evergreen needleleaf woodland, GRAM:
graminoids with forbs, DESE: desert, TUND: tundra.
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Supplementary Figure 2.2: Box andwhisker plots showing the 25most abundant taxa in each biome. The boxes show
the median and standard deviation of the abundance of individual taxa, the whiskers show the 85% confidence
interval, and the open circles show outliers. The biomes are: tundra (TUND), desert (DESE), graminoids with forbs
(GRAM), evergreen needleleaf woodland (ENWD), xeric shrubland (XSHB), cold evergreen needleleaf forest (CENF),
temperate malacophyll broadleaf forest (TEDE), cool mixed evergreen needleleaf and deciduous broadleaf forest
(CMIX), warm-temperate evergreen needleleaf and sclerophyll broadleaf forest (WTFS).
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Supplementary Figure 2.3: Density distribution of similarity scores to every biome for samples assigned graminoids
with forbs (GRAM) and cool mixed evergreen needleleaf and deciduous broadleaf forest (CMIX) according to the
Potential Natural Vegetation (PNV) Map of Hengl et al. (2018). The biomes are: tundra (TUND), desert (DESE),
graminoids with forbs (GRAM), evergreen needleleaf woodland (ENWD), xeric shrubland (XSHB), cold evergreen
needleleaf forest (CENF), temperate malacophyll broadleaf forest (TEDE), cool mixed evergreen needleleaf and
deciduous broadleaf forest (CMIX), warm-temperate evergreen needleleaf and sclerophyll broadleaf forest (WTFS).
These plots are used to derive similarity score thresholds to determine samples with potential non-analogue
vegetation types.

Supplementary Figure 2.4: Measurement of the balance between sensitivity and specificity in the evaluation of
possible cut-o�f points between two biomes for samples assigned to graminoids with forbs (GRAM) and cool mixed
evergreen needleleaf and deciduous broadleaf forest (CMIX) according to the Potential Natural Vegetation (PNV)
Map of Hengl et al. (2018). The similarity score comparisons are made between GRAM and tundra (TUND) and
between CMIX and xeric shrubland (XSHB). The dotted lines show the cut-o�f point abovewhich the samplewould be
allocated to GRAMand CMIX respectively.
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Supplementary Figure 2.5: Optimal threshold detection. Comparison of the distribution of similarity scores for
samples allocated to (a) graminoids with forbs (GRAM) and (c) cool mixed evergreen needleleaf and deciduous
broadleaf forest (CMIX) according to the Potential Natural Vegetation (PNV)Map of Hengl et al. (2018). The scores for
GRAM are compared to scores obtained on these samples for tundra (TUND) and the scores for CMIX are compared to
scores obtained on these samples for xeric shrubland (XSHB). The Receiver Operating Characteristic (ROC) curve for
(b) the GRAM/TUND and (d) the CMIX/XSHB paired comparisons show the optimal threshold (black dot) in the ROC
curve and as a dashed line in the density curves. The area under the ROC curve (AUC) is ameasure of the overall ability
of the optimal threshold to di�ferentiate between the two biomes being compared. The AUC ranges between 0.5 (ROC
curve is a diagonal line – no discrimination between categories as both density distributions are identical) and 1 (ROC
curve follow le�t and upper borders of the ROC graph – perfect discrimination as the density distributions are
completely separated).
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Supplementary Table 2.1: Allocation of pollen taxa found in samples of the EasternMediterranean-Black Sea Caspian
Corridor (EMBSeCBIO) pollen database into the 247 types represented in the SPECIAL Modern Pollen Data Set
(SMPDS) (Harrison, 2019; Wei et al., 2020). The table indicates the taxonomic level of aggregation, the name used for
the amalgamated taxon, and the component species or genera included in this taxon.

Taxonomic
level Amalgamated taxon

name
Individual taxa included

Genus Abies Abies, Abies alba, Abies cilicica, Abies nordmanniana,
Abies pinsapo subsp marocana

Family Acanthaceae Acanthus mollis

Genus Acer Acer, Acer campestre, Acer campestre type, Acer
pseudoplatanus, Acer type

Genus Aconitum Aconitum, Aconitum group, Aconitum napellus type,
Aconitum septentrionale, Aconitum type

Family Actinidiaceae Actinidia

Genus Adonis Adonis, Adonis aestivalis type, Adonis type

Family Adoxaceae Adoxa, Adoxa moschatellina, Adoxa type

Genus Aesculus Aesculus, Aesculus hippocastanum

Genus Ailanthus Ailanthus

Family Aizoaceae Carpobrotus

Genus

sub-group

Alnus Alnus, Alnus glutinosa, Alnus glutinosa type, Alnus
glutinosa/Alnus incana, Alnus incana, Alnus incana type,
Alnus incana/Alnus cordata type, Alnus non-viridis,
Alnus type

Genus

sub-group

Alnus alnobetula Alnus viridis

Family Amaranthaceae Aellenia type, Amaranthaceae, Amaranthus, Atriplex
nudicaulis, Chenopodium, Chenopodium album,
Halothamnus type, Noaea type
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Family Amaryllidaceae Amaryllidaceae, Narcissus

Family Anacardiaceae Anacardiaceae

Genus Andromeda Andromeda

Family Apiaceae Aegopodium, Anthriscus sylvestris type, Anthriscus type,
Apiaceae, Apium, Apium type, Astrantia, Astrantia type,
Athamanta cretensis, Berula erecta type, Bunium type,
Aegopodium podagraria, Bupleurum, Bupleurum type,
Carum carvi, Chaerophyllum, Chaerophyllum hirsutum
type, Chaerophyllum type, Conopodium, Conopodium
majus, Daucaceae, Daucus carota, Ammi type, Daucus
carota type, Daucus type, Echinophora, Eryngium,
Eryngium ilicifolium, Eryngium type, Falcaria type,
Ferula, Ferula type, Heracleum, Angelica, Heracleum
laciniatum type, Heracleum sphondylium, Heracleum
type, Laserpitium latifolium type, Laserpitium
prutenicum, Ligusticum mutellina, Malabaila, Meum,
Meum athamanticum, Neogaya simplex type, Angelica
archangelica, Oenanthe, Oenanthe type, Orlaya, Orlaya
grandiflora, Pastinaca type, Peucedanum, Peucedanum
ostruthium, Peucedanum type, Pimpinella, Pimpinella
major type, Angelica type, Pimpinella type,
Pleurospermum austriacum, Sanicula, Sanicula
europaea, Sanicula type, Scandix, Seseli type, Torilis,
Torilis arvensis, Turgenia type, Anisosciadium type,
Anthriscus, Anthriscus sylvestris

Genus Aquilegia Aquilegia type

Family Araceae Araceae

Genus Arbutus Arbutus, Arbutus type, Arbutus unedo

Genus Arctostaphylos Arctostaphylos, Arctostaphylos uva-ursi

Genus Argania Argania spinosa

Family Aristolochiaceae Aristolochia

Genus Artemisia Artemisia, Artemisia genipii/Artemisia mutellina,
Artemisia herba-alba type, Artemisia type, Artemisia
vulgaris type

Family Asclepiadaceae Asclepiadaceae
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Family Asparagaceae Asparagaceae, Asparagus, Asparagus type, Convallaria,
Convallaria type, Maianthemum bifolium, Maianthemum
type, Ornithogalum type, Scilla type

Family Asphodelaceae Eremurus

Family Asphodeliaceae Asphodeline, Asphodelus, Asphodelus albus, Asphodelus
albus type, Asphodelus fistulosus type, Asphodelus type

Family Asteraceae Asteraceae

Family

sub-group

Asteraceae (Liguliflorae) Asteraceae (Liguliflorae)

Family

sub-group

Asteroideae Achillea, Antennaria, Antennaria type, Anthemis,
Anthemis type, Arnica montana, Aster, Aster
bellidiastrum, Aster type, Aster/Achillea, Aster/Achillea
type, Achillea type, Asteraceae (Tubuliflorae),
Asteroideae, Bellis, Bellis type, Bidens, Bidens type,
Calendula, Calendula type, Chrysanthemum alpinum,
Doronicum, Achillea/Anthemis type, Erigeron,
Eupatorium, Eupatorium type, Filago type, Filifolium
sibiricum, Gnaphalium, Gnaphalium type, Helianthus,
Helianthus type, Homogyne, Achillea/Aster, Homogyne
alpina, Inula, Inula type, Logfia type, Matricaria type,
Petasites, Petasites type, Senecio, Senecio type, Solidago,
Adenostyles type, Solidago type, Solidago virgaurea type,
Tussilago farfara, Tussilago type, Xanthium, Xanthium
spinosum, Xanthium strumarium, Xanthium type,
Ambrosia, Ambrosia artemisiifolia type, Ambrosia type,
Ambrosia/Xanthium

Genus Astragalus Astragalus, Astragalus alpinus type, Astragalus type

Family Berberidaceae Berberidaceae

Genus Berberis Berberis, Berberis vulgaris, Mahonia

Genus Betula Betula, Betula type, Betula alba, Betula alba type, Betula
pendula, Betula pendula/Betula pubescens, Betula
pubescens, Betula pubescens type, Betula sect. Albae,
Betula tortuosa

Genus Betula (Chamaebetula) Betula fruticosa, Betula humilis/Betula nana, Betula
nana, Betula nana type
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Family Boraginaceae Alkanna, Cynoglossum creticum, Echium, Echium type,
Echium vulgare, Heliotropium type, Lithospermum,
Myosotis, Myosotis arvensis type, Myosotis type, Onosma,
Anchusa, Pulmonaria, Pulmonaria type, Symphytum,
Symphytum type, Anchusa arvensis, Anchusa type,
Boraginaceae, Borago officinalis, Cerinthe, Cerinthe
minor, Cerinthe type

Family Brassicaceae Arabidopsis, Cardamine pratensis type, Cardamine type,
Crambe, Descurainia, Draba, Draba type, Hornungia
type, Lepidium type, Matthiola, Sinapis, Barbarea type,
Sinapis type, Brassica, Brassica type, Brassicaceae,
Brassicaceae type, Capsella bursa-pastoris type, Capsella
type, Cardamine

Genus Bruckenthalia Bruckenthalia

Genus Buxus Buxus, Buxus sempervirens

Genus Calluna Calluna, Calluna type, Calluna vulgaris, Calluna vulgaris
type

Family Campanulaceae Campanula, Phyteuma, Phyteuma type, Campanula type,
Campanulaceae, Jasione, Jasione montana, Jasione type,
Legousia, Lobelia dortmanna, Lobelia type

Family Capparaceae Capparidaceae, Capparis, Capparis spinosa, Capparis
type

Family Caprifoliaceae Caprifoliaceae, Scabiosa columbaria type, Scabiosa
rotata type, Scabiosa type, Scabiosa/Succisa type,
Succisa, Succisa pratensis, Succisa pratensis type, Succisa
type, Dipsacaceae, Dipsacus, Dipsacus fullonum type,
Dipsacus type, Knautia, Knautia arvensis, Knautia type,
Scabiosa

Genus Carduoideae Arctium, Centaurea, Centaurea collina, Centaurea collina
type, Centaurea cyanus, Centaurea cyanus type,
Centaurea depressa type, Centaurea jacea, Centaurea
jacea type, Centaurea montana, Centaurea montana
type, Arctium type, Centaurea nigra, Centaurea nigra
type, Centaurea rhenana type, Centaurea scabiosa,
Centaurea scabiosa type, Centaurea solstitialis,
Centaurea solstitialis type, Centaurea type, Cirsium,
Cirsium type, Arctium/Jurinea, Cirsium/Carduus,
Cirsium/Gundelia, Cousinia, Echinops, Gundelia type,
Jurinea type, Onopordum, Onopordum type, Saussurea,
Saussurea alpina, Carduoideae, Saussurea type,
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Serratula, Serratula type, Carduus, Carduus type,
Carlina, Carlina type, Carthamus

Genus Carpinus betulus Carpinus, Carpinus betulus, Carpinus betulus type,
Carpinus type

Genus Carpinus orientalis/Ostrya Carpinus orientalis, Carpinus orientalis type, Carpinus
orientalis/Ostrya, Carpinus orientalis/Ostrya
carpinifolia, Carpinus orientalis/Ostrya carpinifolia type,
Carpinus/Ostrya, Carpinus/Ostrya type, Ostrya, Ostrya
type

Family Caryophyllaceae Agrostemma githago, Cerastium cerastioides type,
Cerastium fontanum type, Cerastium type,
Cerastium/Stellaria type, Corrigiola, Dianthus, Dianthus
superbus type, Dianthus type, Frankenia, Frankenia type,
Agrostemma type, Gypsophila, Gypsophila fastigiata,
Gypsophila repens type, Gypsophila type, Herniaria,
Herniaria glabra, Herniaria type, Herniaria/Paronychia,
Illecebrum, Loeflingia, Arenaria, Lychnis, Lychnis
flos-cuculi, Lychnis flos-cuculi type, Lychnis type, Lychnis
viscaria type, Minuartia, Minuartia rubra type,
Minuartia type, Minuartia verna type, Moehringia type,
Arenaria type, Paronychia, Paronychia type, Polycarpon,
Sagina, Sagina procumbens, Sagina type, Saponaria,
Scleranthus, Scleranthus annuus, Scleranthus perennis,
Caryophyllaceae, Scleranthus type, Silenaceae, Silene,
Silene acaulis, Silene acaulis type, Silene alba type, Silene
dioica type, Silene latifolia, Silene rupestris, Silene type,
Caryophyllaceae subfam. Silenoideae, Silene vulgaris
type, Spergula, Spergula arvensis, Spergula type,
Spergularia, Spergularia type, Stellaria, Stellaria
holostea, Stellaria holostea type, Stellaria nemorum,
Cerastium, Stellaria nemorum type, Stellaria palustris,
Stellaria type, Vaccaria type, Cerastium alpinum type,
Cerastium arvense type

Genus Cassiope Cassiope, Cassiope type

Genus Castanea Castanea, Castanea sativa

Genus Cedrus Cedrus, Cedrus atlantica, Cedrus atlantica type, Cedrus
libani

Family Celastraceae Celastraceae, Parnassia, Parnassia palustris

Genus Celtis Celtis, Celtis australis

Genus Ceratonia Ceratonia, Ceratonia siliqua, Ceratonia type
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Genus Cercis Cercis siliquastrum

Genus Chamaedaphne Chamaedaphne, Chamaedaphne calyculata

Genus Chamaerops Chamaerops

Genus Chimaphila Chimaphila umbellata

Genus Cichorioideae Cichorioideae, Lactuca sativa type, Lactuca type,
Leontodon helveticus, Leontodon type, Scorzonera
humilis type, Scorzonera type, Sonchus type, Taraxacum,
Taraxacum type, Cichorium, Cichorium intybus type,
Cichorium type, Crepis, Crepis aurea, Crepis type,
Hieracium type, Lactuca

Family Cistaceae Cistaceae, Halimium/Tuberaria, Tuberaria

Genus Cistus Cistus, Cistus salviifolius type, Cistus type, Cistus villosus
type, Cistus albidus type, Cistus incanus, Cistus ladanifer,
Cistus ladanifer type, Cistus monspeliensis type, Cistus
populifolius type, Cistus salvifolius, Cistus salviifolius

Genus Clematis Clematis, Clematis type, Clematis vitalba type

Genus Clethra Clethra

Family Clusiaceae Guttiferae

Family Colchicaceae Colchicum, Colchicum autumnale type, Colchicum type,
Colchicum/Merendera, Merendera

Genus Colutea Colutea

Family Convolvulaceae Calystegia, Calystegia sepium, Convolvulaceae,
Convolvulus, Convolvulus arvensis, Convolvulus arvensis
type, Corema album type, Cuscuta, Cuscuta europaea
type

Genus Coriaria Coriaria, Coriaria myrtifolia

Genus Cornus Cornaceae, Cornus, Cornus mas, Cornus mas/Cornus
suecica, Cornus sanguinea, Cornus suecica

95



Genus Corylus Corylus, Corylus avellana, Corylus avellana type, Corylus
maxima, Corylus type

Genus Cotinus Cotinus, Cotinus coggygria

Genus Cotoneaster Cotoneaster

Family Crassulaceae Crassula, Crassulaceae, Sedum, Sedum rosea, Sedum
type, Sempervivum, Umbilicus, Umbilicus rupestris type

Genus Crataegus Crataegus, Crataegus type

Family Cucurbitaceae Cucurbitaceae

Family Cupressaceae Cupressaceae, Taxodiaceae, Taxodium, Cupressus,
Cupressus type, Juniperus, Juniperus communis, Juniperus
communis type, Juniperus excelsa/Juniperus oxycedrus,
Juniperus sabina, Juniperus type

Genus Cynomorium Cynomorium

Family Cyperaceae Carex, Fimbristylis, Rhynchospora, Rhynchospora alba,
Rhynchospora type, Schoenoplectus, Schoenoplectus
lacustris ssp lacustris, Schoenoplectus type, Schoenus
type, Scirpus, Scirpus lacustris type, Carex hirta type,
Scirpus type, Trichophorum caespitosum, Carex type,
Cyperaceae, Cyperus, Cyperus type, Eleocharis palustris,
Eriophorum angustifolium/Eriophorum vaginatum,
Eriophorum type

Family Cytinaceae Cytinus hypocistis type

Genus Daphne Daphne, Daphne gnidium, Daphne gnidium type, Daphne
type

Genus Datisca Datisca

Genus Delphinium Delphinium type

Family Dennstaedtiaceae Pteridium, Pteridium aquilinum, Pteridium aquilinum
type, Pteridium type

Genus Diapensia Diapensia, Diapensia lapponica
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Genus Dryas Dryas, Dryas octopetala

Genus Elaeagnus Elaeagnus

Genus Empetrum Empetrum, Empetrum nigrum, Empetrum type

Genus Ephedra Ephedra, Ephedra major type, Ephedra type, Ephedra
alata type, Ephedra distachya, Ephedra distachya type,
Ephedra fragilis, Ephedra fragilis ssp campylopoda,
Ephedra fragilis type, Ephedra fragilis var campylopoda,
Ephedra major

Genus Equisetum Equisetum

Genus Erica Erica, Erica lusitanica type, Erica scoparia type, Erica
tetralix, Erica tetralix type, Erica type, Erica umbellata
type, Erica arborea, Erica arborea type, Erica australis,
Erica australis type, Erica cinerea, Erica cinerea type,
Erica erigena type, Erica lusitanica

Family Ericaceae Ericaceae, Ericales, Lecythis, Moneses, Orthilia,
Phyllodoce, Pyrola

Genus Euonymus Euonymus, Euonymus europaeus

Family Euphorbiaceae Acalypha, Euphorbia, Euphorbia type, Euphorbiaceae

Family Fabaceae Fabaceae, Glycine

Family Fabaceae (herbs) Anthyllis, Lathyrus/Vicia, Lotus, Lotus corniculatus, Lotus
corniculatus type, Lotus type, Lotus uliginosus, Medicago,
Medicago littoralis type, Medicago sativa, Medicago
type, Coronilla, Melilotus, Melilotus type, Onobrychis,
Onobrychis type, Oxytropis, Phaseolus type, Trifolium,
Trifolium alpinum type, Trifolium badium type,
Trifolium montanum, Ebenus/Hedysarum, Trifolium
pratense, Trifolium pratense type, Trifolium repens,
Trifolium repens type, Trifolium spadiceum type,
Trifolium type, Vicia, Vicia cracca, Vicia cracca type,
Vicia faba type, Hedysarum hedysaroides, Vicia sylvatica
type, Vicia type, Viciaceae, Hippocrepis comosa,
Hippocrepis type, Lathyrus, Lathyrus type,
Lathyrus/Vicia

Genus Fagus Fagus, Fagus orientalis, Fagus sylvatica
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Genus Ficus Ficus, Ficus carica

Genus Flueggea Securinega tinctoria type

Genus Frangula Frangula, Frangula alnus

Genus Fraxinus Fraxinus, Fraxinus angustifolia, Fraxinus angustifolia
subsp. oxycarpa, Fraxinus angustifolia type, Fraxinus
excelsior, Fraxinus excelsior type, Fraxinus ornus,
Fraxinus ornus type, Fraxinus oxycarpa type

Genus Genisteae Cytisus type, Ulex, Ulex type, Cytisus/Genista,
Cytisus/Genista type, Cytisus/Ulex, Genista, Genista type,
Genista/Ulex, Sarothamnus scoparius, Spartium

Family Gentianaceae Centaurium, Gentiana purpurea type, Gentianaceae,
Gentianella, Gentianella campestris type, Swertia
perennis, Centaurium maritimum, Centaurium type,
Gentiana, Gentiana lutea/Gentiana pneumonanthe,
Gentiana nivalis type, Gentiana pneumonanthe, Gentiana
pneumonanthe type, Gentiana purpurea

Family Geraniaceae Erodium, Geraniaceae, Geranium, Geranium sylvaticum
type, Geranium type

Genus Halimium Halimium, Halimium type

Genus Hedera Hedera, Hedera helix, Hedera type

Genus Helianthemum Helianthemum, Helianthemum croceum type,
Helianthemum nummularium type, Helianthemum
salicifolium type, Helianthemum type

Genus Helleborus Helleborus, Helleborus foetidus, Helleborus viridis type

Genus Hippophae Hippophae, Hippophae rhamnoides

Genus Huperzia Huperzia selago, Lycopodium selago

Family Hymenophyllaceae Hymenophyllum tunbrigense, Hymenophyllum wilsonii,
Trichomanes speciosum
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Family Hypericaceae Hypericum, Hypericum hyssopifolium, Hypericum
perforatum type, Hypericum pulchrum type, Hypericum
type

Genus Ilex Ilex, Ilex aquifolium

Genus Impatiens Impatiens

Family Iridaceae Crocus, Iridaceae, Iris, Iris pseudacorus, Iris pseudacorus
type, Iris type

Genus Jasminum Jasminum, Jasminum fruticans, Jasminum type

Family Juglandaceae Juglandaceae

Genus Juglans Juglans, Juglans regia

Family Juncaceae Juncaceae, Juncus, Luzula

Genus Kalmia Loiseleuria procumbens

Genus Koenigia Koenigia islandica

Genus Laburnum Laburnum anagyroides

Family Lamiaceae Ajuga, Lycopus type, Lycopus/Mentha, Marrubium,
Mentha, Mentha type, Mentha/Thymus, Origanum
vulgare, Phlomis, Prunella, Prunella type, Ballota,
Prunella vulgaris type, Scutellaria, Scutellaria type,
Sideritis, Stachys, Stachys sylvatica type, Stachys
sylvestris, Stachys type, Thymus, Thymus serpyllum,
Galeopsis, Thymus type, Galeopsis type, Glechoma type,
Lamiaceae, Lamium, Lamium type, Lycopus

Genus Larix Larix, Larix decidua, Larix decidua type,
Larix/Pseudotsuga

Genus Lavandula Lavandula stoechas type

Genus Ledum Ledum, Ledum palustre, Ledum type

Genus Ligustrum Ligustrum, Ligustrum vulgare, Ligustrum vulgare type
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Family Liliaceae Allium, Lilium martagon type, Lloydia serotina, Allium
type, Anthericum, Anthericum type, Fritillaria lusitanica,
Fritillaria type, Gagea, Liliaceae, Lilium

Family Linaceae Linaceae, Radiola linoides

Genus Linnaea Linnaea, Linnaea borealis

Genus Linum Linum, Linum bienne type, Linum catharticum, Linum
catharticum type, Linum type

Genus Lonicera Lonicera, Lonicera caerulea, Lonicera hispida, Lonicera
implexa, Lonicera periclymenum, Lonicera periclymenum
type, Lonicera type, Lonicera xylosteum type

Family Loranthaceae Loranthaceae

Genus Lycopodiella Lepidotis inundata, Lycopodium inundatum

Genus Lycopodium Diphasiastrum, Lycopodium alpinum, Lycopodium
annotinum, Lycopodium annotinum type, Lycopodium
clavatum, Lycopodium clavatum type, Lycopodium
complanatum, Lycopodium dubium, Lycopodium type,
Diphasiastrum alpinum, Diphasium, Diphasium alpinum,
Diphasium alpinum type, Diphasium complanatum,
Diphasium tristachyum, Diphasium type, Lycopodium

Genus Lysimachia Lysimachia, Lysimachia maritima, Lysimachia nemorum,
Lysimachia thyrsiflora, Lysimachia type, Lysimachia
vulgaris, Lysimachia vulgaris type

Family Lythraceae Lythraceae, Lythrum, Lythrum salicaria, Lythrum
salicaria type, Lythrum salicaria/Lythrum hyssopifolia,
Peplis

Family Magnoliaceae Magnoliaceae

Genus Malus Malus, Malus type

Family Malvaceae Hibiscus, Lavatera type, Malva, Malva sylvestris type,
Malvaceae, Sterculia

Family Melanthiaceae Veratrum, Veratrum type
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Genus Mercurialis Mercurialis, Mercurialis annua, Mercurialis annua type,
Mercurialis perennis, Mercurialis perennis type

Genus Moltkia Moltkia

Family Montiaceae Montia

Family Moraceae Moraceae, Morus, Morus alba, Morus alba type, Morus
nigra

Genus Myrica Corylus/Myrica, Myrica, Myrica gale, Myrica gale type,
Myrica type

Genus Myricaria Myricaria

Family Myrtaceae Myrtaceae, Myrtus, Myrtus communis

Family Nartheciaceae Narthecium, Narthecium ossifragum, Narthecium type

Genus Nerium Nerium, Nerium oleander

Genus Nigella Nigella

Family Nitrariaceae Nitraria, Peganum harmala

Genus Olea Olea, Olea europaea, Olea type

Family Oleaceae Fontanesia/Phillyrea, Olea/Ligustrum, Oleaceae

Family Onagraceae Chamaenerion, Chamaenerion angustifolium, Circaea,
Epilobium, Epilobium type, Onagraceae

Genus Ononis Ononis, Ononis type

Family Ophioglossaceae Botrychium, Botrychium lunaria, Botrychium lunaria
type, Botrychium type, Ophioglossaceae, Ophioglossum,
Ophioglossum vulgatum

Family Orchidaceae Neottia type, Orchidaceae
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Family Orobanchaceae Euphrasia, Euphrasia type, Melampyrum, Pedicularis,
Pedicularis oederi type, Pedicularis palustris type,
Pedicularis type, Rhinanthus, Rhinanthus type

Family Osmundaceae Osmunda, Osmunda regalis

Family Oxalidaceae Oxalidaceae, Oxalis, Oxalis acetosella, Oxalis stricta

Genus Oxyria/Rumex Oxyria, Rumex acetosa/Rumex acetosella, Rumex
acetosa/Rumex acetosella type, Rumex acetosa/Rumex
scutatus type, Rumex acetosella, Rumex acetosella type,
Rumex alpestris, Rumex alpinus, Rumex alpinus type,
Rumex aquaticus, Rumex aquaticus type, Oxyria digyna,
Rumex conglomeratus type, Rumex crispus, Rumex
crispus type, Rumex hydrolapathum, Rumex
hydrolapathum type, Rumex longifolius, Rumex
longifolius type, Rumex obtusifolius type, Rumex
patentia type, Rumex sanguineus type, Oxyria type,
Rumex type, Oxyria/Rumex, Oxyria/Rumex type, Rumex,
Rumex acetosa, Rumex acetosa type, Rumex
acetosa/Oxyria type

Genus Paeonia Paeonia

Genus Paliurus Paliurus, Paliurus spina-christi

Family Papaveraceae Chelidonium majus, Papaver, Papaver argemone,
Papaver rhoeas type, Papaver type, Papaveraceae,
Roemeria, Corydalis, Corydalis solida type, Corydalis
type, Fumana, Fumaria, Fumaria officinalis type,
Glaucium, Hypecoum

Genus Parrotia Parrotia persica

Genus Periploca Periploca

Genus Phillyrea Olea/Phillyrea, Phillyrea, Phillyrea angustifolia, Phillyrea
angustifolia type, Phillyrea media, Phillyrea type

Family Phyllanthaceae Andrachne, Andrachne telephioides

Genus Picea Picea, Picea abies, Picea abies subsp abies

Genus Picea orientalis Picea orientalis
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Genus Pinus Pinus

Genus

sub-group

Pinus (diploxylon) Pinus (Diploxylon), Pinus subg. Pinus, Pinus sylvestris,
Pinus sylvestris type, Pinus sylvestris/Pinus nigra type,
Pinus type, Pinus halepensis, Pinus nigra type, Pinus
non-cembra, Pinus pinaster, Pinus pinaster type, Pinus
pinaster/Pinus halepensis, Pinus pinea type, Pinus
pinea/Pinus halepensis type

Genus

sub-group

Pinus (haploxylon) Pinus (Haploxylon), Pinus cembra, Pinus cembra type,
Pinus peuce, Pinus sibirica

Genus Pistacia Pistacia, Pistacia lentiscus, Pistacia lentiscus type,
Pistacia terebinthus, Pistacia terebinthus type, Pistacia
type

Family Plantaginaceae Globularia, Plantago coronopus type, Plantago cylindrica
type, Plantago lanceolata, Plantago lanceolata type,
Plantago lusitanica, Plantago major, Plantago major
type, Plantago major/Plantago media, Plantago
maririma, Plantago maritima, Gratiola officinalis,
Plantago maritima type, Plantago media, Plantago
media type, Plantago media/Plantago major, Plantago
media/Plantago major type, Plantago montana type,
Plantago ovata type, Plantago psyllium type, Plantago
tenuiflora type, Plantago type, Plantaginaceae, Plantago,
Plantago afra type, Plantago albicans, Plantago alpina,
Plantago alpina type, Plantago coronopus

Genus Platanus Platanus, Platanus orientalis, Platanus type

Family Plumbaginaceae Acantholimon, Limonium vulgare, Plumbaginaceae,
Plumbago, Armeria, Armeria maritima, Armeria
maritima subsp elongata, Armeria type,
Armeria/Limonium, Armeria/Limonium type, Limonium,
Limonium type

Family Poaceae Anthoxanthum, Stipa, Deschampsia, Elymus, Lygeum,
Lygeum spartum, Nardus, Poa/Festuca type, Poaceae,
Setaria

Family Polemoniaceae Polemoniaceae, Polemonium

Family Polygalaceae Polygala, Polygala type, Polygala vulgaris, Polygala
vulgaris type, Polygalaceae, Polygaloides chamaebuxus
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Family Polygonaceae Atraphaxis, Persicaria amphibia, Polygonaceae,
Pteropyrum, Rheum, Rheum ribes, Rheum type,
Bilderdykia convolvulus, Bilderdykia convolvulus type,
Bistorta officinalis type, Bistorta vivipara, Calligonum,
Fallopia convolvulus, Fallopia convolvulus type,
Persicaria

Genus Polygonum Polygonum, Polygonum convolvulus, Polygonum
convolvulus type, Polygonum oxyspermum type,
Polygonum persicaria, Polygonum persicaria type,
Polygonum sect. Persicaria, Polygonum type, Polygonum
viviparum, Polygonum alpinum, Polygonum amphibium,
Polygonum amphibium type, Polygonum aviculare,
Polygonum aviculare type, Polygonum bistorta,
Polygonum bistorta type, Polygonum
bistorta/Polygonum viviparum

Genus Polypodiales Aspidium, Blechnum, Blechnum spicant, Cystopteris,
Cystopteris fragilis, Cystopteris type,
Dryopteridaceae/Polypodiaceae, Dryopteris, Dryopteris
carthusiana, Dryopteris carthusiana type, Dryopteris
cristata, Asplenium, Dryopteris cristata type, Dryopteris
dilatata, Dryopteris dilatata type, Dryopteris filix-mas,
Dryopteris filix-mas type, Dryopteris type,
Dryopteris/Thelypteris, Grammitis, Gymnocarpium,
Gymnocarpium dryopteris, Asplenium nidus, Pilularia,
Polypodiaceae, Polypodiales, Polypodium, Polypodium
vulgare, Polypodium vulgare type, Polystichum,
Polystichum type, Thelypteris, Thelypteris palustris,
Asplenium type, Thelypteris palustris type, Thelypteris
phegopteris, Thelypteris type, Asplenium viride,
Athyrium, Athyrium alpestre type, Athyrium
distentifolium type, Athyrium filix-femina

Genus Populus Populus, Populus tremula, Populus tremula type

Family Portulacaceae Portulacaceae

Genus Potentilla Potentilla, Potentilla aurea, Potentilla micrantha type,
Potentilla recta, Potentilla type

Family Primulaceae Anagallis, Primula, Primula clusiana type, Primula
farinosa, Primula farinosa type, Primula hirsuta type,
Primula type, Primula veris type, Primula vulgaris type,
Primulaceae, Soldanella, Anagallis arvensis, Trientalis,
Trientalis europaea, Anagallis arvensis type, Anagallis
tenella, Anagallis type, Androsace, Androsaceae,
Cyclamen, Cyclamen hederifolium

Genus Prosopis Lagonychium type, Prosopis
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Genus Prunus Prunus, Prunus avium, Prunus padus, Prunus spinosa
type, Prunus type

Family Pteridaceae Adiantum, Cheilanthes, Cryptogramma, Cryptogramma
crispa, Cryptogramma crispa type, Pteris

Genus Pterocarya Pterocarya, Pterocarya fraxinifolia

Genus Punica Punica

Genus Pyrus Pyrus, Pyrus type

Genus Quercus (deciduous) Quercus, Quercus robur type, Quercus robur/Quercus
petraea, Quercus (deciduous), Quercus cerris, Quercus
cerris type, Quercus deciduous, Quercus ithaburensis,
Quercus ithaburensis type, Quercus petraea, Quercus
robur

Genus Quercus (evergreen) Quercus (evergreen), Quercus rotundifolia type, Quercus
suber, Quercus suber type, Quercus calliprinos, Quercus
calliprinos type, Quercus coccifera, Quercus coccifera
type, Quercus coccifera/Quercus ilex, Quercus evergreen,
Quercus ilex, Quercus ilex type

Genus Quercus (intermediate) Quercus canariensis type, Quercus cerris/Quercus suber,
Quercus cerris/Quercus suber type, Quercus faginea,
Quercus faginea/Quercus pubescens, Quercus
faginea/Quercus pyrenaica, Quercus pubescens type,
Quercus pyrenaica type, Quercus robur/Quercus
pubescens type

Family Ranunculaceae Anemone, Anemone nemorosa, Anemone nemorosa type,
Anemone nemorosa type/Hepatica nobilis, Anemone
nemorosa/Anemone ranunculoides, Anemone type,
Hepatica, Pulsatilla, Ranunculaceae

Genus Ranunculus Ranunculus, Ranunculus ficaria type, Ranunculus
flammula type, Ranunculus glacialis type, Ranunculus
montanus type, Ranunculus muricatus type, Ranunculus
nivalis type, Ranunculus parviflorus, Ranunculus repens
type, Ranunculus sceleratus type, Ranunculus type,
Ranunculus acer type, Ranunculus aconitifolius,
Ranunculus aconitifolius type, Ranunculus acris,
Ranunculus acris type, Ranunculus arvensis, Ranunculus
arvensis type, Ranunculus asiaticus type

Family Resedaceae Reseda, Reseda lutea type, Resedaceae
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Family Rhamnaceae Rhamnaceae

Genus Rhamnus Rhamnus, Rhamnus catharticus, Rhamnus type

Genus Rhododendron Rhododendron, Rhododendron ferrugineum,
Rhododendron type

Genus Rhus Rhus, Rhus coriaria

Genus Ribes Ribes, Ribes type

Family Rosaceae Agrimonia, Fragaria type, Geum, Geum rivale type, Geum
type, Pirus type, Prunus/Rubus type, Pyrus/Malus, Rosa,
Rosa canina type, Rosa type, Agrimonia eupatoria,
Rosa/Prunus, Rosaceae, Spiraea, Alchemilla, Alchemilla
type, Filipendula, Filipendula type, Filipendula ulmaria,
Filipendula vulgaris, Fragaria

Genus Rosmarinus Rosmarinus, Rosmarinus type

Family Rubiaceae Asperula, Galium, Galium type, Rubiaceae, Theligonum

Genus Rubus Rubus, Rubus arcticus, Rubus arcticus type, Rubus
chamaemorus, Rubus fruticosus type, Rubus idaeus type,
Rubus saxatilis, Rubus type

Genus Ruscus Ruscus

Family Rutaceae Haplophyllum, Ruta, Rutaceae

Genus Salix Salix, Salix glauca type, Salix helvetica type, Salix
herbacea, Salix herbacea type, Salix herbacea/Salix
reticulata, Salix pentandra type

Genus Salvia Salvia, Salvia verticillata type

Genus Sambucus Sambucus, Sambucus ebulus, Sambucus nigra, Sambucus
nigra type, Sambucus nigra/Sambucus racemosa,
Sambucus racemosa, Sambucus type

Genus Sanguisorba group Poterium, Sanguisorba, Sanguisorba minor, Sanguisorba
minor ssp minor, Sanguisorba minor type, Sanguisorba
officinalis, Sanguisorba type, Sarcopoterium
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Family Santalaceae Arceuthobium oxycedri, Comandra elegans, Osyris alba
type, Thesium

Family Saxifragaceae Chrysosplenium, Saxifraga oppositifolia, Saxifraga
oppositifolia type, Saxifraga paniculata type, Saxifraga
stellaris, Saxifraga stellaris type, Saxifraga tricuspidata,
Saxifragaceae, Chrysosplenium type, Micranthes nivalis
type, Saxifraga, Saxifraga cernua type, Saxifraga
cespitosa type, Saxifraga foliolosa type, Saxifraga
granulata, Saxifraga granulata type

Family Scrophulariaceae Antirrhinum type, Scrophularia/Verbascum,
Scrophulariaceae, Verbascum, Verbascum type, Veronica,
Veronica type, Antirrhinum/Linaria, Digitalis, Digitalis
purpurea type, Digitalis type, Linaria, Linaria type,
Scrophularia, Scrophularia type

Genus Smilax Smilax

Family Solanaceae Capsicum type, Lycium, Solanaceae, Solanum, Solanum
dulcamara, Solanum nigrum, Solanum nigrum type

Genus Sorbus Sorbus, Sorbus aria, Sorbus aucuparia, Sorbus aucuparia
type, Sorbus type

Genus Styrax Styrax officinalis

Genus Suaeda Suaeda, Suaeda type

Genus Syringa Syringa

Genus Tamarix Tamarix

Genus Taxus Taxus, Taxus baccata

Genus Teucrium Teucrium, Teucrium type

Genus Thalictrum Thalictrum, Thalictrum alpinum, Thalictrum
aquilegiifolium, Thalictrum flavum type, Thalictrum
lucidum, Thalictrum type

Family Thymelaeaceae Thymelaea, Thymelaeaceae
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Genus Tilia Tilia, Tilia cordata, Tilia cordata type, Tilia platyphyllos,
Tilia platyphyllos type

Genus Tofieldia Tofieldia

Genus Trollius Trollius, Trollius europaeus, Trollius type

Genus Ulmus Ulmus, Ulmus glabra, Ulmus glabra type, Ulmus minor

Genus Ulmus/Zelkova Ulmus/Zelkova, Zelkova, Zelkova type

Family Urticaceae Parietaria, Parietaria/Urtica, Urtica, Urtica dioica,
Urtica dioica type, Urtica pilulifera type, Urtica type,
Urtica urens, Urticaceae

Genus Vaccinium Vaccinium, Vaccinium myrtillus, Vaccinium myrtillus
type, Vaccinium oxycoccos, Vaccinium type, Vaccinium
uliginosum type, Vaccinium/Oxycoccus

Family Valerianaceae Centranthus, Valerianella, Valeriana, Valeriana dioica
type, Valeriana officinalis, Valeriana officinalis type,
Valeriana sambucifolia type, Valeriana tripteris type,
Valeriana type, Valerianaceae

Family Verbenaceae Verbena, Verbena officinalis

Genus Viburnum Viburnum, Viburnum opulus, Viburnum opulus type,
Viburnum type

Family Violaceae Viola, Viola arvensis type, Viola canina type, Viola
palustris, Viola palustris type, Viola tricolor, Viola
tricolor/Viola arvensis, Violaceae

Genus Viscum Viscum, Viscum album, Viscum album type, Viscum type

Genus Vitex Vitex

Genus Ziziphus Ziziphus type, Zizyphus, Zizyphus lotus

Family Zygophyllaceae Tribulus, Tribulus terrestris, Zygophyllaceae,
Zygophyllum
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Supplementary Table 2.2: Comparison of the quality of reconstructions based on training datasets constructed in
di�ferent ways or the modern data set for thewhole of the SPECIALModern Pollen Data Set (SMPDS) and for the data
set encompassing only the Eastern Mediterranean-Black Sea Caspian Corridor (EMBSeCBIO) region. Assessments are
made on the accuracy with respect to only the dominant biome and to the dominant and sub-dominant biomes
identified in a 20 x 20 km2 searchwindow around each sampling point according to the Potential Natural Vegetation
(PNV) Map of Hengl et al. (2018). We give both the accuracy and the balanced accuracy metrics for each split of the
training and testing datasets.
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Supplementary Table 2.3: Comparison of the quality of reconstructions based on using di�ferent areas around each
sample to determine the observed vegetation type and on using di�ferent training and testing data partitioning
ratios. The size of the search window is given in km. For the ratio of the size of the training and testing data sets, a
value of 70:30 means that 70% of the data are used as the training set and 30% of the data are used as the test set.
Assessments are made on the accuracy with respect to only the dominant biome and to the dominant and
sub-dominant biomes identified in each search window around each sampling point according to the Potential
Natural Vegetation (PNV) Map of Hengl et al. (2018) for the modern data set for the whole of the SPECIAL Modern
Pollen Data Set (SMPDS) and for the data set encompassing only the Eastern Mediterranean-Black Sea Caspian
Corridor (EMBSeCBIO) region.We give both the accuracy and the balanced accuracymetrics for each assessment.
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Supplementary Table 2.4: Comparison of the quality of reconstructions for the modern data set for thewhole of the
SPECIAL Modern Pollen Data Set (SMPDS) and for the data set encompassing only the EasternMediterranean-Black
Sea Caspian Corridor (EMBSeCBIO) region based on using di�ferent values for ε in equation 1 (range from 0.01 to 1).
Assessments are made on the accuracy with respect to only the dominant biome and to the dominant and
sub-dominant biomes identified in a 20 x 20 km2 search window around each sampling point according to the
Potential Natural Vegetation (PNV) Map of Hengl et al. (2018). We give both the accuracy and the balanced accuracy
metrics for assessment.
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Supplementary Table 2.5: Plant functional types (PFTs) included in each biome in the biomisation procedure. The
allocations of PFTs to biomes follows Marinova et al. (2018), but has been modified to take account of the
amalgamation of some biomes in our analyses.

Biomes Biomes inMarinova et al. (2017) Constituent plant functional types

TUND Tundra (TUND) Arctic forb, sedge graminoid, arctic dwarf shrub, arctic
low-to-high shrub

DESE Desert (DESE) Halophyte, rosette or cushion forb, succulent, switch plant, tu�t
tree

GRAM Graminoids with forbs (GRAM) Grass graminoid, geophyte, other forb

XSHB Xeric shrubland (XSHB) Drought-tolerant forb, switch plant, xerophytic shrub

WTSFS Warm-temperate evergreen
sclerophyll broadleaf shrubland
(WTSHB), Warm-temperate
deciduous malacophyll broadleaf
forest (WTDF), Warm-temperate
evergreen needleleaf and
sclerophyll broadleaf forest
(WTEF)

Warm-temperate low-to-high shrub, temperate low-to-high
shrub, warm-temperate sclerophyll tree, temperate (spring frost
tolerant) cold-deciduous malacophyll broadleaved tree
temperate (spring frost intolerant) cold-deciduous malacophyll
broadleaved tree, climber/liana/vine, warm-temperate
needle-leaved evergreen tree, warm-temperate evergreen
malacophyll broadleaved tree, eurythermic evergreen
needle-leaved tree

CENF Cold evergreen needleleaf forest
(CENF), Cool evergreen needleleaf
forest (COOL)

Boreal low-to-high shrub, boreal cold-deciduous malacophyll
broadleaved tree, boreal evergreen needle-leaved tree, boreal
needle-leaved deciduous tree, eurythermic evergreen
needle-leaved tree, Boreal cold-deciduous malacophyll
broadleaved tree, cool-temperate evergreen needle-leaved tree,
temperate (spring frost tolerant) cold-deciduous malacophyll
broadleaved tree, temperate evergreen needle-leaved tree

TEDE Temperate deciduousmalacophyll
broadleaf forest (TEDE)

Temperate (frost-induced late budburst) cold-deciduous
malacophyll broadleaved tree, temperate (spring frost
intolerant) cold-deciduous malacophyll broadleaved tree,
temperate (spring frost tolerant) cold-deciduous malacophyll
broadleaved tree, eurythermic evergreen needle-leaved tree,
climber/liana/vine

CMIX Cool mixed evergreen needleleaf
and deciduous broadleaf forest
(CMIX)

Cool-temperate evergreen needle-leaved tree, eurythermic
evergreen needle-leaved tree, temperate (frost-induced late
budburst) cold-deciduous malacophyll broadleaved tree,
temperate (spring frost tolerant) cold-deciduous malacophyll
broadleaved tree, temperate evergreen needle-leaved tree

ENWD Evergreen needleleaf woodland
(ENWD), Deciduous broadleaf
woodland (DBWD)

Warm-temperate low-to-high shrub, other forb, eurythermic
evergreen needle-leaved tree, warm-temperate needle-leaved
evergreen tree, warm-temperate evergreen malacophyll
broadleaved tree, temperate (spring frost intolerant)
cold-deciduous malacophyll broadleaved tree, temperate
low-to-high shrub
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Supplementary Table 2.6: Taxon allocation to plant functional types (PFTs) used in the biomisation reconstructions.
The allocations of taxa to PFTs es follows Marinova et al. (2018) but has been modified to take account of the
amalgamation of some biomes in our analyses.

Plant functional type Constituent taxa

Arctic forb Aconitum, Aconitum type, Androsace, Anemone, Anemone nemorosa type,
Anemone type, Aquilegia type,Campanulaceae, Cardamine, Drosera,
Gentiana, Gentiana nivalis type, Gentiana pneumonanthe type,
Gentianaceae, Gentianella campestris type, Herbs, Jasione, Parnassia,
Parnassia palustris, Phyteuma, Phyteuma type, Pinguicula, Polygonaceae,
Polygonum, Polygonum type, Pulsatilla, Ranunculaceae, Rosa, Rosa type,
Sagina, Saussurea, Saxifraga, Saxifraga hirsuta type, Saxifraga nivalis
type, Saxifraga oppositifolia, Saxifraga oppositifolia type, Saxifraga
rosacea, Saxifraga stellaris type, Saxifragaceae, Scrophulariaceae,
Thalictrum, Thalictrum aquilegifolium, Trollius, Valeriana, Valerianaceae,
Veratrum type

Rosette or cushion forb Artemisia, Artemisia herba-alba type, Artemisia type, Asteraceae,
Asteraceae (Liguliflorae), Asteraceae (Tubuliflorae), Astragalus,
Astragalus type, Crassulaceae, Euphorbia, Gundelia type, Herbs,
Marrubium, Phlomis, Scabiosa, Scabiosa columbaria type, Scleranthus,
Scleranthus type, Tribulus, Zygophyllum

Drought-tolerant forb Achillea, Achillea type, Adonis , Adonis aestivalis type, Adonis type,
Amaranthaceae/Chenopodiaceae, Ambrosia, Ambrosia type, Armeria,
Armeria/Limonium, Artemisia, Artemisia type, Artemisia vulgaris type,
Aster, Aster type, Aster/Achillea, Aster/Achillea type, Asteraceae,
Asteraceae (Liguliflorae), Asteraceae (Tubuliflorae), Astragalus,
Astragalus type, Astrantia type, Atriplex, Cannabaceae, Cannabis,
Cannabis sativa, Carduus, Carduus type, Carthamus, Caryophyllaceae,
Centaurea, Centaurea cyanus, Centaurea cyanus type, Centaurea depressa,
Centaurea depressa type, Centaurea jacea, Centaurea jacea type,
Centaurea nigra type, Centaurea scabiosa, Centaurea scabiosa type,
Centaurea solstitialis type, Chenopodiaceae, Dipsacaceae, Dipsacus,
Dipsacus type, Echinops, Eryngium type, Euphorbia, Fagopyrum,
Fagopyrum esculentum, Fagopyrum tataricum, Glaucium, Gundelia type,
Gypsophila, Gypsophila type, Helichrysum, Heliotropium type, Herbs,
Herniaria type, Hornungia type, Jurinea, Jurinea type, Knautia, Knautia
arvensis, Limonium, Noaea type, Salvia, Scabiosa, Scabiosa columbaria
type, Scabiosa rotata type, Scrophulariaceae, Serratula, Seseli libanotis
type, Sideritis, Succisa, Thymus, Verbascum, Verbascum type
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Other forb Acanthus, Achillea, Achillea type, Aconitum, Aconitum type, Adoxa type,
Agrimonia, Agrimonia eupatoria, Agrostemma type, Alchemilla,
Amaranthaceae/Chenopodiaceae, Ambrosia, Ambrosia type, Ammi type,
Anagallis, Anemone, Anemone type, Anthemis type, Anthriscus type,
Apiaceae, Apium type, Arctium, Arctium/Jurinea, Asperula type, Aster,
Aster type, Aster/Achillea, Aster/Achillea type, Asteraceae, Asteraceae
(Liguliflorae), Asteraceae(Tubuliflorae), Bellis type, Beta, Bidens type,
Boraginaceae, Brassica type, Brassicaceae, Brassicaceae type, Bunium
type, Bupleurum, Bupleurum type, Caltha, Caltha type, Campanula,
Campanula type, Campanulaceae, Cannabaceae, Capsella type, Carduus,
Carduus type, Caryophyllaceae, Centaurea, Centranthus, Cerastium type,
Chaerophyllum type, Cheilanthes, Chelidonium, Chenopodiaceae,
Chrysosplenium, Chrysosplenium type, Cichoriaceae, Circaea, Cirsium,
Cirsium type, Cirsium/Carduus, Cirsium/Gundelia, Conium maculatum,
Consolida, Convolvulaceae, Convolvulus, Daucus type, Delphinium,
Delphinium type, Dianthus, Dianthus type, Digitalis, Digitalis purpurea
type, Diphasium alpinum type, Dipsacaceae, Dipsacus, Dipsacus type,
Echium, Echium type, Echium violaceum, Epilobium, Epilobium type,
Erodium, Euphrasia, Falcaria type, Ferula, Ferula type, Filago type,
Filifolium sibiricum, Filipendula, Flammula type, Fragaria type, Fumaria,
Galium, Galium type, Geraniaceae, Geranium, Geum, Geum type,
Gnaphalium, Hedysarum type, Helleborus, Heracleum, Heracleum type,
Hippocrepis type, Hyoscyamus, Hypericum, Hypericum assyriacum type,
Hypericum hyssopifolium, Hypericum perforatum type, Hypericum type,
Impatiens, Lactuca, Lathyrus, Lathyrus type, Legousia, Leguminosae,
Lepidium, Lepidium type, Linaceae, Linaria, Linum, Linum type,
Lithospermum, Lotus type, Lychnis type, Lysimachia,Malabaila,Malabaila
type, Malva, Malvaceae, Matricaria type, Matthiola, Medicago,
Melampyrum, Mercurialis, Mercurialis annua, Mercurialis perennis,
Myosotis,Myosotis type, Nigella, Onagraceae, Onobrychis, Onobrychis type,
Onosma, Origanum vulgare, Oxalis, Oxyria, Oxyria/Rumex, Papaver,
Papaver rhoeas type, Papaveraceae, Parietaria, Paronychia,
Paronychia/Polycnemum, Peucedanum type, Pimpinella, Pimpinella
anisum type, Pimpinella major type, Pimpinella type, Plantaginaceae,
Plantago, Plantago coronopus, Plantago coronopus type, Plantago
lanceolata, Plantago lanceolata type, Plantago major, Plantago major
type, Plantago major/Plantago media, Plantago maritima, Plantago
maritima type, Plantago media, Plantago media type, Plantago ovate,
Plantago ovata type, Plumbaginaceae, Polemoniaceae, Polemonium,
Polygala, Polygonaceae, Polygonum, Polygonum type, Portulacaceae,
Potentilla, Potentilla type, Primula, Primulaceae, Prunella type,
Pulmonaria type, Ranunculaceae, Reseda, Resedaceae, Rhinanthus,
Rhinanthus type, Rumex, Rumex acetosa, Rumex acetosa type, Rumex
acetosa/Rumex acetosella, Rumex acetosella, Rumex acetosella type,
Rumex cyprius, Rumex hydrolapathum, Rumex hydrolapathum type,
Rumex patentia, Rumex patentia type, Rumex scutatus type, Rumex type,
Sagina, Salvia, Sanguisorba, Sanguisorba minor, Sanguisorba minor type,
Sanguisorba officinalis, Sanguisorba type, Sanicula type,
Scrophulariaceae, Scutellaria, Senecio, Senecio type, Silene, Silene dioica
type, Silene type, Silene vulgaris type, Sinapis type, Solanaceae, Solanum,
Solanum nigrum, Spergula, Spergula arvensis , Spergula type,
Spergula/Spergularia, Spergularia type, Stachys, Stachys type, Stellaria,
Symphytum, Symphytum type, Taraxacum, Taraxacum type, Teucrium,
Thesium, Torilis arvensis type, Torilis japonica type, Trifolium, Trifolium
alpestre type, Trifolium pratense, Trifolium pratense type, Trifolium type,
Turgenia type, Urtica, Urtica dioica, Urtica dioica type, Urtica pilulifera
type, Urtica type, Urticaceae, Vaccaria type, Valeriana, Valerianaceae,
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Verbascum, Verbascum type, Verbena, Veronica type, Vicia, Vicia type,
Viola, Violaceae, Xanthium

Halophyte Amaranthaceae/Chenopodiaceae, Atriplex, Calligonum, Ceratoides,
Chenopodiaceae, Crambe, Frankenia, Frankenia hirsute, Halogeton,
Halothamnus type, Hammada type, Lycium, Nitraria, Peganum, Peganum
harmala, Salsola, Salsola type, Suaeda, Suaeda type, Tamarix

Geophyte Allium, Allium type, Anthericum type, Araceae, Asparagus type,
Asphodeline, Asphodelus, Calamus, Colchicum, Cyclamen, Eremurus,
Fritillaria type, Iridaceae, Iris, Liliaceae, Lilium, Maianthemum type,
Muscari, Narthecium type, Ornithogalum type, Scilla type, Scorzonera,
Scorzonera humilis type, Scorzonera type, Tulipa sylvestris type, Tulipa
systola type

Succulent Aellenia type, Amaranthaceae/Chenopodiaceae, Chenopodiaceae,
Crassulaceae, Euphorbia, Sedum, Sedum type, Zygophyllum

Grass graminoid Glyceria type, Lygeum, Poaceae, Secale, Secale type, Stipa

Sedge graminoid Carex, Carex type, Cladium, Cladium mariscus, Cyperaceae, Cyperus,
Fimbristylis, Juncaceae, Juncus/Luzula, Rhynchospora type, Scheuchzeria
palustris, Schoenoplectus

Arctic dwarf shrub Betula, Bruckenthalia, Dryas type, Ericaceae, Ericaceae type, Potentilla,
Potentilla type, Primula, Primulaceae, Rheum, Rheum type, Rubus
arcticus, Rubus chamaemorus, Salix, Vaccinium, Vaccinium type, Vaccinium
uliginosum type, Veratrum type

Switch plants Ephedra, Ephedra alata type, Ephedra distachya, Ephedra distachya type,
Ephedra fragilis, Ephedra fragilis type, Ephedra fragilis var campylopoda,
Ephedra major type

Climber/liana/vine Calystegia, Calystegia sepium, Clematis, Clematis type, Convolvulaceae,
Convolvulus, Convovulus arvensis, Cuscuta, Glycine, Hedera, Hedera helix,
Humulus, Humulus lupulus, Lonicera, Periploca, Ranunculaceae, Smilax,
Solanaceae, Solanum, Solanum dulcamara, Tamus communis, Vitis, Vitis
vinifera

Boreal low-to-high shrub Cotoneaster, Erica, Erica type, Ericaceae, Ericaceae type, Myrica,
Pinaceae, Pinus, Pinus (Diploxylon), Pinus subg. Pinus, Ribes, Ribes cf.
montigenum, Vaccinium, Vaccinium type

Temperate low-to-high
shrub

Amaranthaceae/Chenopodiaceae, Atropa, Berberidaceae, Berberis,
Calluna, Calluna vulgaris type, Chenopodiaceae, Cistaceae, Cistus,
Convolvulaceae, Cornus, Cornus mas, Cornus mas/Cornus suecica, Cornus
sanguinea, Cotoneaster, Crataegus, Crataegus type, Daphne, Erica, Erica
type, Ericaceae, Ericaceae type, Hippophae, Hippophae rhamnoides,
Lycium, Prunus, Prunus spinosa type, Prunus type, Rhamnaceae, Rhamnus,
Rhododendron, Rhododendron ponticum, Ribes, Rosa, Rosa type, Rubus
fruticosus, Rutaceae, Sambucus, Sambucus ebulus, Sambucus nigra type,
Sambucus type, Scrophulariaceae, Thymelaeaceae, Thymus, Viburnum,
Viburnum type
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Warm-temperate
low-to-high shrub/small
tree

Abutilon, Amaranthaceae/Chenopodiaceae, Arceuthobium,
Berberidaceae, Caragana, Carpinus, Carpinus orientalis, Carpinus
orientalis type, Carpinus orientalis/Ostrya, Celastrus, Cercis siliquastrum,
Chenopodiaceae, Cistaceae, Cistus, Cistus incanus, Cistus salviifolius,
Colutea, Convolvulaceae, Convolvulus, Cornus, Cornus mas, Cornus
mas/Cornus suecica, Cotinus, Daphne, Elaeagnus, Erica, Erica type,
Ericaceae, Ericaceae type, Euonymus, Fontanesia philliraeoides, Frangula,
Frangula alnus, Fraxinus ornus, Genista type, Jasminum, Jasminum
fruticans, Juniperus, Juniperus communis, Juniperus type, Lagonychium
type, Lavatera type, Leguminosae, Ligustrum, Morus, Myrtaceae, Myrtus,
Oleaceae, Paeonia, Paliurus, Paliurus spina-christi/Rhamnus,
Paliurus/Rhamnus, Phillyrea, Phillyrea angustifolia, Pistacia, Prosopis,
Rhamnaceae, Rhamnus, Rhamnus subg. Frangula, Rhododendron, Rhus,
Rhus coriaria, Ruta, Rutaceae, Sambucus, Sambucus type, Solanaceae,
Solanum, Syringa, Thymelaeaceae, Thymus, Ulex type, Vitex agnus-castus

Xerophytic shrub Alhagi, Amaranthaceae/Chenopodiaceae, Artemisia, Artemisia type,
Atraphaxis, Capparidaceae, Capparis, Chenopodiaceae, Chrozophora,
Cistaceae, Cistus, Cistus ladanifer, Cistus salviifolius, Cotinus, Erica, Erica
type, Ericaceae, Ericaceae type, Euphorbia, Juniperus, Juniperus type,
Lycium, Myricaria, Nitraria, Ononis type, Paliurus, Paliurus
spina-christi/Rhamnus, Paliurus/Rhamnus, Rhamnaceae, Rhamnus, Ruta,
Rutaceae, Sarcopoterium, Thymelaeaceae, Thymus, Trachomitum,
Zygophyllum

Boreal cold-deciduous
malacophyll broadleaved
tree

Alnus incana, Alnus viridis, Betula, Populus, Salix

Boreal evergreen
needle-leaved tree

Abies, Picea, Picea abies, Pinaceae, Pinus, Pinus (Haploxylon), Pinus
cembra, Pinus peuce

Boreal needle-leaved
deciduous tree

Larix, Pinaceae

Cool-temperate
evergreen needle-leaved
tree

Picea, Picea orientalis, Pinaceae

Eurythermic evergreen
needle-leaved tree

Cupressaceae, Cupressus, Juniperus, Juniperus communis, Juniperus type,
Pinaceae, Pinus, Pinus (Diploxylon), Pinus subg. Pinus

Temperate (frost-induced
late budburst)
cold-deciduous
malacophyll broadleaved
tree

Acer, Acer platanoides, Aceraceae, Cornus, Cornus mas, Cornus
mas/Cornus suecica, Corylus, Corylus avellana, Fraxinus, Fraxinus
angustifolia, Fraxinus excelsior, Fraxinus excelsior type, Malus, Malus
sylvestris type, Malus type, Populus, Prunus, Prunus spinosa type, Prunus
type, Pyrus, Quercus, Quercus (deciduous), Quercus robur type, Salix,
Sorbus, Sorbus type, Tilia
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Temperate (spring frost
tolerant) cold-deciduous
malacophyll broadleaved
tree

Acer campestre type, Aesculus, Carpinus, Carpinus betulus, Cercis
siliquastrum, Fagus, Fagus sylvatica, Frangula, Frangula alnus, Fraxinus
ornus, Leguminosae,Morus, Pistacia, Prunus type, Quercus, Quercus cerris,
Quercus cerris type, Quercus frainetto, Quercus ithaburensis, Rhamnus
subg. Frangula, Syringa, Ulmus, Ulmus glabra, Ulmus laevis,
Ulmus/Zelkova

Temperate (spring frost
intolerant)
cold-deciduous
malacophyll broadleaved
tree

Carpinus, Carpinus orientalis type, Carpinus orientalis/Ostrya, Carya,
Castanea, Castanea sativa, Celtis, Celtis reticulate, Ceratonia, Fagus, Fagus
orientalis, Juglandaceae, Juglans, Juglans regia, Leguminosae,
Liquidambar, Ostrya, Ostrya type, Parrotia persica, Platanus, Pterocarya,
Pterocarya fraxinifolia, Punica, Rhamnaceae, Rhamnus, Styrax,
Ulmus/Zelkova, Zelkova

Temperate evergreen
needle-leaved tree

Abies, Abies nordmanniana, Cedrus, Pinaceae, Pinus, Pinus (Diploxylon),
Pinus (Haploxylon), Pinus subg. Pinus, Pinus sylvestris, Taxus

Warm-temperate
evergreen malacophyll
broadleaved tree

Acacia, Acacia greggii, Acalypha, Citrus, Diospyros, Ficus carica, Ilex,
Leguminosae

Warm-temperate
sclerophyll tree

Acalypha, Arbutus, Buxus, Leguminosae, Nerium, Olea, Oleaceae, Quercus,
Quercus (evergreen), Quercus calliprinos, Quercus coccifera, Quercus
coccifera type, Quercus ilex, Quercus ilex type, Rutaceae

Warm-temperate
needle-leaved evergreen
tree

Cupressaceae, Cupressus, Juniperus, Juniperus sabina, Juniperus
scopulorum, Juniperus type, Pinaceae, Pinus, Pinus (Diploxylon), Pinus
(Haploxylon), Pinus pinaster

Tuft tree Phoenix
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Supplementary Table 2.7: Comparison of percent changes in biomes between adjacent samples for selected
high-resolution Holocene pollen records using the new method and the standard biomisation approach. The biome
with the lowest percentage of changes is highlighted in bold.

Biome change percentage

Entity name Lat - Lon No. of
samples

Age interval
(cal. Years BP)

New
approach

Standard
biomisation

Didachara core 41.68 - 42.5 52 0 - 4071 8 45

Lake Blatisto 41.62 - 24.68 142 0 - 1626 15 43

Kumisi core 1 41.58 - 44.83 30 0 - 1128 0 69

Ispani II core 1 41.87 - 41.8 21 0 - 1862 0 10

Imera core 1 41.65 - 44.22 34 0 - 2208 39 55

Dead Sea DS7-1SC
core

31.49 - 35.44 55 0 - 2360 7 24

Kumata Core 42.59 - 23.25 19 0 - 1285 50 28

Asi Gonia 2 35.25 - 24.28 41 0 - 1102 10 20

Demiryurt Gölü
Bottema Core

39.73 - 37.38 21 0 - 1551 65 65

Litochoro_core 40.14 - 22.55 35 0 - 2234 24 29

Aligol core 1 41.63 - 44.02 28 0 - 1360 26 26

Iaz Core 47.11 - 22.66 105 15 - 5315 13 30

Capatana core 46.47 - 23.14 60 16 - 2335 8 2

Lake Almalou 37.67 - 46.63 53 157 - 3402 27 15

Melen Gölü 40.77 - 31.05 76 165 - 4051 3 15

Tsavkisi core 1 41.68 - 44.72 73 174 - 4575 31 33

Amtkel 1 43.28 - 41.29 24 560 - 2002 17 26

Sapanca long core
SA03R6

40.72 - 30.26 31 776 - 1865 27 50

Dry Lake 2 42.04 - 23.53 81 1295 - 6475 6 34

Voulkaria 38.87 - 20.83 51 1809 - 2947 0 18

Maharlou Lake 29.48 - 52.76 38 3625 - 5902 27 0
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Arkutino AR2 42.37 - 27.73 59 3702 - 7314 0 7

Arkutino AR1 42.37 - 27.73 31 4705 - 6876 13 23

Lake Varna
(Beloslav-Poveljanov
o)

43.2 - 27.83 27 4986 - 6861 8 0

Mohos1 46.08 - 25.92 92 5428 - 10991 23 9

Giannitsa B 40.67 - 22 28 7237 - 8674 41 59

Steregoiu 47.81 - 23.54 142 7273 - 12159 11 1

GeoTü SL152 40.1 - 24.36 76 7531 - 10073 16 31

Van - Wick Core 38.53 - 42.47 137 8597 - 11705 1 13

Taul Zanogutii core 45.33 - 22.8 28 10556 - 11857 22 37

Supplementary Table 2.8: Optimal threshold for each biome used for detection of potential non-analogue
assemblages.

Biome Threshold

CENF 0.8245

CMIX 0.8812

DESE 0.8751

ENWD 0.8665

GRAM 0.8817

TEDE 0.8694

TUND 0.8835

WTFS 0.8450

XSHB 0.7987
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Chapter 3.Holocene vegetation dynamics of the Eastern
Mediterranean region: old controversies addressed by a
newanalysis

This chapter has been published as: Cruz-Silva, E., Harrison, S. P., Prentice, I. C. & Marinova, E.,.
(2023). Holocene vegetation dynamics of the Eastern Mediterranean region: Old controversies
addressed by a new analysis. Journal of Biogeography, 00, 1–17. https://doi.org/10.1111/jbi.14749 . It
has beenwritten according to the guidelines of the journal.

3.1 Abstract

Aim:We reconstruct vegetation changes since 12 ky in the EasternMediterranean to examine four
features of the regional vegetation history that are controversial: the extent of non-analogue
vegetation assemblages in the transition from the Late Glacial to the early Holocene, the
synchroneity of postglacial forest expansion, the geographical extent of temperate deciduous
forest during the mid-Holocene and the timing and trigger for the re-establishment of
drought-tolerant vegetation during the late Holocene.Location: The EasternMediterranean–Black
Sea Caspian Corridor.Ta xo n: Vascular plants.

Methods: We reconstruct vegetation changes for 122 fossil pollen records using a method that
accounts for within-biome variability in pollen taxon abundance to deter-mine the biome with
which a sample has greatest a�finity. Per-biome a�finity thresh-old values were used to identify
samples that do not belong to any modern biome. We apply time series analysis andmapping to
examine space and time changes.

Results: Sites with non-analogue vegetation were most common between 11.5 and 9.5 ky and
mostly in the Carpathians. The transition from open vegetation to forest occurred at 10.64 ± 0.65
ky across thewhole region. Temperate deciduous forest was notmore extensive at 6 ky;maximum
expansion occurred between 5.5 and 5 ky. Expansion of forest occurred between c. 4 and 2.8 k,
followed by an abrupt decrease and a subsequent recovery. This pattern is not consistent with a
systematic decline of forest towards more drought-tolerant vegetation in the late Holocene but is
consistent with centennial-scale speleothempatterns linked to variations inmoisture availability.

Main Conclusions: We show the occurrence of non-analogue vegetation types peaked during
early Holocene, forest expansion was synchronous across the region and there was an expansion
of moisture-demanding temperate trees around 5.5 to 5 ky. There is no signal of a continuous late
Holocene aridification, but changes in forest cover appear to re�lect climatic rather than
anthropogenic in�luences
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3.2. Introduction

The Eastern Mediterranean–Black Sea Caspian Corridor (EMBSeCBIO) region (33°–49° N, 20°–60°
E) provides opportunities to examine Holocene vegetation changes and how these have been
shaped by climate and human activities, because it is characterised by large climate and elevation
gradients and has a long history of human occupation stretching back to the introduction of
Neolithic farming in the early Holocene. Several works have summarised vegetation changes for
parts of the region or specific time periods (e.g. Bottema et al., 1994; Bozilova & Tonkov, 1995;
Connor & Sagona,2007; Elenga et al., 2000; Magyari et al., 2019; Prentice et al., 1996 ; Tarasov et
al., 1998; Zeist & Bottema, 1991). However, the limited spatio-temporal coverage of these
analyses means that there is no comprehensive overview of the vegetation history of the
EMBSeCBIO region and several features of the Holocene record are still a matter of debate,
including the extent of non-analogue vegetation in the transition from the Late Glacial to the
early Holocene, the timing of postglacial a�forestation across the region, the geographical
extent of temperate deciduous forest during the mid-Holocene and the exact timing of the
expansion of drought-tolerant vegetation during the late Holocene. The large number of pollen
records from individual sites across the region compiled by the EMBSeCBIO project (Cordova et
al., 2009; Marinova et al., 2018 ) allows amore comprehensive analysis of Holocene vegetation
changes to bemade.

Pollen records from the northern extratropics indicate that some vegetation assemblages during
the Late Glacial and early Holocene combined species that are not present together today,
so-called non-analogue vegetation types (Magyari et al., 2014, 2018, 2019; Williams & Jackson,
2007; Zanon et al., 2018 ). The existence of non-analogue vegetation types in the EMBSeCBIO
region has not been explored in a systematic way. However, it has been argued that some areas of
the Carpathians (Feurdean et al., 2007), western Georgia (Connor & Kvavadze, 2009 ) and the
southwestern Black Sea (Bottema et al., 1994 ) were refugia for tree taxa, including species of
Fagus, Ulmus and Acer, during the glacial period. The pollen percentages of these tree taxa are
much higher in some early Holocene samples than in samples from vegetationwhere they occur
today, but are consistently associated with a high abundance of grasses (Bottema et al., 1994;
Feurdean et al., 2007; Robles et al., 2022). There has been no systematic evaluation of whether
these anomalous values exceed observed variability across the full environmental range of the
biomes in which these tree species occur today, and therefore whether these samples genuinely
represent non-analogue vegetation.

The postglacial timing of forest spread in the EMBSeCBIO region is also controversial. It has been
suggested that forest development in the western part of the region began in the early Holocene,
while further east the increase in forests occurred 2–5 millennia a�ter the beginning of the
Holocene (Djamali et al., 2010; Messager et al., 2017). This delay has been attributed to dry
conditions during the early Holocene in the east (Djamali et al., 2010; Joannin et al., 2014;
Messager et al., 2013; Wright et al., 2003). However, δ18O isotopes from lake carbonates and
speleothems and leaf wax δ13C isotopes from the region have been interpreted as showing humid
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conditions since the beginning of the Holocene (Bar-Matthews et al., 2003; Bliedtner et al., 2020;
Cheng et al., 2015; Eastwood et al., 2007; Fleitmann et al., 2009; Göktürk et al., 2011; Roberts et
al., 2008; Stevens et al., 2001). Several hypotheses have been proposed to explain the apparent
delay in forest development, including the time lag for tree mi-gration from glacial refugia
(Connor & Kvavadze, 2009; Messager et al., 2017), the impact of fire (Roberts, 2002; Turner et al.,
2010), the fact that increases in precipitation were concentrated out-side the growing season
(Brayshaw et al., 2011; Dean et al., 2015; Göktürk et al., 2011), a negative feedback from the
freshwater lake which occupied the Black Sea basin before it was joined to the Mediterranean
(Göktürk et al., 2011; Messager et al., 2017) and potential anthropogenic modification of the
landscape (Asouti & Kabukcu, 2014 ). However, the extent of dry conditions and the inhibition of
forest growth in the eastern part of the EMBSeCBIO region are still unclear, making it di�ficult
to evaluate these hypotheses.

Early analyses of vegetation patterns in the mid-Holocene suggested that temperate
deciduous forest was more extensive in southern Europe at 6 ky (cal. yr BP) than today, replacing
cool mixed and conifer forest in themountains of southern Europe andMediterranean vegetation
in the lowlands (Huntley & Prentice, 1993; Peyron et al., 1998; Prentice et al., 1996 ). The
replacement of xerophytic vegetation by temperate deciduous forest implies an increase in plant
available moisture during the growing season, while winters remained cooler than today. Collins
et al. (2012) also showed an expansion of temperate deciduous forest at 6 ky compared to present
but argued that the extent of this expansion was overestimated in earlier reconstructions which
considered all sites with a mid-Holocene record and did not measure the expansion relative to
reconstructions of modern day vegetation at the same site. According to the Collins et al. (2012)
reconstruction, drought-tolerant, open vegetation was still present in southern Europe, including
in the Eastern Mediterranean region which is the focus of this study, implying the continuation of
a pronounced seasonality in the precipitation regime. However, none of these vegetation
reconstructions consider possible with-in-biome variability of temperate deciduous forest and all
of them either focus only on the 6 ky window or have limited coverage of the EMBSeCBIO region.
Thus, the question of the extent of temperate deciduous forests during the middle Holocene is
still unanswered.

It has been suggested that there has been a general increase in drought-tolerant vegetation,
re�lecting a trend towards more arid conditions, since the mid-Holocene in the Mediterranean
region (Jalut et al., 1997, 2009; Magny et al., 2002; Roberts, Brayshaw, et al., 2011; Roberts,
Eastwood, et al., 2011; Roberts et al., 2001, 2004, 2008 ). However, there is debate about
whether this occurred simultaneously across the region or indeedwas ubiquitous (Herzschuh et
al., 2022). Isolating a long-term trend is further complicated by the fact that multi-centennial
oscillations in precipitation have been inferred frompollen and speleothem records in the Eastern
Mediterranean, but these oscillations are neither simultaneously nor seen everywhere
(Bar-Matthews & Ayalon,2011; Bini et al., 2019; Burstyn et al., 2019; Göktürk et al., 2011;
Kaniewski et al., 2018 ). Furthermore, there is some debate about whether the increase in
drought-tolerant vegetation was a consequence of changes in climate or the e�fect of changes in
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land use on runo�f (Jacobson et al., 2021; Schilman et al., 2001). In this article, we use a recently
developed method to reconstruct vegetation from pollen samples which takes account of
within-biome variability in taxon abundance and also identifies assemblages that are not typical
of any modern biome (Cruz-Silva et al., 2022). This allows us to address whether existing
controversies are in part a re�lection of the use of subjective approaches to vegetation
reconstruction. We address four questions: (1) the extent of non-analogue vegetation during the
postglacial period; (2) the synchroneity of forest expansion during the early Holocene; (3) the
extent of temperate deciduous forest in the mid-Holocene and (4) the expansion of
drought-tolerant vegetation during the late Holocene.

3.3.Materials andMethods

Vegetation reconstructions for fossil pollen sites in the EMBSeCBIO region were made using the
technique described by Cruz-Silva et al. (2022) (Supplementary Appendix 3.1), using 5765modern
pollen samples from Europe, the Middle East and northern Eurasia de-rived from the EMSeCBIO
and SPECIAL databases (Harrison, 2019; Harrison et al., 2021), which were assigned to biomes
based on potential natural vegetation reconstructions (Hengl et al., 2018 ) (Figure 3.1) using a
previously tested search window of 20 × 20 km [close to the theoretical pollen source area for
small (<1 km2) basins accordingly to Prentice (1988 ) and Sugita (1993 )] to characterise the
within-biome means and standard deviations of the abundances of individual taxa (see details of
the methods in Cruz-Silva et al., 2022). This technique is an improved method of vegetation
reconstruction compared to the biomisation approach that was previously applied to the
EMBSeCBIO region (Marinova et al., 2018) because it allows the identification of non-analogue
vegetation types, i.e. assemblages that consist of associations of taxa with abundances very
di�ferent from those seen in anymodern biome.

The new method produces a substantial increase in the prediction accuracy for individual biomes
compared to biomisation and a reduction in the number ofmisassigned samples (Cruz-Silva et al.,
2022). We have made a further evaluation of the method to determine how accurate it is in
predicting the vegetation represented by core top samples (age <150 cal. yrs. BP) from fossil pollen
cores from the EMBSeCBIO region. We discuss the application of this method to fossil records
from the EMBSeCBIO region and then describe the analyses of the fossil reconstructions to
address the four questions posed earlier.

124



Figure 3.1. Distribution of modern and fossil pollen sites (WGS84 Mercator projection). (a) Distribution of modern
pollen entities from the SPECIAL modern pollen dataset (SMPDS) and the EasternMediterranean–Black Sea Caspian
corridor (EMBSeCBIO) database. The colours represent the biome at each site derived from the Hengl et al. (2018)
reconstruction of potential natural vegetation. The biome codes are: CENF, cold evergreen needleleaf forest; CMIX,
cool mixed evergreen needleleaf and deciduous broadleaf forest; DESE, desert; ENWD, evergreen needleleaf
woodland; GRAM, graminoids with forbs; TEDE, temperate deciduous malacophyll broadleaf forest; TUND, tundra;
WTFS, warm-temperate evergreen needleleaf and sclerophyll broadleaf forest; XSHB, xeric shrubland. (b)
Distribution of the fossil pollen records from the EMBSeCBIO region that completely or partially span the last 12 ky.
The colour represents the time length of the record.

3.3.1. Application to fossil records

Fossil pollen data were obtained from the EMBSeCBIO database (Harrison et al., 2021), which
contains records derived from public-access databases and the original authors. The database
contains 187 Holocene records. Vegetation reconstructions were made a�ter filtering to remove
records (a) with no radiocarbon dating, (b) where the age of the uppermost pollen sample was
unknown (e.g. because they come from extinct lakes or stratigraphic sequences), (c) where there
is a major hiatus a�ter the youngest radiocarbon date, (d) where more than half of the
radiocarbon dates were rejected by the original authors, (e) where more than half of the ages are
based on pollen correlation with other radiocarbon-dated records and (f)marine records or cores
from very large lakes (>500 km2). We kept records where the original publication indicates a
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major hiatus but where there are radiocarbon dates above this hiatus allowing an agemodel to be
constructed for the post-hiatus part of the record. As a result of this filtering, vegetation
reconstructions were made for 122 continental records from basins ranging in size from <0.01 to
500 km2. New age-depth models were produced for these 122 records using the IntCal20
calibration curve (Reimer et al., 2020) and the ‘rbacon’ R package (Blaauw et al., 2021) in the ‘AgeR’
R package (Villegas-Diaz et al., 2021). This package provides an optimum model for each record,
based on the lowest quantified area between prior and posterior accumulation rate distribution
curves (see Harrison et al., 2022). The selected model was checked manually and through visual
inspection to ensure that the final age models represented the date information accurately and
did not manifest abrupt shi�ts in accumulation rates or changes at the dated depth. The records
have a mean length of 6700 years (Figure 3.1) and amean resolution of 265 years (Supplementary
Figure 3.1). We calculated dissimilarity and similarity scores (Supplementary Appendix 3.1) for
each fossil samplewith respect to each biome in turn.

3.3.2. Non-analogue vegetation types

We applied the per-biome threshold values determined by Cruz-Silva et al. (2022) to detect
whether a given sample exceeded the threshold for assignment to a given biome. Samples that
exceeded this threshold for all biomes were considered to represent non-analogue vegetation.
Since there is some uncertainty in thematches between fossil andmodern samples, we used a 5%
threshold to distinguish false positives, and only consider samples that exceed this threshold as
actual non-analogues. We quantified the proportion of sites with at least one non-analogue
sample in 300-year windows with 50% overlap to produce a time series of the occurrence of
non-analogues through time. The size of the window was chosen to approximate the mean
resolution of the records (265 years). Since the time series are expressed as a percentage of total
records in each window, we examined the number of pollen records available in each window to
verify that changes were not an artefact of data availability. We also checked that individual
samples were not depauperate and the counts su�ficiently large to ensure an adequate
representation of the vegetation in the pollen assemblage. Previous research has shown that
high-elevation records may be contaminated by upward transport of pollen from lower elevation
sites (Takahara et al., 2000), and this might provide an explanation for apparently non-analogue
samples. To test this, we created separate time series for high (>1500 ma.s.l.), medium (between
500 and 1500ma.s.l.) and low (<500ma.s.l.) elevation sites.

3.3.3. Timing of the earlyHolocene forest expansion

We used terrestrial sites spanning at least 3000 years during the period between 7 and 11.6 ky,
with at least 13 pollen samples during this interval, and where the oldest pollen sample had an
age of at least 11.2 ky to analyse the timing of forest expansion. Temperate deciduousmalacophyll
broadleaf forest (TEDE) and cool mixed evergreen needle leaf and deciduous broadleaf forest
(CMIX) were considered as forest; samples classified as belonging to other bi-omes were
considered together since they represent less moisture-demanding vegetation types. The
non-normalised similarity scores for each pollen sample were summed separately for both forest
and other vegetation and then expressed as a percentage. The resulting curve was smoothed
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using the mean value in windows of 300 years with 50% overlap. This compositing approach has
been used with other types of data, for example charcoal and speleothem data (Parker et al.,
2021; Power et al., 2010), to minimise the e�fect of age uncertainty and di�ferences in sampling
resolution between records and to emphasise the common signal across sites. Breakpoint analysis
(Zeileis et al., 2003) was applied on the time series for each individual site to obtain the optimal
number (smallest magnitude of residuals) of break points in the trends in the sequence (score ~
age) using the R package ‘strucchange’. Linear regressions were performed between the
identified break points in each sequence. The earliest point indicating a change from zero or
negative slope (no change or decrease in forest) to a positive slope (increase in forest) was taken as
the start of forest expansion. The mean and standard deviation between all estimated inception
points was calculated to obtain the approximate age of the start of forest expansion at each site.
We explored whether there were di�ferences in the timing of initial forest expansion as a function
of latitude, longitude and elevation.

3.3.4. Timing ofmid-Holocene expansion of temperate deciduous forest

We examined all continental records that wholly or partially covered the mid-Holocene, defined
here as the interval from 7 to 4 ky. We determined the predicted biome in successive
non-over-lapping 300-year windows centred on 7.0, 6.5, 6.0, 5.5, 5.0, 4.5 and 4.0 ky for each record,
where the width of the window allows for potential chronological uncertainties. In cases where
more than one biome was predicted during a time window at a given site, we used the most
common biome across all samples (following Bigelow et al., 2003) or, in the case of a tie, the
biome with the highest sum of similarity scores. In order to express the changes of TEDE through
time, we filtered the sites predicted as TEDE and expressed as the percentage of TEDE per time
window relative to the total number of sites. To express the changes of TEDE through space as
maps, in each time window, we categorised the sites predicted as TEDE into one of the following
categories: ‘Remains as TEDE’ for records where TEDE had been present in the previous interval
and persisted, ‘change to TEDE’ for records which were not TEDE in the previous interval and
became TEDE and ‘TEDE’ for sites whichwere TEDE in the selected timewindow but had no record
in the previous timewindow.

3.3.5. Evaluation of the expansion of drought-tolerant vegetation in the late
Holocene

We examined the vegetation trends from 6 ky onwards and through the late Holocene by
creating a composite time series of the number of sites classified as forest, where forest includes
samples allocated to TEDE and CMIX, in 300-year windowswith 50%overlap. As the intentionwas
to compare the vegetation time series with evidence for changes in both human population
density and speleothem oxygen isotope records of hydroclimate, we focused these analyses on
the region where there are speleothem isotope records covering at least 3000 years from 6 ky to
the present. Additionally, we assessed the robustness of the relationships between changes in
forest cover, human population and climate by examining these trends at a sub-regional scale.We
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focus on the three regions where there is su�ficient archaeological data to construct reliable
summed probability distribution (SPD) curves: Greece, Anatolia and the Levant.

The SPD of archaeological radiocarbon dates has beenwidely used as a measure of changes
in human population density (see Rick, 1987; Robinson et al., 2019 ), including in the Eastern
Mediterranean (Palmisano, Lawrence, et al., 2021; Weiberg, Bevan, et al., 2019 ). We extracted
data from the Mediterranean basin region from the p3k14c global database of archaeological
radiocarbon dates (Bird et al., 2022). An SPD curve covering the interval from 6 to 2.5 ky was
produced using 5979 calibrated radiocarbon dates (using the Intcal20 calibration curve) from 620
sites, without normalising and using the ‘rcarbon’ R package (Bevan et al., 2022). This approach
cannot be used for intervals younger than 2.5 ky because dating of archaeological records in the
more recent period tends to rely on typo-chronological schemes defined by short-lived pottery
types and coins rather than radiocarbon (Palmisano, Bevan, et al., 2021; Roberts et al., 2019;
Weiberg, Hughes, et al., 2019 ). Settlement data from archaeological surveys have been used to
reconstruct populations changes in the interval younger than 2.5 ky (e.g. Palmisano et al., 2017;
Roberts et al., 2019 ), but are only available for a few limited sub-regions, for example for the
Peloponnese and Macedonia (Weiberg et al., 2016 ) in Greece, the Sagalassos basin and the
Burdur province in south western Anatolia (De Cupere et al., 2017; Dusar et al., 2012) and thus
cannot be used to construct a regional com-posite. Intervals of higher and lower than average
human population density according to the regional SPD curve between 6 and 2.5 ka were
identified using an exponential null model of population growth, where the periods of growth
(and decline) were those intervals in the SPD that were significantly di�ferent from the fitted
model (Timpson et al., 2014 ). An exponential null model was used because theoretically, this
accounts for constant homogeneous taphonomic loss of archaeological sites without having to
resort to any other cor-rection bias (Timpson et al., 2014 ). We also compared the regional SPD
with SPD curves constructed for sub-regions, Greece, Anatolia and Levant, using the same dataset.

Oxygen isotope records from speleothems are generally interpreted as indicating changes in
moisture in the region above the cave site (Bar-Matthews et al., 2003; Burstyn et al., 2019; Cheng
et al., 2015; Fleitmann et al., 2009 ).We extracted five oxygen isotope records in the EMBSeCBIO
region from the SISAL v2.2 database (Comas-Bru et al., 2020, b). The SISAL database contains
multiple age models for each record; we preferentially used models built with Bchron (which is
themost commonmodel type in the database), followed by Bacon or the originally provided ages.

3.4. Results

3.4.1. Prediction accuracy of themodern core-top reconstructions

The quantitative evaluation of the ability of the training set to predictmodern core-top pollen
samples from the EMBSeCBIO region showed a balanced accuracy of 54% when only the
dominant biome within a 21 km search window was considered (Supplementary Appendix 3.1;
Supplementary Table 3.1). As in the evaluation using the modern samples from the region
(Cruz-Silva et al., 2022), the accuracy increased substantially when both the dominant biome and
the sub-dominant biome were considered, reaching 69% (Supplementary Table 3.1). This level of
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accuracy is not as good as the values obtained usingmodern pollen samples (with ages <50 years)
from the region (64% and 76% respectively), most likely re�lecting the wider time interval (c. 150
years) covered by the core-top samples. Nevertheless, the technique correctly predicted modern
vegetation patterns in the region including grasslands in the southeastern Caucasus,
Mesopotamia and the Levant, temperate forest in the Balkans and warm temperate shrublands
and forest in theMediterranean lowlands. As in the case of themodern evaluation,misallocations
occurred between closely related biomes (e.g. TEDE and CMIX) and were frequently in the
Carpathian region (Supplementary Figure 3.2) where such misallocations likely re�lect pollen
transport up elevational gradients.

Figure 3.2. Comparison of (a) observed and (b) reconstructed biomes from modern samples in the Eastern
Mediterranean–Black Sea Caspian corridor (EMBSeCBIO) region (WGS84 Mercator projection). The observed biomes
are derived from the Hengl et al. (2018) reconstruction of potential natural vegetation. The biome codes are: CMIX,
cool mixed evergreen needleleaf and deciduous broadleaf forest; DESE, desert; ENWD, evergreen needleleaf
woodland; GRAM, graminoids with forbs; TEDE, temperate deciduous malacophyll broadleaf forest; WTFS,
warm-temperate evergreen needleleaf and sclerophyll broadleaf forest

3.4.2.Non-analogue vegetation types

The percentage of records with non-analogue samples in the earliest part of the record, between
c. 12.3 and 11.8 ky, does not exceed the 5% threshold for false positives (Figure 3.3a). There is a
rapid increase in the number of records with non-analogue samples a�ter c. 11.8 ky, and the
highest values of the entire record occur between c. 11.5 and 9.5 ky (Supplementary Figure 3.2).
There is a gradual decrease in the percentage of records with non-analogue samples until c. 6.0 ky,
a�ter which the values do not exceed the 5% threshold for false positives. There is no obvious
relationship between changes in the number of sites with non-analogue samples and the total
number of sites per time window, and there are no windows with less than 20 records (Figure
3.3a), so it is unlikely that the changes in the representation of non-analogues are an artefact.
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Most (~40%) of the records with non-analogue samples during the interval characterised by the
maximum occurrence of non-analogues are from sites above 1500ma.s.l. (Supplementary Figure
3.3). The records are concentrated in the Carpathian region (Figure 3.3b), where there are seven
sites with non-analogue samples. There is a single record west of Georgia, and one from the
mountains south of the Black Sea. Non-analogue samples are generally characterised by atypical
abundances of specific pollen types rather than simply the presence or absence of specific pollen
types. The taxonomic composition of samples with no modern analogue, aggregated for the
Carpathian region (Supplementary Figure 3.4), showed that the most abundant taxon is Ulmus
(>20%), but other tree species including Pinus, Alnus, Picea, Betula, Fraxinus and Coryluswere
present and herbaceous taxa including Cyperaceae, Artemisia, Oxyria/Rumex and Ericaceae
were also abundant. The taxonomic composition of samples from the Gagra site, eastern
Georgia, showed that the most abundant taxa are Abies (>20%), followed by Alnus, Carpinus,
Pinus, Fagus, Ulmus, and non-arboreal taxa including Amaranthaceae, Artemisia and Asteraceae.
In general, non-analogue samples from the Carpathians and eastern Georgia are characterised by
assemblages dominated by moisture-demanding trees, but taxa indicative of open landscapes
were present in high abundance. On the other hand, non-analogue samples from the Yenicaga
site, south-west of the Black Sea, have a di�ferent taxonomic composition, being dominated by
Equisetum (>20%), followed by Poaceae, Cyperaceae, Pinus, Abies and deciduous Quercus.
Although the high abundances of tree taxa suggest that the assemblages represent in situ
vegetation, nevertheless the co-occurrence ofmoisture-demanding trees with high abundance of
non-arboreal taxa raises questions about whether these samples could represent contributions
fromnearbywetland or alluvial settings.

Figure 3.3. (a) Proportion of records from the EasternMediterranean–Black Sea Caspian corridor (EMBSeCBIO) region
having at least one sample identified as non-analogue in a 300-year time-window over the past 12,000 years, where
the time windows were constructed with 50% overlap. The red line indicates the 5% threshold to separate false
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positives (values below the threshold). The blue highlighted area corresponds to the period ofmaximumoccurrence
of non-analogues. The grey histogram shows the number of records through time in 300-year timewindowwith 50%
overlap. (b) The location of sites with more than 5% non-analogues samples during the interval between 11,500 to
9500 yr BP (red circles); sites with less than 5% non-analogues samples are shown as grey circles (WGS84 Mercator
projection). The size of the circles represents the elevation of the site.

3.4.3. Post-glacial forest expansion

Comparison of the similarity scores for forest versus other vegetation shows a transition from a
predominantly open or drought-tolerant Late Glacial vegetation to dominance of
moisture-demanding forests during the early Holocene (Supplementary Figure 3.2 and
Supplementary Figure 3.5). However, the nature of this transition varies geographically. At some
sites in the Carpathians (e.g. Kismohos, Avrig 1, Mohos1, Sterogoiu), the Rila and Rhodope
mountains (e.g. Dry Lake 2, Kupena) and eastern Caucasus (e.g. Didachara), the increase in the
forest was large and it became the dominant vegetation type in amatter of centuries. Other sites
in the Aegean region (e.g. Gramousti, Orestias G25, LakeMaliq, Supplementary Figure 3.1) show a
more gradual and �luctuating increase in forest, while sites in Zagros (e.g. Lake Zeribar) show only
a limited and slower increase. Considering all sites, themean date of the start of forest increase is
10.64 ± 0.65 ky (Figure 4). The individualistic response of each site is consistent with the fact that
there is no discernible di�ference in the timing of the transition from open vegetation to forest
either with latitude, longitude or elevation across the sites (Figure 3.4).

Figure 3.4. The timing of initial forest expansion during the early Holocene in the EasternMediterranean–Black Sea
Caspian corridor (EMBSeCBIO) region. The sites are organised by latitude (from north to south) and colour coded to
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show longitude. The size of the circles shows the elevation of the sites. The black line at 10.64 ky indicates themean
value of forest inception, while the grey bar shows the standard deviation of ±0.65 ky.

3.4.4. Temperate deciduous forest

There is no obvious expansion of TEDE at 6.0 ± 0.15 ky compared to the previous intervals (Figure
3.5), but rather changes in the geographic distribution of these forests (Figure 3.6). The
distribution of TEDE at 7.0 ± 0.15 ky was restricted to montane areas in the Carpathians, Zagros,
Balkans and Caucasus, and the Euxine region around the Black Sea (Supplementary Figure 3.2;
Figure 3.6). TEDE had disappeared from the Carpathian region in the next time window but was
present at 6.0 ± 0.2 ky, and also appeared at sites in the Euxine region and in the Aegean region.
The maximum expansion of TEDE occurs a�ter 6.0 ky (Figure 3.5; Supplementary Figure 3.6), with
additional sites appearing in the Balkans and in Greece in the 5.5 ky time window and several
additional sites showing a shi�t to TEDE in the 5.0 ky time window. Subsequently, TEDE
disappeared from lowland sites around the Aegean and on the Greek peninsula, though TEDE
persisted or expanded in the Balkans and the northwestern Caucasus.

Figure 3.5. Proportion of records reconstructed as temperate deciduous malacophyll broadleaf forest (TEDE) in a
300-year window centred on a specific time slice in themid-Holocene, here defined as 7 to 4 ky.

3.4.5. LateHolocene forest dynamics

The maximum in forest cover occurred between c. 4.5 and 3.6 ky (Figure 3.7c; Supplementary
Figure 3.2), when more than 50% of the sites are reconstructed as forest. There is an abrupt
decline in forest cover from 50% to 30%, starting at c. 3.3 and reaching aminimumat 2.6 ky. Forest
cover gradually increased a�ter c. 2.3 ky to reach levels of around 45% between c. 2.3 and 1 ky.
Although there are �luctuations in the number of forest sites a�ter 1 ky, the number remains
relatively high until the present. Thus, there is no explicit evidence of a systematic decrease in
forest over the late Holocene; the pattern rather points to centennial-scale variations in forest
abundance and corresponding increases in more open vegetation, as represented by samples
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reconstructed as tundra (TUND), desert (DESE), graminoids with forbs (GRAM), xeric shrubland
(XSHB) and evergreen needle-leaved woodland (ENWD) (Supplementary Figure 3.7).
Warm-temperate evergreen needleleaf and sclerophyll broadleaf forest (WTSFS), though also
exhibiting considerable centennial-scale variability, showed a general decline during the late
Holocene (Supplementary Figure 3.7).

There is no obvious coherence between the changes in forest cover and population changes as
evidenced by the SPD curve. The interval of highest forest cover overlaps with a period of high
human population density; the decrease in human population density around 3.5 ky occurs before
the abrupt decrease in forest sites at 3.3 ky. Although the brief increase in forest cover around 2.8
ky corresponds to an interval of declining population, the subsequent interval of low forest cover
is not associated with an increase in population, though thismay re�lect uncertainties in the SPD.
However, the lack of coherency at a regional scale does not preclude the possibility that there
were anthropogenic impacts on vegetation atmore local scales.

The changes in the number of forest sites does show a close resemblance to intervals of
wetter/drier conditions as inferred from the oxygen isotope records (Figure 3.7). The records from
Jeita, Mavri Trypa, SkalaMarion and Sofular showwetter conditions when the percentage of forest
sites is high, particularly between 4.5 and 3.3. They also show a sharp increase in aridity near 3 ky
(though this occurs somewhat later at c. 2.8 ky in SkalaMarion) that persists until at least c. 2.3 ky.
All of the speleothem records show somewhat wetter conditions corresponding to the forest
expansion between c. 2.3 and 1.3 ky, though this ismostmarked atMavri Trypa and SkalaMarion.
The Sofular record shows increasing aridity during the last millennium, and this would be
consistent with the cessation of speleothem formation at Jeita, Mavri Trypa and SkalaMarion, but
is inconsistent with the relatively high number of forest sites. However, the Kocain record does not
show a strong increase in aridity in the recent 1000 years, suggesting that there may be
considerable spatial heterogeneity in the nature of late Holocenemoisture changes.

Further analyses of radiocarbon data for specific sub-regions (Figure 3.8) reveal distinct
human population density trajectories. Population levels were low in Greece during the
mid-Holocene and maximum population levels were reached around 3 ky. In contrast, the Levant
and Anatolia exhibited high population levels during themid-Holocene, followed by a general
population decline. There are limited numbers of pollen records (Supplementary Figure 3.8) for
some of these sub-regions, with an average of only 7.5 records per timewindow for Anatolia sites,
and an average of only three sites for the Levant, whichmay a�fect the reliability of the composite
forest cover curves. Nevertheless, the forest curves for Greece and Anatolia show a closer
resemblance to changes in moisture, as shown by speleothem isotope records, than to human
population changes. In both regions, increases in forest cover correspond to both increases and
decreases in population; there is a similar lack of synchroneity with population changes in times
of decreasing forest cover. The forest cover for the Levant does not alignwell with either humidity
or population changes, but this likely re�lects the very limited number of records from the region.
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Figure 3.6. Dynamics of temperate deciduous forest during the mid-Holocene in the Eastern Mediterranean–Black
Sea Caspian corridor (EMBSeCBIO) region. The plots show sites where temperate deciduous malacophyll broadleaf
forest (TEDE) was inferred as the dominant biomewithin specific 300-year windows, where the colours showwhether
these were records where TEDE had been present in the previous interval and persisted (remains as TEDE), records
which were not TEDE in the previous interval and became TEDE (change to TEDE) or records whichwere TEDE in the
selected time window but had no record in the previous timewindow (TEDE). Sites where the predicted biome is not
TEDE are shown as open circles. The biome reconstructions for these sites are shown in Supplementary Figure 3.2.
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Figure 3.7. Comparison of reconstructed changes in vegetation in over the past 6000 years with evidence for changes
in human population and palaeoclimate in the EasternMediterranean–Black Sea Caspian corridor (EMBSeCBIO)
region. Themap (a) shows sites used in the reconstruction of biome changes. Changes in human population density

135



(b) are shown by the summed probability distribution (SPD) of radiocarbon dates on archaeologicalmaterial. The
biome plot (c) shows the proportion of records in the region characterised by forest in a 300-year time-window
through the past 6000 years, where the timewindowswere constructedwith 50%overlap. Changes in palaeoclimate
are inferred from the oxygen isotope records (δ18O) from individual speleothem records (d–h), wheremore negative
values are taken to indicate wetter conditions.

Figure 3.8. Comparison of reconstructed changes in vegetation in over the past 6000 years with evidence for changes
in human population and palaeoclimate at sub-regional scale (Anatolia, Greece and Levant). The small coloured dots
on the map indicate sites of archaeological radiocarbon dates (Bird et al., 2022), the coloured dots with black border
on the map indicates sites of pollen records and the triangles on the map show location of oxygen isotope records
(δ18O) from speleothems.

3.5. Discussion

The Late Glacial in the EMBSeCBIO region was characterised by open vegetation analogous to
modern cold and dry a�finity assemblages. However, a large number of early Holocene records
represent vegetation types that are not present in the region today. The maximum number of
records with non-analogue samples occurred from c. 11.5 to 9.5 ky. Samples from records from c.
6.0 ky onwards were all attributed to existing biome types (Figure 3.3a). This pattern is consistent
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with the analysis of vegetation changes across Europe using amodern analogue approach (Zanon
et al., 2018 ), which also found an increase in the number of non-analogue records from the start
of the Holocene, reaching a peak between 9.0 and 6.0 ky. This pattern contrasts with records from
e.g. North America, where non-analogue vegetation is more typical of the Late Glacial than the
early Holocene (Williams& Jackson, 2007).

Almost all of the sites with non-analogue samples come from the Carpathians (Figure 3.3b). This
region has been identified as a glacial refugium for a number of coniferous and deciduous trees.
High-resolution pollen records and macrofossils have shown the occurrence of Pinus, Juniperus,
Betula, Salix and Picea in lowland areas and the Romanian Carpathians prior to 14.7 ky
(Feurdean et al., 2007, 2010; Pató et al., 2020; Tanţău et al., 2014 ). Plant genetic data also point
to this region as a glacial refugium (Magri et al., 2006; Petit et al., 2003), while genetic evidence
of canopy forest snails also supports the existence of temperate trees in the Carpathians
during the Late Glacial (Juřičková et al., 2019 ). Evidence for a very rapid expansion of Larix, Pinus
and Ulmus in the early Holocene strongly supports the idea of a glacial refugium for these species
in Romania (Feurdean et al., 2007). The extremely high values (>20%) of Ulmus in the
non-analogue samples in the early Holocene (Supplementary Figure 3.4), when this taxon does
not exceed a mean of 0.4% in spectra from forest biomeswhere it is found today (Cruz-Silva et al.,
2022), support the idea of rapid expansion from refugial conditions. Similarly, the lowlands of
eastern Georgia on the edge of the Black Sea, where the Gagra site is located, has also been
previously identified as a Late Glacial refugium where Abies was the dominant taxon (Connor &
Kvavadze, 2009). This is consistent with the fact that Abies was the dominant taxon at this site
(Supplementary Figure 3.4), though Ulmus is also present in relatively high abundance (3.5%).
Quantitative reconstructions of Last Glacial Maximum climates (Davis et al., 2022) indicate
somewhat moderate cooling in regions to the west and south of the Black Sea accompanied by
increased growing season precipitation, which could favour the persistence of
moisture-demanding broad-leaved trees alongwith conifers.

The timing of forest expansion a�ter the Younger Dryas in response to increasing temperature and
humidity occurred between 10.64 ± 0.65 ky (Supplementary Figure 3.4). There is no evidence of
systematic di�ferences in timing between thewestern and eastern parts of the EMBSeCBIO region,
or between high and low elevation sites. For instance, at 10.5 ± 0.15 ky (Supplementary Figure 3.2),
sites located at both easternmost and westernmost longitudes, spanning from the Caucasus to
the Balkans, underwent a transition from predominantly open biomes, primarily GRAM, to
forested biomes including CMIX and TEDE. This spatial distribution aligns with the broader shi�t
from open or drought-tolerant Late Glacial vegetation tomoisture-de-manding forests during the
early Holocene. Di�ferences in the speed of forest expansion, and hence the timing of peak forest
cover, indicate a somewhat individualistic response at di�ferent sites. This is consistent with
previous studies which have shown that vegetation changes were of variable amplitude and
timing and have explained this in terms of interactions of external and internal drivers including
glacial refugia, dispersal abilities, migration patterns, climate, soil development, competition and
disturbance regimes (Feurdean et al., 2007, 2010; Finsinger et al., 2017; Huntley& Prentice, 1993;
Jamrichová et al., 2017; Prentice, 1985; Tantau et al., 2003; Tanţău et al., 2011, 2014 ). There is,
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however, a tendency for sites in the western part of the region and high-elevation sites to show
more abrupt increases in forest cover than those in the eastern part of the region. This, coupled
with the fact that forest density in the eastern sites never reached the levels observed in the
western sites, may underpin the perception that forest expansionwas delayed in the eastern part
of the EMBSecBIO region.

Temperate deciduous forests were present in Anatolia and southern Greece by 6 ky (Figure 3.6)
and temperate deciduous trees were an important component of the vegetation across much of
the region at that time. This is consistent with earlier findings (e.g. Huntley & Prentice, 1993 ;
Peyron et al., 2017; Prentice et al., 1996, 2000; Roberts et al., 2004) andwith quantitative climate
reconstructions showing that most of the Mediterranean region was characterised by lower
temperatures and greater plant-available moisture during the mid-Holocene (e.g. Bartlein et al.,
2011; Cheddadi et al., 1997; Davis et al., 2003). It is also consistent with speleothem oxygen
isotope records from the Middle East, which show higher precipitation than present during the
mid-Holocene (Burstyn et al., 2019 ). However, our analyses suggest that the expansion of TEDE
occurred later than this, since both the 5.5 and 5.0 ky timewindows registered a higher abundance
of TEDE than at 6 ky (Figure 3.6). The focus on 6 ky in earlier studies wasmotivated by the fact that
this was an inter-val chosen for palaeoclimate modelling (Prentice et al., 2000), being a
compromise between the maximum changes in northern hemisphere insolation and the relict
presence of northern hemisphere ice sheets (Joussaume et al., 1999), rather than the idea that
this might represent the maximum expression of climate-driven vegetation changes. The
increase in TEDE a�ter 6 ky is consistent with warm and wet conditions inferred frommarine and
terrestrial biological and biogeochemical proxies in sediment cores from North and SE Aegean
and Levant Seas (Triantaphyllou et al., 2014).

Late Holocene forest cover exhibited centennial-scale variations rather than a systematic
decline. The abundance of forest sites shows millennial-scale variability with peaks between 4.5
and 2.3 ky, at 2.7 ky, and 2.3 and 1 ky. The early interval of high forest cover is coincident with a
wetter interval starting at 4.8 ky in the Jeita record and 4.5 ky in the Skala Marion record and
lasting until 2.9 ky (Cheng et al., 2015 ). The δ13C record from Sofular also shows increased
humidity between c. 4.5 and 3 ky (Fleitmann et al., 2009 ; Göktürk et al., 2011). The gradual
increase in forest cover a�ter 2.3 ky is also consistent with the speleothem evidence of increased
humidity. The cessation of speleothem formation atMavri Trypa, SkalaMarion and Jeita at varying
times a�ter 2 ky could re�lect aridification, but this is not supported by the Sofular and Kocain
records which show a continuation of relatively moist but �luctuating conditions, consistent with
themoderate �luctuations in forest cover.

Intervals of high forest cover occur during intervals of both high and low population density. At a
regional scale, population dynamics and forest cover showed limited coherence, emphasising the
importance of considering climate in�luences on forest changes. Even at sub-regional scale, there
is no relationship between population density and forest cover in Greece and Anatolia. In regions
where there are su�ficient pollen data to construct a reliable composite curve, the �luctuations in
late Holocene forest cover seem to follow centennial-scale patterns that are more tied to
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variations in climate. An improvement in the coverage of vegetation records for other parts of the
EMBSeCBIO region is required to test the relationship between human activities and vegetation
more thoroughly. It is not possible to use the SPD ‘dates as data’ approach to reconstruct changes
in population density a�ter 2.5 ky in the EMBSeCBIO region and thuswe are unable to evaluate the
role of humans in the �luctuations of forest cover during the most recent interval. However, the
abrupt drop in population at c. 3 ky is robust and has been documented previously (Palmisano,
Lawrence, et al., 2021; Weiberg, Bevan, et al., 2019; Weiberg, Hughes, et al., 2019) and is
thought to correspond to a period of political collapse and social transformation (Knapp &
Manning, 2016). While the short-lived increase in forest cover at 2.9 ky might be associated with
this abrupt decline, the subsequent interval of reduced forest cover cannot be explained as a
consequence of human activities since population levels remained low during this time. Thus,
while there is scope for more thorough investigations of the role of human activities on the
landscape at a local scale, the evidence currently available suggests that late Holocene vegetation
changes weremore likely to have been driven by changes in climate than human activities.

We have used a new approach taking account of within-biome variability in pollen assemblages
to make vegetation reconstructions (Cruz-Silva et al., 2022), and shown that this provides more
reliable reconstructions than the classic biomisation method. Nevertheless, it is not perfect since
there are still some mismatches between the predicted and observed vegetation. These
mismatches may, in part, re�lect the diversity of site types or di�ferences in the size of the basin
since both of these factors can in�luence the pollen source area and the quality of pollen
preservation (Davis, 2000; Prentice, 1985). However, the rigorous filtering applied to the records,
for example by removing large basins and records that showed obvious indications of poor
preservation, should have minimised the impact of site di�ferences on the vegetation
reconstructions. Even in the early Holocene there are at least 20 records from the region a�ter this
filtering. Our focus on the regional picture of vegetation changes to address specific controversies
should alsominimise the impact of potential uncertainties in the reconstructions.

We have largely focused on vegetation changes that re�lect changing plant-availablemoisture
and the seasonality of precipitation, and have used speleothemdata as an independent source of
information onmoisture changes through theHolocene. Although quantitative reconstructions of
climate variables have been made at some sites from the EMBSeCBIO region (e.g. Davis et al.,
2003; Herzschuh et al., 2022; Robles et al., 2022), they either use a PFT-based modern-analogue
approach or local calibrations, whichmay provide reasonable reconstruction statistics but tends to
underestimate climate variability. Furthermore, these reconstructions focus on mean annual
precipitation rather than plant-available moisture. It would be useful to develop robust
reconstructions of bioclimatic variables for the EMBSeCBIO region in order to be able to
determine how far the observed vegetation changes re�lect changes in climate factors in�luencing
plant growth.

3.6. Conclusions

Vegetation with no modern analogue occurred from c. 11.8 to c. 6 ky, mostly in the Carpathians,
with a maximum number of records between 11.5 and 9.5 ky. The composition of non-analogue
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samples and the location of the records suggest that these vegetation types arose because of rapid
expansion of individual species from Late Glacial refugia. There is no discernible di�ference in the
timing of forest expansion in the early Holocene either with latitude, longitude or elevation across
the sites. Di�ferences in the exact timing and speed of forest increase between sites suggests
multiple factors, including relative location of refugia, plant dispersal abilities, competition and
disturbance regimes, could have in�luenced the response to early Holocene climate change.
Temperate deciduous forest was not more extensive than today at 6 ky; the maximum
mid-Holocene expansion occurred at c. 5.5 and 5.0 ky. Late Holocene forest cover exhibited
centennial-scale variations rather than a systematic decline, at both regional and sub-regional
scale. Fluctuations in forest cover during this interval are broadly consistent with speleothem
records of changing moisture availability than aggregate regional changes in human population.
However, more well-dated pollen cores and archaeological evidence on human population
density are necessary to establish definitive conclusions about the interaction of climate,
vegetation and people at sub-regional scales.
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3.8. Supplement

Supplementary appendix 3.1: The vegetation reconstructionmethod

Cruz-Silva et al. (2022) used 5765 modern pollen samples from Europe, the Middle East and
northern Eurasia derived from the EMSeCBIO and SPECIAL databases (Harrison, 2019; Harrison et
al., 2021), which were taxonomically harmonised (Cruz-Silva et al., 2022) and assigned to biomes
based on potential natural vegetation reconstructions (Hengl et al., 2018) to characterise the
within-biome means and standard deviations of the abundances of individual taxa. These values
were then used to calculate first a dissimilarity index and subsequently a similarity index between
any pollen sample and every biome and thus assign each pollen sample to the biome which it is
most likely to represent:

(1)

where Dik is the dissimilarity of pollen sample k from biome i; pjk is the pollen percentage of
taxon j in sample k; μji is the mean of taxon j in biome i, sji is the sample standard deviation of
taxon j in biome i and ε is a parameter assigned a value of 0.5%. Summation is over all taxa in
sample k.

The dissimilarity values were converted to similarities by:

(2)

where Sik is an approximation of the likelihood of biome i given pollen sample k. A sample was
then assigned to the biomewithwhich it had the greatest similarity.

Biome reconstructions were evaluated using confusion matrices based on dominant and
subdominant biomes in the sample search window. The balanced accuracy metric was used to
assess performance, especially for imbalanced classes. The balanced accuracymetric is given by:

(3)

Where where ki is the number of sites correctly predicted for biome i, l is the number of biomes
and ni is the number of sites in biome i.

Cruz-Silva et al (2022) showed that reconstructions of the modern vegetation using a modern
pollen dataset covering Europe, the Middle East and northern Eurasia used to derive the training
data reached a balanced accuracy (i.e. the average accuracy of assignments to all classes: Carrillo
et al., 2014) of 66%, which improved to 76% when both dominant and subdominant biomes
within a search window of 21 km around the sample were considered. They also showed that the
method captured the modern vegetation in the EMBSeCBIO region only with a balanced accuracy
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of 64%, which improved to 77% when both the dominant and subdominant biomes were
considered. The present study includes a further evaluation of the method to determine how
accurate it is in predicting the vegetation represented by core top samples (age < 150 cal. yrs. BP)
from fossil pollen cores from the EMBSeCBIO region.

Supplementary Table 3.1. Quantitative comparison of predicted and observed dominant and (sub-dominant) biomes
in modern (<150 years) samples from long pollen records of the eastern Mediterranean-Black Sea Caspian corridor
region. The observed dominant and sub-dominant biomes are taken from the Hengl et al. (2018) potential natural
vegetationmap. The biome codes are: CENF, cold evergreen needleleaf forest; CMIX, coolmixed evergreen needleleaf
and deciduous broadleaf forest; DESE, desert; ENWD, evergreen needleleaf woodland; GRAM, graminoids with forbs;
TEDE, temperate deciduous malacophyll broadleaf forest; TUND, tundra; WTFS, warm-temperate evergreen
needleleaf and sclerophyll broadleaf forest; XSHB, xeric shrubland. The total number of predicted and observed
records for each biome are also shown (Σ). The grey diagonal shows the number of correctly predicted samples, while
o�f-diagonal elements are those incorrectly predicted.

152



Supplementary Figure 3.1. Plot showing the resolution and length of the records from the Eastern
Mediterranean-Black Sea Caspian corridor (EMBSeCBIO) region.
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Supplementary Figure 3.2. Plots showing reconstructed biomes at 0.5 ky intervals from 12 ky to the present. each plot
shows the dominant biome within the 300-year window around each time point. The biome codes are: CMIX, cool
mixed evergreen needleleaf and deciduous broadleaf forest; DESE, desert; ENWD, evergreen needleleaf woodland;
GRAM, graminoids with forbs; TEDE, temperate deciduous malacophyll broadleaf forest; WTFS, warm-temperate
evergreen needleleaf and sclerophyll broadleaf forest; XSHB, xeric shrubland. Note that cold evergreen needleleaf
forest (CENF) and tundra (TUND) do not occur in these time intervals, although they were reconstructed for other
samples. Sites which had samples that were considered to have nomodern analogue are indicated asNONA.
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Supplementary Figure 3.3. Proportion of records in di�ferent elevation bands (> 1500m, between 500 and 1500m, <
500m) in the Eastern Mediterranean-Black Sea Caspian corridor (EMBSeCBIO) region having at least one sample
identified as non-analogue in a 300-year time-window over the past 12 ky, where the timewindowswere constructed
with 50%overlap. The red line indicates the 5% threshold to separate false positives (values below the threshold).
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Supplementary Figure 3.4. Taxon abundance in non-analogue samples from the interval between 11 and 8 ky from (a)
the Carpathians, (b) Gagra, and (c) Yenicaga. The box plots represent themean and interquartile range across all the
non-analogue samples.
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Supplementary Figure 3.5. Identification of the starting point of Holocene forest growth in sequences spanning at
least the last 12.3 ky with at least 13 samples in the interval. The curves were produced considering the similarity score
ratio of biomes defined as moisture-demanding forest types to other vegetation types for each pollen sample. The
forest types are temperate deciduous malacophyll broadleaf forest (TEDE), cool mixed evergreen needleleaf and
deciduous broadleaf forest (CMIX) and cold evergreen needleleaf forest (CENF). The curves were smoothed using a
300-year window with 50% overlap. A break point analysis was applied to the forest curve to obtain the optimal
number (least amount of residuals) of break points that allowed identifying trend changes in the sequence (score ~
age). Linear regressions were performed between the identified break points in each sequence (formula: y ~ x + {x -
breaking} * ifelse(x > breaking,1,0)). The earliest point indicating a change from a zero or negative slope (no change or
decrease of forest) to a positive slope (an increase of forest) was cidnetified as the starting point of forest growth. The
period evaluated was from 7 to 11.6 ky before present. In the plot, the colours represent the proportion of forest
vegetation (blue shading) versus other vegetation (orange shading). The red lines indicate the breakpoint identified
as the start of forest growth. Thewhite lines represent the linear regressions between adjacent breakpoints.
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Supplementary Figure 3.6. Proportion of records the easternMediterranean-Black Sea Caspian corridor (EMBSeCBIO)
region identified as temperate deciduousmalacophyll broadleaf forest (TEDE) in successive 300-year windows during
theHolocene.
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Supplementary Figure 3.7.Holocene dynamics of forest vegetation during theHolocene. The uppermost panel shows
the proportion of records in the region characterised by moisture-demanding forest, as represented temperate
deciduous malacophyll broadleaf forest (TEDE), cool mixed evergreen needleleaf and deciduous broadleaf forest
(CMIX) and cold evergreen needleleaf forest (CENF), in 300-year windows with 50% overlap. The lowermost panel
shows warm-temperate evergreen needleleaf and sclerophyll broadleaf forest (WTSFS), represented in the sameway.
The central panel represents more open vegetation types, including samples reconstructed as tundra (TUND), desert
(DESE), graminoids with forbs (GRAM), xeric shrubland (XSHB), evergreen needleleavedwoodland (ENWD).

 

162



Suppelentary Figure 3.8. Forest curve at subregional scale (green line) alongside the count of utilized sites within
each time-window (represented by the grey bars in the background).
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Chapter 4. Pollen-based reconstructions ofHolocene
climate trends in the easternMediterranean region
This chapter has been published as: Cruz-Silva, E., Harrison, S. P., Prentice, I. C., Marinova, E.,
Bartlein, P. J., Renssen, H., and Zhang, Y. (2023). Pollen-based reconstructions of Holocene climate
trends in the easternMediterranean region. Clim. Past, 19, 2093–2108,
https://doi.org/10.5194/cp-19-2093-2023, 2023. It has beenwritten according to the guidelines of
the journal

4.1 Abstract

There has been considerable debate about the degree to which climate has driven societal
changes in the eastern Mediterranean region, partly through reliance on a limited number of
qualitative records of climate changes and partly re�lecting the need to disentangle the joint
impact of changes in di�ferent aspects of climate. Here, we use tolerance-weighted,
weighted-averaging partial least squares to derive reconstructions of the mean temperature of
the coldest month (MTCO), mean temperature of the warmest month (MTWA), growing degree
days above a threshold of 0 ∘C (GDD0), and plant-availablemoisture, which is represented by the
ratio of modelled actual to equilibrium evapotranspiration (α) and corrected for past CO2
changes. This is done for 71 individual pollen records from the eastern Mediterranean region
covering part or all of the interval from 12.3 ka to the present. We use these reconstructions to
create regional composites that illustrate the long-term trends in each variable. We compare
these composites with transient climate model simulations to explore potential causes of the
observed trends. We show that the glacial–Holocene transition and the early part of theHolocene
was characterised by conditions colder than the present. Rapid increases in temperature occurred
between ca. 10.3 and 9.3 ka, considerably a�ter the end of the Younger Dryas. Although the time
series are characterised by centennial to millennial oscillations, the MTCO showed a gradual
increase from 9 ka to the present, consistent with the expectation that winter temperatures were
forced by orbitally induced increases in insolation during the Holocene. The MTWA also showed
an increasing trend from 9 ka and reached a maximumof ca. 1.5 ∘C greater than the present at ca.
4.5 and 5 ka, followed by a gradual decline towards present-day conditions. A delayed response to
summer insolation changes is likely a re�lection of the persistence of the Laurentide and
Fennoscandian ice sheets; subsequent summer cooling is consistent with the expected response
to insolation changes. Plant-available moisture increased rapidly a�ter 11 ka, and conditions were
wetter than today between 10 and 6 ka, but therea�ter, α declined gradually. These trends likely
re�lect changes in atmospheric circulation and moisture advection into the region and were
probably too small to in�luence summer temperature through land–surface feedbacks.
Di�ferences in the simulated trajectory of α in di�ferent models highlight the di�ficulties in
reproducing circulation-drivenmoisture advection into the easternMediterranean.
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4.2. Introduction

The eastern Mediterranean region is a critical region for examining the long-term interactions
between climate and past societies because of the early adoption of agriculture in the region,
which has been widely associated with the rapid warming at the end of the Younger Dryas
(Belfer-Cohen and Goring-Morris, 2011). Societal collapse and large-scale migrations have been
associated with climates less favourable to agriculture during the 8.2 ka event (Weninger et al.,
2006) or to major changes in agricultural practices (Ro�fet-Salque et al., 2018). Subsequent
periods of less favourable climate, particularly prolonged droughts, have been associatedwith the
fall of the Akkadian Empire, ca. 4.2 ka (Cookson et al., 2019), and the end of the Late Bronze Age
and the beginning of the Greek Dark Ages, ca. 3.2 ka (Kaniewski et al., 2013; Drake, 2012). However,
the attribution of changes in human society to climate changes is not universally accepted. Flohr
et al. (2016), for example, analysed radiocarbon-dated archaeological sites for evidence of societal
changes in response to climate changes in the early Holocene, particularly the 8.2 ka event, and
found no evidence of large-scale site abandonment ormigration, although therewere indications
of local adaptations. However, since Flohr et al. (2016) did not compare the archaeological records
to region-specific climate reconstructions, it is di�ficult to assess how far local responses might
re�lect di�ferences in climate between the sites. Even the societal response to the early Holocene
warming appears to have di�fered across the region (Roberts et al., 2018).

The need to understand the interactions between climate and past societies in the eastern
Mediterranean is given further impetus because human modification of the landscape has the
potential to a�fect climate directly through changes in land surface properties. The degree to
which human modifications of the landscape had a significant impact on global climate before
the pre-industrial period is debated (Ruddiman, 2003; Joos et al., 2004; Kaplan et al., 2011;
Singarayer et al., 2011; Mitchell et al., 2013; Stocker et al., 2017), but these impacts were likely to be
more important in regions with a long history of settlement and agricultural activities (Harrison et
al., 2020).

Much of our current understanding of climate changes in the eastern Mediterranean region is
based on the qualitative interpretation of individual records (e.g. Roberts et al., 2019). Oxygen
isotope records from speleothems or lake sediments have been used to infer changes inmoisture
availability through the Holocene (e.g. Bar-Matthews et al., 1997; Cheng et al., 2015; Dean et al.,
2015; Burstyn et al., 2019), as have pollen-based reconstructions of changes in vegetation (e.g.
Bottema, 1995; Denè�le et al., 2000; Sadori et al., 2011). Pollen records can also be used to make
quantitative reconstructions of seasonal temperatures and precipitation or plant-available water
(Bartlein et al., 2011; Chevalier et al., 2020). Quantitative reconstructions of past climates have
been made for individual records from the eastern Mediterranean region (e.g. Cheddadi and
Khater, 2016; Magyari et al., 2019), and syntheses of pollen-based quantitative climate
reconstructions have included sites from this region (Davis et al., 2003; Mauri et al., 2015;
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Herzschuh et al., 2022). Davis et al. (2003) provided a composite curve of seasonal temperature
changes but not moisture changes; both summer and winter temperatures showed very little
variation (< 1 ∘C) through most of the Holocene. Mauri et al. (2015) is an updated version of the
Davis et al. (2003) reconstructions, with more sites included but showing similarly muted
temperate changes in the eastern Mediterranean region. Herzschuh et al. (2022) showed more
homogenous changes in both temperature and precipitation across the eastern Mediterranean
region, but it is di�ficult to compare the two reconstructions directly because they used di�ferent
reconstruction techniques. None of the existing reconstructions takes account of the impact of
changing CO2 levels on vegetation, which could potentially a�fect the reconstructions ofmoisture
variables (Prentice et al., 2022a). Thus, there is a need for well-founded reconstructions of climate,
particularly climate variables that are relevant for human occupation and agriculture, to be able to
address questions about the interactions between climate and society in the eastern
Mediterranean region.

Here, we provide new quantitative reconstructions of seasonal temperature and plant-available
moisture for 71 sites from the eastern Mediterranean region (defined by the eastern
Mediterranean–Black Sea–Caspian corridor, EMBSeCBIO, project as the region between 29–49∘ N,
20 and 62∘ E), including a correction for the impact of changing CO2 levels on plant-available
moisture reconstructions. We use these reconstructions to document the regional trends in
climate from 12.3 ka to the present. We then explore how far these trends can be explained by
changes in external forcing by comparing the reconstructions with transient climate model
simulations.

4.3.Methods

4.3.1.Modern pollen and climate data

The modern pollen data set was obtained from version 1 of the SPECIAL Modern Pollen Data Set
for Climate Reconstructions (SMPDSv1; Harrison, 2019), which provides relative abundance data
from 6459 terrestrial sites from Europe, the Middle East, and northern Eurasia and has been
assembled from multiple public sources or provided by the original authors. The SMPDS pollen
records have been taxonomically standardised, filtered to remove obligate aquatics, insectivorous
species, introduced species, or taxa that only occur in cultivation. The removal of cultivars is
designed to minimise the in�luence of anthropogenic signals on the reconstructions. We then
grouped taxa with only sporadic occurrences into higher taxonomic levels (genus, sub-family, or
family). Consequently, the data set provides relative abundance data for 247 pollen taxa
(Supplementary Table 4.1). We used the 5840 SMPDS sites from the area between 29 and 75∘ N
and 20∘ W, 62∘ E to construct the training data set (Supplementary Figure 4.1); the sampling
outside this box is limited and likely not representative of the diversity of the climate gradients. At
sites with multiple modern samples, we averaged the taxon abundances across all samples to
minimise the over-representation of some localities and hence specific climates, in the training
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data set. We used the 195 pollen taxa that occurred at more than 10 sites (Supplementary Table
4.1) to derive climate–abundance relationships.

We focus on reconstructing bioclimatic variables that fundamentally control plant distribution,
specifically related to winter temperature limits, accumulated summer warmth, and
plant-available moisture (Harrison et al., 2010). The bioclimatic data for each modern site was
obtained from Harrison et al. (2019) through a data set that provides estimates of mean
temperature of the coldest month (MTCO), growing degree days above a base level of 0 ∘C
(GDD0), and amoisture index (MI) defined as the ratio of annual precipitation to annual potential
evapotranspiration at each modern pollen site, which is derived using a geographically weighted
regression of version 2.0 of the Climate Research Unit (CRU) long-term gridded climatology at
10 arcmin resolution (CRU CL v2.0; New et al., 2002). MTCO and GDD0 were taken directly from
the data set. Since Harrison (2019) do not provide mean temperature of the warmest month
(MTWA), we calculated this based on the relationship between MTCO and GDD0 given inWei et
al. (2021). We derived an alternative moisture index, α, which is the ratio between modelled
actual and equilibrium evapotranspiration from MI, following Liu et al. (2020). MI and α both
provide good indices of plant-available moisture, but since α has a natural limit in wetter
conditions, it ismore suitable for discriminating di�ferences in drier climates.

4.3.2. Fossil pollen data

The fossil pollen data set for the eastern Mediterranean region was obtained from the eastern
Mediterranean–Black Sea–Caspian corridor (EMBSeCBIO) database (Harrison et al., 2021), which
contains information from 187 records from the region between 29 and 49∘ N and between 20 and
62∘ E. (Note that this is amore limited region than the one used for themodern training data set.)
We discarded records (a) from marine environments or very large lakes (> 500 km2), (b) with no
radiocarbon dating, (c) where the age of the youngest pollen sample was unknown, (d) where
there is a hiatus a�ter the youngest radiocarbon date, (e) wheremore than half of the radiocarbon
dates were rejected by the original authors, and (f) where more than half of the ages were based
on pollen correlation with other radiocarbon-dated records. However, we kept records where
there is a hiatus but where there are su�ficient radiocarbon dates above the hiatus to create an age
model for the post-hiatus part of the record.We constructed new agemodels for all the remaining
sites (121) using the IntCal20 calibration curve (Reimer et al., 2020) and the rbacon R package
(Blaauw et al., 2021) in the framework of the AgeR R package (Villegas-Diaz et al., 2021). Some of
these records have no modern samples, where modern was defined as 0–300 years before
present, and thus could not be used to calculate climate anomalies. As a result, 71 pollen records
(Figure 4.1; Supplementary Table 4.2) were used for the climate reconstructions. These records
have a mean length of 6594 years and a mean resolution of 228 years. The records were
taxonomically standardised for consistency with the training data set.
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Figure 4.1. Distribution of pollen records used in the climate reconstructions. The colour coding shows the length of
the record.

4.3.3. Climate reconstructions

We used tolerance-weighted, weighted-averaging partial least squares (fxTWA-PLS; Liu et al.,
2020) regression to model the relationships between taxon abundances and individual climate
variables in the modern training data set and then applied these relationships to reconstruct past
climate using the fossil assemblages. fxTWA-PLS reduces the known tendency of regression
methods to compress climate reconstructions towards the middle of the sampled range by
applying a sampling frequency correction to reduce the in�luence of uneven sampling of climate
space and by weighting the contribution of individual taxa according to their climate tolerance
(Liu et al., 2020). Version 2 of fxTWA-PLS (fxTWA-PLS2; Liu et al., 2023), applied here, uses P-spline
smoothing to derive the frequency correction and also applies the correction both in estimating
climate optima and in the regression itself, producing a further improvement in model
performance relative to version 1, as published by Liu et al. (2020).

We evaluated the fxTWA-PLS models by comparing the reconstructions against observations
using pseudo-removed leave-out cross-validation, where one site was randomly selected as a test
site and geographically and climatically similar sites (pseudo sites) were removed from the
training set to avoid redundancy in the climate information in�lating the cross-validation. We
selected the last significant component (p value ≤ 0.01) and assessed model performance using
the root mean square error of the prediction (RMSEP). The degree of compression was assessed
using linear regression, and local compression was assessed by loess regression (locfit). Climate
reconstructions were made for every sample in each fossil record using the best models, and
sample-specific errors were estimated via bootstrapping.We applied a correction factor (Prentice
et al., 2022a) to the reconstructions of α to account for the impact of changes in atmospheric CO2
levels on water use e�ficiency, specifically the increasedwater use e�ficiency under high CO2 levels
characteristic of the recent past and the low CO2 levels that would have reduced water use
e�ficiency during the Late Glacial period and thus could have in�luenced the reconstructions
during the earliest part of the records. The correction was implemented through the package
codos: 0.0.2 (Prentice et al., 2022b), with past CO2 concentration values derived from the EPICA
Dome C record (Bereiter et al., 2015).
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4.3.4. Construction of climate time series

To obtain climate time series representative of the regional trends in climate, we first screened
the reconstructions to remove individual samples with (a) low e�fective diversity (< 2), as
measured using Hill's N2 diversity measure (Hill, 1973), which could indicate low pollen counts or
local contamination; and (b) sample-specific errors above the 0.95 quantile to remove obvious
outliers. This screening resulted in the exclusion of only a small number of individual samples (see
Supplementary Figure 4.2). We then averaged the reconstructed values in 300-year bins (slightly
larger than the average resolution of the records at 228 years) with 50 % overlap. The first bin
centred on 150 years before present, and subsequent bins were centred at 150-year increments
throughout the record. We excluded any bins with only one sample. The binned values of
individual sites were averaged to produce a regional composite of the anomalies for each climate
variable, where the modern baseline was taken as the first 300-year bin centred on 150 years
before present. These time series were smoothed using locally weighted regression (Cleveland
and Devlin, 1988), with a window width of 1000 years (half-window width 500 years) and fixed
target points in time to highlight the long-term trends. Confidence intervals (5th and 95th
percentiles) for each composite were generated by bootstrap resampling by site over 1000
iterations. We examined the impact of the CO2 correction on reconstructed α (Supplementary
Figure 4.3); this had nomajor e�fect on the reconstructed trends, except during the earliest part of
the record.

4.3.5. Climatemodel simulations

We compared the reconstructed climate changes with transient climatemodel simulations of the
response to external forcing to determine the extent that the reconstructed climate changes
re�lect changes in known forcing. We used transient simulations of the response to orbital and
greenhouse gas forcing in the later Holocene from the following fourmodels participating in the
PAleao-Constraints on Monsoon Evolution and Dynamics (PACMEDY) project (Carré et al., 2021):
the MPI (Max Planck Institute) Earth System Model version 1.2 (Dallmeyer et al., 2020), the AWI
(Alfred Wegener Institute) Earth SystemModel version 2 (Sidorenko et al., 2019), and two versions
of the IPSL (Institut Pierre-Simon Laplace) Earth System Model. The IPSL and AWI simulations
were run from 6 ka to 1950 CE and the MPI simulation from 7.95 ka to 1850 CE. We used a longer
transient simulation covering the period from 11.5 ka that was made with the LOVECLIM model
(Goosse et al., 2010), which, in addition to orbital and greenhouse gas forcing, accounts for the
waning of the Laurentide and Fennoscandian ice sheets (Zhang et al., 2016). Finally, we used two
transient simulations from 22 ka to the present that were made using the Community Climate
System Model (CCSM3; Collins et al., 2006). Both were forced by changes in orbital configuration,
atmospheric greenhouse gas concentrations, continental ice sheets, and meltwater �luxes but
di�fer in the configuration of themeltwater forcing applied a�ter the Bøllingwarming (14.7 ka).
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Figure 4.2. Time series of reconstructed anomalies of mean temperature of the coldestmonth (MTCO) for individual
records. Entities are arranged by latitude (N-S). Information about the numbered individual sites can be found in
Supplementary table 4.1.

In the first simulation (TRACE-21k-I; Liu et al., 2009), there was a sustained meltwater �lux of
∼ 0.1 Sv from theNorthernHemisphere ice sheets to the Arctic andNorth Atlantic until ca. 6 ka and
a continuous in�low of water from theNorth Pacific into the Arctic a�ter the opening of the Bering
Strait. The second simulation (TRACE-21k-II; He and Clark, 2022) had nomeltwater �lux during the
Bølling warming or the Holocene but applied a �lux of ∼ 0.17 Sv to the North Atlantic during the
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Younger Dryas (12.9–11.7 ka). The di�ference in meltwater forcing results in a much stronger
Atlantic Meridional Overturning Circulation during the Holocene in the TRACE-21k-II simulation
compared to the TRACE-21k-I simulation. Details of the model simulations are given in
Supplementary Table 4.3. The use of multiple simulations allows the identification of robust
signals that are not model-dependent (see, e.g., Carré et al., 2021) and also the separation of the
e�fects of di�ferent forcings. The TRACE-21k-I data were adjusted to re�lect the changing length of
months during the Holocene (related to the eccentricity of Earth's orbit and the
precession-determined time of year of perihelion), whereas the other simulations were not.
However, thismakes little practical di�ference for the selection of variables used here.

Outputs from each simulation were extracted for land grid cells in the EMBSeCBIO domain
(29–49∘ N, 20–55∘ E; this region extends slightly less far eastwards than the EMBSeCBIO region as
originally defined, but there are no pollen sites beyond 55∘ E). The MTCO and MTWA were
extracted directly; GDD0 was obtained by deriving daily temperature values from monthly data
using a mean-preserving autoregressive interpolation function (Rymes and Myers, 2001). Daily
values of cloud cover fraction and precipitationwere obtained frommonthly data in the sameway
and used to estimate MI, i.e. the ratio of annual precipitation to annual potential
evapotranspiration, through the R package smpds (Villegas-Diaz and Harrison, 2022) before
converting this to α, following Liu et al. (2020). For consistency with the reconstructed time series,
climate anomalies for 30-year bins for each land grid cell within the EMBSeCBIO domain were
calculated using the interval a�ter 300 years before present as the modern baseline. Since the
spatial resolution of the models varies (Supplementary Table 4.3), and in any case is coarser than
the sampling resolution of the individual pollen records precluding direct comparisons except at a
regional scale, we used all of the land grid cells within the EMBSeCBIO domain and did not
attempt to select grid cells coincident with the location of pollen data. A composite was produced
by averaging the grid cell time series, which was then smoothed, using locally weighted
regression (Cleveland and Devlin, 1988) with a window width of 1000 years (i.e. a half-window
width of 500 years) and fixed target points in time. Confidence intervals (5th and 95th percentiles)
for each composite were generated by bootstrap resampling by grid cell over 1000 iterations.

4.4. Results

4.4.1. Performance of the fxTWA-PLS statisticalmodel

The assessment of the model through cross-validation showed that it reproduces the modern
climate variables reasonably well (Table 4.1; Supplementary Table 4.4). The best performance is
achieved by α (R2= 0.73; RMSEP = 0.15) and MTCO (R2= 0.73; RMSEP 3.67). The models for GDD0
(R2= 0.69; RMSEP = 880) and MTWA (R2= 0.63, RMSEP = 3.22) were also acceptable. The slopes of
the regressions ranged from 0.78 (MTWA) to 0.86 (MTCO), indicating that the degree of
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compression in the reconstructions in small (Table 4.1). Thus, the downcore fxTWA-PLS
reconstructions of all the climate variables can be considered to be robust and reliable.

Table 4.1. Leave-out cross-validation fitness of fxTWA-PLSv2 for themean temperature of the coldestmonth (MTCO),
mean temperature of the warmest month (MTWA), growing degree days above base level 0 ∘C (GDD0), and
plant-available moisture (α), with a P-spline-smoothed fx estimation, using bins of 0.02, 0.02, and 0.002, showing
results for the selected component for each variable. RMSEP is the root mean square error of the prediction. P
assesses whether using the current number of components is significantly di�ferent fromusing one component less.
The degree of overall compression is assessed by linear regression of the cross-validated reconstructions onto the
climate variable, where b1 and b1.se are the slope and the standard error of the slope, respectively. The overall
compression is reduced as the slope approaches 1. Full details for all the components are given in Supplementary
Table 4.4.

4.4.2.Holocene climate evolution in the region

Down-core reconstructions showed broadly coherent signals, although there was variation in
both the timing and magnitude of climate changes across the sites that re�lected di�ferences in
latitude and elevation (Figures 4.2, 4.3, 4.4). Nevertheless, the records indicated coherent regional
trends over the past 12 kyr.

Winter temperature showed a cooling trend between 12 and 11 ka, with the reconstructed MTCO
ca. 8 ∘C lower than the present at 11 ka (Figure 4.5). There was a moderate increase in the MTCO
a�ter 11 ka, followed by a more pronounced increase of ca. 5 ∘C between 10.3 and 9.3 ka. Winter
temperatures were only ca. 2 ∘C lower than the present at the end of this rapid warming phase.
There are relatively large uncertainties in the MTCO reconstructions prior to 10.3 ka, so the trends
in the early part of the record are not well constrained. However, the phase of rapid warming
between 10.3 and 9.3 ka (and the subsequent part of the record) is well constrained. MTCO
continued to increase gradually through the Holocene, although multi-centennial to millennial
oscillations were superimposed on the general trend.

The initial trends in the summer temperature were broadly similar to those in MTCO, with a
cooling between 12.3 and 11 ka and the reconstructed MTWA ca. 2 ∘C lower than the present at
11 ka (Figure 4.5). Summer temperature increased therea�ter, although with pronounced
millennial oscillations, up to ca. 4.5 ka when the MTWA was ca. 1.5 ∘C higher than the present.
There was a gradual decrease in summer temperature a�ter ca. 4.5 ka. The GDD0 reconstructions
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showed similar trends to the MTWA, reaching maximum values around 4.5 ka when the growing
season was ca. 150 degree days greater than today. The subsequent decline in GDD0 was
somewhat �latter, which presumably re�lects the in�luence of still-increasingwinter temperatures
on the length of the growing season.

Figure 4.3. Time series of reconstructed anomalies of mean temperature of the warmest month (MTWA) for
individual records. Entities are arranged by latitude (N–S). Information about the numbered individual sites can be
found in Supplementary Table 4.2.

173



Figure 4.4. Time series of reconstructed anomalies of plant-available moisture, expressed as the ratio between
potential and actual evapotranspiration (α), at individual sites. A correction to account for the direct physiological
impacts of CO2 on plant growth has been applied to the reconstructed α. Entities are arranged by latitude (N–S).
Information about the numbered individual sites can be found in Supplementary Table 4.2.
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Figure 4.5. Composite changes in reconstructedmean temperature of the coldestmonth (MTCO),mean temperature
of thewarmestmonth (MTWA), growing degree days above a base level of 0 ∘C (GDD0), and plant-availablemoisture
expressed as the ratio between potential and actual evapotranspiration (α). A correction to account for the direct
physiological impacts of CO2 on plant growth has been applied to the reconstructions of α. The dark blue line is a
loess smoothed curve through the reconstruction, with a window half-width of 500 years; the green shading shows
the uncertainties based on 1000 bootstrap resampling of the records. The bottom plot shows the number of records
used to create the composite through time.
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The trends in α di�fer from the trends in temperature. Conditions were similar to the present at
around 11.5 ka (Figure 4.5). Between 11 and 10 ka, there was a rapid increase in α. Values of αwere
higher than the present (> 0.1) between 10 to 6 ka. Subsequently, there was a gradual and
continuous decrease in α until the present time. The correction for the physiological impact of CO2
levels was, as expected, largest during intervals when CO2 was lowest (i.e. prior to 11 ka; Figure
4.4). The reconstructions with andwithout the correction are not statistically di�ferent between 10
and 5 ka, when taking account the uncertainties in the reconstructions, but the correction
produced marginally wetter reconstructions a�ter 5 ka, with a maximum di�ference of 0.08.
However, the gradually declining trend inmoisture availability towards the present is not a�fected
by the CO2 correction.

Figure 4.6. Simulated regional changes inmean temperature of the coldestmonth (MTCO),mean temperature of the
warmest month (MTWA), growing degree days above a base level of 0 ∘C (GDD0), and plant-available moisture
expressed as the ratio between potential and actual evapotranspiration (α) in the EMBSeCBIO domain from the
TRACE-21K-I (green) and TRACE-21K-II (red) transient simulations. It is not possible to calculate changes in α for the
TRACE-21K-II simulation from the available data. Loess smoothed curves were drawn using a window half-width of
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500 years, and the envelope was obtained through 1000 bootstrap resampling of the sequences. The top plot shows
the changes in summer andwinter insolation (Wm−2) at 40∘ N.

Figure 4.7. Simulated regional changes inmean temperature of the coldestmonth (MTCO),mean temperature of the
warmest month (MTWA), and growing degree days above a base level of 0 ∘C (GDD0) in the EMBSeCBIO domain
from the LOVECLIM transient simulation. It is not possible to calculate the changes in α for the LOVECLIM simulation
from the available data. Loess smoothed curves were drawn using awindowhalf-width of 500 years, and the envelope
was obtained through 1000 bootstrap resampling of the sequences.

4.4.3. Comparisonwith climate simulations

The TRACE-21k-I simulation (Figure 4.6) shows an initial winter warming between 12 and 11 ka, but
the MTCO is still ca. 3 ∘C lower than the present at 11 ka. There is a gradual increase inMTCO from
11 ka onwards, although with centennial-scale variability and a more pronounced oscillation
corresponding to the 8.2 ka event. The TRACE-21k-II simulation is initially slightly colder and
displays a two-stepwarming, with a peak at 8.5 ka, whenMTCO is ca. 1.5 ∘C lower than the present.
The later Holocene trend is similar to that shown in TRACE-21k-I. The LOVECLIM simulation
produced generally warmer conditions than either of the TRACE simulations, where MTCO is ca.
2.5 ∘C lower than the present at 11 ka, but the two-step warming is more pronounced, and peak
warming occurs somewhat later, at ca. 7.5 ka, when the MTCO was only ca. 0.25 ∘C lower than the
present (Figure 4.7). While all three models show a rapid warming comparable to the

177



reconstructed warming between 10.3 and 9.3 ka, it is clear that the di�ferences in the ice sheet and
meltwater forcings a�fect both themagnitude and the timing of this trend. The overall magnitude
of the warming a�ter 9 ka in the TRACE-21k-I simulation is consistent with the reconstructions of
theMTCO (anomalies of 2.4 and 2.6 ∘C formodel and data, respectively). Themid to late Holocene
trend is similar in the PACMEDY simulations (Figure 4.8) to both TRACE-21k simulations, both in
sign and in magnitude (ca. 1 ∘C between 6 ka and the present), and both are consistent with the
reconstructions (-0.9±0.7 ∘C). The continuous increase in MTCO is consistent with the change in
winter insolation. Given the similarities between the PACMEDY simulations (which only include
orbital and greenhouse gas forcing) and the LOVECLIM and TRACE simulations, which also
include the forcing associated with the relict Laurentide and Fennoscandian ice sheets, it seems
likely that orbital forcing was the main driver of winter temperatures in the EMBSeCBIO region
during the later Holocene.

Figure 4.8. Simulated regional changes in themean temperature of the coldestmonth (MTCO),mean temperature of
the warmest month (MTWA), and growing degree days above a base level of 0 ∘C (GDD0) in the EMBSeCBIO domain
from the four PACMEDY simulations. The models are the Max Plank Institute Earth System Model (MPI), Alfred
Wegener Institute Earth System Model simulations (AWI), Institut Pierre-Simon Laplace Climate Model TR5AS
simulation (IPSL-CM5), and Institut Pierre-Simon Laplace Climate Model TR6A V simulation (IPSL-CM6). Loess
smoothed curves were drawn using a window half-width of 500 years and the envelope was obtained through 1000
bootstrap resampling of the sequences.
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The TRACE-21k-I simulation shows peak summer temperatures between 11 and 9 ka, when the
MTWA was ca. 3 ∘C greater than the present (Figure 4.6). The TRACE-21K-II simulations are
initially colder than the TRACE-21k-I simulation, and the peak in summer temperatures occurs at
9 ka, when the MTWA was ca. 2.5 ∘C greater than the present (Figure 4.6). The LOVECLIM
simulation is warmer than the present from 11.5 ka, but peak warming is only reached at 7.5 ka
when the MTWA is ca. 2 ∘C (Figure 4.7). All three simulations show a gradual decrease in the
summer temperature through the Holocene a�ter this initial peak. This decreasing trend is also
seen in the PACMEDY simulations from 6 ka (or 8 ka in the case of the MPI simulation) onwards
(Figure 4.8), and the magnitude of the change over this interval (ca. 2 ∘C from 6 ka onwards) is
similar to that shown by the TRACE and the LOVECLIM simulations. This similarity suggests that
the simulated response is a direct re�lection of the change in orbital forcing. However, the
reconstructed changes in summer temperature do not show this gradual decline. Reconstructed
MTWA is ca. 4 ∘C colder than the model predictions at 9 ka. The reconstructions show a gradual
increase in the MTWA from 9 to 4.5 ka. Changes in reconstructed temperatures at 4.5 ka are of a
similar magnitude to the simulated temperatures at this time (ca. 1 ∘C greater than the present),
although the late Holocene is marked by a cooling trend, as seen in the simulations. Thus, while
the simulated late Holocene trend is consistent with orbital forcing being the main driver of
summer temperatures in the EMBSeCBIO region, the early tomidHolocene trend is not. Previous
modelling studies have suggested that the timing of peak warmth di�fers in di�ferent regions of
Europe and is associated with the impact of the Fennoscandian ice sheet on regional climates
(Renssen et al., 2009; Blascheck and Renssen, 2013; Zhang et al., 2016). The di�ferences in the
timing of peak warmth in the EMBSeCBIO region in the TRACE-21k-II and LOVECLIM simulations
would be consistent with this argument but suggest that the timing and magnitude are
model-dependent. It is therefore plausible that the reconstructed trend in the MTWA at least
during the early Holocene re�lects the in�luence of the relict Laurentide and Fennoscandian ice
sheets in modulating the impact of increased summer insolation until the mid Holocene. Given
that GDD0 is a re�lection of both changes in season length, as in�luenced bywinter temperatures
and summer warming, the di�ference between the simulated and reconstructed MTWA are also
seen in GDD0 trends during the early part of theHolocene (Figure 4.6).

The simulations do not show consistent patterns for the trend in α. The TRACE-21k-I simulation
(Figure 4.6) shows a gradual increase, with minor multi-centennial oscillations from 12 ka to
present. (Available model output variables are not su�ficient to calculate α for the TRACE-21k-II or
LOVECLIM simulations.) One of the PACMEDY simulations (IPSL-CM5) shows an increase from the
mid Holocene (Figure 4.8), although the simulated change is an order ofmagnitude smaller than
over the comparable period in the TRACE-21k-I simulation. The AWI model shows no trend in α
over this period; the remaining two models show increasing aridity from themidHolocene to the
present (Figure 4.8). These three models are all broadly consistent with the reconstructions, since
the reconstructed decrease in α is small. However, the di�ferences in the sign of the trend between
the di�ferent models indicates that changes inmoisture are not a straightforward consequence of
the forcing but must re�lect model-dependent changes in moisture supply via changes in
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atmospheric circulation. Reconstructions of Holocene climates in Iberia have suggested that
land–surface feedbacks associated with changes in moisture availability have a strong in�luence
on summer temperature (Liu et al., 2023). There does not seem to be strong evidence for this in
the EMBSeCBIO region, given the di�ference in the trends of α and the MTWA and the muted
nature of the trend in α.

4.5. Discussion

The three temperature-related variables, MTCO, MTWA, and GDD0, all show relatively warm
conditions around the late glacial–Holocene transition (ca. 12 ka), followed by a cooling that was
greatest between ca. 11 and 10 ka. This pattern is also shown in regional composites (Figure 4.9)
derived from the reconstructions by Mauri et al. (2015) and Herzschuh et al. (2022). However, the
magnitude of the cooling shown in the Mauri et al. (2015) and Herzschuh et al. (2022)
reconstructions is small compared to our reconstructions. The cool interval starts somewhat later
and persists until 9 ka in theMauri et al. (2015) reconstructions, but this is partly a re�lection of the
fact that these reconstructions were only made at 1 ka intervals, and thus, the transitions are less
well constrained than in either our reconstructions or those of Herzschuh et al. (2022). This cool
interval and the marked warming seen a�ter 10.3 ka in our reconstructions does not correspond to
the Younger Dryas and the subsequent warming. Although the Younger Dryas is considered to be
a globally synchronous event (Cheng et al., 2020) and is generally considered coeval with
Greenland stadial I (Larsson et al., 2022), it does not appear to be strongly registered in the
EMBSeCBIO region in any of the quantitative climate reconstructions. This is consistent with
earlier suggestions, based on vegetation changes, that the Younger Dryas was not a clearly
marked feature overmuch of this region (Bottema, 1995).

Figure 4.9. Comparison of regional composites of reconstructed seasonal temperatures from this study with those
derived from Mauri et al. (2015) and Herzschuh et al. (2022). Mauri et al. (2015 provide themean temperature of the
coldest month (MTCO) and mean temperature of thewarmestmonth (MTWA) reconstructions, which can be directly
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compared with our reconstructions. Herzschuh et al. (2022) only provide reconstructions of July temperature. Our
reconstructions are shown in blue, reconstructions based on the Mauri et al. (2015) data set are shown in green, and
reconstructions based on the Herzschuh et al. (2022) reconstruction are shown in orange. The solid line is a loess
smoothed curve through the reconstruction with a window half-width of 500 years; the shading shows the
uncertainties based on 1000 bootstrap resampling of the records.

We have shown that winter temperatures increased sharply between 10.3 and 9.3 ka but then
continued to increase at a more gradual rate through theHolocene. The increase of ca. 7.5 ∘C is of
the same order of magnitude to the increase shown in the TRACE-21K-II simulation (ca. 5 ∘C) and
in the LOVECLIM simulation (ca. 3 ∘C). This increasing trend is also seen in the Mauri et al. (2015)
reconstructions of MTCO (Figure 4.9), although the change from the early Holocene to the present
is much smaller (ca. 0.5–1 ∘C) in these reconstructions than in our reconstructions, andMauri et al.
(2015) do not show marked cooling around 11 ka. Nevertheless, the consistency between the two
reconstructions and between our reconstruction and the simulated changes inMTCO supports the
idea that these trends are a response to orbital forcing during the Holocene. Our reconstructions
show a gradual increase in summer temperature, as measured by both MTWA and GDD0, from
ca. 10 to 5 ka, when the MTWA was ca. 1 ∘C warmer than the present, followed by a gradual
decrease towards the present. This is not consistent with previous reconstructions. Mauri et al.
(2015) show an overall increasing trend from 9 ka to present. The Herzschuh et al. (2022) study
shows a completely di�ferent pattern, with the maximum in July temperature at ca. 9 ka and an
oscillating but declining trend therea�ter (Figure 4.9).

These di�ferences between the three sets of reconstructions are too large to be caused by
di�ferences in the age models applied. They are also unlikely to re�lect di�ferences in sampling,
since the number of sites used is roughly similar across all three reconstructions (71 sites versus 67
sites from Herzschuh et al., 2022, and 409 grid points, based on 57 sites, from Mauri et al., 2015);
most sites are common to all three analyses. The di�ferences must therefore be related to the
reconstruction method. Herzshuch et al. (2022) used the regression-based approach,
weighted-average partial least squares (WA-PLS) that is the basis for our reconstruction
technique, fxTWA-PLSv2. Mauri et al. (2015) used themodern analogue technique. However, a�ter
taking the di�ferences caused by the temporal resolution into account, there is greater similarity
between our reconstructions and those of Mauri et al. (2015) than between either of these
reconstructions and theHerzschuh et al. (2022) reconstructions.

Several methodological issues could be responsible for the di�ferences between the three sets of
reconstructions and, in particular, the anomalous moisture trends shown by Herzschuh et al.
(2022). Specifically, Herzschuh et al. (2022) used (1) a unique calibration data set for each fossil
site, based onmodern samples within a 2000 km radius of that site, rather than relying on a single
training data set; (2) a limited set of 70 dominant taxa rather than thewhole pollen assemblage;
and (3)marine records, including those from, e.g., the Black Sea, whichwere excluded in the other
reconstructions because they sample an extremely large area and thus are unrepresentative of the
local climate. However, inclusion of records from the Black Sea in our reconstructions does not
have a substantial impact on either the magnitude or the trends in climate. Thus, it seems likely
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that the di�ferences between these two reconstructions re�lects the use of a unique calibration
data set for each fossil site and the limited set of taxa included.

The reconstructed MTWA shows a gradual increase through the early Holocene with maximum
values of around 1.5 ∘C greater than the present reached at ca. 4.5 ka. Previous modelling studies
have shown that the timing of maximum warmth during the Holocene in Europe was delayed
compared to the maximum of insolation forcing and varied regionally as a consequence of the
impact of the Fennoscandian ice sheet on surface albedo, atmospheric circulation, and heat
transport (Renssen et al., 2009; Blascheck and Renssen, 2013; Zhang et al., 2016; Zhang et al.,
2018). Two of the simulations examined here show a delay in the timing of peak warmth, which
occurred ca. 9 ka in the TRACE-21k-II simulation and ca. 7.5 ka in the LOVECLIM simulation.
Although both sets of simulations include the relict Laurentide and Fennoscandian ice sheets,
neither has realistic ice sheet and meltwater forcing. In the LOVECLIM simulation, for example,
the Fennoscandian ice sheet was gone by 10 ka, whereas in reality it persisted until at least 8.7 ka
(Patton et al., 2017). Thus, the impact of the Fennoscandian ice sheet in delaying orbitally induced
warming would likely have been greater than shown in this simulation. In addition to di�ferences
in the way in which ice sheets and meltwater forcing are implemented in di�ferent models,
models are also di�ferentially sensitive to the presence of the same prescribed ice sheet (Kapsch et
al., 2022). Thus, it would be useful to examine the in�luence of more realistic prescriptions of the
relict ice sheets on the climate of the EMBSeCBIO region using multiple models and, preferably,
transient simulations at a higher resolution or with regional climate models. It has been
suggested that meltwater was routed to the Black and Caspian seas via the Dnieper and Volga
rivers during the early phase of deglaciation (e.g. Yanchilina et al., 2019; Aksu et al., 2022; Vadsaria
et al., 2022), and it would also be useful to investigate the impact of this on the regional climate.

We have shown that αwas similar to today around 11 ka, but there was a rapid increase inmoisture
availability a�ter ca. 10.5 ka, such that α values were noticeably higher than the present between
10 to 6 ka, followed by a gradual and continuous decrease until the present time. Changes in the
late Holocene are small even at centennial scale (Figure 4.5). The reconstructed trends in α are not
captured in the simulations, which show di�ferent trends during the late Holocene. Thus, it is
unlikely that the gradual increase in aridity during the late Holocene is a straightforward response
to orbital forcing. Changes in α in the EMBSeCBIO region are likely to be primarily driven by
precipitation changes, which in turn are driven by changes in atmospheric circulation. Di�ferences
in the trend of moisture availability between the models imply that the nature of the changes in
circulation varies between models and thus the simulations do not provide a strong basis for
explaining the observed patterns of change in moisture availability. Earlier studies, focusing on
the western Mediterranean (Liu et al., 2023), Europe (Mauri et al., 2014), and central Eurasia
(Bartlein et al., 2017), have shown that models have di�ficulty in simulating the enhanced
moisture transport into the Eurasian continent shown by palaeoenvironmental data during the
mid Holocene and during the late Holocene. Changes in precipitation can also a�fect land–surface
feedbacks. Liu et al. (2023), for example, have argued that enhanced moisture transport into the
Iberian peninsula during the mid Holocene led to more vegetation cover and increased
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evapotranspiration and had a significant impact on the reduction of growing season
temperatures. Di�ferences in the reconstructed trends of summer temperature and
plant-available moisture through the Holocene suggests that this land–surface feedbackwas not
an important factor in�luencing summer temperatures in the EMBSeCBIO region. Nevertheless,
di�ferences in the strength of land–surface feedbacks between models could also contribute to
the divergences seen in the simulations. It would be useful to investigate the role of changes in
atmospheric circulation for precipitation patterns during the Holocene in the EMBSeCBIO region
using transient simulations at a higher resolution or with regional climatemodels.

The timing of the transition to an agriculture economy in the eastern Mediterranean is still
debated (Asouti and Fuller, 2012). It has been argued that climatic deterioration and population
growth during the Younger Dryas triggered a shi�t to farming (Weiss and Bradley, 2001; Bar-Yosef,
2017). The presence of morphologically altered cereals by the end of the Pleistocene has been put
forward as evidence for an early transition to agriculture (Bar-Yosef et al., 2017), but it has also
been pointed out that the evidence for cereal domestication before ca. 10.5 ka is poorly dated and
insu�ficiently documented (Nesbitt, 2002) and that crops did not replace foraging economies until
well into the Holocene (Smith, 2001; Willcox, 2012; Zeder, 2011). The availability of water is a
crucial factor in the viability of early agriculture (Richerson et al., 2001; Zeder, 2011). We have
shown that moisture availability was higher than today during the first part of the Holocene
(10–6 ka) but similar to today until ca. 10.5 ka. Wetter conditions during the early Holocene could
have been a crucial factor in the transition to agriculture, and our findings support the idea that
this transition did not happen until much later than the Younger Dryas or late glacial–Holocene
transition. Further exploration of the role of climate in the transition to agriculture would require
a more comprehensive assessment of the archaeobotanical evidence. The issue could also be
addressed by using modelling to explore how the reconstructed changes in regional moisture
availability and seasonal temperatures would impact crop viability (see, e.g., Contreras et al.,
2019).

We have focused on the composite picture of regional changes across the EMBSeCBIO region, in
order to investigate whether these changes could be explained as a consequence of known
changes in forcing. The data set also provides information on the trends in climate at individual
sites. These data could be used to address the question of whether population density or cultural
changes re�lect shi�ts in climate (e.g. Weninger et al., 2006; Drake, 2012; Kaniewski et al., 2013;
Cookson et al., 2019; Weiberg et al., 2019; Palmisano et al., 2021). In addition, it would also be
possible to use these data to explore the impact of climate changes on the environment, including
the natural resources available for people (Harrison et al., 2023).

4.6. Conclusions

We have reconstructed changes in seasonal temperature and in plant-available moisture from
12.3 ka to the present from 71 sites from the EMBSeCBIO domain to examine changes in the
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regional climate of the easternMediterranean region.We show that there are regionally coherent
trends in these variables. The large increase in both summer andwinter temperatures during the
early Holocene considerably post-dates the warming observed elsewhere at the end of the
Younger Dryas, supporting the idea that the impact of the Younger Dryas in the EMBSeCBIO
region was muted. Subsequent changes in winter temperature are consistent with the expected
response to insolation changes. The timing of peak summer warming occurred later than
expected as a consequence of insolation changes and likely, at least in part, re�lects the in�luence
of the relict Laurentide and Fennoscandian ice sheets on the regional climate. There is a rapid
increase in plant-available moisture between 11 and 10 ka, which could have promoted the
adoption of agriculture in the region.
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4.8. Supplementary

Supplementary Table 4.1. Allocation of pollen taxa found in samples of the Eastern
Mediterranean-Black Sea Caspian Corridor (EMBSeCBIO) pollen database into the 247 types
represented in the SPECIALModern Pollen Data Set (SMPDS) (Harrison, 2019). The table indicates
the taxonomic level of aggregation, the name used for the amalgamated taxon, and the
component species or genera included in this taxon.

Taxonomic level Amalgamated taxonname Individual taxa included

Genus Abies Abies, Abies alba, Abies cilicica, Abies nordmanniana, Abies pinsapo
subspmarocana

Family Acanthaceae Acanthusmollis

Genus Acer Acer, Acer campestre, Acer campestre type, Acer pseudoplatanus, Acer
type

Genus Aconitum Aconitum, Aconitum group, Aconitum napellus type, Aconitum
septentrionale, Aconitum type

Family Actinidiaceae Actinidia

Genus Adonis Adonis, Adonis aestivalis type, Adonis type

Family Adoxaceae Adoxa, Adoxamoschatellina, Adoxa type

Genus Aesculus Aesculus, Aesculus hippocastanum

Genus Ailanthus Ailanthus

Family Aizoaceae Carpobrotus

Genus

sub-group

Alnus Alnus, Alnus glutinosa, Alnus glutinosa type, Alnus glutinosa/Alnus
incana, Alnus incana, Alnus incana type, Alnus incana/Alnus cordata
type, Alnus non-viridis, Alnus type

Genus

sub-group

Alnus alnobetula Alnus viridis

Family Amaranthaceae Aellenia type, Amaranthaceae, Amaranthus, Atriplex nudicaulis,
Chenopodium, Chenopodiumalbum,Halothamnus type, Noaea type

Family Amaryllidaceae Amaryllidaceae, Narcissus

Family Anacardiaceae Anacardiaceae

Genus Andromeda Andromeda
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Family Apiaceae Aegopodium, Anthriscus sylvestris type, Anthriscus type,Apiaceae,
Apium, Apium type, Astrantia, Astrantia type, Athamanta cretensis,
Berula erecta type, Bunium type, Aegopodium podagraria,
Bupleurum, Bupleurum type, Carum carvi, Chaerophyllum,
Chaerophyllum hirsutum type, Chaerophyllum type, Conopodium,
Conopodium majus, Daucaceae, Daucus carota, Ammi type, Daucus
carota type, Daucus type, Echinophora, Eryngium, Eryngium
ilicifolium, Eryngium type, Falcaria type, Ferula, Ferula type,
Heracleum, Angelica, Heracleum laciniatum type, Heracleum
sphondylium, Heracleum type, Laserpitium latifolium type,
Laserpitium prutenicum, Ligusticum mutellina, Malabaila, Meum,
Meum athamanticum,Neogaya simplex type, Angelica archangelica,
Oenanthe, Oenanthe type, Orlaya, Orlaya grandi�lora, Pastinaca
type, Peucedanum, Peucedanum ostruthium, Peucedanum type,
Pimpinella, Pimpinella major type, Angelica type, Pimpinella type,
Pleurospermum austriacum, Sanicula, Sanicula europaea, Sanicula
type, Scandix, Seseli type, Torilis, Torilis arvensis, Turgenia type,
Anisosciadium type, Anthriscus, Anthriscus sylvestris

Genus Aquilegia Aquilegia type

Family Araceae Araceae

Genus Arbutus Arbutus, Arbutus type, Arbutus unedo

Genus Arctostaphylos Arctostaphylos, Arctostaphylos uva-ursi

Genus Argania Argania spinosa

Family Aristolochiaceae Aristolochia

Genus Artemisia Artemisia, Artemisia genipii/Artemisia mutellina, Artemisia
herba-alba type, Artemisia type, Artemisia vulgaris type

Family Asclepiadaceae Asclepiadaceae

Family Asparagaceae Asparagaceae, Asparagus, Asparagus type, Convallaria, Convallaria
type, Maianthemum bifolium, Maianthemum type, Ornithogalum
type, Scilla type

Family Asphodelaceae Eremurus

Family Asphodeliaceae Asphodeline, Asphodelus, Asphodelus albus, Asphodelus albus type,
Asphodelus fistulosus type, Asphodelus type

Family Asteraceae Asteraceae

Family

sub-group

Asteraceae (Liguli�lorae) Asteraceae (Liguli�lorae)
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Family

sub-group

Asteroideae Achillea, Antennaria, Antennaria type, Anthemis, Anthemis type,
Arnica montana, Aster, Aster bellidiastrum, Aster type,
Aster/Achillea, Aster/Achillea type, Achillea type, Asteraceae
(Tubuli�lorae), Asteroideae, Bellis, Bellis type, Bidens, Bidens type,
Calendula, Calendula type, Chrysanthemum alpinum, Doronicum,
Achillea/Anthemis type, Erigeron, Eupatorium, Eupatorium type,
Filago type, Filifolium sibiricum, Gnaphalium, Gnaphalium type,
Helianthus, Helianthus type, Homogyne, Achillea/Aster, Homogyne
alpina, Inula, Inula type, Logfia type, Matricaria type, Petasites,
Petasites type, Senecio, Senecio type, Solidago, Adenostyles type,
Solidago type, Solidago virgaurea type, Tussilago farfara, Tussilago
type, Xanthium, Xanthium spinosum, Xanthium strumarium,
Xanthium type, Ambrosia, Ambrosia artemisiifolia type, Ambrosia
type, Ambrosia/Xanthium

Genus Astragalus Astragalus, Astragalus alpinus type, Astragalus type

Family Berberidaceae Berberidaceae

Genus Berberis Berberis, Berberis vulgaris,Mahonia

Genus Betula Betula, Betula type, Betula alba, Betula alba type, Betula pendula,
Betula pendula/Betula pubescens, Betula pubescens, Betula
pubescens type, Betula sect. Albae, Betula tortuosa

Genus Betula (Chamaebetula) Betula fruticosa, Betula humilis/Betula nana, Betula nana, Betula
nana type

Family Boraginaceae Alkanna, Cynoglossum creticum, Echium, Echium type, Echium
vulgare, Heliotropium type, Lithospermum, Myosotis, Myosotis
arvensis type, Myosotis type, Onosma, Anchusa, Pulmonaria,
Pulmonaria type, Symphytum, Symphytum type, Anchusa arvensis,
Anchusa type, Boraginaceae, Borago o�ficinalis, Cerinthe, Cerinthe
minor, Cerinthe type

Family Brassicaceae Arabidopsis, Cardamine pratensis type, Cardamine type, Crambe,
Descurainia, Draba, Draba type, Hornungia type, Lepidium type,
Matthiola, Sinapis, Barbarea type, Sinapis type, Brassica, Brassica
type, Brassicaceae, Brassicaceae type, Capsella bursa-pastoris
type, Capsella type, Cardamine

Genus Bruckenthalia Bruckenthalia

Genus Buxus Buxus, Buxus sempervirens

Genus Calluna Calluna, Calluna type, Calluna vulgaris, Calluna vulgaris type

Family Campanulaceae Campanula, Phyteuma, Phyteuma type, Campanula type,
Campanulaceae, Jasione, Jasione montana, Jasione type, Legousia,
Lobelia dortmanna, Lobelia type

Family Capparaceae Capparidaceae, Capparis, Capparis spinosa, Capparis type
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Family Caprifoliaceae Caprifoliaceae, Scabiosa columbaria type, Scabiosa rotata type,
Scabiosa type, Scabiosa/Succisa type, Succisa, Succisa pratensis,
Succisa pratensis type, Succisa type, Dipsacaceae, Dipsacus, Dipsacus
fullonum type, Dipsacus type, Knautia, Knautia arvensis, Knautia
type, Scabiosa

Genus Carduoideae Arctium, Centaurea, Centaurea collina, Centaurea collina type,
Centaurea cyanus, Centaurea cyanus type, Centaurea depressa type,
Centaurea jacea, Centaurea jacea type, Centaurea montana,
Centaurea montana type, Arctium type, Centaurea nigra, Centaurea
nigra type, Centaurea rhenana type, Centaurea scabiosa, Centaurea
scabiosa type, Centaurea solstitialis, Centaurea solstitialis type,
Centaurea type, Cirsium, Cirsium type, Arctium/Jurinea,
Cirsium/Carduus, Cirsium/Gundelia, Cousinia, Echinops, Gundelia
type, Jurinea type, Onopordum, Onopordum type, Saussurea,
Saussurea alpina, Carduoideae, Saussurea type, Serratula, Serratula
type, Carduus, Carduus type, Carlina, Carlina type, Carthamus

Genus Carpinus betulus Carpinus, Carpinus betulus, Carpinus betulus type, Carpinus type

Genus Carpinus orientalis/Ostrya Carpinus orientalis, Carpinus orientalis type, Carpinus
orientalis/Ostrya, Carpinus orientalis/Ostrya carpinifolia, Carpinus
orientalis/Ostrya carpinifolia type, Carpinus/Ostrya,
Carpinus/Ostrya type, Ostrya, Ostrya type

Family Caryophyllaceae Agrostemma githago, Cerastium cerastioides type, Cerastium
fontanum type, Cerastium type, Cerastium/Stellaria type,
Corrigiola, Dianthus, Dianthus superbus type, Dianthus type,
Frankenia, Frankenia type, Agrostemma type, Gypsophila,
Gypsophila fastigiata, Gypsophila repens type, Gypsophila type,
Herniaria, Herniaria glabra, Herniaria type, Herniaria/Paronychia,
Illecebrum, Loe�lingia, Arenaria, Lychnis, Lychnis �los-cuculi, Lychnis
�los-cuculi type, Lychnis type, Lychnis viscaria type, Minuartia,
Minuartia rubra type, Minuartia type, Minuartia verna type,
Moehringia type, Arenaria type, Paronychia, Paronychia type,
Polycarpon, Sagina, Sagina procumbens, Sagina type, Saponaria,
Scleranthus, Scleranthus annuus, Scleranthus perennis,
Caryophyllaceae, Scleranthus type, Silenaceae, Silene, Silene
acaulis, Silene acaulis type, Silene alba type, Silene dioica type,
Silene latifolia, Silene rupestris, Silene type, Caryophyllaceae
subfam. Silenoideae, Silene vulgaris type, Spergula, Spergula
arvensis, Spergula type, Spergularia, Spergularia type, Stellaria,
Stellaria holostea, Stellaria holostea type, Stellaria nemorum,
Cerastium, Stellaria nemorum type, Stellaria palustris, Stellaria
type, Vaccaria type, Cerastium alpinum type, Cerastium arvense
type

Genus Cassiope Cassiope, Cassiope type

Genus Castanea Castanea, Castanea sativa

Genus Cedrus Cedrus, Cedrus atlantica, Cedrus atlantica type, Cedrus libani

Family Celastraceae Celastraceae, Parnassia, Parnassia palustris

Genus Celtis Celtis, Celtis australis
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Genus Ceratonia Ceratonia, Ceratonia siliqua, Ceratonia type

Genus Cercis Cercis siliquastrum

Genus Chamaedaphne Chamaedaphne, Chamaedaphne calyculata

Genus Chamaerops Chamaerops

Genus Chimaphila Chimaphila umbellata

Genus Cichorioideae Cichorioideae, Lactuca sativa type, Lactuca type, Leontodon
helveticus, Leontodon type, Scorzonera humilis type, Scorzonera
type, Sonchus type, Taraxacum, Taraxacum type, Cichorium,
Cichorium intybus type, Cichorium type, Crepis, Crepis aurea, Crepis
type, Hieracium type, Lactuca

Family Cistaceae Cistaceae, Halimium/Tuberaria, Tuberaria

Genus Cistus Cistus, Cistus salviifolius type, Cistus type, Cistus villosus type,
Cistus albidus type, Cistus incanus, Cistus ladanifer, Cistus ladanifer
type, Cistus monspeliensis type, Cistus populifolius type, Cistus
salvifolius, Cistus salviifolius

Genus Clematis Clematis, Clematis type, Clematis vitalba type

Genus Clethra Clethra

Family Clusiaceae Guttiferae

Family Colchicaceae Colchicum, Colchicum autumnale type, Colchicum type,
Colchicum/Merendera,Merendera

Genus Colutea Colutea

Family Convolvulaceae Calystegia, Calystegia sepium, Convolvulaceae, Convolvulus,
Convolvulus arvensis, Convolvulus arvensis type, Corema album
type, Cuscuta, Cuscuta europaea type

Genus Coriaria Coriaria, Coriariamyrtifolia

Genus Cornus Cornaceae, Cornus, Cornus mas, Cornus mas/Cornus suecica, Cornus
sanguinea, Cornus suecica

Genus Corylus Corylus, Corylus avellana, Corylus avellana type, Corylus maxima,
Corylus type

Genus Cotinus Cotinus, Cotinus coggygria

Genus Cotoneaster Cotoneaster

Family Crassulaceae Crassula, Crassulaceae, Sedum, Sedum rosea, Sedum type,
Sempervivum,Umbilicus, Umbilicus rupestris type

Genus Crataegus Crataegus, Crataegus type
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Family Cucurbitaceae Cucurbitaceae

Family Cupressaceae Cupressaceae, Taxodiaceae, Taxodium, Cupressus, Cupressus type,
Juniperus, Juniperus communis, Juniperus communis type, Juniperus
excelsa/Juniperus oxycedrus, Juniperus sabina, Juniperus type

Genus Cynomorium Cynomorium

Family Cyperaceae Carex, Fimbristylis, Rhynchospora, Rhynchospora alba, Rhynchospora
type, Schoenoplectus, Schoenoplectus lacustris ssp lacustris,
Schoenoplectus type, Schoenus type, Scirpus, Scirpus lacustris type,
Carex hirta type, Scirpus type, Trichophorum caespitosum, Carex
type, Cyperaceae, Cyperus, Cyperus type, Eleocharis palustris,
Eriophorumangustifolium/Eriophorum vaginatum, Eriophorum type

Family Cytinaceae Cytinus hypocistis type

Genus Daphne Daphne, Daphne gnidium,Daphne gnidium type, Daphne type

Genus Datisca Datisca

Genus Delphinium Delphinium type

Family Dennstaedtiaceae Pteridium, Pteridium aquilinum, Pteridium aquilinum type,
Pteridium type

Genus Diapensia Diapensia, Diapensia lapponica

Genus Dryas Dryas, Dryas octopetala

Genus Elaeagnus Elaeagnus

Genus Empetrum Empetrum, Empetrumnigrum, Empetrum type

Genus Ephedra Ephedra, Ephedra major type, Ephedra type, Ephedra alata type,
Ephedra distachya, Ephedra distachya type, Ephedra fragilis, Ephedra
fragilis ssp campylopoda, Ephedra fragilis type, Ephedra fragilis var
campylopoda, Ephedramajor

Genus Equisetum Equisetum

Genus Erica Erica, Erica lusitanica type, Erica scoparia type, Erica tetralix, Erica
tetralix type, Erica type, Erica umbellata type, Erica arborea, Erica
arborea type, Erica australis, Erica australis type, Erica cinerea, Erica
cinerea type, Erica erigena type, Erica lusitanica

Family Ericaceae Ericaceae, Ericales, Lecythis,Moneses, Orthilia, Phyllodoce, Pyrola

Genus Euonymus Euonymus, Euonymus europaeus

Family Euphorbiaceae Acalypha, Euphorbia, Euphorbia type, Euphorbiaceae

Family Fabaceae Fabaceae, Glycine

198



Family Fabaceae (herbs) Anthyllis, Lathyrus/Vicia, Lotus, Lotus corniculatus, Lotus
corniculatus type, Lotus type, Lotus uliginosus, Medicago, Medicago
littoralis type, Medicago sativa, Medicago type, Coronilla,Melilotus,
Melilotus type, Onobrychis, Onobrychis type, Oxytropis, Phaseolus
type, Trifolium, Trifolium alpinum type, Trifolium badium type,
Trifolium montanum, Ebenus/Hedysarum, Trifolium pratense,
Trifolium pratense type, Trifolium repens, Trifolium repens type,
Trifolium spadiceum type, Trifolium type, Vicia, Vicia cracca, Vicia
cracca type, Vicia faba type, Hedysarumhedysaroides, Vicia sylvatica
type, Vicia type, Viciaceae, Hippocrepis comosa, Hippocrepis type,
Lathyrus, Lathyrus type, Lathyrus/Vicia

Genus Fagus Fagus, Fagus orientalis, Fagus sylvatica

Genus Ficus Ficus, Ficus carica

Genus Flueggea Securinega tinctoria type

Genus Frangula Frangula, Frangula alnus

Genus Fraxinus Fraxinus, Fraxinus angustifolia, Fraxinus angustifolia subsp.
oxycarpa, Fraxinus angustifolia type, Fraxinus excelsior, Fraxinus
excelsior type, Fraxinus ornus, Fraxinus ornus type, Fraxinus
oxycarpa type

Genus Genisteae Cytisus type, Ulex, Ulex type, Cytisus/Genista, Cytisus/Genista type,
Cytisus/Ulex, Genista, Genista type, Genista/Ulex, Sarothamnus
scoparius, Spartium

Family Gentianaceae Centaurium, Gentiana purpurea type, Gentianaceae, Gentianella,
Gentianella campestris type, Swertia perennis, Centaurium
maritimum, Centaurium type, Gentiana, Gentiana lutea/Gentiana
pneumonanthe, Gentiana nivalis type, Gentiana pneumonanthe,
Gentiana pneumonanthe type, Gentiana purpurea

Family Geraniaceae Erodium, Geraniaceae, Geranium, Geranium sylvaticum type,
Geranium type

Genus Halimium Halimium,Halimium type

Genus Hedera Hedera, Hedera helix, Hedera type

Genus Helianthemum Helianthemum, Helianthemum croceum type, Helianthemum
nummularium type, Helianthemum salicifolium type,
Helianthemum type

Genus Helleborus Helleborus, Helleborus foetidus, Helleborus viridis type

Genus Hippophae Hippophae, Hippophae rhamnoides

Genus Huperzia Huperzia selago, Lycopodium selago

Family Hymenophyllaceae Hymenophyllum tunbrigense, Hymenophyllumwilsonii, Trichomanes
speciosum
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Family Hypericaceae Hypericum, Hypericum hyssopifolium, Hypericum perforatum type,
Hypericumpulchrum type, Hypericum type

Genus Ilex Ilex, Ilex aquifolium

Genus Impatiens Impatiens

Family Iridaceae Crocus, Iridaceae, Iris, Iris pseudacorus, Iris pseudacorus type, Iris
type

Genus Jasminum Jasminum, Jasminum fruticans, Jasminum type

Family Juglandaceae Juglandaceae

Genus Juglans Juglans, Juglans regia

Family Juncaceae Juncaceae, Juncus, Luzula

Genus Kalmia Loiseleuria procumbens

Genus Koenigia Koenigia islandica

Genus Laburnum Laburnumanagyroides

Family Lamiaceae Ajuga, Lycopus type, Lycopus/Mentha,Marrubium,Mentha,Mentha
type, Mentha/Thymus, Origanum vulgare, Phlomis, Prunella,
Prunella type, Ballota, Prunella vulgaris type, Scutellaria,
Scutellaria type, Sideritis, Stachys, Stachys sylvatica type, Stachys
sylvestris, Stachys type, Thymus, Thymus serpyllum, Galeopsis,
Thymus type, Galeopsis type, Glechoma type, Lamiaceae, Lamium,
Lamium type, Lycopus

Genus Larix Larix, Larix decidua, Larix decidua type, Larix/Pseudotsuga

Genus Lavandula Lavandula stoechas type

Genus Ledum Ledum, Ledumpalustre, Ledum type

Genus Ligustrum Ligustrum, Ligustrum vulgare, Ligustrum vulgare type

Family Liliaceae Allium, Lilium martagon type, Lloydia serotina, Allium type,
Anthericum, Anthericum type, Fritillaria lusitanica, Fritillaria type,
Gagea, Liliaceae, Lilium

Family Linaceae Linaceae, Radiola linoides

Genus Linnaea Linnaea, Linnaea borealis

Genus Linum Linum, Linum bienne type, Linum catharticum, Linum catharticum
type, Linum type

Genus Lonicera Lonicera, Lonicera caerulea, Lonicera hispida, Lonicera implexa,
Lonicera periclymenum, Lonicera periclymenum type, Lonicera type,
Lonicera xylosteum type

200



Family Loranthaceae Loranthaceae

Genus Lycopodiella Lepidotis inundata, Lycopodium inundatum

Genus Lycopodium Diphasiastrum, Lycopodium alpinum, Lycopodium annotinum,
Lycopodium annotinum type, Lycopodium clavatum, Lycopodium
clavatum type, Lycopodium complanatum, Lycopodium dubium,
Lycopodium type, Diphasiastrum alpinum, Diphasium, Diphasium
alpinum, Diphasium alpinum type, Diphasium complanatum,
Diphasium tristachyum,Diphasium type, Lycopodium

Genus Lysimachia Lysimachia, Lysimachia maritima, Lysimachia nemorum, Lysimachia
thyrsi�lora, Lysimachia type, Lysimachia vulgaris, Lysimachia
vulgaris type

Family Lythraceae Lythraceae, Lythrum, Lythrum salicaria, Lythrum salicaria type,
Lythrum salicaria/Lythrumhyssopifolia, Peplis

Family Magnoliaceae Magnoliaceae

Genus Malus Malus,Malus type

Family Malvaceae Hibiscus, Lavatera type, Malva, Malva sylvestris type,Malvaceae,
Sterculia

Family Melanthiaceae Veratrum, Veratrum type

Genus Mercurialis Mercurialis, Mercurialis annua, Mercurialis annua type, Mercurialis
perennis,Mercurialis perennis type

Genus Moltkia Moltkia

Family Montiaceae Montia

Family Moraceae Moraceae,Morus,Morus alba,Morus alba type,Morus nigra

Genus Myrica Corylus/Myrica,Myrica,Myrica gale,Myrica gale type,Myrica type

Genus Myricaria Myricaria

Family Myrtaceae Myrtaceae,Myrtus,Myrtus communis

Family Nartheciaceae Narthecium,Narthecium ossifragum,Narthecium type

Genus Nerium Nerium,Nerium oleander

Genus Nigella Nigella

Family Nitrariaceae Nitraria, Peganumharmala

Genus Olea Olea, Olea europaea, Olea type

Family Oleaceae Fontanesia/Phillyrea, Olea/Ligustrum,Oleaceae
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Family Onagraceae Chamaenerion, Chamaenerion angustifolium, Circaea, Epilobium,
Epilobium type,Onagraceae

Genus Ononis Ononis, Ononis type

Family Ophioglossaceae Botrychium, Botrychium lunaria, Botrychium lunaria type,
Botrychium type, Ophioglossaceae, Ophioglossum, Ophioglossum
vulgatum

Family Orchidaceae Neottia type,Orchidaceae

Family Orobanchaceae Euphrasia, Euphrasia type, Melampyrum, Pedicularis, Pedicularis
oederi type, Pedicularis palustris type, Pedicularis type, Rhinanthus,
Rhinanthus type

Family Osmundaceae Osmunda, Osmunda regalis

Family Oxalidaceae Oxalidaceae, Oxalis, Oxalis acetosella, Oxalis stricta

Genus Oxyria/Rumex Oxyria, Rumex acetosa/Rumex acetosella, Rumex acetosa/Rumex
acetosella type, Rumex acetosa/Rumex scutatus type, Rumex
acetosella, Rumex acetosella type, Rumex alpestris, Rumex alpinus,
Rumex alpinus type, Rumex aquaticus, Rumex aquaticus type,
Oxyria digyna, Rumex conglomeratus type, Rumex crispus, Rumex
crispus type, Rumex hydrolapathum, Rumex hydrolapathum type,
Rumex longifolius, Rumex longifolius type, Rumex obtusifolius type,
Rumex patentia type, Rumex sanguineus type, Oxyria type, Rumex
type, Oxyria/Rumex, Oxyria/Rumex type, Rumex, Rumex acetosa,
Rumex acetosa type, Rumex acetosa/Oxyria type

Genus Paeonia Paeonia

Genus Paliurus Paliurus, Paliurus spina-christi

Family Papaveraceae Chelidonium majus, Papaver, Papaver argemone, Papaver rhoeas
type, Papaver type, Papaveraceae, Roemeria, Corydalis, Corydalis
solida type, Corydalis type, Fumana, Fumaria, Fumaria o�ficinalis
type, Glaucium,Hypecoum

Genus Parrotia Parrotia persica

Genus Periploca Periploca

Genus Phillyrea Olea/Phillyrea, Phillyrea, Phillyrea angustifolia, Phillyrea
angustifolia type, Phillyreamedia, Phillyrea type

Family Phyllanthaceae Andrachne, Andrachne telephioides

Genus Picea Picea, Picea abies, Picea abies subsp abies

Genus Picea orientalis Picea orientalis

Genus Pinus Pinus
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Genus

sub-group

Pinus (diploxylon) Pinus (Diploxylon), Pinus subg. Pinus, Pinus sylvestris, Pinus
sylvestris type, Pinus sylvestris/Pinus nigra type, Pinus type, Pinus
halepensis, Pinus nigra type, Pinus non-cembra, Pinus pinaster, Pinus
pinaster type, Pinus pinaster/Pinus halepensis, Pinus pinea type,
Pinus pinea/Pinus halepensis type

Genus

sub-group

Pinus (haploxylon) Pinus (Haploxylon), Pinus cembra, Pinus cembra type, Pinus peuce,
Pinus sibirica

Genus Pistacia Pistacia, Pistacia lentiscus, Pistacia lentiscus type, Pistacia
terebinthus, Pistacia terebinthus type, Pistacia type

Family Plantaginaceae Globularia, Plantago coronopus type, Plantago cylindrica type,
Plantago lanceolata, Plantago lanceolata type, Plantago lusitanica,
Plantago major, Plantago major type, Plantago major/Plantago
media, Plantago maririma, Plantago maritima, Gratiola o�ficinalis,
Plantago maritima type, Plantago media, Plantago media type,
Plantago media/Plantago major, Plantago media/Plantago major
type, Plantago montana type, Plantago ovata type, Plantago
psyllium type, Plantago tenui�lora type, Plantago type,
Plantaginaceae, Plantago, Plantago afra type, Plantago albicans,
Plantago alpina, Plantago alpina type, Plantago coronopus

Genus Platanus Platanus, Platanus orientalis, Platanus type

Family Plumbaginaceae Acantholimon, Limonium vulgare, Plumbaginaceae, Plumbago,
Armeria, Armeria maritima, Armeria maritima subsp elongata,
Armeria type, Armeria/Limonium, Armeria/Limonium type,
Limonium, Limonium type

Family Poaceae Anthoxanthum, Stipa, Deschampsia, Elymus, Lygeum, Lygeum
spartum,Nardus, Poa/Festuca type,Poaceae, Setaria

Family Polemoniaceae Polemoniaceae, Polemonium

Family Polygalaceae Polygala, Polygala type, Polygala vulgaris, Polygala vulgaris type,
Polygalaceae, Polygaloides chamaebuxus

Family Polygonaceae Atraphaxis, Persicaria amphibia, Polygonaceae, Pteropyrum,
Rheum, Rheum ribes, Rheum type, Bilderdykia convolvulus,
Bilderdykia convolvulus type, Bistorta o�ficinalis type, Bistorta
vivipara, Calligonum, Fallopia convolvulus, Fallopia convolvulus type,
Persicaria

Genus Polygonum Polygonum, Polygonum convolvulus, Polygonum convolvulus type,
Polygonum oxyspermum type, Polygonum persicaria, Polygonum
persicaria type, Polygonum sect. Persicaria, Polygonum type,
Polygonum viviparum, Polygonum alpinum, Polygonumamphibium,
Polygonum amphibium type, Polygonum aviculare, Polygonum
aviculare type, Polygonum bistorta, Polygonum bistorta type,
Polygonumbistorta/Polygonumviviparum
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Genus Polypodiales Aspidium, Blechnum, Blechnum spicant, Cystopteris, Cystopteris
fragilis, Cystopteris type, Dryopteridaceae/Polypodiaceae, Dryopteris,
Dryopteris carthusiana, Dryopteris carthusiana type, Dryopteris
cristata, Asplenium, Dryopteris cristata type, Dryopteris dilatata,
Dryopteris dilatata type, Dryopteris filix-mas, Dryopteris filix-mas
type, Dryopteris type, Dryopteris/Thelypteris, Grammitis,
Gymnocarpium, Gymnocarpium dryopteris, Asplenium nidus,
Pilularia, Polypodiaceae, Polypodiales, Polypodium, Polypodium
vulgare, Polypodium vulgare type, Polystichum, Polystichum type,
Thelypteris, Thelypteris palustris, Asplenium type, Thelypteris
palustris type, Thelypteris phegopteris, Thelypteris type, Asplenium
viride, Athyrium, Athyrium alpestre type, Athyrium distentifolium
type, Athyriumfilix-femina

Genus Populus Populus, Populus tremula, Populus tremula type

Family Portulacaceae Portulacaceae

Genus Potentilla Potentilla, Potentilla aurea, Potentilla micrantha type, Potentilla
recta, Potentilla type

Family Primulaceae Anagallis, Primula, Primula clusiana type, Primula farinosa, Primula
farinosa type, Primula hirsuta type, Primula type, Primula veris
type, Primula vulgaris type, Primulaceae, Soldanella, Anagallis
arvensis, Trientalis, Trientalis europaea, Anagallis arvensis type,
Anagallis tenella, Anagallis type, Androsace, Androsaceae, Cyclamen,
Cyclamen hederifolium

Genus Prosopis Lagonychium type, Prosopis

Genus Prunus Prunus, Prunus avium, Prunus padus, Prunus spinosa type, Prunus
type

Family Pteridaceae Adiantum, Cheilanthes, Cryptogramma, Cryptogramma crispa,
Cryptogramma crispa type, Pteris

Genus Pterocarya Pterocarya, Pterocarya fraxinifolia

Genus Punica Punica

Genus Pyrus Pyrus, Pyrus type

Genus Quercus (deciduous) Quercus, Quercus robur type, Quercus robur/Quercus petraea,
Quercus (deciduous), Quercus cerris, Quercus cerris type, Quercus
deciduous, Quercus ithaburensis, Quercus ithaburensis type, Quercus
petraea, Quercus robur

Genus Quercus (evergreen) Quercus (evergreen), Quercus rotundifolia type, Quercus suber,
Quercus suber type, Quercus calliprinos, Quercus calliprinos type,
Quercus coccifera, Quercus coccifera type, Quercus coccifera/Quercus
ilex, Quercus evergreen, Quercus ilex, Quercus ilex type

Genus Quercus (intermediate) Quercus canariensis type, Quercus cerris/Quercus suber, Quercus
cerris/Quercus suber type, Quercus faginea, Quercus faginea/Quercus
pubescens, Quercus faginea/Quercus pyrenaica, Quercus pubescens
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type, Quercus pyrenaica type, Quercus robur/Quercus pubescens
type

Family Ranunculaceae Anemone, Anemone nemorosa, Anemone nemorosa type, Anemone
nemorosa type/Hepatica nobilis, Anemone nemorosa/Anemone
ranunculoides, Anemone type, Hepatica, Pulsatilla,Ranunculaceae

Genus Ranunculus Ranunculus, Ranunculus ficaria type, Ranunculus �lammula type,
Ranunculus glacialis type, Ranunculus montanus type, Ranunculus
muricatus type, Ranunculus nivalis type, Ranunculus parvi�lorus,
Ranunculus repens type, Ranunculus sceleratus type, Ranunculus
type, Ranunculus acer type, Ranunculus aconitifolius, Ranunculus
aconitifolius type, Ranunculus acris, Ranunculus acris type,
Ranunculus arvensis, Ranunculus arvensis type, Ranunculus asiaticus
type

Family Resedaceae Reseda, Reseda lutea type,Resedaceae

Family Rhamnaceae Rhamnaceae

Genus Rhamnus Rhamnus, Rhamnus catharticus, Rhamnus type

Genus Rhododendron Rhododendron, Rhododendron ferrugineum, Rhododendron type

Genus Rhus Rhus, Rhus coriaria

Genus Ribes Ribes, Ribes type

Family Rosaceae Agrimonia, Fragaria type, Geum, Geum rivale type, Geum type,
Pirus type, Prunus/Rubus type, Pyrus/Malus, Rosa, Rosa canina
type, Rosa type, Agrimonia eupatoria, Rosa/Prunus, Rosaceae,
Spiraea, Alchemilla, Alchemilla type, Filipendula, Filipendula type,
Filipendula ulmaria, Filipendula vulgaris, Fragaria

Genus Rosmarinus Rosmarinus, Rosmarinus type

Family Rubiaceae Asperula, Galium, Galium type,Rubiaceae, Theligonum

Genus Rubus Rubus, Rubus arcticus, Rubus arcticus type, Rubus chamaemorus,
Rubus fruticosus type, Rubus idaeus type, Rubus saxatilis, Rubus
type

Genus Ruscus Ruscus

Family Rutaceae Haplophyllum, Ruta,Rutaceae

Genus Salix Salix, Salix glauca type, Salix helvetica type, Salix herbacea, Salix
herbacea type, Salix herbacea/Salix reticulata, Salix pentandra type

Genus Salvia Salvia, Salvia verticillata type

Genus Sambucus Sambucus, Sambucus ebulus, Sambucus nigra, Sambucus nigra type,
Sambucus nigra/Sambucus racemosa, Sambucus racemosa,
Sambucus type
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Genus Sanguisorba group Poterium, Sanguisorba, Sanguisorba minor, Sanguisorba minor ssp
minor, Sanguisorba minor type, Sanguisorba o�ficinalis, Sanguisorba
type, Sarcopoterium

Family Santalaceae Arceuthobium oxycedri, Comandra elegans, Osyris alba type,
Thesium

Family Saxifragaceae Chrysosplenium, Saxifraga oppositifolia, Saxifraga oppositifolia type,
Saxifraga paniculata type, Saxifraga stellaris, Saxifraga stellaris
type, Saxifraga tricuspidata, Saxifragaceae, Chrysosplenium type,
Micranthes nivalis type, Saxifraga, Saxifraga cernua type, Saxifraga
cespitosa type, Saxifraga foliolosa type, Saxifraga granulata,
Saxifraga granulata type

Family Scrophulariaceae Antirrhinum type, Scrophularia/Verbascum, Scrophulariaceae,
Verbascum, Verbascum type, Veronica, Veronica type,
Antirrhinum/Linaria, Digitalis, Digitalis purpurea type, Digitalis
type, Linaria, Linaria type, Scrophularia, Scrophularia type

Genus Smilax Smilax

Family Solanaceae Capsicum type, Lycium, Solanaceae, Solanum, Solanumdulcamara,
Solanumnigrum, Solanumnigrum type

Genus Sorbus Sorbus, Sorbus aria, Sorbus aucuparia, Sorbus aucuparia type, Sorbus
type

Genus Styrax Styrax o�ficinalis

Genus Suaeda Suaeda, Suaeda type

Genus Syringa Syringa

Genus Tamarix Tamarix

Genus Taxus Taxus, Taxus baccata

Genus Teucrium Teucrium, Teucrium type

Genus Thalictrum Thalictrum, Thalictrum alpinum, Thalictrum aquilegiifolium,
Thalictrum �lavum type, Thalictrum lucidum, Thalictrum type

Family Thymelaeaceae Thymelaea,Thymelaeaceae

Genus Tilia Tilia, Tilia cordata, Tilia cordata type, Tilia platyphyllos, Tilia
platyphyllos type

Genus Tofieldia Tofieldia

Genus Trollius Trollius, Trollius europaeus, Trollius type

Genus Ulmus Ulmus, Ulmus glabra, Ulmus glabra type, Ulmusminor

Genus Ulmus/Zelkova Ulmus/Zelkova, Zelkova, Zelkova type
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Family Urticaceae Parietaria, Parietaria/Urtica, Urtica, Urtica dioica, Urtica dioica type,
Urtica pilulifera type, Urtica type, Urtica urens,Urticaceae

Genus Vaccinium Vaccinium, Vaccinium myrtillus, Vacciniummyrtillus type, Vaccinium
oxycoccos, Vaccinium type, Vaccinium uliginosum type,
Vaccinium/Oxycoccus

Family Valerianaceae Centranthus, Valerianella, Valeriana, Valeriana dioica type,
Valeriana o�ficinalis, Valeriana o�ficinalis type, Valeriana
sambucifolia type, Valeriana tripteris type, Valeriana type,
Valerianaceae

Family Verbenaceae Verbena, Verbena o�ficinalis

Genus Viburnum Viburnum, Viburnumopulus, Viburnumopulus type, Viburnum type

Family Violaceae Viola, Viola arvensis type, Viola canina type, Viola palustris, Viola
palustris type, Viola tricolor, Viola tricolor/Viola arvensis,Violaceae

Genus Viscum Viscum, Viscumalbum, Viscumalbum type, Viscum type

Genus Vitex Vitex

Genus Ziziphus Ziziphus type, Zizyphus, Zizyphus lotus

Family Zygophyllaceae Tribulus, Tribulus terrestris,Zygophyllaceae, Zygophyllum
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Supplementary Table 4.2.Metadata of the pollen records used in the reconstructions
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Latitude
position

Entity name Latitude Longitude Elevation References

1 Kismohos 48.33724 20.42333 315 Willis et al (1997)

2 Preluca 47.8175 23.5358 730 Feurdean (2005); Feurdean &
Bennike (2004); Feurdean et al
(2008)

3 Steregoiu 47.813 23.5447 790 Björkman et al. (2003);
Feurdean & Bennike (2004);
Feurdean et al (2008)

4 Iaz Core 47.10833 22.66111 300 Grindean et al. (2014)

5 Kardashinski Swamp 46.51667 32.61667 4 Kremenetski (1995)

6 Capatana core 46.46611 23.13639 1220 Farcas et al. (2003)

7 Mohos1 46.083 25.9167 1050 Tantau (2003); Tantau et al.
(2003)

8 Avrig 1 45.716 24.383 400 Tantau (2003); Tantau et al.
(2006)

9 Pesteana peat bog 45.5433 22.8061 480 Farcas & Tantau (2012)

10 Taul Zanogutii core 45.32778 22.80278 1840 Farcas et al. (1999)

11 Semenic 1 45.18 22.0594 1400 Roesch& Fischer (2000)

12 ChernayaNG-2 44.57 33.6 2 Cordova& Lehman (2005)

13 Yaila 44.49 34.06 1205 Cordova & Lehman (2003);
Cordova& Lehman (2005)

14 Lake Srebarna
Lazarova94 Core

44.10914 27.06915 20 Lazarova (1995)

15 Mire Garvan
Lazarova94 Core

44.10825 26.98818 20 Lazarova (1995)

16 Luganskoe 43.72 40.68 2428 Kvavadze et al. (1994)

17 Quartzevoe 43.67 41.17 2726 Kvavadze& Efremov (1996)

18 Serni Core 43.66667 40.480556 2485 Kvavadze& Efremov (1994)

19 LakeDurankulak 3 43.66667 28.55 4 Marinova (2003)

20 Adange core 1 43.31 41.33 1750 Kvavadze&Rukhadze (1989)

21 Amtkel core 1 43.27 41.31 1830 Kvavadze&Rukhadze (1989)

22 Sibista 43.23333 41.43056 2160 Kvavadze&Rukhadze (1989)
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23 Lake Varna - 3 43.2 27.83333 0 Filipova-Marinova et al. (2014)

24 Khodzal Kvavadze89
Core

42.95417 41.91111 2030 Kvavadze&Rukhadze (1989)

24 Khodzal Kvavadze89
Core

42.95417 41.91111 2030 Kvavadze&Rukhadze (1989)

25 Sredna Gora
Mountains

42.83333 24.83333 1300 Filipovitch (1977); Filipovitch
(1992); Filipovitch et al. (1998);
Petrov and Filipovitch (1987)

26 Straldza 42.6308 26.7728 137 Tonkov et al. (2008); Tonkov et
al. (2009)

27 Straldzha mire
CANAL

42.6308 26.7728 137 Connor et al. (2013)

28 Kumata Core 42.59028 23.25167 1770 Tonkov& Possnert (2016)

29 Vitosha Mountain
Filipovitch81 Core

42.56809 23.26895 2000 Filipovitch (1975); Filipovitch
(1985)

30 Beg Bunar peat bog 42.1525 22.535 1750 Lazarova et al. (2009)

31 Dry Lake 2 42.038 23.533 1900 Bozilova & Smit (1979);
Bozilova et al. (1986)

32 Kupena-3 41.98333 24.3333 1356 Tonkov et al. (2013); Tonkov et
al. (2014)

33 Besbog-2
Stefanova87

41.75 23.66667 2240 Stefanova et al. (2006)

34 Popovo Ezero
Stefanova86

41.71667 23.66667 2185 Stefanova&Bozilova (1995)

35 Didachara core 41.68389 42.49694 2000 Connor et al. (2017)

36 Imera core 1 41.65 44.22 1610 Connor & Sagona (2007);
Connor et al. (2004)

37 Aligol core 1 41.63 44.02 1550 Connor & Sagona (2007);
Connor et al. (2004)

38 Lake Blatisto 41.62139 24.67806 1540 van Huis et al. (2013a); van
Huis et al. (2013b)

39 Kumisi core 1 41.58 44.83 469 Connor et al (2004)

40 Sakhare core 1 41.58 45.32 800 Connor et al (2004)

41 Mutorog Bozilova93
Core

41.52432 23.61661 1700 Panovska et al. (1995)

42 Elatia-Rhodopes 41.47972 24.32583 1520 Athanasiadis et al. (1993)
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42 Elatia-Rhodopes 41.47972 24.32583 1520 Gerasimidis & Athanasiadis
(1995)

43 BelesMountain 41.31944 23.01611 1400 Athanasiadis et al. (2003)

44 Lailias_core 41.26778 23.59944 1420 Gerasimidis (2000);
Gerasimidis & Athanasiadis
(1995)

45 Paiko 41.05167 22.27472 1080 Gerasimidis & Athanasiadis
(1995); Gerasimidis et al.
(2008)

46 Voras 41.0179 21.9122 1640 Gerasimidis & Athanasiadis
(1995); Gerasimidis et al.
(2009)

47 Lake Ohrid 40.938 20.759 693 Wagner et al. (2009)

48 Edessa1 40.81806 21.9525 350 Bottema (1974)

49 Vegoritis 8 Bottema
Core

40.75 21.75 570 Bottema (1982)

50 Sapanca long core
SA03R6

40.71806 30.25833 30 Leroy et al. (2010)

51 Khimaditis Ib
Bottema65 Core

40.61667 21.58333 560 Bottema (1974)

52 Orestias G25 40.5117 21.2578 630 Kouli &Dermitzakis (2010)

53 Kaz Gölü 40.28333 36.15 Bottema et al. (1993)

54 Flambouromire 40.25944 22.17083 1645 Gerasimidis & Athanasiadis
(1995)

54 Flambouromire 40.25944 22.17083 1645 Gerasimidis & Panajiotidis
(2010)

55 Litochoro_core 40.13889 22.54611 25 Athanasiadis (1975)

56 Rezina 39.98778 20.77556 1760 Willis (1992)

57 Demiryurt Gölü
Bottema Core

39.73333 37.383333 Bottema et al. (1993)

58 Pertouli core 39.52417 21.4775 1440 Athanasiadis (1975)

59 Trikhonis 5 Bottema
Core

38.6 21.5 20 Bottema(1982)

60 Lake Almalou 37.66528 46.63194 2410 Djamali et al. (2009); Djamali
et al. (2010)

61 Lake Lerna 37.58083 22.73 0 Jahns (1993)
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Supplementary Table 4.3.Details of themodels used for the transient climate simulations.
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(yr BP)

Horizontal
resolution (lat x
long)

Vegetation References

Institut Pierre Simon
Laplace Earth System
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IPSL-CMIP5 6000-0 1.875 x 3.75 prescribed Dufresne et al., 2013;
Sepulcre et al., 2020;
Braconnot et al., 2019a, b
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Laplace Earth System
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IPSL-CMIP5 6000-0 1.25 x 2.5 dynamic Dufresne et al., 2013;
Braconnot et al., 2019a, b

Max Planck Institute Earth
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Dallmeyer et al., 2021
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Earth System Model
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Lamping et al., 2021; Shi et
al., 2022
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References formodel simulations

Bader, J., Jungclaus, J., Krivova, N., Lorenz, S., Maycock, A., Raddatz, T., Schmidt, H., Toohey, M.,

Wu, C.-J., and Claussen, M.: Global temperature modes shed light on the Holocene

temperature conundrum. Nat. Commun. 11, 4726, https://

doi.org/10.1038/s41467-020-18478-6, 2020.

Braconnot, P., Cretat, J., Marti, O., Balkanski, Y., Caubel, A., Cozic, A., Foujols, M.-A., and Sanogo,

S.: Impact of multiscale variability on last 6,000 Years Indian and West african monsoon rain.

Geophys. Res. Lett. 46, 14021e14029, https:// doi.org/10.1029/2019GL084797, 2019a.

Braconnot, P., Zhu, D., Marti, O., and Servonnat, J.: Strengths and challenges for transient Mid- to

Late Holocene simulations with dynamical vegetation. Clim. Past 15, 997e1024, 2019b.

Dallmeyer, A., Claussen,M., Lorenz, S.J., and Shanahan, T.: The end of the African humid period
as seen by a transient comprehensive Earth systemmodel simulation of the last 8000-years.
Clim. Past, 16, 117–140, https://doi.org/10.5194/cp-16-117-2020, 2020.

Dufresne, J.-L., Foujols, M.-A., Denvil, S., Caubel, A., Marti, O., Aumont, O., Balkanski, Y., Bekki, S.,

Bellenger, H., Benshila, R., Bony, S., Bopp, L., Braconnot, P., Brockmann, P., Cadule, P., Cheruy,

F., Codron, F., Cozic, A., Cugnet, D., de Noblet, N., Duvel, J.-P., Ethe, C., Fairhead, L., Fichefet, T.,

Flavoni, S., Friedlingstein, P., Grandpeix, J.-Y., Guez, L., Guilyardi, E., Hauglustaine, D., Hourdin,

F., Idelkadi, A., Ghattas, J., Joussaume, S., Kageyama, M., Krinner, G., Labetoulle, S., Lahellec, A.,

217



Lefebvre, M.-P., Lefevre, F., Levy, C., Li, Z.X., Lloyd, J., Lott, F., Madec, G., Mancip, M., Marchand,

M., Masson, S., Meurdesoif, Y., Mignot, J., Musat, I., Parouty, S., Polcher, J., Rio, C., Schulz, M.,

Swingedouw, D., Szopa, S., Talandier, C., Terray, P., Viovy, N., and Vuichard, N.: Climate change

projections using the IPSL-CM5 earth system model: from CMIP3 to CMIP5. Clim. Dynam. 40,

2123e2165, https://doi.org/10.1007/s00382-012-1636-1, 2013.

Goosse, H., Brovkin, V., Fichefet, T., Haarsma, R., Huybrechts, P., Jongma, J., Mouchet, A., Selten,
F., Barriat, P.-Y., Campin, J.-M., Deleersnijder, E., Driesschaert, E., Goelzer, H., Janssens, I.,
Loutre, M.-F., Morales Maqueda, M. A., Opsteegh, T., Mathieu, P.-P., Munhoven, G.,
Pettersson, E. J., Renssen, H., Roche, D. M., Schae�fer, M., Tartinville, B., Timmermann, A.,
and Weber, S. L.: Description of the Earth system model of intermediate complexity
LOVECLIM version 1.2, Geosci. Model Dev., 3, 603–633,
https://doi.org/10.5194/gmd-3-603-2010, 2010.

He, F., and Clark, P.U.: Freshwater forcing of the Atlantic Meridional Overturning Circulation
revisited. Nat. Clim. Change, 12, 449-454, https://doi.org/10.1038/s41558-022-01328-2, 2022

Lamping, N., Müller, J., He�ter, J., Mollenhauer, G., Haas, C., Shi, X., Vorrath,M.-E., Lohmann, G.,
and Hillenbrand, C.-D.: Evaluation of lipid biomarkers as proxies for sea ice and ocean
temperatures along the Antarctic continental margin. Clim. Past, 17, 2305–2326,
https://doi.org/10.5194/cp-17-2305-2021, 2021.

Liu, Z., Otto-Bliesner, B. L., He, F., Brady, E. C., Tomas, R.. Clark, P. U., Carlson, A. E.,
Lynch-Stieglitz, J., Curry, W., Brook, E., Erickson, D., Jacob, R., Kutzbach, J., and Cheng, J.:
Transient Simulation of Last Deglaciation with a New Mechanism for Bolling-Allerod
Warming. Science, 325, 310-314, doi:10.1126/science.1171041, 2009.

Otto-Bliesner, B.L., Hewitt, C.D., Marchitto, T.M., Brady, E., Abe-Ouchi, A., Crucifix, M., Murakami,

S., and Weber, S.L.: Last Glacial Maximum ocean thermohaline circulation: PMIP2 model

intercomparisons and data constraints, Geophys. Res. Lett., 34, L12706,

doi:10.1029/2007GL029475, 2007

Sepulchre, P., Caubel, A., Ladant, J.-B., Bopp, L., Boucher, O., Braconnot, P., Brockmann, P., Cozic,

A., Donnadieu, Y., Dufresne, J.-L., Estella-Perez, V., Ethe, C., Fluteau, F., Foujols, M.-A.,

Gastineau, G., Ghattas, J., Hauglustaine, D., Hourdin, F., Kageyama, M., Khodri, M., Marti, O.,

Meurdesoif, Y., Mignot, J., Sarr, A.-C., Servonnat, J., Swingedouw, D., Szopa, S., and Tardif, D.:

IPSL-CM5A2 e an Earth system model designed for multi-millennial climate simulations. Geosci.

Model Dev., 13, 3011e3053. https://doi.org/10.5194/gmd-13-3011-2020, 2020.

Sidorenko, D., Goessling, H. f., von Koldunov, N., Scholz, P., Danilov, S., Barbi, D., Cabos, W.,
Gurses, O., Harig, S., Hinrichs, C., Juricke, S., Lohmann, G., Losch, M., Mu, L., Rackow, T.,
Rakowsky, N., Sein, D., Semmler, T., Shi, X., … and Jung, T.: Evaluation of FESOM2.0 coupled
to ECHAM6.3: Preindustrial and HighResMIP simulations. J. Adv. Model. Earth Syst., 11,
3794–3815. https://doi.org/10.1029/2019MS001696, 2019.

Zhang, Y., Renssen, H., and Seppä, H.: E�fects of melting ice sheets and orbital forcing on the
early Holocenewarming in the extratropical NorthernHemisphere. Clim. Past, 12, 1119–1135.
https://doi.org/10.5194/cp-12-1119-2016, 2016.

218

https://doi.org/10.1029/2007GL029475


Supplementary Table 4.4. Leave-out cross-validation fitness of fxTWA-PLSv2 for mean
temperature of the coldest month (MTCO), mean temperature of the warmest month (MTWA),
growing degree days above base level 0°C (GDD0) and plant-available moisture (α) with p-spline
smoothed fx estimation, using bins of 0.02, 0.02 and 0.002, showing results for all the
components. RMSEP is the root-mean-square error of prediction. p assesses whether using the
current number of components is significantly di�ferent from using one component less; the last
significant number of components is indicated in bold. The degree of overall compression is
assessed by linear regression of the cross-validated reconstructions onto the climate variable,
where b1 and b1.se are the slope and the standard error of the slope, respectively. The overall
compression is reduced as the slope approaches 1.

Variable
Compo-
nent R2

Average
bias

Max
absolute
bias

Min
absolute
bias RMSEP p b1 b1.se

MTCO 1 0.67 -0.41 19.78 0.00 4.08 0.001 0.82 0.01
MTCO 2 0.70 -0.37 16.47 0.00 3.85 0.001 0.84 0.01
MTCO 3 0.72 -0.20 22.75 0.00 3.72 0.001 0.86 0.01
MTCO 4 0.73 -0.22 26.35 0.00 3.67 0.001 0.86 0.01
MTCO 5 0.73 -0.22 30.22 0.00 3.70 0.948 0.87 0.01
MTWA 1 0.61 -0.19 15.33 0.00 3.36 0.001 0.76 0.01
MTWA 2 0.63 -0.10 14.05 0.00 3.22 0.001 0.78 0.01
MTWA 3 0.63 -0.08 13.90 0.00 3.22 0.699 0.78 0.01
MTWA 4 0.64 -0.13 15.07 0.00 3.20 0.027 0.78 0.01
MTWA 5 0.64 -0.11 13.87 0.00 3.20 0.405 0.79 0.01
GDD0 1 0.67 67.56 3907.85 0.56 916.31 0.001 0.78 0.01
GDD0 2 0.69 56.46 3702.27 0.24 880.33 0.001 0.79 0.01
GDD0 3 0.70 57.82 3740.39 0.02 877.97 0.155 0.79 0.01
GDD0 4 0.70 34.31 4231.43 0.65 871.31 0.069 0.79 0.01
GDD0 5 0.70 36.70 4961.93 0.00 872.04 0.654 0.80 0.01
α 1 0.71 -0.01 0.64 0.00 0.16 0.001 0.79 0.01
α 2 0.73 -0.01 0.65 0.00 0.15 0.001 0.80 0.01
α 3 0.73 -0.01 0.65 0.00 0.15 0.593 0.80 0.01
α 4 0.74 -0.01 0.65 0.00 0.15 0.001 0.82 0.01
α 5 0.74 -0.01 0.68 0.00 0.15 0.431 0.83 0.01
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Supplementary Figure 4.1. Map of distribution of the modern pollen samples the SPECIAL
Modern Pollen Data Set (SMPDS) (Harrison, 2019) used to train themodel.
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Supplementary Figure 4.2. Distribution of Hill N2 values of the fossil pollen samples. Samples
with anN2 value of <2 (indicated by the red dotted line) were excluded from the analysis.

Supplementary Figure 4.3. Impact of correcting for the direct e�fect of changing CO2 levels
following Prentice et al. (2022) on the reconstruction of α. The original reconstruction is shown in
blue and the corrected reconstruction in red.
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Supplementary Figure 4.4. Comparison of mean temperature of the coldest month (MTCO) and
mean temperature of the warmest month (MTWA) in the EMBSeCBIO domain from the
TRACE-21K-I simulation, showing both the calendar adjusted version (green) and non-calendar
adjusted version (orange), and compared to the non-calendar adjusted outputs from the
TRACE-21K-II (red) simulation.
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Supplementary Figure 5.5. Geopotential height, expressed as anomalies compared to present,
from the LOVECLIM simulations for four key times during the Holocene: 11+0.15, 9+0.15, 6+0.15
and 3+0.15 ka.
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Chapter 5. Discussion

This chapter discusses the overall implications of my research on reconstructing vegetation and
climate changes during the Holocene in the Eastern Mediterranean. The study comprised three
individual papers, each focusing on specific aspects of the topic. Three integrative themes emerge
from these papers: (1) the use of large-scale pollen data syntheses for climate and vegetation
reconstructions, (2) thewide applicability of the approaches to other regions and their potential to
address questions about the impact of environmental change on ancient civilizations, and (3) the
insights gained from comparing reconstructions, which contribute to the understanding of the
environmental history of the Eastern Mediterranean. The chapter concludes by identifying some
future directions formoving forward from this research.

5.1 The use of large-scale pollen data syntheses for addressing
uncertainties in the reconstruction of vegetation and climate

One of the key aspects of this research is the use of large-scale pollen data synthesis in
reconstructing climate and vegetation changes. Through analysis of pollen datasets frommultiple
locations across the Eastern Mediterranean, the study was able to provide a regional perspective
of past environmental dynamics.Relying on the interpretation of individual sites to obtain a
regional picture is challenging because of the potential for idiosyncrasies between individual
records due to site-specific di�ferences, for example in basin size or sensitivity to changes in the
local environment. Individual records can also have hiatuses which can cause significant data
gaps. Comparing individual records is also di�ficult because of di�ferences in the level of pollen
taxonomic identification, age modelling, and in the case of climate reconstructions di�ferences in
the reconstruction methods (Sadori et al., 2011; Bini et al., 2019). Creating and using a regional
database helps to overcome these challenges because it implies an e�fort to standardize the
taxonomy, the chronologies, and themetadata to create a uniformdataset that can be analysed in
a consistent manner. Regional data syntheses make it possible to benefit from the advantages of
big data analysis (Harrison, 2017). This thesis explored how to use big data analysis to tackle
uncertainties in reconstructing climate and vegetation from pollen data by developing or using
predictivemodels and applying di�ferent statisticalmethods.

In this project, I used pollen data synthesized in two databases from two di�ferent e�forts. The first
is the Special Modern Pollen Data Set (SMPDS) version 1 (Villegas-Diaz & Harrison, 2022), which
consists of over 6000 modern pollen samples collected from Europe and Western Asia. The
second data set, made as part of the EMBSeCBIO project (Cordova et al., 2009; Marinova et al.,
2018), focused on compiling fossil pollen data from the easternMediterranean region. It included
data from various sources, including previously unpublished records. Alternative pollen
databases exist for other regions, for example, the European Pollen Database (Davis et al., 2003,
2013), but although some sites from the easternMediterranean region are included in these other
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databases, there was no specific database for this region until the EMBSeCBIO project was
created. For this thesis, I further improved the EMBSeCBIO database (Harrison, Marinova, et al.,
2021) by adding missing data andmetadata and correcting errors. Ten new records were included
in the database. Additionally, new age models were constructed for all of the records where there
was su�ficient information, 120 out of the total 180 records. These models were made using the
latest version of the northern hemisphere Radiocarbon Age Calibration Curve, Intcal IntCal20
(Reimer et al., 2020) and the Bayesian ACcumulatiON histories for deposits so�tware (BACON:
Blaauw et al., 2021) coupled to the Supervised Age Models so�tware (ageR: Villegas-Diaz et al.,
2021) to concurrently execute multiple models and enhance the e�ficiency of the process. The
updated age models allowed the establishment of a common chronological framework among
the records, facilitating cross-comparison. The modern pollen data were used for the
development and calibration of the new technique for the reconstruction of vegetation presented
in Chapter 2 and the calibration of the technique for reconstructing climate presented in Chapter
4. Both methods rely on a training dataset that characterises the modern environmental
gradients as a way to avoid dependency on expert knowledge. Particularly Chapter 2 introduced a
method for reconstructing Natural Potential Vegetation types or biomes, that is vegetation in
equilibriumwith natural abiotic (e.g. climate, geology, lithology, hydrology) and biotic factors (e.g.
competitors, dispersal vectors) while excluding anthropogenic in�luences (e.g. land use or water
abstraction). The method relies on having a large modern dataset filtered to exclude pollen taxa
linked to human activities (e.g. species of Poaceae explicitly identified as cultivars) and focuses on
characterizing changes in pollen abundances within a broader climate-driven pattern rather than
on local variations. The method assumes that local or interannual variability in pollen production
is relatively minor compared to the more substantial variation present across climate gradients.
The method is uniformitarian in that it assumes that the relationship between pollen abundances
and climate factors has been constant through time.

The fossil data were used to make regional reconstructions of changes in vegetation (Chapter 3)
and climate (Chapter 4) over the past 12,000 years. The creation of a large fossil data set allowed
the application of techniques such as time-series compositing to extract a coherent regional
signal of vegetation changes (Chapter 3) and climate changes (Chapter 4). Time-series
compositing is advantageous because it highlights common features and trends across multiple
records in a region and also helps minimize the impact of site-specific processes on the target
signals. Compositing has been previously used in paleoenvironmental reconstruction with other
types of data, such as with charcoal records (Power et al., 2008; Daniau et al., 2012) and
speleothem isotope data (Parker, Harrison, Comas-Bru, et al., 2021; Parker, Harrison, & Braconnot,
2021) to obtain regional reconstructions in the form of time series. Compositing of individual
charcoal records, for example, has allowed the identification of trends in wildfires since the Last
Glacial Maximum both at global and regional scales (Power et al., 2008; Daniau et al., 2012;
Marlon et al., 2013) as well as the response of wildfires to abrupt events during the glacial (Daniau
et al., 2010). Compositing of speleothem oxygen isotopes has been used both to detect regional
changes in climate (Parker, Harrison, Comas-Bru, et al., 2021) and also to identify the global nature
of the 8.2 ka event in theHolocene (Parker &Harrison, 2022).
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While time-series compositing has been used with some types of palaeodata, it has been less
commonly exploited to reconstruct vegetation patterns at a regional scale. In this study, the
compositing approach went beyond the traditional averaging of the abundance of
arboreal/non-arboreal pollen, specific functional groups or indicative taxa (e.g. Morellón et al.,
2018; Roberts et al., 2019) based on a limited number of selected sites. Instead, compositing was
based on classifying pollen samples into vegetation types at the finest scale by accounting for all
taxa in the pollen samples and then re-grouping them at coarser scales, e.g. of specific biomes or
into closed and open vegetation types. This followed the approach of modern ecology for
classifying modern vegetation patterns at di�ferent levels of resolution (e.g. Table 5.1). This
approach is advantageous because it does not rely on only one or a few indicator taxa or functional
groups and benefits from using a large number of sites, thus providing a more comprehensive
understanding of vegetation changes in the region. Moreover, the construction of a single
vegetation time series made it possible to compare the reconstructions with composite records
from other types of data, including climate reconstructions or population estimates (Chapter 3).

Coarsest level Intermediate level Finest level

Savannas
C4 savannaswith broad-leaved trees
Coniferous woodlands
Eucalypt woodlands

Open biomes Shrublands
Sclerophyllous shrublands
Heathlands
Low shrublands

Grasslands
C3-dominated grasslands/steppes
C4-dominated grasslands

Closed biomes Forest

Needle-leaved forests
Broad-leavedwinter deciduous forests
Broad-leaved summer deciduous forests
Broad-leaved evergreen forests
Sclerophyllous forests

Table 5.1 Examples of structurally based (climate-independent) biomes at di�ferent resolution levels (the coarsest on
the le�t) based onmodern ecological classifications (Woodward et al., 2004). A�ter Pausas& Bond (2021).

Climate reconstructions have traditionally been presented as maps for specific time windows
(COHMAP Members, 1988; Bartlein et al., 2011) for the evaluation of climate model simulations
made in time-slice mode (Timm & Timmermann, 2007; Renssen et al., 2012; Smith & Gregory,
2012; Zhang et al., 2016; Braconnot, Zhu, et al., 2019; Braconnot, Crétat, et al., 2019; Crétat et al.,
2020; Dallmeyer et al., 2022; Kapsch et al., 2022). However, with increasing computational power,
transient climate simulations are becoming more common and this trend necessitates the
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creation of observational time series for comparison (Carré et al., 2021; Parker, Harrison,
Comas-Bru, et al., 2021;Marsicek et al., 2018).While there have been a few time-series composites
of climate reconstructions (Davis et al., 2003; Marcott et al., 2013; Kaufman et al., 2020; Zhang et
al., 2022), they have not focused on comparisons with transient climate simulations to explore
forcing mechanisms or evaluate the models. Additionally, these composites have mostly focused
on global or sub-continental scale patterns, which can blur smaller-scale patterns. In Chapter 3, I
produced a composite specifically for the EasternMediterraneanwhere I quantify the uncertainty
in the reconstructed climate through bootstrap resampling of the records. This composite was
then compared with transient climate simulations of the response to known changes in forcing,
specifically changes in insolation and in the decay of the northern hemisphere ice sheets, in order
to examine the degree to which the reconstructed climate changes could be related to these
changes in forcing.

In Chapter 2, I used breakpoint analysis to identify the inception of reforestation a�ter the Younger
Dryas in the eastern Mediterranean region in the individual records from the regional composite.
Previous studies identified the timing of reforestation by visually assessing the abundance of
arboreal pollen (Wick et al., 2003; Joannin et al., 2014; Messager et al., 2017, 2013). However, this
approach is highly subjective and may identify changes that are not statistically significant above
the noise of the records. Furthermore, di�ferent analystsmay use di�ferent thresholds tomark the
start of a change in vegetation, leading to inconsistencies in the conclusions about the timing of
an event. The use of statistical techniques to identify changes is important. Ön et al. (2021), for
example, based on Bayesian analyses, have demonstrated that many records previously cited as
evidence for the 4.2 ka event did not show statistically significant excursions using a Bayesian
structural time series analysis. A similar conclusion was reached by Parker and Harrison (2022)
showing through a global analysis that the 4.2 ka event was not registered in speleothem as a
statistically significant excursion although, in contrast, the 8.2 ka event was a statistically
significant excursion. The use of breakpoint analysis (Chapter 3) provided a strong and objective
basis for demonstrating that the timing of rea�forestation a�ter the Younger Dryas varied across
sites but showed no systematic delay from the east to the west of the region as had been
previously claimed (Wick et al., 2003; Djamali et al., 2010;Messager et al., 2017).

Overall, this research highlights the importance of regional data synthesis combined with the
advantages of statistical analysis to minimise uncertainties in the reconstruction of past climate
and vegetation dynamics. Although the combination of an improved fossil database and the
application of rigorous statistical approaches allowed me to shed light on a number of debates
about the vegetation history of the region during the Holocene (Chapter 3), nevertheless some
aspects of the research were constrained by limitations in the spatial and temporal distribution of
the data. For example, the analysis of the archaeological radiocarbon data showed distinct
patterns of changes in population across the region. However, certain culturally important areas
with distinct trends in population compared to other regions, such as the Zagros Mountains in
Mesopotamia and Anatolia, had too few pollen records or high-resolution records to make a
comparison with the vegetation trends possible at this sub-regional scale. The ZagrosMountains
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present a challenge when it comes to detailed analysis, as the only available record with a
radiocarbon-based chronology covering the latter half of the Holocene (reaching back to 8200
years BP) is from Lake Zeribar. Similarly, despite having more than 10 records, the data from
Anatolia is generally of very low resolution (averaging 500 years throughout the Holocene)
precluding detailed analysis of the vegetation changes. These regions are not only culturally
significant but also occupy a climate convergence zone and serve as meeting points for three
major biodiversity hotspots (the Mediterranean, Caucasian, and Iranian-Anatolian). Additionally,
they host exceptional levels of plant diversity and endemism (Noroozi et al., 2019). Given the
importance of these regions, additional fieldwork to collect high-quality, high-resolution
paleoenvironmental data would be beneficial and allow more comprehensive analyses of the
impact of changes in human populations on vegetation in these culturally and ecologically
significant areas.

Even in other regions of the eastern Mediterranean, additional data collection to generate
higher-resolution records would be useful. The coarse resolution of some records in the
EMBSeCBIO database, particularly older records, limited the application of statistical approaches.
For example, the break-point analysis used to identify the timing of rea�forestation (Chapter 3)
was restricted to 19 records with at least 13 samples in the interval between 11600 and 7000 years
BP. There were 121 records that could not be used in this analysis because they did not have
su�ficient resolution during this interval. Although various smoothing techniques or aggregating
the data over larger time intervals can be applied to reduce noise and increase the signal-to-noise
ratio, this can result in minimizing the apparent variability. The di�ficulty of obtaining a regional
picture of vegetation changes was further aggravated becausemost of the high-resolution records
are from the western part of the region. More high-resolution data is needed from the eastern
part of the region to improve the accuracy of the analysis. However, despite the uncertainties of
the breakpoint analysis, our results align with the palynological evidence. The pollen diagrams
from theDidachara record, a high-resolution pollen record from the east of the Black Sea, indicate
reforestation starting from the early Holocene (between ca. 10 and 11 ky), based on a chronology
establishedwith eleven radiocarbon samples (Connor et al., 2017)

Lack of data also underpins the focus on the Holocene in this thesis, as there are only 38 records
that extend back beyond 11700 ca. years BP with an acceptable chronology. It would have been
useful to have pre-Holocene records to address the debate about the suitability of environmental
conditions for agriculture. The hypothesis that agriculture was not feasible before the Holocene
due to low CO2 levels (Sage, 1995; Richerson et al., 2009), for example, could be empirically tested
with more records from the deglaciation. Fourthermore, although the Holocene provides
evidence of the vegetation response in climates warmer than today, and thus can provide insights
into the response to future warming, the changes occurred slowly compared to projected
21st-century changes. There is a growing argument for studying rapid climate changes such as
Dansgaard-Oeschger (D-O) events during the last glacial (e.g. Malmierca-Vallet et al., 2023) as a
way of understanding the potential impacts of rapid climate changes in the future. Expanding the
database to include records from the glacial period would provide solid reasons to study
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pre-Holocene topics, aiding the understanding of past climate variability, the suitability of
environmental conditions for agriculture, and potential implications of vegetation changes to past
climate changes for future environmental changes.

Regardless of the gaps in data coverage, my research has demonstrated that a large-scale
synthesis of pollen data analysed using statistical methods is highly valuable to provide climate
and vegetation reconstructions at the regional scale and allows the identification and
quantification of trends or significant deviations from a baseline (e.g. time-series of forest
abundance or of climate anomalies), making it possible to examine the driving mechanisms
behind these changes.

5.2Widely applicable approaches

Another important theme that emerges from my research is the potential for climate and
vegetation reconstruction techniques to be used more widely. The climate reconstructions
(Chapter 4) were made using frequency-weighted Weighted Average Partial Least Squares
regression (fxTWA-PLS2) (Liu et al., 2020, 2023), a modification of the Weighted Average Partial
Least Squares regression (WA-PLS) approach (ter Braak & Juggins, 1993). fxTWA-PLS was
developed (and has been shown) to minimise the tendency for regression-based methods to
compress reconstructions towards the middle of the sampled climate range, a feature that would
tend to minimise the temporal variability in climate reconstructions. The improved method has
until now only been applied to reconstruct Holocene climate changes in the Iberian Peninsula (Liu
et al., 2023). The application of this technique to the EasternMediterranean (Chapter 4) produced
plausible reconstructions of changes in summer and winter temperature, as well as moisture
availability, changes that are consistent with other evidence and the consequences of known
changes in climate forcing. In the case of winter temperature, for example, the trends are
consistent with insolation changes. In the case of summer temperature, the trends are broadly
consistent withmodel simulations of the response to the combined e�fects of orbital and ice sheet
forcing. Thus, the analyses in Chapter 4 suggest that fxTWA-PLS is a useful tool. Given that it
produces more realistic reconstructions of climate variability throughminimising compression, it
would be valuable to apply this technique in other regions. Themethod relies on the existence of
an extensivemodern training data set, but such data sets are now available formost regions of the
world.

A new method for reconstructing past vegetation changes has been developed and presented in
this thesis. It produces more realistic reconstructions than the biomisation approach in the
eastern Mediterranean region (Marinova et al., 2018). Furthermore, it reduced the tendency for
small variations in pollen abundance to cause shi�ts between biomes, o�ten referred to as the
"�lickering switch" problem, that was characteristic of the application of biomisation to make
down-core reconstructions (Allen et al., 2000; Allen & Huntley, 2009). A further advantage of the
new method is that it allows the explicit identification of non-analogue vegetation types, which
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was not possible using the biomisation technique. Biomisation was originally designed to
reconstruct vegetation in cases where there was only limited or nomodern pollen data that could
be used for calibration. The new method requires a large modern training dataset for calibration
but, as pointed out above, these are now available for most regions of the world. Thus, this new
technique could be usefully applied to reconstruct vegetation changes in other regions and, in
particular, to update the global maps of vegetation produced by BIOME 6000 (Prentice et al.,
2000; Prentice & Webb, 1998) and still routinely used for model evaluation. Given that most
climate models now simulate vegetation dynamically (Fisher & Koven, 2020; Blyth et al., 2021;
Argles et al., 2022) the creation of new global reconstructions would be useful. Furthermore, since
the method minimizes the �lickering switch problem, it can be used to create time series of
vegetation changes. These time series, alongwith confidence intervals (Chapter 4), can be directly
compared with transient simulations made with Earth System Models (Braconnot, Zhu, et al.,
2019; Dallmeyer et al., 2022).

The techniques employed in this thesis have broad applicability and could be used for climate and
vegetation reconstructions in other regions of the world. The availability of extensive modern
training datasets and the ability to address common challenges in reconstructionmethodologies
make these approaches valuable tools for studying past environmental changes and evaluating
climatemodels.

5.3 Insights into the Environmental History of the Eastern
Mediterranean fromcomparing reconstructions

The third integrative theme in the study focuses on comparing vegetation and climate
reconstructions with alternative reconstructions derived from di�ferent data sources or model
simulations. Systematic comparison of multiple sources of climate information provides a better
understanding of the dynamics of the system than relying on a single source becausemany types
of records can be in�luenced bymultiple factors. The oxygen-isotope record from speleothems, for
example, is o�ten interpreted in terms of changes in moisture availability, particularly in the
eastern Mediterranean region (e.g. Burstyn et al., 2019), but these records could be a�fected by
changes in moisture source or in temperature (Fleitmann et al., 2009; Göktürk, 2010; Göktürk et
al., 2011; M. J. Jacobson et al., 2021; Bar-Matthews & Ayalon, 2004). The comparison with
reconstructed plant available moisture (Chapter 4) showed that the speleothem records from the
eastern Mediterranean were broadly coherent with the pollen-based reconstructions thus
confirming that they are indeed indicators ofmoisture availability, at least in this region.

Climate changes have caused the major changes in regional vegetation through the Holocene
(Huntley & Prentice, 1988; Sadori et al., 2011; Peyron et al., 2017; Joannin et al., 2014). However,
debates exist regarding the extent to which changes in regional vegetation represent human
in�luence on landscapes (Roberts et al., 2001; Connor & Sagona, 2007; Connor & Kvavadze, 2009;
Roberts et al., 2011). Chapter 3 explored human in�luence over time by comparing pollen-based
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reconstructions with population changes derived from archaeological radiocarbon dates summed
probability distributions (SPD curves). The utilization of archaeological radiocarbon dating in
studying prehistoric populations was pioneered by Rick (1987). Thismethod assumes that greater
population sizes result in more cultural carbon, evident in radiocarbon age frequency
distributions (Rick, 1987; Surovell & Brantingham, 2007).

Radiocarbon dating o�fers a more accurate chronological structure compared to other methods
like the molecular clock or cultural phases (Gamble et al., 2005; Wang et al., 2014). Despite its
wide application, challenges persist (Surovell et al., 2009; Williams, 2012;Mithen&Wicks, 2021).
Mithen & Wicks (2021) have identified seven main sources of bias: (a) Cultural Variation Bias,
where di�ferent societies produce varying amounts of material suitable for radiocarbon dating;
sedentary societies, for example,may generatemore organic waste thanmobile hunter-gatherers;
(b) Methodology Bias, where certain archaeological periods are overrepresented in the
radiocarbon record due to targeted research projects; (c) Single Site Dating Bias, characterized by
variation in the number of radiocarbon dates from single sites, in�luenced by the historical
trajectory of research; (d) Region Size and Diversity Bias, arising from uneven distribution of
hunter-gatherers across the landscapes that a�fects the representativeness of archaeological
coverage. Small study areas may not secure a representative sample, while continental-scale
models risk blurring signals; (e) Calibration Curve Bias, stemming from natural variations in
atmospheric carbon concentration over time, resulting in plateaus in the calibration curve which
a�fects the precision of calibrated date ranges such that the dating precession of individual
records varies through time; (f) Landscape Change Bias, where environmental changes, such as
sea level rise, can induce biased preservation and discovery of archaeological sites, thereby
in�luencing the distribution of radiocarbon dates; (g)Mobility and Settlement Pattern Bias, where
hunter-gatherer mobility and settlement patterns shape the creation and preservation of
archaeological sites, yielding diverse archaeological records based on the distribution of resources
in the environment.

E�forts for correcting these biases, including comparisons with independent proxies of prehistoric
population growth enhance the reliability of population estimates using radiocarbon data
(Williams, 2012; Robinson et al., 2019; Mithen & Wicks, 2021). SPD curves from the eastern
Mediterranean have proved valuable in examining relationships among vegetation, climate, and
population changes at a subregional level. The SPD curve for Greece, for example, aligns with the
archaeological narrative as documented by (Weiberg et al., 2019). However, in other subregions
such as Anatolia, the validity of the SPD curvemay be less reliable because of the limited number
of dates (Roberts et al., 2019). While our vegetation reconstructions exhibit greater similarity to
climate patterns than to the SPDs, suggesting that human activities had a limited impact on
vegetation history, it would be useful to re-examine this when more archaeological data is
available, either in the form of more systematic collections of radiocarbon dates fromwhich SPDs
could be created on a sub-regional scale or through combining this information with other
sources of data such as archaeological demographies (see e.g. Timmermann et al., 2022).
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There have been previous studies in the eastern Mediterranean that have explored potential
causes of observed changes by comparing vegetation, climate, and population density indicators,
but they have used vegetation reconstructions based on the abundance of specific taxonomic
groups, vegetation clusters based on dominant taxa (e.g. Fyfe et al., 2019) or of
arboreal/non-arboreal pollen (e.g. Roberts et al., 2019) and climate reconstructions from existing
sources based on di�ferent indicators or methodologies (Palmisano et al., 2021; Flohr et al., 2016).
The approach taken in Chapter 3 is more systematic in that it uses vegetation and climate
reconstructions from sites across the eastern Mediterranean region made using consistent
methodologies. By combining two dominant forest biomes, temperate deciduous malacophyll
broadleaf forest (TEDE) and cool mixed evergreen needleleaf and deciduous broadleaf forest
(CMIX), we aimed to comprehensively identify and quantify forested sites across the landscape,
rather than focusing on individual biomes. This approach enabled the construction of forest
time-series, shedding light on the prevalence of tree-dominated landscapes in the region. This
method provides insights into the environmental history of the area. For instance, the systematic
comparison of climate, reconstructed from pollen and as inferred from speleothem records,
pollen-based vegetation changes, and archaeological indicators of population changes showed
that climate was the major driver of vegetation changes during the second half of the Holocene
(Chapter 3). This is contrary to the hypothesis that anthropogenic activities were the primary
driver of vegetation changes during this period (Pons&Quézel, 1998; Reille & Pons, 1992; Roberts,
Brayshaw, et al., 2011; Roberts, Eastwood, et al., 2011) but supports the alternative interpretation
that has been put forward that, despite the substantial in�luence exerted by human activities on
the region, climate was the strongest driver shaping vegetation patterns for the Holocene as a
whole (Huntley& Prentice, 1988; Sadori et al., 2011; Pérez-Obiol et al., 2011; Marquer et al, 2017).

The debate about climate versus human in�luence on vegetation has largely relied on
investigations at individual sites, and indeed my analysis does not rule out an anthropogenic
in�luence at the local scale. However, the ability to examine patterns across a region is crucial to
understanding the drivers of environmental change. Regional scale analysis is greatly facilitated
by the e�forts that have been made to compile data from various sources, such as the SISAL
database for speleothem data (Comas-Bru et al., 2020) and the p3k14c global database for
archaeological radiocarbon dates (Bird et al., 2022). These databases facilitate the comparison of
reconstructions from di�ferent sources, enabling a more comprehensive exploration of
reconstructed vegetation patterns and their potential drivers.

The comparison of pollen-based climate and vegetation reconstructions with model simulations
is a valuable method for understanding past climate changes, since the observations provide
information about the large-scale patterns of change and the underlying causes andmechanisms
can be investigated through models. The Cooperative Holocene Mapping Project (COHMAP)
utilized this approach by comparing reconstructions of global climate at 3000-year intervals from
the Last Glacial Maximum to the present based on pollen and lake records with model
simulations driven by known changes in climate forcing (COHMAP Members, 1988; Wright et al.,
1993). One key result from these comparisons was the attribution of thewaxing andwaning of the
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African monsoon since the Last Glacial Maximum to changes in orbital forcing (Kutzbach &
Street-Perrott, 1985). This approach of explaining observations usingmodel simulations has been
expanded to include a wider range of paleoclimate records, such as snowline reconstructions (e.g.
Kageyama et al., 2005) and charcoal (Daniau et al., 2012), as well as to explore vegetation changes
(Ni et al., 2006). The use of transient model simulations to explain observed changes is a more
recent phenomenon (e.g. Parker et al., 2021). However, as the analyses in Chapter 4 show, they
provide a powerful tool to explain observed changes, in particular where these changes are not
straightforward responses to external forcing but involve interactions between di�ferent forcings.

Climate reconstructions based on sites in the eastern Mediterranean have been included in
larger-scale continental or hemispheric reconstructions (Mauri et al., 2015; Herzschuh et al.,
2022), but these studies did not focus on the climate evolution of the easternMediterranean itself.
Nor did they use data-model comparison to explore the mechanisms driving the observed
regional changes. The comparison of pollen-based quantitative climate reconstruction with
di�ferent transient simulations (Chapter 4) shows that the inclusion of ice sheets and meltwater
forcing, in addition to changes in orbital forcing and greenhouse gases, was necessary to match
the patterns of the reconstructed climate variables in the early andmiddleHolocene. This argues
that the apparently delayed response of summer temperature to changes in summer insolation is
likely a re�lection of the persistence of the Laurentide and Fennoscandian ice sheets.

Comparing reconstructed and simulated climates also o�fers insights into the origins of
agriculture in the region. Our climate reconstructions show drier conditions at the Holocene
beginning, followed by a rapid increase in plant-available moisture from ca. 10.5 to 9 ka (ka:
calibrated thousand years before present), potentially in�luencing the establishment of
agricultural economies in the Eastern Mediterranean, dated ca. 10.6 ky (during the Pre-Pottery
Neolithic B: ca.10.6 – 8.8 ky) (Goring-Morris et al., 2009; Dietrich et al., 2019). The nature and
timing of this transition are still debated, with evidence at the Levant suggesting
“pre-domestication cultivation” involving deliberate use of wild cereals and pulses well before
clear domestication, complicating the identification and full understanding of this shi�t. For
instance, sites like Göbekli Tepe and Dhra', in the Levant, display evidence of labour-intensive
practices similar to those related to developed agricultural systems, supporting signs of
pre-domestication cultivation (Colledge et al., 2018; Dietrich et al., 2019). Contemporary southern
sites share technology, materials, and symbolisms (e.g., WF16: Mithen et al., 2023). A new
ecological model challenges the traditional view, proposing that pre-domestication cultivation in
the Levant did not rely on regular tillage but rather on low-input exploitation practices that
aligned with the ecological strategies of competitive large-seeded grasses (Weide et al., 2022).
Our climate reconstructions suggest optimal agricultural conditions in the EasternMediterranean
were not achieved until around 10.5 ky due to rising CO2 and warming. This likely facilitated the
transition from long-term pre-domestication cereal use to an agricultural economy capitalizing on
increased productivity.
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These findings highlight the significance of considering multiple lines of evidence, including
pollen-based reconstructions and model simulations, to gain a comprehensive understanding of
past climate variability and its impact on vegetation and human activities. By combining di�ferent
data sources and approaches, it is possible to explore the mechanisms behind climatic evolution
and its implications for environmental and societal changes in specific regions, such as the eastern
Mediterranean.

5.4 Future research directions

There are several avenues for future research, particularly in the field of human-environment
interactions, that would build upon the findings of the three papers in this thesis.

The timing of the transition to agriculture in the eastern Mediterranean is still debated (E.G.
Weide et al., 2021). Crop models o�fer a methodological approach (Qiao et al., 2020, 2021, 2023;
Harrison, Cramer, et al., 2021) to investigate the cereal yields during the Late Pleistocene and the
“pre-domestication cultivation period”. Thesemodels determine plant productivity and seed yield
as a function of environmental conditions, including climate and atmospheric CO2 levels. The
regional climate reconstructions presented in Chapter 4, would be an essential input for crop
modelling. Comparisons with archaeological data on crop yields could be used to evaluate the
model's performance. The vegetation reconstructions presented in Chapter 3 provide another
source of data to test the accuracy of these models since they provide constraints on estimates of
gross primary production. Integrating these reconstructions of climate and vegetation with
modelling techniques could provide insights into the constraints on food supplies and thus the
timing of the transition to agricultural economies.

Another potential research area using the new methodology presented in Chapter 2 is to predict
human-related vegetation features, such as crops, human-disturbed forests, or anthropogenic
biomes, from pollen samples. The model could be trained using existing maps of modern
vegetation types related to human activities, such as the maps of Anthropogenic Biomes
(Anthromes: Ellis et al., 2010; Ellis & Ramankutty, 2008), Global HumanModification (Kennedy et
al., 2018; Theobald et al., 2020), Human Footprint Index (Sanderson et al., 2002) and Low Impact
Areas (Jacobson et al., 2019). One potential challenge of this approach would be the correct
selection of the map ofmodern vegetation types related to human activities, as each one relies on
di�ferent stressors to define a human impacted landscape, and as a consequence, suchmaps show
limited agreement for limited regions (Riggio et al. 2019). Alternatively, the model could be
trainedwith specific factors of interest, including cropland or grazing land, available in theHistory
Database of the Global Environment (HYDE version 3.2: Klein Goldewijk et al., 2017). It could then
be applied to reconstruct anthropogenically impacted vegetation types through time. This
data-driven approach would provide a quantitative and objective assessment of human impacts
on vegetation, helping to resolve controversies regarding the relative importance of climate
change and human activities in shaping landscapes over time.
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Understanding the extent and timing of human impacts on vegetation is crucial because land
cover changes resulting from anthropogenic activities can have significant implications for
climate and the carbon cycle (Harrison et al., 2020; Myhre et al., 2013; Perugini et al., 2017;
Pongratz et al., 2010). By utilizing data-driven reconstructions of anthropogenic vegetation, it
would be possible to evaluate the outputs of anthropogenic land use models and assess their
accuracy (Harrison et al., 2020). Evaluations of such models currently rely on vegetation cover
estimates based on the REVEALS pollen-source area model (Sugita, 2007), the geographic
coverage of which is limited by the availability of pollen productivity estimates (RPPs). By
employing my new methodology for reconstructing vegetation to mapping anthropogenic
vegetation types would provide an alternative approach to reconstruct anthropogenic land use
scenarios. Existing reconstructions of the extent of anthropogenic impacts on the landscape
during the Holocene (e.g. Ramankutty & Foley, 1999; Pongratz et al., 2008; Kaplan et al., 2017;
Klein Goldewijk, Beusen, et al., 2017b; Klein Goldewijk, Dekker, et al., 2017) di�fer considerably
from one another because, although they all assume that the extent of anthropogenic in�luence is
a function of population density, they make di�ferent assumptions in order to extrapolate this
in�luence (Gaillard et al., 2010; Kaplan et al., 2017; Harrison et al., 2020). This is responsible for
considerably di�ferent estimates of the climate impact of anthropogenic land use and land cover
changes (Vavrus et al., 2008; Pongratz et al., 2010; He et al., 2014; Smith et al., 2016) . Using an
alternative data-driven reconstruction of anthropogenic vegetation as input to climate models
could provide amore accurate estimate of human in�luence on past climates.

These two research directions o�fer opportunities to improve our understanding of
human-environment interactions at di�ferent spatial and temporal scales. Employing improved
methodologies for reconstructing past environmental changes, and integrating them with
modelling would contribute to a deeper understanding of our past and help to inform how we
might adapt to future climate changes.
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