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Abstract

The investigation of palaeofire provides the basis for testing the reliability of recognised controls on
fire in the present day, but in environmental and social conditions that differ markedly. Whilst present
day analysis can make use of comprehensive data at high spatial resolution, palacodata enables the
investigation of controls both spatially and temporally, on time scales that are relevant for longer term
processes. Although there are exceptions, the majority of palaeofire research has tended to analyse
relationships by visually assessing the synchronicity of time series, and with a focus on a single or
limited selection of controls. In this thesis, a number of statistical approaches are tested to identify

relationships between palaeofire and its drivers, making use of diverse data proxies.

The relationship between people and palaeofire was first investigated in Iberia during the Holocene.
Results from superposed epoch analysis (SEA) show no clear relationship between periods of high
population growth or on the time-transgressive spread of farming and fire. To extend this research to
the European scale, and to ensure that controls representing humans, vegetation and climate were
included in a holistic analysis of palaeofire at a site-level, a new statistical method, with broad-scale
applicability, was developed to reconstruct tree cover using sedimentary and modern pollen data. At
an aggregate level, the resulting reconstructions broadly matched those published in the literature.
These reconstructions were then included within cross-cutting analyses using regression techniques,
Granger causality and SEA. Limited evidence of consistent relationships were found at the scale of
analysis, emphasising the challenges of drawing regional-level conclusions, and helping to explain

contrasting findings from the research literature.
Overall, despite the challenges associated with palacodata, this research highlights the need for

statistically robust, multi-variable analyses of the drivers of palaeofire to improve our understanding

of fire in the past, present and future.
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1. Introduction

1.1. Overview and thesis structure

The overall goal of this thesis is to test the strength of the relationships between fire and its drivers
over the Holocene, particularly considering the uncertainties regarding the role of people in
influencing Holocene fire in Europe during the Holocene. Published sedimentary charcoal and pollen
records, and archaeological radiocarbon datasets have been used to reconstruct palacofire, tree cover
and infer population change respectively, and to analyse the relationships between these variables.
The focus of the research is on Europe to take advantage of the fact that this is a region with relatively
large amounts of high quality data. Sedimentary charcoal and pollen records have been used as they
provide by the far the best spatiotemporal coverage of datatypes that can be used to reconstruct fire
and tree cover. Archaeological radiocarbon data, rather than modelled data, was used to infer

population change through time to help identify variable patterns of change throughout the Holocene.

This introductory chapter summarises the importance of wildfire in the earth system (1.2), and the
challenges associated with identifying the variable roles of different drivers in space and time in the
modern day (1.3). Sub-section 1.4 highlights recent evidence for changes in fire and predictions for
fire based on our current understanding. Sub-section 1.5 introduces the potential role for palacodata to
enhance the understanding of drivers of fire, summarising some of the different findings from the
research literature. Finally, the main approaches to reconstructing palaeofire and its drivers are

discussed in sub-section 1.6.

In addition to this introductory chapter, the thesis is a combination of two papers, formatted in the
style of the journal to which they were submitted, and a third chapter, which tests different statistical

approaches to investigate palaeofire.

Chapter 2 consists of Sweeney et al. (2022) “Assessing anthropogenic influence on fire history during
the Holocene in the Iberian Peninsula”. This paper examines the change in fire during the Holocene in
Iberia using sedimentary charcoal records, and related observed changes to inferred population
changes reconstructed from archaeological radiocarbon data using a Superposed Epoch Analysis
(SEA) framework. The objectives of the paper were to test whether a human signal could be observed
within the fire record, based on identified periods of population growth and the time transgressive
spread agriculture in the region. Iberia provided a good case study to test this approach, given the
availability of data, and the contrasting findings from the literature regarding the role of people in

influencing palaeofire there.



Chapter 3 consists of an article currently under review and available as a preprint: “European tree
cover during the Holocene reconstructed from pollen records”. The version included within the thesis
is an updated version of the submitted article, amended to reflect responses to viewable referee and
community comments. This paper introduces a simple calibration approach to reconstruct forest
cover, making use of modern maps of tree cover and modern pollen data to build a regression-based
model, subsequently applied to fossil pollen data. The basis for this work was the need to reconstruct
tree cover at a site-level, using data with up-to-date age models covering the whole of Europe, at a
temporal resolution necessary for later composite analysis with climate, population and fire
reconstructions. The chapter provides a new method approach builds an alternative method for tree
cover reconstruction that could be applied globally and side-steps some of the issues associated with

other reconstruction techniques.

In Chapter 4, European-level and sub-regional fire is reconstructed based on sedimentary charcoal
data and population change inferred based on archaeological radiocarbon data. Together with
reconstructions of tree cover from Chapter 3 and climate (Tang et al., in prep), changes in fire are
compared to the variables in concert using different analytical approaches. Firstly, a series of
regression models are run, including overlapping spatiotemporal data between fire, tree cover and
climate reconstructions. Then time series analysis is performed, running tests of Granger causality at
the sub-regional level, including inferred population change, and carrying out SEA analysis based on

identified population boom and bust events, also at the sub-regional level.

In the final Chapter (5), the overall implications of the findings are assessed suggestions made for

future work.

1.2. The role of fire in the earth system

Although wildfire is typically associated with its destructive potential, especially in relation to direct
effects on people (e.g. Paveglio et al., 2011; Doerr and Santin, 2016), fire plays an important role in
the earth system. The most recent estimates from the Global Fire Emissions Database (GFEDS)
covering the period 2001 to 2020 suggests around 774 million hectares per year (Mhayr"), or 6% of
the (non-ice) global land surface burns annually (Chen et al., 2023). This masks substantial spatial
variation however, with sub-Saharan Africa accounting for 63% of annual global landscape burning
and the USA, Canada, Europe and the Middle East accounting for less than 1% each (Fig.1.1) (Chen
et al., 2023). Similarly, these values mask considerable temporal variability: fire return times can vary
between 1 to 2 years for some grassland dominated biomes to hundreds of years for boreal forests

(Harrison et al., 2021).
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Figure 1.1: Mean annual GFEDS burned area, as a percentage of the burnable land area, from 2001 to 2020.
Adapted from Chen et al. (2023, Fig. 4)

Emissions from fire affect the carbon balance, atmospheric conditions, the hydrological cycle and
surface albedo (Bowman et al., 2009; Liu et al., 2014). Fire converts stored carbon and nutrients in
vegetation into trace gases and aerosols, and through incomplete combustion into charcoal (Ward et
al., 2012), acting to increase the natural cycle of primary production and respiration (Bowman et al.,
2009). Changes in vegetation resulting from large wildfires can affect the hydrological behaviour of
affected catchments, increasing run-off (e.g. Versini et al., 2013; Wine and Cadol, 2016; Soulis et al.,
2021) and reducing evapotranspiration rates in the immediate aftermath (e.g. Kang et al., 2006; Soulis
et al., 2021). Deposition of black carbon emissions from wildfire onto ice and snow reduces surface
albedo (Conway et al., 1996; Aubry-Wake et al., 2022), but overall impacts on surface albedo is
dependent on vegetation type burned and the time since wildfire (Gatebe et al., 2014; Quintano et al.,
2019; Linares and Ni-Meister, 2024). Although fire may have a detrimental impact on most
ecosystem services, for example negatively affecting water and air quality and erosion control
(Pereira et al., 2021; Roces-Diaz et al., 2022), fire can also have benefits, in terms of reducing the
chance of catastrophic larger fires, regulation of pest populations (Pausas and Keeley, 2019; Pereira et

al., 2021), and in terms of water provision (Roces-Diaz et al., 2022).

At a landscape-scale, fire has an important role in influencing vegetation patterns. Simulations of
global vegetation patterns in the absence of fire suggest a general increase in tree cover (Bond et al.,
2005; Martin Calvo and Prentice, 2015; Lasslop et al., 2020; Harrison et al., 2021), particularly in
savanna regions (Harrison et al., 2021). In savannas, fire has a key role in preventing the spread of

closed canopy forest tree species (Bond, 2008; Staver et al., 2011; D’Onoftio et al., 2018), which has



been demonstrated experimentally (e.g. Swaine et al., 1992; Higgins et al., 2007; Scott et al., 2012;
Deklerck et al., 2019; Starns et al., 2020). Similarly, frequent fire has been associated with the
maintenance of shrubland in Patagonia (Paritsis et al., 2015) and of open grasslands in the North

American Great Plains (Ratajczak et al., 2014).

In ecosystems subject to frequent fire, plants have evolved adaptations to fire. These adaptations vary
with the frequency and type of fire. At a species-level, these enhance individual survivability
(resistance) or community persistence (resilience) (Harrison et al., 2021). Species that show
resistance to fire have traits such as thick or fast-growing bark, which serve to protect the plant when
fire occurs (Pausas, 2015; Charles-Dominique et al., 2017) or the capacity to recover via re-sprouting
following fire (Clarke et al., 2013; Pausas et al., 2016). Fire resilient species have traits that enable
post-fire recruitment, such as fire-mediated serotiny, post-fire flowering and post-fire seed
germination (Lamont and Downes, 2011; Lamont et al., 2019). Species flammability has also been
identified as a potentially adaptive trait (Bond and Midgley, 1995; Schwilk and Ackerly, 2001;
although see Midgley, 2013), with different aspects of flammability — non-flammability, hot
flammability and fast flammability - interacting with other species traits to enhance survivability or
persistence (Pausas et al., 2017). The prevalence of species traits is closely related to fire
characteristics of the fire-prone ecosystems, with for example, re-sprouting associated with high
frequency fires and high intensity crown fires (Shen et al., 2023), and thick bark associated with
frequent surface fires (Pausas, 2015). As species are adapted to certain fire characteristics, rather than
fire in general (Keeley et al., 2011), changes in fire characteristics then have implications for
vegetation community composition if species are not able to respond to these changes (Coop et al.,
2020; Tubbesing et al., 2020; Falk et al., 2022). For example, the species composition in conifer
forests in some North American regions has been affected by increased fire frequency and severity as
a result in recent changes in climate (Cassell et al., 2019; Buma et al., 2022; Dawe et al., 2022).
Similarly, although fire has been linked to positive effects on biodiversity in some regions (He et al.,
2019; Jones and Tingley, 2022), changes in fire can also threaten species diversity (Bowman and

Murphy, 2010; Kelly et al., 2020).

Fire is multifaceted, with many different characteristics including frequency, size, type (crown,
surface or ground), power and seasonality (Bowman et al., 2009; Archibald et al., 2018). Typically,
these predominant characteristics are conceptualised as the fire regime in an area (Bond and Keeley,
2005; Krebs et al., 2010; Kelly et al., 2023), which illustrate where, when and which types of fire
occur (Krebs et al., 2010). Fire regime characteristics can interact, with for example, fire intensity
generally constrained when fires are frequent and fire size limited for the longest fire seasons
(Archibald et al., 2013). Based on grouping of fire characteristics and the constraints associated with

possible combinations of fire regime elements, Archibald et al. (2013) defined five “pyromes”,
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associated with burned area, fire frequency, fire size, fire intensity and fire season length (Fig. 1.2).
Four of these pyromes describe the distinction between crown, litter and grass-fuelled fires, with a
fifth primarily associated with human activities such as agriculture and deforestation (Archibald et al.,
2013).
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Figure 1.2: Global fire pyromes as defined by Archibald et al. (2013), showing regions with similar fire

[frequencies, intensities, size, burned areas and fire season lengths. Adapted from Archibald et al. (2013: Fig. 2).

Human involvement in fire is itself varied, affecting different fire regime elements, including fire
ignition frequency, landscape transformation affecting fuel type and availability, and direct

management of fires (Bowman et al., 2011).

1.3. Drivers of fire

Fire occurs when there is a suitable co-occurrence of various conditions: an ignition source,
availability and continuity of material to burn, sufficient flammability of that material and appropriate
weather conditions (Pausas and Keeley, 2021). Weather conditions serve to reduce the required
thresholds of each of the other conditions, such that, for example, strong winds increase the likelihood
of fire given similar conditions (Pausas and Keeley, 2021). Each of these controls on fire is in turn
driven by a combination of three factors - climate, vegetation and people — which interact across time
and space. Modern satellite observational data has been used to model the relationships between fire
and multiple predictors (e.g. Krawchuk et al., 2009; Bistinas et al., 2014; Forkel et al., 2019; Haas et
al., 2022), helping to tease out the relationships between fire and its key drivers. Understanding the

relationship between fire and its drivers is vital for predictions of future patterns of wildfire.




1.3.1. Climate

At short time scales, the prevailing climate affects fire weather. Meteorological conditions in terms of
temperatures, humidity, moisture and wind (influencing evapotranspiration rates) impact fuel dryness,
affecting the likelihood of fire (Pausas and Keeley, 2021). High wind speeds increase the chance of
successful ignition due to supply of oxygen, and change flame properties and enhance ember
dispersal, affecting fire spread rate and allowing fires to bridge fuel discontinuities (Pausas and
Keeley, 2021). Natural sources of ignition are almost exclusively lightning. Although the estimated
importance of lightning compared to anthropogenic ignitions varies by region, lightning has been
estimated to account for 40% of fire counts in North American boreal regions between 2000-2006
(Peterson et al., 2010), 42.1% of known ignition sources in California between 2012 and 2018
(Hantson et al., 2022) and 77% of extratropical burned area in intact forests between 2001 and 2015
(Janssen et al., 2023). Drought and extreme temperatures during the fire season have been shown to
increase wildfire in sub-tropical and temperate areas (China (e.g. Yin et al., 2024); the western USA
(e.g. Westerling and Swetnam, 2003; Chen, 2022; Richardson et al., 2022); the Mediterranean (e.g.
Dimitrakopoulos et al., 2011; Ruffault et al., 2018); and southern Australia (e.g. Mariani et al., 2016;
Richardson et al., 2022), and to cause increases in rare wildfires in the Amazon region (e.g. Silva

Junior et al., 2019).

As well as fire weather, climate also influences the length and severity of the fire season. The
seasonality of rainfall and temperatures influence fire activity, with increased rainfall and temperature
seasonality associated with reduced fuel moisture during the dry season and via climate impacts on
vegetation, greater fuel growth in the wet season (Holden et al., 2018; Kuhn-Régnier et al., 2021;
Swain, 2021). At global scale, increases in monthly maximum number of dry days are associated with
increases in burned area (Bistinas et al., 2014; Haas et al., 2022), with antecedent vegetation growth
also influencing burned area (Kuhn-Régnier et al., 2021; Haas et al., 2022). Inter-annual variability of
rainfall also has implications for wildfires, with around of a third of inter-annual variability in burned
area explained by climate variability globally, a relationship which becomes stronger in areas where
fire is typically moisture limited (Abatzoglou et al., 2018). In many cases, periodic drought and
increasing wildfire is linked to El Nifio—Southern Oscillation (e.g. Westerling and Swetnam, 2003;
Dong et al., 2021; Fang et al., 2021).

Climate also has in important influence on fuel availability, both in terms of vegetation growth (see
1.3.2. Vegetation) and in relation to species extent and landscape vegetation composition (see section

1.3.4. Relationships between drivers and between drivers and fire).



1.3.2. Vegetation

Vegetation influences fire in terms of the availability of fuel to burn, the characteristics of that fuel in
terms of its flammability, and in relation to the connectivity of the fuel and the ability of fire to

spread.

Evidence from modelling studies based on satellite data highlight gross or net primary production
(GPP/NPP) as key factors in determining global burned area (Bistinas et al., 2014; Forkel et al., 2019;
Haas et al., 2022). As well as the total quantity of fuel, which is in part determined by climate factors,
the seasonal production of fuel has also been identified as a key factor for explaining burned area,
with increased seasonality (allied with underlying climate conditions) associated with increased
burning (Krawchuk and Moritz, 2011; Forkel et al., 2019; Kuhn-Régnier et al., 2021; Haas et al.,
2022). Fuel limitation, rather than fuel condition, has been identified as the key constraint to fire in
some areas, particularly areas dominated by xeric shrublands and some savanna or grassland systems

(Krawchuk and Moritz, 2011; Alvarado et al., 2020).

The pre-dominant plant functional types (PFTs) are important in defining the fire regime in an area.
Generally, increasing grass cover is associated with increases in burned area at global level (Bistinas
et al., 2014; Haas et al., 2022), and to increases in fire frequency (Archibald et al., 2013). Changes in
vegetation, for example in terms of the spread of invasive species, can affect fire regimes (Brooks et
al., 2006; Taylor et al., 2017; Fusco et al., 2019). At species level, live leaf traits such as specific leaf
area and leaf surface to volume ratio have been positively associated with ignition (Popovic et al.,
2021). Likewise, leaf litter characteristics have a role in determining fuel flammability, with
morphological traits such as higher specific leaf area and higher leaf curl associated with shorter burn
duration and increased flame spread rates (Burton et al., 2021). Different species leaf traits can also

help explain whether leaf litter rots quickly or is available as fuel (Grootemaat et al., 2015)

The physical structure of the landscape affects fire regimes, with landscape connectivity having
important implications for fire spread. Within savanna ecosystems, the relative connectivity of open
spaces is linked to an abrupt change in fire frequency (van Nes et al., 2018), and in northeastern
Spain, forest connectivity has been linked to increases in burnt area up to a specific threshold, under
regular fire weather conditions (Duane et al., 2021). However, the relationship between landscape
fragmentation and fire is dependent on the underlying ecosystem (Harrison et al., 2021). In
ecosystems adapted to fire, human driven fragmentation decreases burned area through reduced
connectivity, whereas landscape fragmentation promotes fire in non-fire adapted ecosystems, based

on creating ignitable spaces (Harrison et al., 2021).



1.3.3. People

Humans influence fire directly in terms of ignitions and fire management practices. Although the
share of natural and anthropogenic ignitions varies globally and estimates vary, and in many cases due
to data limitations the source of ignitions is unknown (Jones et al., 2022), anthropogenic ignitions can
account for the majority registered fires in some areas. For example, anthropogenic ignitions are
estimated to account for 84% of fires in the USA for the past 20 years (Balch et al., 2017). In Europe,
more than 96% of burned area has a human origin (Dijkstra et al., 2022). However, the impact of
anthropogenic ignitions on fire regimes is spatially varied. Despite the high proportion of
anthropogenic ignitions in the USA, only 44% of burned area is associated with human ignition, as a
substantially greater share of these ignitions occur during moister conditions than natural, lightning
induced fires (Balch et al., 2017). Human ignitions in some areas may also replace lightning-based
ignitions that may have occurred (Keeley et al., 1999). Nevertheless, human ignitions have been
associated with an increase in large and extreme fires in the USA (Nagy et al., 2018; Hantson et al.,

2022), and with expansion of the fire season (Balch et al., 2017).

Anthropogenic ignitions are more likely to occur near areas of high population or near to
infrastructure such as roads (e.g. Syphard et al., 2008; Collins et al., 2015; Syphard and Keeley, 2015;
Clarke et al., 2019), and rural population density impacts the probability of fire occurrence more
generally (Keeping et al., 2024). Anthropogenic ignitions can take many forms and can be accidental
or purposeful. Accidental ignitions include industrial accident, such as powerline failure or
mechanical sparks, or negligent behaviour such as escape from campfire, cigarette disposal or
fireworks (Ganteaume and Syphard, 2018). Aside from arson, purposeful ignitions also include fire
set for the management of habitat, with, for example, prescribed burning in Scottish heathland to
encourage red grouse habitat for hunting purposes (Davies et al., 2008) or in the control of invasive
weeds or pests (DiTomaso et al., 2006; te Beest et al., 2012). Prescribed burning is also often used as
a tool to reduce fuel build up and limit hazardous fires and reduce fire frequency (Penman et al., 2011;
Morgan et al., 2020; Santos et al., 2021). In addition, small-scale burning is used for agricultural
purposes, in terms of clearing crop residue (Jethva et al., 2018; Nair et al., 2020) - globally cropland
burning is estimated to constitute approximately the same burned area as total forest burned area
(Chen et al., 2023) - and in terms of traditional fire usage such as swidden agriculture (Fujisaka et al.,
1996; Huffman, 2013; Li et al., 2014). Finally, fire is also used in some regions for broad land use
change purposes, particularly deforestation in tropical areas (Alencar et al., 2015; Barlow et al., 2020;

Brando et al., 2020).

Apart from ignitions associated with prescribed burning, fire management activity is designed to

change the likelihood of fire, alter fire extent and type, or more directly extinguish fires when they



occur. Fire suppression continues to be the main source of fire management in many areas (Moreira et
al., 2020), despite the impacts that this may have on subsequent extreme fires risk due to fuel build up
in fuel limited areas (Arno and Brown, 1991; Keeley et al., 1999; Steel et al., 2015; Moreira et al.,
2020; Kreider et al., 2024). Other management practices, such as thinning to reduce fuel load, are
intended to reduce fire severity; some evidence supporting this shows this is effective (Brodie et al.,
2024), but this may depend on the amount of thinning and site conditions (Banerjee, 2020). Herbivory
has also been identified as a fire management tool through reduction in fuel load and trampling
(Kramer et al., 2003; Nader et al., 2007; Neidermeier et al., 2023) and has been recommended as an

approach to reduce wildfire risk in some parts of Europe (Neidermeier et al., 2023).

Humans alter fire regimes indirectly through landscape alteration, affecting the type, continuity and
quantity of fuel. In the modern day, the expansion of human activities into spatially contiguous
environments, by converting landscapes to agriculture, forest logging, the introduction of roads and
the expansion of settlements, leads to landscape fragmentation, with contrasting implications for
wildfire driven by whether the underlying environment is already fire-prone (Harrison et al., 2021). In
fire-prone environments, fragmentation limits fire by generating artificial fuel breaks and impeding its
spread; this impact of land conversion has been associated with reductions in fire in the 20" century in
many regions (Marlon et al., 2008), and to reductions in recent decades in sub-Saharan Africa through
conversion of savanna into croplands (Andela and van der Werf, 2014). At the same time, human
activity increases access to the environment, introducing fire management practices to previously
remote landscapes but also exposing the environment to anthropogenic ignitions. Whilst
fragmentation can lead to reduced wildfire in these regions, the opening of environments where fires
were previously rare provides the opportunity for fuel drying and increasing wind strength, potentially
exposing these environments to fire (e.g. Alencar et al., 2015; Silvério et al., 2019; Silva-Junior et al.,
2022). Agriculture also impacts the quantity of fuel in rangelands through grazing, potentially
impacting wildfire burn probability (Davies et al., 2010; Siegel et al., 2022). Finally, the human
introduction of invasive species has implications for fuel continuity, type and quantity. For example,
at high densities, the spread of Pinus contorta in Patagonia and New Zealand have been associated
with increased fuel load (Taylor et al., 2017), and the spread of invasive grasses across the USA have

increased fire occurrence and frequency (Fusco et al., 2019).

1.3.4. Relationships between drivers and between drivers and fire

Disentangling the role that individual factors play in driving wildfire is complicated by the different
effects that they can have on different aspects of the fire regime. At a global level, Haas et al. (2020)
showed that satellite observations of burned area, fire intensity and fire size were controlled by

different factors, and that sometimes the direction of influence of a factor varied by fire property. The
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nature of these relationships is also sometimes spatially differentiated, for example in terms of the
influence that landscape fragmentation has on fire in different ecosystems. In part, this is a reflection
of different interactions between controls, and feedbacks between fire and the controls at differing

spatial and temporal scales.

For example, climate is instrumental in influencing patterns of vegetation, with subsequent influences
on fire. Climate extremes can represent boundary conditions where no fire is possible due to
insufficient fuel, where moisture or low temperatures for example prohibit vegetation growth
(Parisien and Moritz, 2009). But vegetation also affects climate via physical changes to albedo,
roughness and water conductivity, and via impacts on the composition of atmospheric gases in the
atmosphere (Brovkin, 2002). The nature of these impacts on climate are not straightforward, however.
For instance, although forests act as a carbon sink, reducing the impacts of CO; on warming, forest
cover typically decreases surface albedo compared to more open environments, suggesting in increase
in warming due to radiative forcing (e.g. Betts, 2000; Kirschbaum et al., 2011; Bright et al., 2015).
Anthropogenic climate change has clear implications for global fires. Future predictions of fires are
largely determined by consideration of the impacts of climate change on fire weather and
temperature/rainfall patterns, and subsequent changes on vegetation. At the same time, for most of
human history, climatic conditions have directly determined human population sizes through impacts
on environmental carrying capacity (e.g. Kelly et al., 2013; Manning and Timpson, 2014; Bevan et
al., 2017; Palmisano et al., 2021).

At evolutionary times scales, fire has influenced the development of plant traits designed to enable
survival, reproduction and competitive advantage in fire prone environments (Keeley et al., 2011).
The distribution of plant traits in a given environment is a reflection of this evolutionary past, with,
for example, thick bark evolved in tree species such as P. ponderosa, which is subject to frequent
surface fires in the western USA (Pausas, 2015). In turn, plant distribution influences fire regimes via
the quantity and flammability of fuel, and through impacts of climate factors on fire weather and
longer-term climate process. At shorter timescales, these fires regimes feedback to species
distributions to reinforce system stability. This vegetation-fire feedback can be seen at the species and
community level. At the species level, some plants are adapted to certain fire regime. It is therefore
beneficial to these plants if that regime is more-or-less stable. At the community level, there are
likewise fire-vegetation feedbacks that serve to maintain plant type communities. One of the most
studied fire feedbacks relates to the vegetation-fire feedback in tropical savanna ecosystems. In some
savanna ecosystems, productive grass growth during the rainy season and subsequent drying of this
growth during the dry season combine to provide sufficient dry material for fire. Ground fire then acts
to remove tree seedlings and saplings, providing space for future grass growth and maintaining the

grass and savanna tree structure (Beckage et al., 2011; Staver et al., 2011; Staver and Levin, 2012;
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Accatino and De Michele, 2013). In contrast, the relationship between fuel availability and fire in
North American boreal systems is a negative feedback, with fire reducing the prospect of future fires
until vegetation has recovered (Heon et al., 2014; Parisien et al., 2014). Changes in fire, through
changes in climate or through human action such as fire suppression, therefore act to influence plant
species and communities, and can potentially influence fire regimes through modifications in fuel and

climate.

Anthropogenic climate change influences global fire weather, as well as having direct influences on
fuel availability and flammability. Subsequent changes to fire can in turn alter atmospheric properties,
through the short-term impacts of changes to greenhouse gases, albedo and aerosols, and over the
long term through changes to carbon burial rates and oxygen concentrations as a result of changes in
terrestrial NPP (Archibald et al., 2018). In turn, these changes to atmospheric properties can further
impact global fire weather and climate potentially generating a positive feedback loop between fires
and climate change in these regions (Janssen et al., 2023). The feedback between fire and climate
exemplifies the different spatial and temporal relationships between drivers, with relatively localised

and immediate fire affecting longer term and global processes.

Although feedbacks between direct human activities and fire are not systemic in the same way as
vegetation-fire and climate-fire feedbacks, there are examples where human activities and fire
feedback to each other. For example, fire suppression potentially increases the likelihood of extreme
wildfires by increasing future fuel loads (Arno and Brown, 1991; Keeley et al., 1999; Steel et al.,
2015; Moreira et al., 2020; Kreider et al., 2024). Increasingly extreme wildfires in turn lead to
enhanced suppression effort, given the potential increases in damages associated with larger fires,
with subsequent impacts on the extreme fire risk. This feedback is particularly pervasive because
suppression effort can only be focussed on suppressing smaller fires, given the relatively limited

ability of wildfire management to tackle extreme fire when it does occur (Kreider et al., 2024).

These interlinkages, together with the differing impacts of the individual drivers on fire, imply a need

take into account the various factors driving fire in concert.

1.4. Changing fire and predictions for the future

At a global level, satellite observations indicate a general reduction in burned area over the past 30
years (Andela et al., 2017; Chen et al., 2023; Fernandez-Garcia and Alonso-Gonzalez, 2023).
However, these reductions are primarily associated with reduced savanna and grassland burning in

sub-Saharan Africa, which dominates overall burned area (Andela et al., 2017; Chen et al., 2023;
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Fernandez-Garcia and Alonso-Gonzalez, 2023; Zubkova et al., 2023). Declines in African burned area
have been attributed to cropland expansion (Andela and van der Werf, 2014; Andela et al., 2017),
although there is uncertainty regarding this conclusion given the sensitivity of associated data
(Zubkova et al., 2023). In contrast, burned area is increasing in some areas, e.g. boreal Canada and
eastern Canada, but the overall share from these regions to global burning is relatively low (Chen et
al., 2023). The area burnt from stand replacing forest fires increased between 2001 and 2019
(Tyukavina et al., 2022), and the frequency of extreme wildfires is increasing in boreal and temperate
forests (Cunningham et al., 2024). Burn severity, closely associated with fire intensity, increased
globally between 2003 and 2019, with areas experiencing significant increases in burn severity

outnumbering those with significant decreases (Ferndndez-Garcia and Alonso-Gonzalez, 2023).

The spatial heterogeneity in changes to burned area is a partial reflection of competing influences. For
example, declines in savanna burned area and number of fires in the Serengeti-Mara system in
Tanzania/Kenya between 2001 and 2014 have been associated with increases in livestock farming,
changing the quantity of fuel available to burn (Probert et al., 2019). Similarly, the decline in burned
area in northern sub-Saharan Africa more generally between 2001 and 2012 has been primarily
associated with cropland expansion (Andela and van der Werf, 2014). In contrast, increases in forest
burned area, increased likelihood of extreme fires and fire frequency have been linked with
anthropogenic climate changes in several regions. For example, warming driven increases in vapour
pressure deficit, enhancing fuel drying, has been associated with increases in forest burned area in
California between 1972 and 2018 (Williams et al., 2019). Similarly, increases in burned area,
reduction in time since last fire and increase in number of megafire years have been observed in east
and southern Australia, associated with increasing severity of fire weather conditions and drought
occurrence (Canadell et al., 2021; Collins et al., 2022). In Canada, increases in burned area and in
large fires, and an earlier fire season have likewise been associated with changes in climate (Hanes et
al., 2019). This contrast between increases and decreases in burned area and intensity, and the relative
role of climate and humans is not ubiquitous, however. For example, increases in forest fire intensity
have resulted from agricultural abandonment in Iberia (Mantero et al., 2020). Likewise, increases in
human ignitions and fire suppression have been linked to increased fire season length and wildfire
severity in the USA (Steel et al., 2015; Balch et al., 2017; Hantson et al., 2022; Kreider et al., 2024).
In the case of increased burn severity in the USA, human actions can act to reinforce changes to
climate (which themselves are anthropogenic in origin). Similarly, the impacts of drought and
deforestation in the Amazon region act in concert to increase wildfire frequency and burned area

(Alencar et al., 2015; Silva Junior et al., 2019; Silveira et al., 2020; Silva-Junior et al., 2022).

Understanding how fire will change in the future has important policy implications. Anthropogenic
climate driven changes might be expected to persist, given the predicted 3°C increase in temperatures
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by 2100 based on current policies (UNEP, 2023). However, this implies that changes in climate will
continue to have the same impacts on fire weather, temperatures and precipitation, only more so,
despite the potential systemic feedbacks that exist. For instance, burned area is predicted to increase
in the western USA by between 50 to 100% in the period 2020 to 2050, compared to observed burned
area between 1990 and 2020, because of increasing fuel aridity (Abatzoglou et al., 2021). Similarly,
the number of days with hazardous fire weather is projected to increase in Australia, based on the
ensemble outputs of climate projections (Dowdy, 2020). Predictions for fire are heavily dependent on

expectations for climate change, which themselves reflect emissions scenarios.

One approach to generate estimates of future fire is to use dynamic global vegetation models
(DVGMs), which enable the modelling of the biophysical relationships between fire and vegetation
based on climate inputs. The feedbacks between fire and climate can also be included in via the
inclusion of atmospheric and climate models, in an earth system model framework (Hantson et al.,
2016). The variety of different fire-enabled DVGMs, and the associated outputs, reflect both the
complexity of the relationships and the different fire processes and impacts of fire included within

each (Hantson et al., 2016) (Tables 1.1 and 1.2).

Table 1.1: Overview summary of fire processes included within selected fire-enabled DVGMs, as described by
Hantson et al. (2016). Darker cell shading indicates increasing complexity. Adapted from Hantson et al. (2016,
Table 1)

Model Fire processes
Fire starts
from
Overall Fuel Fuel lightning Anthro. Anthro. Rate of
Complexity moisture load ignitions ignitions supression spread Burnt area
Simple
scaling of
CASA/ number of
GFED - - - - - - fires
Empirical/ Empirically
Fire danger related to
index (FDI) Masking Fuel fuel an
GLOBFIRM base threshold | - - manipulation - moisture
Mutiple fuel
moisture Size
types and classes/ Entire grid
modelled/ Rate of Moisture Constant Simplified cell
MC-FIRE mutiple FDI spread based - supression Rothermel affected

Varies with
Lightning population
Mutiple fuel scaling and density and Uses rate of
moisture weather Deforestation | agricultural spread fire Entire sub-
CTEM ypes generator fires masking properties cell

Lightning Varies with
scaling, population
Mutiple fuel weather density, Average
moisture generator Deforestation [“fustaitiitie)l burnt area
types and and fires and masking and Multiple multiplied
SPITFIRE/ modelled/ complex additional complex spread by number
LPX/ Lmfire mutiple FDI Complex | weather algorithm masking types of fires
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Table 1.2: Overview summary of the impacts of fire in selected fire-enabled DVGMs, as described by Hantson
et al. (2016). Darker cell shading indicates increasing complexity. Adapted from Hantson et al. (2016; Table 2)

Model Impacts of fire
Overall Other carbon Plant mortality Plant resistance:
Complexity Carbon emissions feedbacks type survival
Size classes/ rate of | Crown, cambial Parameterised
CASA/GFED Biomass specific spread and root kill mortality

Non combusted
All vegetation carbon becomes

Parameterised Parameterised

GLOBFIRM consumed litter mortality mortality
Size classes/rate of | Crown, cambial
MC-FIRE Proces specific spread and root kill Based on PFT
Biomass specific
and PFT type Size classes/rate of [EIENESeRE Based on average
CTEM specific spread mortality plant in grid
Process specific Based on PFT,
SPITFIRE/ LPX/ and PFT/fuel type height cohorts and
Lmfire specific Complex Crown and cambial [T

The FireMIP model intercomparison project was designed to examine models within a common
framework, to ultimately improve performance (Rabin et al., 2017). Generally, models reproduced
patterns of burned area (Hantson et al., 2020), but underestimated total burned area compared to the
most recent GFEDS observations, and were not able to represent the recent decrease in global burning
(Andela et al., 2017). A comparative assessment of the emergent relationships between fire and its
drivers showed that the models were able to reproduce data driven relationships between climate
variables and burned area (Forkel et al., 2019). However, models were less able to represent the
relationships between vegetation and fire, and people and fire (Forkel et al., 2019). At present there
are limited examples of published DVGM predictions for future fire. Based on the LPJ-GUESS-
SIMFIRE model, (Knorr et al., 2016) estimated continued global declines in burned area until 2050,
after which burned area may increase depending upon emissions scenarios until 2100. The JULES-
INFERNO model has also been used to project burned area and emissions in South America, with

increases in burned area under all scenarios, due to hotter and drier conditions (Burton et al., 2022).

1.5. Palaeodata: relating fire to its drivers using evidence from the past

Remote sensing data has greatly increased the availability of fire information at fine spatial scale and
high temporal resolution, improving our ability to test our assumptions regarding earth system
processes, but there are limitations associated with these data. In the context of wildfire, there are a
variety of satellite-based data products (freely) available, detecting pre-fire conditions, active fires and

analysing post fire effects (Chuvieco et al., 2020), but estimates of phenomena can vary substantially
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between products. For example, recent estimates of average annual global burned area from GFEDS5
are 774Mhayr™' (Chen et al., 2023), compared to 465Mhayr™ in the earlier GFED4 (Van Der Werf et
al., 2017), 478Mhayr™" for 2003-2019 derived from MOSEV (Fernandez-Garcia and Alonso-
Gonzalez, 2023), and 463Mhayr ™ for 2001-2018 in FireCCI51 (Lizundia-Loiola et al., 2020).
Moreover, despite improvements in data resolution, satellite observational data is still relatively
coarse — for example the MODIS MCD64A1 data product underpinning the GFED4, GFEDS5 and
MOSEYV datasets is at 500m resolution with one-to-two-day temporal resolution (Giglio et al., 2018) —
and can be limited during periods of high cloud cover or for assessing changes within the understory
(Yang et al., 2023). The temporal coverage of these data are also limited. Processes in ecosystems
with longer-term fire return times cannot be captured in the relatively short time covered by the
instrumental record (Bowman et al., 2009). Assessment of the strength of various dynamic feedbacks
between earth system processes is similarly curtailed given the potentially longer periods associated

with these feedbacks.

Palaeodata provides both an alternative means to investigate relationships between fire and its drivers,
providing the ability to assess processes at longer time scales, analysing changes in space and time,
and allow the testing of assumptions underlying processes for time periods without, or with limited,
anthropogenic influence. Analysis of palacofire can therefore play an important role in enhancing our
knowledge of fire in the present day, and in so doing improve our ability to predict and manage fire in

the future.

Studies that have looked at palaeofire at a global or continental scale have tended to identify climate
as the dominant driver of fire during most the Holocene (e.g. Power et al., 2008; Mooney et al., 2011;
Vanniére et al., 2011; Daniau et al., 2012; Marlon et al., 2013). This control has been related to
general trends in temperatures (Mooney et al., 2011; Daniau et al., 2012; Zennaro et al., 2015), and at
a more localised level to specific climate events, such as Bond events (Davis et al., 2003; Davis and

Stevenson, 2007; Burjachs and Exposito, 2015), or periods of extreme drought (Higuera et al., 2011).

However, other drivers have been identified as important, particularly since the mid-Holocene. For
example, Brown and Giesecke (2014) identified vegetation history in terms of pre-dominant broadleaf
or needleleaf tree types as being a key determinant of fire in central Sweden during the mid-Holocene,
with increasing fire disturbance linked to increases in Pinus prevalence despite a cooling and
moistening climate. Similarly, Feurdean et al. (2020) found tree cover percentages were the strongest
predictor of biomass burning in central and eastern Europe from 8,000 cal. BP to present, with the
threshold level of tree cover after which biomass burning declined dependent on the dominant tree
cover type. Blarquez et al. (2010) also attributed increases in reconstructed fire during the mid

Holocene to the influence of understorey vegetation production despite cooler and wetter conditions.
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Human influence has also been identified as an influence on fire in the early Holocene in some
regional studies, for example in the Carpathian regions from 5,500 cal. BP (Feurdean et al., 2012),
southern and southwestern Europe from 7,500-6,500 cal. BP (Tinner et al., 2016; Vanniére et al.,
2016; Connor et al., 2019; Iglesias et al., 2019), and central Europe from 8,500 cal. BP (Dietze et al.,
2018). Early to mid-Holocene human influence has been associated with increased fire frequency
from landscape clearance (Vanniére et al., 2016) but reduced biomass burning due to a reduction fuel
availability in southern Europe at regional scale (Vannicre et al., 2016; Iglesias et al., 2019). At a sub-
regional scale, however, increases in biomass burning have also been attributed to landscape
clearance in Sardinia (Tinner et al., 2016) and Iberia (Connor et al., 2019) during the early to mid-
Holocene. In central and eastern Europe and the Balkans, potential early human influence is aligned
with increases in biomass burning and from landscape clearance (Feurdean et al., 2012; Dietze et al.,
2018) and from Mesolithic land use (Dietze et al., 2018). Generally, however, the key role for humans
in shaping fire has been more associated with the later part of the Holocene and landscape conversion
for farming (e.g. Marlon et al., 2012; Clear et al., 2014; Zennaro et al., 2015; Zhang et al., 2022).
However, clearly separating human impacts from prevailing changes in climate is a challenge (e.g.
Kaal et al., 2011; Feurdean et al., 2013; Lopez-Saez et al., 2018). As well as identifying differences in
driver impacts through time, several studies have also indicated the impacts vary by location
(Blarquez and Carcaillet, 2010; Brossier et al., 2014; Kloster et al., 2015) or elevation (Vanniére et
al., 2016; Zhang et al., 2022).

Most palaeofire research has focussed on the synchronicity of reconstructed fire with reconstructed or
modelled drivers (e.g. Feurdean et al., 2012; Dietze et al., 2018; Iglesias et al., 2019). Other
approaches, including correlation analyses (Gobet et al., 2003; Burjachs and Exposito, 2015; Zhang et
al., 2022), or generalised additive modelling (GAMSs) of time series of drivers to fire (e.g. Daniau et
al., 2012; Feurdean et al., 2017, 2020) have been used, but usually only on a subset of the potential
drivers. Simulations of fire, driven by climate and vegetation, have been compared to reconstructions
based on charcoal at global (Kloster et al., 2015) and European (Zapolska et al., 2023) levels. As well
as reconstructions of landscape burning via charcoal reconstructions, recent research focussed on
macro-charcoal records has also used decomposition of the charcoal signal to identify fire events and
measure fire frequency (Gavin et al., 2007; Blarquez and Carcaillet, 2010; Brown and Giesecke,
2014; Hawthorne and Mitchell, 2016; Feurdean et al., 2019). This approach has also been followed in
calibration studies, based on known fire events and fire scar data (Higuera et al., 2005; Brossier et al.,
2014; Cui et al., 2020). Human influence is measured in terms of the archacological context of the
site(s), modelled population, the presence of pollen and spore indicators of human activity from
sedimentary records, or by changes in forest cover and landscape openness, but the role of humans is

usually inferred as the residual explanation of fire change from other drivers (e.g. Clear et al., 2014;
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Iglesias and Whitlock, 2014; Iglesias et al., 2019). Whilst this assumption may be more justifiable
towards the end of the Holocene, when clear human induced land-use changes are evident with
increases in population growth (Klein Goldewijk et al., 2017), earlier inferences of human induced

changes to wildfire are more speculative.

Overall, the differing results from the research on the importance of different drivers of palaeofire
raises interesting questions about whether the general observed relationships from the modern day are

applicable to fire in the past.

1.6. Reconstructing palaeofire and its drivers

Reliable reconstructions based on palacodata are required to test the relationship between fire and its
drivers. The following sub-sections introduce the different methods used to reconstruct fire and its
drivers on palaeo-timescales, with a focus on approaches based on using data from sedimentary
archives to reconstruct fire, vegetation or climate, and the use of radiocarbon dates on archaeological

material to reconstruct human influence.

1.6.1. Reconstructing fire

Several data sources have been used to identify historical fire activity, such as historical written
records, dendrochronological fire-scar data, chemical markers in ice-cores, and charcoal in lake

sediments and peat bogs (Conedera et al., 2009).

Historical written records give an indication of fire in the past beyond the instrumental record. For
example, in California there are written records of wildfires on state and federal lands in some areas
from 1910 onwards (Keeley and Syphard, 2015). Historical records of burned area from Australia
(from 1950), Canada (from 1985), Chile (from 1980), Europe (from 1980) and the USA (from 1984)
have recently been compiled into an online dataset called ONFIRE (Gincheva et al., 2024). Although
these historical data are clearly limited in space and scale, they provide a high temporal resolution

record of fire activity over the past century.

Dendrochronological fire-scar data provides records of past fires typically spanning centuries to
millennia (Margolis et al., 2022), where the longest multi-millennial records are based on the giant
sequoia (e.g. Swetnam, 1993). Fire scars have also been identified on fossil trees from the late
Triassic, providing fire information for periods further back in time (Byers et al., 2014, 2020). The

annual resolution of tree ring data, coupled with the relatively long length of records provide a
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measure of local fire events. Whilst each measure is essentially only a record of very local fire,
multiple measurements can be taken in forest stands, and data can be compiled to represent broader
areas. For example, the North American tree-ring fire-scar network is a compilation of forest scar data
enabling regional analysis (Margolis et al., 2022; Fig. 1.3). Fire-scar dendrochronological data is

limited to fires that are non-lethal (Conedera et al., 2009).
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Figure 1.3: Dendroecological fire scar data locations in North America, compiled from the North American

tree-ring fire-scar network. Location data from Margolis et al. 2022.

The use of chemical markers within ice-cores makes use of the chemical release of tracers during a
fire, their deposition and subsequent storage in ice. There are multiple types of chemical species that
have been used to construct vegetation burning, including species with multiple potential sources,
such as ammonium or formate, or those specific to biomass burning, such as levoglucosan (Rubino et
al., 2016). One weakness of the general approach is the reliance on long-distance transport of the
chemical markers from the burning source to the core location which depends on suitable
meteorological conditions (Rubino et al., 2016). Most ice-core records of fire only cover the past 2000
years (Rubino et al., 2016), although there are examples of analysis of fire signals for the Holocene

period (Zennaro et al., 2015) and for the last glacial interval (Fischer et al., 2015).

Incomplete combustion of organic material produces charcoal, which is then preserved in water

bodies, bogs and soils. Whilst the majority of fire records derived from charcoal are from sedimentary
cores from water bodies or bogs, charcoal from soils, fluvial deposits and marine sites have also been
used to investigate fire at different spatial scales. Soil charcoal, for example, has been used to identify

local fire episodes, with individual macrocharcoal samples radiocarbon dated (e.g. Carcaillet, 2001;
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Gavin et al., 2003a; Hoffman et al., 2016; Robin & Nelle, 2014). However, it can be challenging to
chronologically determine stratified layers in soil because of bioturbation, erosion and uprooting
(Carecaillet, 2001; Lertzman et al., 2002; Gavin et al., 2003a). In contrast, due to the relative stability
of lake and bog sediment, an assessment of the quantity of charcoal through time can be made , based
on counting seasonal layers within the core (varve counting), or by dating material from the core
using different dating methods (e.g. radiocarbon, Pb-210, tephra) and by modelling age-depth
relationships (e.g. Whitlock and Larsen, 2001; Brenner and Kenney, 2013) (e.g. Fig, 1.4).
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Figure 1.4: Age model example. Calibrated dates through the core are used to construct an age model through

time

Changes in charcoal abundance are then taken to represent the fire history of the area. The rate of
charcoal accumulation — the count, area, or mass of charcoal per cm per year — depends on both the
characteristics of the fires and on the processes that transport charcoal to the site (Whitlock and
Larsen, 2001). Whilst charcoal accumulation in relation to airborne deposition can occur during or
shortly after a fire based on wind conditions, the record will also include charcoal introduced during
non-fire years, from sediment run-off or sediment mixing within the water body (Whitlock and
Larsen, 2001). Based on calibration studies of charcoal deposition and known fires, the length of this
lag depends on the water body site characteristics. For example, no lag was found in relation to fires
in flat or gently rolling landscapes in boreal Canada (Hennebelle et al., 2020) whereas other studies
suggest this is a vital element to consider in assessing fire history (e.g. Whitlock and Millspaugh,

1996; Higuera et al., 2005; Duffin et al., 2008).
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The timescales for sedimentation can vary dramatically even within a single core, so most charcoal
records tend to provide information on fire history at decadal or centennial scales. Further, data also
varies between core sites and is influenced by the research design which determines the depth of the
core and the sampling resolution. The underlying research question also dictates the type of charcoal
being assessed and in turn the method of charcoal analysis. The use of pollen slides, for example,
where counts or area of charcoal is calculated within core intervals, is typically used to assess longer
periods of change (Whitlock and Larsen, 2001; Conedera et al., 2009). In contrast, sieving, where
material is washed and sieved, with counts of charcoal measured per volume; or image analysis,
where software is used to identify charcoal particles, is often performed contiguously throughout a
core to generate a more detailed temporal record of fire (Whitlock and Larsen, 2001; Conedera et al.,
2009). Charcoal is typically measured in terms of concentration (mm? per cm®), charcoal counts per
volume, or influx (i.e. cm? pieces per year). A distinction is normally drawn between analysis of small
pieces of charcoal, with particles less than 100pm in size analysed using pollen slides, and analysis of
macroscopic charcoal, although in both cases charcoal is generally assessed as accumulation rates or

particle numbers (Whitlock and Larsen, 2001).

Microscopic charcoal is generally used to infer a broad picture of regional fire history due to the
potential long-distance deposition of small particles, with, for example, a calibration study by Duffin
et al. (2008) finding that more than half of charcoal particles less than 50 pm in length came from
more than 15km away from core sites. In contrast, macroscopic charcoal is generally used to identify
a more local signal. Recent analysis of sedimentary charcoal for palaeofire research has tended to
focus on macroscopic rather than microscopic charcoal (Marlon et al., 2016). Although there is some
evidence that macroscopic charcoal can be transported long distances (Tinner et al., 2006; Cui et al.,
2020), most macroscopic charcoal is deposited close to the fire edge (Tinner et al., 2006). Despite
these expected general differences in transport, there are wide estimates for source location for
sedimentary charcoal. As a result, Vachula (2020) suggests a broad measure of 50km? as the source
area for fires and particles of all sizes. In practice, regional and global studies have tended to include

both micro and macro charcoal, to increase spatiotemporal coverage.

Whilst charcoal analysis has typically been used to identify broad-scale patterns of landscape burning,
it can be used to identify fire events, based on identifying particle counts above background levels
(Clark and Royall, 1996; Higuera et al., 2010). In order to identify charcoal peaks however, records
must have relatively high temporal resolution, have sufficient particle counts to identify these peaks,

and relatively stable sedimentation rates (Marlon et al., 2016).
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Figure 1.5: Charcoal site locations from the Reading Palaeofire Database (Harrison et al., 2021)

One of the key benefits of using sedimentary charcoal data for global and regional fire reconstructions
is the quantity of data available, reflecting the combined efforts and openness of the sedimentary
charcoal research community. For example, the Reading Palaeofire Database (RPD) (Harrison et al.,
2022), includes 1676 charcoal records from 1480 sites globally, compiled from the Global Paleofire
Database (http://paleofire.org/), PANGAEA (https://www.pangaea.de/), NOAA National Centers for

Environmental Information (https://www.ncdc.noaa.gov/data-access/paleoclimatology-data), the

Neotoma Paleoecology Database (https://www.neotomadb.org/), the European Pollen Database

(http://www.europeanpollendatabase.net/index.php,), the Arctic Data Center

(https://arcticdata.io/catalog/) and directly from authors. However, despite the number of records,

there are spatial gaps (Fig.1.5), reflecting both the lack of suitable lake, bog or wetland sites in
typically arid areas and a bias towards sampling in the northern extratropics (Harrison et al., 2022).
This limits the ability to reconstruct fire in some regions. The variety of methodological approaches,
measurement types and site contexts, such as lake sizes and sedimentation rates, also makes
comparison between records challenging. Using data within the RPD, converting different
measurements to a standard measure of influx can generate values 14 orders of magnitude in
difference between records, reflecting a combination of differences in fire history and also site and
environmental characteristics. One widely followed three-step approach proposed by Power et al.
(2008) to deal with this issue is normalisation: firstly, charcoal influx values are re-scaled by minmax
transformation; these values are then Box-Cox transformed to homogenise variances, and; finally
these values are then converted into site-based z-scores. However, comparison between records is still
limited to relative changes, and is dependent on the length and timing of core chronologies. Finally,

and in common with many of the other approaches to reconstruct fire, the question of what is really
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being measured from a fire regime context remains difficult to identify. Different authors have used
charcoal accumulation as a proxy for various fire regime elements, such as burned area (Higuera et
al., 2011; Leys et al., 2017), fire frequency (Power et al., 2006; Prince et al., 2018) or fire intensity
(Colombaroli and Gavin, 2010). Furthermore, charcoal itself is an imperfect means to capture the fire
record, as very high temperature fires generate soot rather than charcoal, and very low temperature
fires may not char vegetation (Whitlock and Larsen, 2001) and thus not be detected at all (Higuera et
al., 2005). The variety of factors that can be used to describe a fire regime — the fire frequency, spatial
scale, intensity, seasonality etc. — are contained within the charcoal record as a single measure. For
example, a fire regime characterised by frequent low intensity fires may generate the same quantity of
charcoal as less frequent more intense fires, if the temporal resolution is insufficient to characterise
distinct fire events. This lack of precision may confuse the interpretation of charcoal as a fire record,
and alternative approaches have been developed, such as assessing the morphology and structure of
charcoal to infer fire intensity and type of fuel burnt (Enache and Cumming, 2006; Jensen et al.,
2007), or the chemical composition of charcoal fragments to estimate fire intensity (Gosling et al.,
2019). These alternative approaches are still in their infancy, however they have been applied to only

a relatively limited number of sites.

Although these challenges point to limitations in terms of the use of charcoal in inferring fire history,
calibration studies have been able to reconstruct recent fire history using charcoal data (Duffin et al.,
2008; Adolf et al., 2018; Hennebelle et al., 2020; Vachula et al., 2020). Additionally, the spatial and
temporal coverage of the pool of charcoal records is unmatched compared to other fire reconstruction

approaches.

1.6.2. Reconstructing vegetation

Although there are studies that make use of other methods to reconstruct vegetation such as
biomarkers (e.g. Hughen et al., 2004; Jansen et al., 2010; Ortiz et al., 2013) or macrofossil remains in
sediments (Birks, 2014), most reconstructions are based on the use of pollen (Prentice, 1988; Bunting
et al., 2013; Sepp4, 2013). Fossil pollen from sedimentary cores represents an archive of vegetation
change through time, with age-depth chronology determined by layer counting or dating of core

material (see section /.6.1 Reconstructing fire).

Pollen samples are typically represented as percentages, based on the relative counts of taxa within
the sample. Whilst identification of species from pollen grains is possible in some cases, generally
pollen is only identifiable at genus (e.g. Pinus), or family (e.g. Poaceae) level (Seppé, 2013).
Although early surface sample analysis confirmed the relationship between pollen abundance and

vegetation, these same analyses indicated that pollen is biased towards certain taxa (Prentice, 1988).
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Well represented taxa are usually wind rather than insect pollinated (Prentice, 1988); additionally,
some taxa have pollen that does not necessarily survive the sedimentation process (e.g. Populus
(Sangster and Dale, 1961; Cushing, 1967). Another finding from early surface sampling studies was
that the source area of pollen was dependent on the sampling location characteristics, with larger lakes
and mires representing regional vegetation, and samples from smaller lakes, bogs and forest hollows
tending to represent more local vegetation (Bradshaw and Webb, 1985; Prentice et al. 1987; Jackson,
1990; Calcote, 1995). Although pollen quantities decline with distance from the source, pollen counts
reflect both local and longer distance pollen transport, with pollen dispersal distances varying by taxa
due to differences in pollen morphological characteristics (Cain, 1939; Prentice, 1988). As well as
differences in transport, the amount of pollen produced by species (“pollen productivity”) can be
substantially different: recent reconstructions of vegetation for Europe that take account of pollen
productivity, for example, use estimates that A/nus produces ca. 16 times more pollen than Acer
(Githumbi et al., 2022; Serge et al., 2023). Pollen represented in surface or sedimentary samples
therefore reflects a combination of factors, including taxa abundance, but also the relative quantity of
pollen produced and the characteristic pollen dispersal distances by taxa, as well as the source type
and size. This implies that care needs to be taken in interpreting fossil-based pollen diagrams as

representative of changes in vegetation through time.

There are a variety of quantitative methods that have been applied to sedimentary pollen data. The
most widely used include biomisation, the modern analogue technique (MAT), and the landscape

reconstruction algorithm (LRA). The following section provides a brief overview of these methods.

Biomisation: The biomisation method was first introduced by Prentice et al. (1996), based on the
categorisation of taxa to PFTs, and PFTs to biomes. The first stage of the approach is to assign taxa to
PFTs. Although definitions and categorisations differ, PFTs generally represent broad categories
containing taxa with similar traits and responses to environmental factors (Harrison et al., 2010), with
PFTs constrained by bioclimatic constraints (Prentice et al., 1996). Taxa can be potentially assigned
to more than one category, because at the taxon level they may include several species with different
responses to the environment, or the species themselves may be highly adaptable to the environment.
For example, in the categorisation of European species, Prentice et al. (1996) assign Abies to either
the “boreal evergreen conifer” or “cool-temperate conifer” PFTs. Re-categorisation of taxa to PFTs
after initial assignment is possible at this stage to match target vegetation maps and bioclimatic limits.
Following assignment of taxa to PFTs, PFTs are assigned to biomes, based on the bioclimatic range in
which they are dominant. Based on these two assignments, taxa can then be assigned to biomes in a
presence absence matrix. For the “boreal evergreen conifer” PFT in Europe, Prentice et al. (1996)
assign this PFT to “Taiga”, “Cool conifer forest”, or “cool mixed forest”. This then provides the basis

for pollen sample categorisation, with affinity scores for each biome calculated based on the sum of
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each taxa abundance, constrained by the biome/taxa matrix. As shown in Equation 1, a square root
transformation of pollen abundances is used to stabilise the variance and to increase the sensitivity to
less abundant taxa, and a threshold value 0; (typically 0.5%) is used to reduce noise in sample

assignment.

Aik = Z] 61] \/{max [0, (p]k - 6])]}
Equation 1.1: Biomisation affinity calculation. Au is the affinity of pollen sample k for biome i; summation is

over all taxa j; 0j is the entry in the biome - taxon matrix for biome i and taxon j; pj are the pollen percentages,

and 6j is a threshold pollen percentage (Prentice et al., 1996)

The approach has been used extensively since its development (Williams et al., 1998; Pickett et al.,
2004; Gotanda et al., 2008; Ortega-Rosas et al., 2008; Tarasov et al., 2013; Marinova et al., 2018; Sun
et al., 2020), as it represents an intuitive approach to regional-scale vegetation reconstruction and can
make use of pre-existing PFT and biome classifications. The key challenge with this approach is in
the classification of taxa to PFTs, which is based on subjective expert opinion, and which may vary
based on region of study (Prentice et al., 1996; Prentice and Webb 111, 1998). Additionally, the
discrete classification of samples to biomes can lead to identical or very close affinity scores. The tie-
break rule, which assigns samples with identical affinity scores to the biome defined with less PFTs,
helps resolve the issue of identical affinity scores. However, in cases of identical or very close affinity
scores, biomes from a single location may alternate rapidly based small changes in taxa abundance
(the “flickering switch” problem) (e.g. Allen et al., 2000; Marchant et al. 2001; Allen and Huntley,
2009; Fyfe et al., 2018). For example, Allen et al. (2000) identified potential misclassification of the
vegetation for an Italian record during some periods of its history due to small changes in rare tree

pollen.

Pseudobiomisation (Fyfe et al., 2010), which classifies pollen taxa into land-cover classes, including
pastoral and arable land, rather than PFTs, is a modification of this technique and has been applied to
reconstruct land cover in Europe (Fyfe et al., 2010, 2015; Woodbridge et al., 2014a; Roberts et al.,
2018). Rules for defining semi-open and mixed classes are based on comparing affinity scores and
(for mixed classes) class coverage values (Fyfe et al., 2010; Woodbridge et al., 2014b). Whilst the
approach is intuitive and can generally replicate the patterns of vegetation change for other more
complex reconstructions (Roberts et al., 2018), the approach is limited to generating broad
classifications, and the rules for assigning classes based on affinity scores can appear somewhat

arbitrary.

Modern analogues: The MAT (Overpeck et al., 1985; Guiot, 1990; Jackson and Williams, 2004) has

been applied to reconstruct vegetation in terms of biomes (Overpeck et al., 1992; Williams et al.,
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1998; Wang et al., 2020), tree cover (e.g. Williams, 2003; Zanon et al., 2018) and vegetation types
(Liu et al., 2021). Vegetation reconstructions using MAT are based on the idea that pollen
assemblages are from the same type of vegetation (Jackson and Williams, 2004). Modern pollen
samples are classified as discrete classes (as with biomes) or compared with modern tree cover maps,
with these classes/values transferred to fossil pollen assemblages most analogous to the modern
assemblages. There are a number of distance metrics designed to measure similarity between modern
and fossil assemblages (Prentice, 1980; Overpeck et al., 1985), but most typically squared chord
distance is applied (Equation 1,2) (Overpeck et al., 1985; Gavin et al., 2003b).

dij = Z (o — \/ﬁ)z

Equation 1.2: Squared chord distance calculation. The dissimilarity between samples i and j is calculated as the
squared sum of the (root) differences in proportion for each pollen type (k) in each assemblage (Overpeck et al.
1985).

The threshold level of similarity to be considered an analogue depends on the distance metric, the
characteristics of the fossil and modern datasets, and the scale of analysis (Jackson and Williams,
2004), and is not straightforward to define. Whilst averaging across the closest analogues has been
applied for reconstructing tree cover (e.g. Zanon et al., 2018), for discrete classes such as biomes,
ultimately a single class must be selected, with the potential for “flickering switch” issues as for
biomisation. The no-analogue situation, where fossil pollen has no modern analogue due to a
restricted collection of modern samples or where species combinations occured under climatic
conditions that are not found today (Chevalier et al., 2020), can also represent a challenge to the
technique. One approach, such as classifying species into similar PFTs has been applied to help
reduce this issue (Davis et al., 2003). However, this also raises the same question as with biomisation

about the appropriate assignment of taxa to PFTs.

To capitalise on the relative simplicity of the biomisation approach and the rigorous statistical basis of
the MAT, a recently developed approach by (Cruz-Silva et al., 2022) combines the techniques and has
been applied eastern Mediterranean (Cruz-Silva et al., 2024: Fig. 1.6). With this approach, a map of
potential natural vegetation is used to characterise modern pollen assemblages into biomes. The
within biome-variability based on modern pollen samples is then calculated for each biome in terms
of the mean, range and standard deviation for each taxon in the modern set. These statistics are then
used with fossil pollen data to build a dissimilarity index between each pollen sample and biome,
which approximates the probability that a given sample would be produced by a particular biome.
Non-analogue samples are then identified based on dissimilarity threshold values for each biome
using the modern pollen samples. In terms of biome reconstruction, this approach exploits the within-

biome variability to avoid the need for subjective assignment of taxa to PFTs with biomisation and
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minimises the flickering switch issue associated with the MAT by being more robust to minor

fluctuations in taxa abundance (Cruz-Silva et al., 2022).
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Figure 1.6: Biome reconstructions from Cruz-Silva et al. (2022) at 500-year intervals between 4,000 and 2,500
cal. BP for the Eastern Mediterranean-Black Sea Caspian corridor region. 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; WTF'S,
warm-temperate evergreen needleleaf and sclerophyll broadleaf forest; XSHB, xeric shrubland. Adapted from
Cruz-Silva et al. (2022: Supplementary Fig. 2).

Landscape reconstruction algorithm: Process-based modelling approaches, which represent the
relationship between species vegetation cover and pollen percentages (Davis, 1963), can be used to
reconstruct landscape level vegetation quantitatively. Building on the earlier work of Davis (1963),
who formalised the R-value framework for adjusting observed pollen species abundances to modern
vegetation cover, the Extended R-value (ERV) model allowed estimation of R-values based on
multiple sites using either estimations site-specific differences or maximum likelihood, and
incorporated background “long distance” pollen within the model (Parsons and Prentice, 1981). In
turn, this approach has been developed further into a suit of methods including the Multiple Scenario
Approach (Bunting and Middleton, 2009), MARCO POLO (Mrotzek et al., 2016) and the Extended
Downscaling Approach (Theuerkauf and Couwenberg, 2017). However, the most widely applied
process-based modelling approach is the Landscape Reconstruction Algorithm (Sugita, 2007b, a).
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The LRA is a comprehensive modelling approach used to estimate the relative proportion of each type
of vegetation, which corrects for differences in pollen productivity, pollen dispersal, and source area
(Sugita, 2007b, a). The LRA consists of two models: Regional Estimates of Vegetation Abundance
from Large Sites (REVEALS) and Local Vegetation Estimates (LOVE), designed to estimate

vegetation at the regional and local scale respectively.

The REVEALS model has been applied in many regions of the Northern Hemisphere (e.g. Hellman et
al., 2008a; Sugita et al., 2010; Cui et al., 2013; Li et al., 2020; Githumbi et al., 2022; Serge et al.,
2023) to calculate regional vegetation abundance in proportions using fossil pollen counts from large
(>50ha.) lakes (Sugita, 2007a). Although REVEALS can also be applied to small lakes and bogs, the
estimated standard errors increase, although this can be countered by combining multiple small sites
(Trondman et al., 2016). The inputs required to run REVEALS include original pollen counts, relative
pollen productivity estimates (RPPs) and their standard deviation to reflect differences in pollen
production by taxa, the fall speed (FS) of pollen to reflect difference in pollen dispersal, the basin type
(lake or bog), the size of the basin, maximum extent of regional vegetation, wind speed, and
atmospheric conditions (Githumbi et al., 2022). Whilst the FS of pollen can be calculated based on
diameter and density of pollen using Stokes’ Law (Gregory, 1973), and wind speed, atmospheric
conditions and maximum extent of regional vegetation are generally assumed as constant, the
requirements for basin sizes and RPPs (in particular) can be challenging. The LOVE model is
essentially a further step following application of the REVEALS model (Sugita, 2007b). LOVE
specifies and then subtracts background pollen, reflecting consistent pollen loading from regional
vegetation at similar sites, to estimate a reconstruction of local vegetation within the site source area

(Sugita et al., 2010).

Estimates of RPPs of individual species are derived from field data. However, RPPs are only
available for a limited number of taxa even in those regions where the REVEALS has been used to
reconstruct vegetation patterns (Harrison et al., 2020; Wieczorek & Herzschuh, 2020). Furthermore,
RPPs are not available for many regions of the world. Regional variations in species may mean that
existing estimates of RPP are inaccurate for specific regions (Wieczorek & Herzschuh, 2020). A
recent reconstruction of European vegetation found increasing the number of (mostly entomophilous)
included taxa (from 31 to 46 taxa), and changes to RPP estimated values reduced the quality of the
reconstruction, showing that the quality rather than the number of RPP estimates is most important

(Serge et al., 2023).
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1.6.3. Reconstructing climate

Meteorological station data can provide information about historical climates in some areas, with the
longest records stretching back hundreds of years (Jones and Bradley, 1992; Jones et al., 1999).
However, reconstructions of longer periods of climate assume that climate controls are visible in
environmental records, i.e. that changes in a measured record represents a proxy for changes in
aspects of the climate. There are many different records that have been used to infer changes in

climate.

Dendroclimatology, for example, typically makes use of variations in tree ring width to reconstruct
climate variables, with tree ring widths measured and averaged across a site with typically 10 to 20
trees (Fritts et al., 1980; Sheppard, 2010). Cross dating between the measurements of patterns in tree
rings is applied to ensure accurate tree ring chronology (Douglass, 1941; Fritts et al., 1980). These
widths are then calibrated against meteorological records of climate variables, with a variety of
statistical techniques applied (Fritts et al., 1980). Site selection plays a key role in determining the
variables to be measured, with tree ring width mainly determined by precipitation or soil moisture
limitations in semi-arid areas, by growing season temperature in high elevation or high latitude areas,
and a mixture of temperature and precipitation in moist temperate forests (Sheppard, 2010;
Anchukaitis, 2017). These variations make combining site measurements a challenge, as different
locations may be affected by different climate variables in space and time (Fritts et al., 1980).
Additionally, differences in methodology can impact reconstructions (Biintgen et al., 2021).
Dendroclimatology is limited to Holocene reconstructions and to areas with long standing tree cover,
although the expansion of the approach to non-traditional tree species may increase the future spatial

coverage associated with the technique (Pearl et al., 2020).

In contrast to tree-ring data, analysis of ice core records allows very long-term high-resolution
analysis of temperature and precipitation, albeit at a regional resolution. Dating of cores is based on a
combination of methods, such as annual layer counting based on seasonal cycles of chemical species,
and reference horizons (e.g. volcanic eruptions) (Legrand and Mayewski, 1997). Isotopic analysis of
(typically) water isotopes within the core provides information about local temperatures (Jouzel et al.,
1997; Jouzel, 2013). The ice-core record for the Antarctic (Jouzel et al., 2007) covers the past 800,000
calendar years before 1950 CE (cal. BP) and the past 123,000 cal. BP in Greenland (Andersen et al.,

2004). The major challenge with ice core data is the limited spatial coverage of the record.

Speleothems provide a means to reconstruct climate variables based on the slow build-up of mineral
deposits in caves, fed by drip water. As their formation is controlled by precipitation and the cave

microclimate, they provide a climate record through time, primarily based on measurements of
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oxygen isotopes (Lechleitner et al., 2018; Parker et al., 2021). Speleothem deposits are normally dated
by Uranium-Thorium dating, which allows for dating to ca. 600,000 cal. BP (Spotl and Boch, 2019).
The relatively slow accumulation of deposits mean that interval measurements are typically annual to
decadal (McDermott, 2004). However, the timing of the climate signal is smoothed by the transport of
water through the karst system, the extent of which varies from site to site (Comas-Bru et al., 2019).
A major challenge associated with speleothems lies in teasing out the different processes that that may
cause variations in oxygen isotope values, including changes in temperature, precipitation, moisture

sources and circulation dynamics, and variations in cave conditions (McDermott, 2004).

Climate reconstructions based on chironomids in lake sediments are one of a number of species
indicator approaches to reconstructing climate. Community composition of chironomid species is
dependent on summer temperature changes, with modern training sets of chironomids used to
calibrate composition/temperature relationships based on statistical techniques such as weighted
average partial least squares (WA-PLS), or the MAT (Eggermont and Heiri, 2012) (WA-PLS and the
MAT are discussed in more detail in relation to pollen in Pollen-based climate reconstructions; see
below). As with charcoal and pollen deposits in sediments, the depth of the sediment determines the
length of the chironomid record, modified by sedimentation rates. One challenge associated with
chironomid data is that as well as temperature, assemblages may be influenced by other
environmental variables such as lake oxygen or pH levels, thus possibly compromising the underlying
reconstruction (Velle et al., 2005). Similarly, chironomid growth may be more dependent on water
temperature, rather than air temperature, and so in areas where the relationship between summer water
temperature and water temperature is distorted by hydrological effects, the link between chironomids

and air temperature may be affected (Eggermont and Heiri, 2012).

Pollen-based climate reconstructions: The long-term preservation of pollen in anoxic environments

can be used to generate a record of climate changes through time. Unlike other climate proxies, the
spatial coverage of pollen data is near-global, with open access online databases such as Neotoma
(Williams et al., 2018), which contains multiple constituent pollen datasets such as the African Pollen
Database (Lézine et al., 2021) and European Pollen Database (Fyfe et al., 2009), facilitating
quantitative climate reconstructions at regional to continental scales (Bartlein et al., 2011; Chevalier
et al., 2020). As well as site-based estimates, the wide dispersal and concentration of pollen sites has
also permitted the creation of interpolated gridded surfaces of climate values (e.g. Davis et al., 2003;

Sawada et al., 2004; Mauri et al. 2014; Mauri et al., 2015) (Fig.1.7).
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Figure 1.7: Interpolated summer temperature anomalies between 6,000 cal. BP and present, based on pollen

data. Adapted from Mauri et al. (2014: Fig. 4).

The use of fossil pollen data to reconstruct climate is based on the principle that plant species
distribution patterns are predominantly determined by the prevailing climate space. Bioclimatic
variables, which represent specific aspects of the climate that best relate to species physiology such as
mean temperature of the warmest month (MTWA) or the ratio of annual actual to equilibrium
evapotranspiration (a), place bioclimatic limits on plant taxa ranges (Harrison et al., 2010).
Vegetation composition contains information about distinct aspects of climate, based on the different
responses of taxa to different bioclimatic variables (Huntley, 1991; Bartlein et al., 2011). This
multivariate element separates pollen from (most) other reconstructions of climate, which tend to

reflect level climate descriptions (i.e. warmer, more precipitation) (Chevalier et al., 2020).

Most approaches to pollen-based climate reconstruction attempt to model relationships between
climate variables and vegetation in the modern day, and apply this relationship to fossil pollen data
(Chevalier et al., 2020). Changes in climate are therefore assumed to be reflected in the pollen record,
with evidence suggesting the lags between these changes are around 100 years or less (e.g. Williams
et al., 2002; Harrison and Sanchez Goili, 2010). Several general assumptions underlie this approach
(e.g. Huntley, 1993; Birks et al., 2010): i) species included within the modern (training) and fossil
datasets are systematically related to the climate where they live; ii) climate variables reconstructed
determine the vegetation and pollen assemblage; 1iii) the relationship between climate and species has
not changed through time; iv) other environmental variables such as soil properties have a negligible
or consistent impact on the fossil data; v) calibration functions have sufficient predictive power to

represent the complexity of relationships between species and climate. However, these assumptions
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can be challenged by, for example, human modification of the landcover changing the modern
relationships between pollen and climate, or in terms of changes in CO; through time and the affect
that this may have on species climatic limits (Chevalier et al., 2020) (although see Prentice et al.
(2022) for a way to account for CO; variation in reconstructions). Taking these, and other factors into
account in the selection of sites, species and methods is an important step in utilising pollen-based

reconstruction techniques.

There is a wide range of pollen-based techniques, which, can be grouped following Chevalier et al.
(2020) as: indicator species approaches, classification-type approaches, regression approaches, the

process-based approach.

Indicator-species approaches construct climate variables based on the bioclimatic envelopes of pollen
taxon, with early work using the presence/absence of one or a few species to reconstruct climate
(Iversen, 1944). This generalised approach has been extended, with, for example, the probability
distribution function (PDF) approach (Kiihl et al., 2002) based on overlapping presence/absence of
species within climate envelopes, with the probability of observing a climate value conditional on the
presence of taxa present. As some climate values are more abundant than others within a given study
area, climate values are weighted by the inverse of their abundance so that the PDFs do not
inadvertently reflect this frequency (Kiihl et al., 2002). Climate reconstructions are then based on the
presence of taxa within the record, with the joint PDF providing the most likely climate value. This
approach has been found to underestimate past climate variability (Litt et al., 2009; Kiihl et al., 2010),
in part due to the broad range of bioclimatic envelopes for many species and the limits that
presence/absence data provides, whereby a single pollen grain for a taxon can have the same influence

on the reconstruction as a more abundant taxon (Birks et al., 2010).

Classification-type approaches compare modern pollen assemblages with fossil pollen assemblages,
identifying the most similar analogues. The climate spaces of the modern analogues are then used to
reconstruct past climate. MAT (Overpeck et al., 1985; Guiot, 1990; Jackson and Williams, 2004) is an
example of this approach (e.g. Cheddadi et al., 1996; Davis et al., 2003; Mauri et al., 2015), and is
discussed above in relation to vegetation reconstructions (/.4.2 Reconstructing vegetation). The
average across multiple analogues can be used to reconstruct climate variables, which helps to prevent
potential inaccuracies from relying on selecting the single best match in pollen percentage (Jackson
and Williams, 2004; Chevalier et al., 2020). However, the maximum number of potential analogues to
include when applying the classification is subjective. As with reconstructing vegetation, MAT-based
reconstructions of climate also require decisions regarding thresholds and are subject to non-analogue

situations.
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Regression-based approaches model the relationships between climate variables and modern pollen,
and apply these relationships to fossil pollen assemblages. WA-PLS (ter Braak and Juggins, 1993) is
an example of such an approach (e.g. Tonello et al., 2009; Salonen et al., 2012; Wang et al., 2014),
which builds on the distinct weighted averaging approach used to reconstruct climate with pollen (ter
Braak and Looman, 1986; ter Braak and Juggins, 1993) and partial least squares regression. Based on
the assumption that species are more abundant in environments in climates to which they are suited,
weighted averaging calculates the average climate conditions suitable for each taxon, weighted by
abundance, and then applies this relationship to fossil pollen, weighting climate optima by abundance
(ter Braak and Looman, 1986). The use of partial least squares reduces the potential issue of
multicollinearity in taxa responses to climate and considers residual correlations in the underlying
data when estimating species optima (ter Braak and Juggins, 1993). Cross validation is used to
identify the best (minimum) number of components (Chevalier et al., 2020). A recent modification of
the technique — frequency adjusted tolerance weighted WA-PLS (fxTWA-PLS) - helps to reduce the
tendency for WA-PLS to produce reconstructions that underestimate the amplitude of climate
changes, by considering variable climate tolerances by taxa, and the frequency of climate values in
the training dataset (Liu et al., 2020, 2023). One of the challenges associated with the WA-PLS
approach is that the relationship between species abundance and climate values are assumed to be
unimodal, which may not be the case for larger scale studies (Bartlein et al., 2011; Chevalier et al.,

2020).

Whereas other approaches seek to link pollen assemblages to the climate, the process-based inverse
modelling technique (Guiot et al., 2000) seeks to maintain the causality of the relationship from
climate to vegetation (e.g. Hatté and Guiot, 2005; Wu et al., 2007). Designed specifically to address
the issue of the impact of changing CO, concentrations on water-use efficiency and how this might
affect vegetation-climate relationships, this approach uses random climate values from modern
distributions and feeds these into a process-based vegetation model (e.g. BIOME3: Haxeltine and
Prentice, 1996) to generate PFT NPP estimates. These PFT NPPs are compared with the PFT profiles
of modern samples to generate a transfer function linking model output to pollen PFTs. The model is
then perturbed thousands of times with different changes in climate, and simulated outputs from the
model are then compared with fossil pollen PFTs. The reconstruction is based on selecting the climate
envelope that best describes the fossil pollen PFT. As well as dealing with the CO» concentration
issue, this approach is less sensitive than other techniques to non-analogue situations (Chevalier et al.,
2020). A weakness relates to the requirement to convert species to PFTs, which is arbitrary (Prentice
and Webb III, 1998), as well as the comparability of PFT productivity with pollen percentages
(Chevalier et al., 2020). Additionally, the approach is dependent on the underlying model, with
different models potentially generating different reconstructions. These model-output differences are

evident in the predictions of vegetation change under climate change (e.g. Sitch et al., 2008).
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1.6.4. Reconstructing human influences on fire

Humans influence fire regimes in the modern day though anthropogenic climate change, land use
change and direct fire activities such as ignitions, crop fire and fire management activities that modify
the characteristics of wildfires. In general, the impact of early hunter-gathers on fire, through lighting
fires and resource use is expected to be have been localised and sporadic (Scharf, 2010; Innes et al.,
2013; Gajewski et al., 2019), although evidence from Australia suggests that indigenous fire
management may have had a broader impact (e.g. Adeleye et al., 2021; Bird et al., 2024). However,
more regional-scale influences on the fire regime are more likely to have been associated with more
comprehensive land use changes following the spread of agriculture (Vanniere et al., 2011; Zennaro et
al., 2015). The differences in timing of the Neolithic across Europe - e.g. ca. 9,100 to 8,100 cal. BP
for southern Greece compared to after ca. 6,400 for Great Britain and Ireland (Silva and Vander
Linden, 2017) -together with different regional farming practices mean it is important to reconstruct

potential human influence in time and space.

There are two main approaches for directly estimating anthropogenic land use change over time. One
approach is based on the principle that land use changes can be closely tied to human population, and
per capita land use. The second approach aims to reconstruct vegetation patterns using sedimentary

records of pollen or other indicators, with these records highlighting changes in landcover.

Landcover changes as a function of population and per capita land use: The shift from foraging to

agriculture increased the potential carrying capacity of the land, leading to changes in human
settlement patterns and to population growth (Bocquet-Appel and Bar-Yosef, 2008). Prior to the
spread of agriculture, population size was likely to have been dependent on climatic conditions,
whereas this dependency was reduced once agriculture had become widespread (Palmisano et al.,
2021b). As populations increased over time, more land would have been converted to agricultural use,
except where technological development allowed more food to be grown in a given area, thus

reducing land-use per capita.

There are several modelled estimates of how land cover may have changed based on population and
per capita land use in Europe. Most approaches based on this method used a fixed or near constant
land use per capita through time (Pongratz et al., 2008; Klein Goldewijk et al., 2011, 2017), although
the KK10 estimates (Kaplan et al., 2009) increase land use per capita as a function of population
density. Land cover use estimates are therefore almost wholly reliant on population density estimates
(e.g. McEvedy and Jones, 1978), with the location of those changes based on assumptions regarding
the suitability of land for different types of agriculture. Underlying this approach is remote sensing

data from the present, and historical records of land use and population change. The relationship
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between population and land use is then hindcasted through time. A key source of uncertainty is the
change in population through time, with population prior to 1700 essentially an educated guess (Klein
Goldewijk et al., 2010). The different methodological approaches generate substantial differences in
pre-industrial land use. For example, global estimates of anthropogenic land use in 1,000 cal. BP vary
from 18Mkm? in KK 10 (Kaplan et al., 2011); 5.27Mkm?* in HYDE 3.2 (Klein Goldewijk et al., 2017);
2.96Mkm? in HYDE 3.1 (n.b. 950 cal. BP) (Klein Goldewijk et al., 2010); and 3.95 Mkm? in the
estimates by Pongratz et al. (2008) (n.b. 900 cal. BP). This has implications for estimates of
anthropogenic climate change during the Holocene based on land use and land use change (Harrison

et al., 2020).

Pollen and spore-based indicators of human impact: Pollen (and spore) data from sedimentary records

have been used to identify human impacts on the environment. In some instances, indicator species
have been used in pollen diagrams to provide evidence of the intensity of past land use. For example,
Behre (1981a, 1988) identified a range of pollen indicators that have been used in central and western
Europe to identify human impact, including cultivars, other species not native to a specific area
(“anthropochores”), and native species favoured by human activities (e.g. disturbance, “apophyts”).
Cultivar pollen identified included: Secale, which is readily identifiable but was only introduced in
Europe as a cultivar at a late period and existed as a weed at earlier times; Triticum, Hordeum and
Avena, which are identifiable but poorly dispersed; Linum usitatissimum and Vicia faba, both of
which are identifiable; and Cannabis, which can be confused with Humulus (Behre, 1981). A range of
secondary indicators include: Plantago lanceolata, which is seen as indicating disturbed grassland
and also potentially an indicator of fallow land, but which may be absent in some areas with grazing;
Rumex spp. which occur in weed communities, but which can also appear in fen vegetation; and
Chenopodiaceae, Artemesia and Urtica, which are associated with nitrogen rich areas in and around
habitations, but will also occur naturally in areas rich in nitrogen (Behre, 1981). As well as these
primary and secondary indicators, Deza-Araujo et al. (2020) identified a range of semi-quantitative
indicators that have been used to identify human pressure, which mostly include groups of species,
such as Cultural Indicators - Plantago lanceolata-type and Cerealia-type (excluding Secale) (Tinner et
al., 2003), OJCV - Olea, Juglans, Castanea, Vitis (Bevan et al., 2019; Roberts et al., 2019), and the
relative abundance of arboreal pollen with respect to non-arboreal pollen (Favre et al., 2008). The
performance of these indicators based on archaeological evidence across a range of sites in Europe
was mixed, with primary indicators performing well in the areas for which they were developed, but
secondary indicators occasionally providing evidence for increasing human impact that was
inconsistent with archaeological evidence (Deza-Araujo et al., 2020). In addition to pollen, spores
from coprophilous fungi (e.g. Sporormiella) have been used to represent grazing in sedimentary
records (van Geel et al., 2003; Etienne et al., 2015; Zhang et al., 2021). One of the challenges in the

use of spores is separating wildlife and livestock signals (Feranec et al., 2011). Additionally, the
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number of sedimentary pollen records where measure coprophilous fungi have been measured is

limited, making it difficult to apply this indicator at a regional scale.

In general, the use of indicator species to reconstruct human activity is limited by the ability to
identify cultivars in the pollen assemblage, the challenge of identifying a human signal from
secondary indicators such as fungal spores, and by the inconsistent and limited inclusion of indicator

pollen or spores within pollen diagrams.

Vegetation reconstruction approaches have also been used to reconstruct anthropogenic land cover
changes using the full pollen assemblage. For instance, the biomisation approach has been adapted to
reflect land cover classes rather than biomes (“pseudobiomisation”: Fyfe et al., 2010, 2015), and the
REVEALS approach used to map open land and Cerealia through time (e.g. Githumbi et al., 2022).
However, the amount of agricultural land may be mis-estimated in these approaches because of the
difficulty of identifying cultivars other than cereals, the under-representation of cereals in pollen
assemblages, or where wild grasses are erroneously identified as cereals. Recently, REVEALS-based
vegetation reconstructions have also been used indirectly to infer cumulative human influence through
time, by comparing landscape reconstructions to DGVM-generated potential natural vegetation
estimates based on climate simulations (Zapolska et al., 2023). However, this approach is dependent
on the accuracy of the modelled potential natural vegetation and the ability of the REVEALS

reconstructions to accurately reflect the landscape.

Human influence and archaeological radiocarbon: Data-based estimates of population change have

been used to identify increasing pressure on the landscape. One approach for inferring population
change makes use of radiocarbon dates on archaeological material, with large-scale open-source
datasets facilitating analysis (e.g. p3kl4c: Bird et al., 2022; XRONOS: Hinz and Roe, 2024). The
“dates as data” approach relies on three assumptions in an inferential chain: 1) a larger population
would leave a larger quantity of archaeological material; 2) a larger quantity of material would lead
to a greater quantity of that material being preserved; and 3) the greater quantity of material would
lead to a greater chance that this would be discovered through archaeological study (Rick, 1987). At
one level, spatially independent site counts based on available archaeological (radiocarbon) data
provide an indication of the relative population in an area, with more sites at a given time implying
higher population levels (e.g. Bocquet-Appel et al., 2005, 2009; Mellars and French, 2011). Although
the size of the settlement is assumed to be consistent and unchanging through time (Palmisano et al.,
2017), this simple metric is intuitive and can be used as a first means of assessing environmental
pressure. Alternatively, the use of summed probability distributions (SPDs) of calibrated radiocarbon

dates is gaining popularity in archaeology (Williams, 2012). The approach combines radiocarbon
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calibration curves into a single summed curve, with peaks taken to represent relatively higher

population levels, and troughs representing lower populations (e.g. Fig. 1.8).
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Figure 1.8: Summed probability distribution for Iberia between 10,000 and 3,500 cal. BP, with a running mean
of 200 years. Archaeological data from multiple sources (see Sweeney et al. 2021 for details)

Over time there have been multiple methodological developments associated with this approach, and
alternative approaches suggested, principally based on addressing potential recognised biases. These
biases are mostly associated with direct interpretation of the SPD as a population measure, and
include sampling error, heterogeneity in sampling intensity, spatial averaging and non-stationarity,

taphonomic loss, and calibration error (Crema, 2022).

Sampling error refers to the question of whether the available radiocarbon data is representative of the
population of dates, irrespective of certainty of the relationship between the dates as data approach
and populations (Crema, 2022). Whilst the possibility of sampling error is reduced by ensuring
sufficient sample numbers — analysis by Williams (2012) suggested a minimum of 500 dates to
confidently reproduce SPD population plots — what constitutes a minimum number of samples is
dependent on the level of precision required, with a small number of samples sufficient to identify
broad trends confidently, but larger numbers needed to address specific spatiotemporal changes

(Crema, 2022).

Differences in sampling intensity are a function of bias in research effort at a site level. For example,
the interest in precisely dating the period of Neolithisation at a site may mean substantially greater

numbers radiocarbon dated material from this period (Crema, 2022). Taken as a whole, an SPD for a
region may then see a peak in density reflecting this research interest, rather than a true reflection of

the underlying population density (Mithen and Wicks, 2021). Although there are approaches to

36



dealing with this bias - binning radiocarbon dates for a site within a certain data range to limit
oversampling of an individual site (Shennan et al., 2013; Timpson et al., 2014) is now standard
practice — this issue persists in relation to SPD edge effects approaching the present day. Alternative
practices that are cheaper and more accurate for dating material, such as cultural dating, are more
likely to be employed closer to the present, leading to a sudden reduction in radiocarbon dates
(Crema, 2022). This limits the use of SPD-based population analysis towards the present, with
different research traditions by region affecting the timing of this artificial drop-off. To counter this
issue, the use of actual archaeological site counts, rather than counts based on radiocarbon data, has

been used to reflect later changes in population (e.g. Roberts et al., 2019; Kolaf et al., 2022).

Whilst heterogeneity in sampling intensity refers to differences in radiocarbon dating effort through
time, the challenge associated with spatial averaging and non-stationarity refers to differences by
location. Due to different research traditions in different regions, associated with differences in
wealth, sample design or research interest, the quantity of radiocarbon dates by location can vary
substantially, independently from underlying population trends (Crema, 2022). Large-region analysis,
combining locations with fundamentally different research histories in terms of radiocarbon, can
mean that population signals are dominated by certain areas. Similarly, analysing population trends
with SPDs over larger regions assumes population trajectories are essentially the same across the

region, potentially obscuring information regarding very different trends (Crema, 2022).

The issue of taphonomic loss, such that younger items are more likely to be preserved than older
items, has implications for the use of SPDs. Correction formula to take taphonomic loss into account
when assessing population changes based on radiocarbon have been proposed (e.g. Surovell et al.,
2009; Contreras and Codding, 2024). However, Williams (2012) cautions against the blind

application of a correction, which may obscure legitimate trends in occupation.

The final major issue relates to the issue of calibration effects. Plateaus within the calibration curve —
periods where the radiocarbon age remains relatively stable over a period of calendar years — have
been shown to smooth out legitimate peaks within an SPD, as dates falling within these plateaus have
flattened probability distributions (Williams, 2012). Alternatively, steeper portions of the calibration
curve have the effect of amplifying peaks within the SPD (Williams, 2012). Methods designed to
reduce the potential impact of this effect, such as smoothing the SPD through time, do not

fundamentally address this issue (Crema, 2022).

A range of different approaches to tackle these issues have been proposed (Crema, 2022). For
example, to counter issues with calibration effects and sampling error, the OxCal Kernel Density

Estimation (KDE) approach presents an alternative to SPDs, displaying uncertainty measures based
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on different Markov chain Monte Carlo (MCMC) states of sampled radiocarbon data (Ramsey, 2017).
The general approach: 1) samples the radiocarbon data; 2) calibrates the sampled dates; 3) samples a
calendar date from each calibrated probability distribution; 4) runs a KDE with defined shape (i.e.
normal, exponential etc.) and bandwidth defined by Bayesian inference and; 5) repeats the process
multiple times to develop an envelope of possible KDEs (Ramsey, 2017). Another approach,
developed by Shennan et al. (2013) and refined by Timpson et al. (2014), tests specific hypotheses
regarding the shape of the population growth function. This approach simulates radiocarbon dates
under a predicted null model of demographic change, calibrates these radiocarbon dates, and then
compares this to the generated SPD to test the quality of the fitted model, and identify periods of rapid
population growth and decline above or below the generated envelope of simulated SPDs. This
approach helps with calibration and sampling effects, by emulating these consequences within the
MCMC routine (Crema, 2022) and will by definition account for the issue of taphonomic loss in
testing for an exponential null model (Timpson et al., 2014). A final example approach, described
within the R package nimbleCarbon (Crema and Shoda, 2021), forgoes the explicit testing of a
modelled growth rate under the null hypothesis, using Bayesian inference to construct a model of
population change based on maximum likelihood. Under this approach, the population growth rate is
estimated by the fitted model, with each calibration date having a posterior probability (Crema and

Shoda, 2021)

Spatial estimates of population change and the spread of agriculture: Radiocarbon dates can also be

used as a means to identify population changes spatially, using bivariate KDE (e.g. Collard et al.,
2010; Crombé et al., 2011; Grove, 2011; Manning and Timpson, 2014; Chaput et al., 2015). Although
regional SPD analysis can help provide a spatial dimension to population analysis, smaller sample
sizes from dividing the data increases the chance of sampling error, as well as raising questions as to
where the appropriate border for each region should be (Manning & Timpson, 2014). Under this
approach, first formally described by Collard et al., (2010) for radiocarbon dates in Britain, each
sample is assumed to represent an undefined level of population density across space and time, with a
kernel around the point representing spatial extent of the population density. The spatial data is then
binned into defined periods or time-slices, to identify spatial changes in population, and by extension,
“hot-spots” for land-use change through time. However, in practice the level of data required to

generate high resolution spatiotemporal maps limits the range of this approach.

Radiocarbon dates have also been used to explicitly identify the start of agriculture, based on the
dating of materials from Neolithic contexts (e.g. Isern et al., 2012; Silva and Vander Linden, 2017).
As the start of agriculture might reasonably be assumed to represent the feasible start point in time of

broad-scale land-use changes, this approach also has value in investigating human influences.
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1.6.5. Limitations associated with reconstructions based on empirical data

Subsequent analysis in this thesis brings together differing approaches to reconstructing variables
though time, based on the sedimentary charcoal and pollen data, and archaeological radiocarbon data
used. However, it is important to acknowledge and re-emphasise some of the general limitations
associated with reconstructions of this nature. These limitations can be grouped into chronological

uncertainties, data interpretation issues, spatial uncertainties and dataset quality issues.

Both the sedimentary data and archaeological data are subject to uncertainty regarding the specific
chronology of samples. The age-depth modelling process for sedimentary samples (generally) relies
on dated material within the sediment core, which itself is subject to dating uncertainty inherent to
both the measurement process (e.g. radiocarbon dating error) and subsequent calibration of dates to
calendar years. Additionally, despite the application of complex models utilising Bayesian statistics
(e.g. Ramsey, 2008; Blaauw and Christen, 2011), sedimentation rates are estimates, limiting the
chronological precision throughout the core. Whilst models can provide error estimates, typically
composites of records are based on median estimated ages. Finally, the nature of the sampling
process, whereby small sections of each core is sampled to assess charcoal or pollen, inherently
reflects a period rather than a moment in time. The length of this period is dependent on both the
measurement interval and sedimentation rate, and affects the chronological precision of the sample.
However, when longer term trends are of interest, or sufficient record numbers are available to
smooth out chronological uncertainty, this issue may be less problematic. Although archaeological
radiocarbon data is individually measured, the same issues of radiocarbon dating error and calibration

uncertainty apply.

Reconstructions based on empirical data are dependent on the interpretation of the data and
underlying methodological approaches. Relationships between “proxies” utilised to represent
reconstructed variables are inherently uncertain, due to stochasticity, uncertain relationships,
methological assumptions or noise within the data. Sedimentary charcoal data, for example, is a broad
measure of landscape burning through time, reflecting a combination of fire regime elements:
charcoal production varies depending on fire size, intensity and vegetation types (e.g. Patterson et al.,
1987; Higuera et al., 2011). Interpreting charcoal data in relation to fire is then challenging, as
changes in the record may reflect multiple fire regime elements changing in concert. Non-contiguous
sampling of the sedimentary core, as is often the case for pollen slide analysis, can pose particular
problems for fire reconstructions, where periods of higher or lower fire activity may be missed. As
such, the record of fire may be incomplete, despite sampling at regular intervals. The link between
pollen data and vegetation depends upon the methodology applied, and the assumptions utilised. For

example, estimates of RPP used in the LRA generally assume that the RPP value is consistent for
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each taxon, but differences by species mixes (e.g. Quercus includes Quercus robur vs Quercus
petrea) and by geographical location even for the same species may yield different RPP values (Li,
2018; Bunting and Farrell, 2022), impacting subsequent reconstructions. For population change
reconstructions based on archaeological data, some researchers caution against the use of the “dates as
data” method in general because of the challenges mentioned above, despite widespread application
within the archaeological community (see, e.g. Attenbrow and Hiscock, 2015; Carleton and Groucutt,
2021). For each dataset, differences in record lengths potentially affect the consistency of record
composites. For example, particular research interest in the Neolithic may artificially lead to increased
quantities of radiocarbon dates for this period in a given location, giving the impression of a boost
population in a region (Torfing, 2015). Similarly, z-score composite values of charcoal influx may be
impacted by the inclusion or exclusion of records through time, especially when the region in question

contains few records.

Spatial uncertainty refers to the applicable area associated with each record. For sedimentary
charcoal, long distance transport, particularly over open areas can muddy the accumulation signal
(Whitlock and Larsen, 2001). Although methods to correct for pollen transport differences help
reduce the issue of long-distance transport for vegetation reconstructions, the source area for
vegetation reconstructions is never completely known. Similarly, the quantity of archaeological
radiocarbon data gives an indication of the population change at a given site, but the extent to which
sites can be pooled in space to give sub-regional or regional population changes is uncertain. This
issue of pooling records is also a challenge for charcoal data, where measurement differences affect

the ability to compare absolute values of fire between sites.

Finally, there are issues associated with the spatiotemporal coverage of the datasets. As previously
alluded to, both the sedimentary charcoal and pollen have comparatively broad spatial coverage in
Europe. Nevertheless, there are inevitably gaps in the data, with, for example, limited lake and bog
sites available for northern France and the Benelux within the RPD (Harrison et al, 2022). The
availability and consistency of archaeological radiocarbon data has greatly improved with the
publication of the p3kl14c (Bird et al., 2022) and XRONOS (Hinz and Roe, 2024) datasets, but there
are clear gaps in data in eastern Europe. These gaps reflect differences in research effort and suitable
sites (e.g. lakes) for sedimentary records. Additionally, gaps may reflect the comprehensiveness of the
datasets: each record reflects substantial research effort, and whilst it is a credit to contributing
authors that their data has been made available in comprehensive open-access datasets, not all data are
included in such complications. As the quantity of data can minimise some of the aforementioned
uncertainties - although note that composites of data can reduce the ability to detect legitimate

changes — periods or locations with data gaps are therefore more subject to these issues.
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2. Assessing anthropogenic influence on fire history

during the Holocene in the Iberian Peninsula

The following chapter is a paper published in Quaternary Science Reviews and is available to read

online (https://doi.org/10.1016/j.quascirev.2022.107562). It has been written and referenced in the

style guidelines of this journal. The authors were Luke F. Sweeney, Sandy P. Harrison and Marc
Vander Linden. The study was designed by all authors. LS carried out the analyses. The first draft of
the manuscript was written by LS and SPH, and all authors contributed to the final article. Estimated

contributions are LS: 65%, SPH: 20% and MVL: 15%.

2.1. Abstract

The relative importance of climate change and human activities in influencing regional fire regimes
during the Holocene is still a matter of debate. The introduction of agriculture during the Neolithic
provides an opportunity to examine the impact of human activities on fire regimes. Here, we examine
changes in fire regimes across Iberia between 10,000 and 3,500 cal. BP, reconstructed using
sedimentary charcoal records. We compare the regional fire history with estimates of changes in
population size, reconstructed based on summed probability distributions of radiocarbon dates on
archaeological material. We also compare the fire records and population reconstructions with the
timing of the onset of agriculture across the region as indicated by archaeological data. For Iberia as a
whole, there are two intervals of rapid population increase centred on ca. 7,400 and ca. 5,400 cal. BP.
Periods of rapid population growth, either for the region as a whole or more locally, do not closely
align with changes in charcoal accumulation. Charcoal accumulation had already begun to increase
ca. 400 years prior to the onset of the Neolithic and continued to increase for ca. 750 years afterwards,
indicating that changes in fire are not directly associated with the introduction of agriculture.
Similarly, there is no direct relationship between changes in charcoal accumulation and later intervals
of rapid population growth. There is also no significant relationship between population size and
charcoal accumulation across the period of analysis. Our analyses show that the introduction of
agriculture and subsequent increases in population are not directly linked with changes in fire regimes

in Iberia and support the idea that changes in fire are largely driven by other factors such as climate.

2.2. Introduction

People affect modern fire regimes in various ways, directly by altering the timing and number of

ignitions or suppressing fires, and indirectly by altering fuel types, and through changing fuel
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structure and fuel continuity (Bowman et al., 2011; Archibald, 2016). Land use changes, for example,
have been linked to increased frequency of forest fires in the Brazilian Amazon as a result of
deforestation (Brando et al., 2020; Cardil et al., 2020), and to an increasing likelihood of larger more
intense wildfires in Iberia following agricultural abandonment (Lloret et al., 2002; Pausas and
Fernandez-Mufioz, 2012). The magnitude of human influence on fire regimes before the recent period
is, however, still debated. Several global and regional studies have shown that climate was the
dominant driver of changes in fire regimes during the Holocene (e.g. Marlon et al., 2006, 2008, 2013;
Power et al., 2008, 2010; Mooney et al., 2011; Daniau et al., 2012). However, human influence has
been identified as an important factor in determining Holocene fire history at a local or regional scale
(e.g. Scharf, 2010; Vanniére et al., 2011; Feurdean et al., 2013; Innes et al., 2013; Zennaro et al.,
2015; Dietze et al., 2018; Connor et al., 2019; Gajewski et al., 2019). There are also contrasting
conclusions about the influence of people on fire history in Iberia during the early and middle
Holocene, with some studies pointing to a limited influence (e.g. Gil-Romera et al., 2010; Burjachs
and Exposito, 2015) and others suggesting humans had a major role, particularly through the
introduction of agriculture during the Neolithic (e.g. Carracedo et al., 2018; Connor et al., 2019).
Although there are several tools to reconstruct fire history, including historical written records,
dendrochronological fire-scar data and chemical markers (Conedera et al., 2009), charcoal preserved
in sedimentary sequences is the most widely used approach to investigate fire over millennial
timescales and at different spatial scales. However, research that has made use of sedimentary
charcoal together with other lines of palaeo-evidence to reconstruct and investigate changes to fire
history in Iberia has either focused on individual sites (e.g. Abel-Schaad and Lopez-Saez, 2013),
small regions (e.g. Gil-Romera et al., 2010; Garcia-Alix et al., 2013; Burjachs and Exposito, 2015) or
have only used a limited number of records to represent the whole peninsula (e.g. Connor et al.,
2019), thus raising the concern that they may not provide a complete picture of the regional fire

history.

Human influence on the environment during the Holocene is reflected in changes in land use. These
land use changes have been reconstructed in Iberia using pollen data (e.g. Mighall et al., 2006;
Revelles et al., 2015; Fyfe et al., 2019), with the appearance of cereal pollen being considered a
marker of Neolithic agriculture (e.g. Pefia-Chocarro et al., 2005; Lopez-Merino et al., 2010; Cortés
Sanchez et al., 2012). However, most pollen records have a limited representation of non-cereal crops
and thus may not provide a complete picture of agricultural activities (Trondman et al., 2015).
Although fungal spores associated with animal faeces have been used to identify the presence of
domesticated animals (e.g. Lopez Saez and Lopez Merino, 2007; Revelles et al., 2018), land-use
transformations as a result of grazing are often identified by the presence of weed plants (e.g.

Palmisano et al., 2019; Woodbridge et al., 2019), which can also indicate non-anthropogenic
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disturbances (Trondman et al., 2015; Roberts et al., 2019). As a result, there can be large uncertainties

associated with pollen-based reconstructions of anthropogenic land-use changes.

An alternative approach to reconstruct land-use changes though time involves modelling land use as a
function of historical population change and estimates of per capita land use (e.g. Kaplan et al., 2011;
Klein Goldewijk et al., 2011; Klein Goldewijk et al., 2017), where increases in population density are
assumed to reflect increasing human influence on the environment. However, establishing absolute
historical population levels is challenging and estimates before the 1700s are extremely uncertain
(Klein Goldewijk et al., 2010). An alternative method is to estimate relative changes in population
size based on fluctuations in the quantity of radiocarbon-dated archaeological material (Rick, 1987).
This technique has been used extensively to reconstruct changes in population size for Iberia as a
whole (e.g. Balsera et al., 2015; Blanco-Gonzalez et al., 2018; Fernandez-Lopez de Pablo et al., 2019)
and for smaller regions of the peninsula (Drake et al., 2017; Fyfe et al., 2019; McLaughlin et al.,
2021) for different time periods.

Radiocarbon-dated archaeological material has the additional advantage that the dates are normally
associated with particular cultures and can thus be used, for example, to identify the start of Neolithic
agriculture at a specific site. This is particularly important because the introduction of agriculture was
not a single event. The earliest evidence of Neolithic agriculture in Iberia is dated to ca. 7,600
calendar years before 1950 CE (cal. BP) (Zapata et al., 2004; Bernabeu Aubéan et al., 2015; Silva and
Vander Linden, 2017; Fyfe et al., 2019). Agriculture was established initially in the south and east of
the peninsula and spread from there, with the earliest evidence of farming in the northwestern part of
the region dated to around 6,000 cal. BP (Isern et al., 2012, 2014; Drake et al., 2017). This long and
spatially uneven dispersal provides a further means to assess human influence, as the introduction of
agriculture has been linked to significant land-use changes in several areas of Europe (e.g.

Lechterbeck et al., 2014; Marquer et al., 2014; Woodbridge et al., 2014; Revelles et al., 2018).

In this paper, we investigate the relationship between humans and fire during the Holocene period,
using a dataset of 32 sedimentary charcoal sites from the Iberian Peninsula and a reconstruction of
changes in human population based on more than 6,300 published radiocarbon samples. We focus on
the early to middle Holocene, between 10,000 and 3,500 cal. BP, because of constraints in the amount
of radiocarbon data after this time. We focus on relationships at a regional scale, accounting for the
fact that the start of the Neolithic was asynchronous, in order to evaluate relationships statistically and
reduce the noise associated with site-level differences in registration. We do not assume that the
relationship between human population changes and fire is necessarily the same everywhere or
consistent through time, only that some impact will be apparent in the fire records if there is a causal

link between the two. Through comparison of the sedimentary charcoal and archaeological
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radiocarbon date records, we address the following questions: 1) Are rapid changes in population
reflected in changes in fire? 2) Is there a relationship between fire and the onset of agriculture in

Iberia? 3) Is there a relationship between population size and changes in fire?

2.3. Materials and method

2.3.1. Fire history

We used sedimentary charcoal extracted from the Reading Palaeofire Database (Harrison et al., 2022)
to reconstruct the fire history of Iberia. The RPD provides Bayesian age-depth models for each of the
records using the INTCAL20 Northern Hemisphere (Reimer et al., 2020) and Marine20 (Heaton et al.,
2020) calibration curves as appropriate (see Harrison et al., 2022). There are 54 records from 39 sites
across Iberia with charcoal data covering some part of the period between 10,000 and 3,500 cal. BP.
Multiple records are available from some sites, either because different charcoal size factions were
counted to distinguish local from regional fires or, for one site, because multiple sedimentary cores
were taken. We selected a single record to represent each site. For the single site with multiple
sedimentary cores, we selected the record with the greatest number of sampled radiocarbon ages for
age-depth modelling purposes. For the other sites with multiple records, we gave preference firstly to
records with the greatest number of charcoal samples and secondly to macro-charcoal records, which
are believed to be more likely to indicate local fires (Clark and Patterson, 1997). However, analysis of
charcoal composites for sites with multiple records shows no substantial differences when including
either micro- or macro-charcoal sites (see Supplementary Information, S1). We subsequently
excluded four sites at elevations above 2000m because there are relatively few archaeological sites
above this elevation and the amount of both charcoal and radiocarbon data is thus insufficient to draw
conclusions about the relationship between fire and human influence. For data quality control
purposes, we additionally excluded a further three sites that contained less than five charcoal samples
within the time range of analysis, as they provide a limited record of fire history. Thus, the final
analyses were based on 32 records (Fig. 2.1A and Table 2.1). We imposed no limit on the minimum
length or sampling resolution of each record since we use binned data in our subsequent analysis, but
every record provided information for a minimum of six 100-year bins and the average number of
100-year bins per record was 28. Each record had at least one dating tie-point per 3000 years for the

construction of the age model, with 70% having a dating tie-point every 1500 years on average.
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Figure 2.1: Maps of Iberia showing the locations of the charcoal (A) and archaeological (B) sites
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Table 2.1: Information about the charcoal sites used for analyses. Latitude and longitude are given in decimal degrees where N and E are positive, and W is negative

Site name Lat. Lon. (°) Elevation Depositional Charcoal Record Resolution No. of 100- Citation
© (m a.s.l.) context methods length (samples/age  year bins
between 10-  ka) represented
3.5k (age ka) between 10-
3.5k (age ka)

Alvor Estuary Ribeira 37.15  -8.59 1 estuarine macro, pollen 4.36 7.57 29 Schneider et al. (2016, 2010)
do Farelo Ribeira da sediment slide
Torre
Arbarrain Mire 43.21 -2.17 1004 bog sediment macro, sieved 3.35 11.34 31 Pérez-Diaz et al. (2018)
Armacao de Pera 37.11 -8.34 2 estuarine macro, pollen 4.16 1.68 7 Schneider et al. (2016, 2010)
Ribeira de Alcantarilha sediment slide
Basa de la Mora 42.55  0.33 1906 lake sediment micro, pollen 6.36 15.72 54 Pérez-Sanz et al. (2013)

slide
Campo Lameiro 4253  -8.52 295 soil micro, sieved 6.37 3.45 22 Kaal et al. (2008)
Canada de la Cruz 38.07 -2.69 1595 lake sediment micro, pollen 5.88 2.72 14 Carridn et al. (2001b)

slide
Canada del 3723 2.7 1900 bog sediment micro, pollen 4.98 12.65 48 Carrion et al. (2007)
Gitano_Sierra de Baza slide
Castello Lagoon 4228 3.1 2 other macro, sieved 1.29 12.40 9 Ejarque et al. (2016)
Cha das Lameiras 4094  -7.68 950 soil macro, other 5.28 2.84 15 Lopez-Saez et al. (2017)
Charco da Candieira 40.34  -7.58 1409 lake sediment micro, pollen 6.57 17.81 65 Connor et al. (2012); van der Knaap

slide and van Leeuwen (1997, 1995)
Cubelles 41.2 -1.67 2 other macro, not 2.46 5.28 12 Riera-Mora and Esteban-Amat

known (1994)
El Brezosa 39.35 -4.36 733 bog sediment macro, sieved 0.52 125.00 6 Morales-Molino et al. (2018)
El Carrizal 4132 -4.14 860 lake sediment micro, pollen 4.57 3.50 16 Franco-Mugica et al. (2005)

slide
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41.48
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42.13
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40.32
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40.54
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36.9
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41.81
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-4.76

-0.4
-3.94

-6.39

-0.16
-0.23

2.75

-3.03

-4.49

-5.78

-0.68

-2.04

-7.17

-2.92

-3.57

-8.07
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1802
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761

1505
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970

1530

1320

900

bog sediment

bog sediment

other

bog sediment

lake sediment

lake sediment
lake sediment
lake sediment
bog sediment
bog sediment
bog sediment
bog sediment
bog sediment
bog sediment
lake sediment

bog sediment

estuarine

sediment

macro, sieved

macro, sieved
micro, pollen
slide

macro, pollen
slide

micro, other

macro, sieved

macro, sieved
macro, sieved
macro, sieved
macro, sieved
micro, sieved
micro, pollen
slide
micro, pollen
slide
micro, pollen
slide
micro, pollen
slide
micro, pollen
slide
macro, pollen

slide
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1.17

2.64
6.55

1.28

4.37
1.97

5.34

6.40

0.71

3.38

6.48

6.41

1.76

2.75

6.42

3.93

4.85

15.38

70.08
12.82

22.66

18.08
24.87

18.54

5.62

11.27

8.28

8.95

5.15

11.26

13.82

5.61

11.20

9.90

13

27
65

13

41
20

53
35

20

53

32

18

28

33

36

26

Luelmo-Lautenschlaeger et al.
(2019a, 2019b)
Gonzélez-Sampériz et al. (2006)
Morales-Molino et al. (2017)

Lopez-Séez et al. (2018a)

Davis and Stevenson (2007)

Davis and Stevenson (2007; Davies,
unpublished data)

Revelles et al. (2015)

Sanchez Goni and Hannon (1999)
Morales-Molino et al. (2019)
Lopez-Saez et al. (2020)

Carrion and Van Geel (1999)
Stevenson (2000)

Martinez Cortizas et al. (2002)

Carrion et al. (2003)

Carrién (2002)

Morales-Molino et al. (2017)

Schneider et al. (2016, 2010)



Verdeospesoa

Villaverde

High elevation sites
Laguna de la Mosca
Laguna de la Mula

Laguna de Rio Seco

Marbore

43.06

38.8

37.06
37.06
37.05
42.7

-2.86

-2.37

-3.32
-3.42
-3.35
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870

2889
2497
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2612

bog sediment

bog sediment

lake sediment
lake sediment
lake sediment

lake sediment

macro, sieved

micro, pollen

slide

macro, sieved
macro, sieved
macro, sieved
micro, pollen

slide
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5.97

5.72

4.86
1.13
6.56
6.45

1.01

12.06

27.16
22.12
25.04
8.68

45

34
11
66

Pérez-Diaz and Lopez-Saez (2017;
Pérez Diaz and Lopez Saez (2021)
Carrion et al. (2001a)

Manzano et al. (2019)
Jiménez-Moreno et al. (2013)
Anderson et al. (2011)
Leunda et al. (2017)



We constructed a regional composite curve from the individual sedimentary charcoal records. This
curve was constructed in three steps, following a modified version of the protocol described by Power
et al. (2008). Firstly, individual samples were converted into influx (i.e. particles/cm?/year), re-scaled
by site using a max transformation, Box-Cox transformed to homogenise inter-site variance, and then
converted to z-scores using a base period of 200 - 8,200 cal. BP, to ensure that each site has a
common mean and variance. We used a max transformation rather than the minimax transformation
used by Power et al. (2008) to take account of zero values of charcoal accumulation; the impact of
this difference on the composite charcoal curve is almost imperceptible (see 2.9. Supplement: S2).
The base period was chosen to maximise the number of cores used for analysis; previous research has
shown that the length of the base period does not significantly affect the composite curve (Power et
al., 2010). Secondly, data from individual records were binned into 100-year bins. This reduces the
potential impact of high-resolution sampling at individual sites on the composite curve (Marlon et al.,
2008). The 100-year bin width was chosen as a compromise between maximising the temporal
resolution of the composite curve and ensuring sufficient data coverage. Since choice of bin width
could affect the final composite curve, we investigated the impact of using different bin widths (see
S3). Finally, a locally fitted regression (“LOCFIT”: Loader, 2020) with a 500-year smoothing (half)
window was fitted to the data. This step reduces the potential impact of outliers on the shape of the
composite curve (e.g. Daniau et al., 2012). The 500-year smoothing window was chosen to emphasise
the millennial trends in the data; the influence of using a shorter 250-year (half) window and a longer
1000-year (half) window width was investigated. Bootstrap resampling (with replacement) of
individual records 1000 times was performed to generate 95% confidence intervals for the composite

curve (Marlon et al., 2008; Mooney et al., 2011).

The code and general approach used in this data treatment was based on amendments of R scripts
developed by Bartlein (see https://pjbartlein.github.io/GCDv3 Analysis/index.html) for analysis of the
Global Charcoal Database v3 (Marlon et al., 2016), available for the R statistical language (R Core
Team, 2021) (see 2.7. Data and code availability).

2.3.2. Population change and the spread of Neolithic agriculture

We used the quantity of radiocarbon dated material to reconstruct changes in population size. The use
of radiocarbon dated material in this way is based on a chain of inference whereby 1) a larger
population would leave a larger amount of radiocarbon datable material; 2) a larger amount of
material would lead to a greater amount of that material being preserved; and 3) the greater amount of
material would lead to a greater chance that this would be discovered through archaeological study

and then processed for radiocarbon dating (Rick, 1987). Relative changes in population size are then
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estimated through the creation of a summed probability distribution (SPD) of the aggregated

calibrated radiocarbon dates through time.

The robustness of this “dates as data” approach is largely dependent on using the maximum amount of
data available for a region (Williams, 2012). We assembled data from recently published sources
(Table 2.2) to create a dataset for analysis. The dataset was cleaned to remove duplicates, to correct
errors e.g. in geographic location, to remove dates with standard errors > 200 years (following e.g.
Fernandez-Lopez de Pablo et al., 2019; McLaughlin et al., 2021) and to remove dates on marine shells
where no local marine reservoir correction was provided. To align with the charcoal data, any dates
from sites above 2000m were removed. Where discrepancies between the datasets were apparent, we
tried as far possible to use the most recently published dataset. The final consolidated dataset
consisted of 6,343 radiocarbon samples from 1,615 sites (Table 2.2, see 2.7. Data and code
availability). Analyses were not performed for the period after 3,500 cal. BP because of the limited
number of radiocarbon dates available after this time from Iberia, as site chronologies for the late
Holocene are generally established using cultural dating techniques such as typo-chronology (Fyfe et
al., 2019) (see 2.9. Supplement: S4 for details of the quantity of radiocarbon material available
through time).

Table 2.2: Details of published archaeological radiocarbon data used for population analysis. Focus period

refers to actual radiocarbon years BP.

Reference Title Dataset Approx. focus
region period (uncal.
BP)
Balsera et al. (2015) Approaching the demography of late Iberia 7k — 2k

prehistoric Iberia through summed calibrated

date probability distributions (7000-2000 cal.

BO)
Capuzzo et al. (2014) * EUBAR: A database of 14 C measurements Western 4k - 2k
for the European Bronze Age. A Bayesian Europe

analysis of 14 C-dated archaeological contexts

from Northern Italy and Southern France

d’Errico et al. (2011) * PACEA geo-referenced radiocarbon database | Europe 40k — 8k

Drake et al. (2017) Regional demographic dynamics in the Iberia 9k — 6k
Neolithic transition in Iberia: results from

summed calibrated date analysis

Hinz et al. (2012) * RADON - Radiocarbon dates online 2012. Europe 40k — Ok
Central European database of 14 C dates for
the Neolithic and the Early Bronze Age
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Kniesel et al. (2014) * Radon-B Europe 4.5k — 2.5k

Manning et al. (2016) * The cultural evolution of Neolithic Europe. Western 8k — 4k
EUROEVOL Dataset 1: sites, phases and Europe
radiocarbon data
McLaughlin et al. (2021) | Late Glacial and Early Holocene human West / 20k — 5k
demographic responses to climatic and Southwest
environmental change in Atlantic Iberia Coast Portugal
Pardo-Gordo et al. Timing the Mesolithic-Neolithic transition in | Iberia 8k — 5.5k
(2019) the Iberian Peninsula: The radiocarbon dataset
Vermeersch (2020) * Radiocarbon Palaeolithic Europe database: A | Europe From
regularly updated dataset of the radiometric palaeolithic to
data regarding the Palaeolithic of Europe, modern

Siberia included

* Datasets accessed via R package c/4bazAAR (Schmid et al., 2019)

An SPD was constructed using the radiocarbon data and the R package rcarbon (v1.4.2: Crema &
Bevan, 2021). Radiocarbon date calibration was performed using the calibration curve IntCal2020
(Reimer et al., 2020) and the Marine20 curve (Heaton et al., 2020) for marine shell samples with the
associated local marine offset value adjustment. The site data were binned using 100-year bins to
create a single probability value to prevent site oversampling (Shennan et al., 2013). Dates were not
normalised; this avoids spurious spikes in the data linked to the shape of the calibration curve
(Weninger et al., 2015). The SPD was smoothed using a 200-year running mean, to limit both the
potential for sampling error and for the calibration process to create spurious spikes (Shennan et al.,
2013), whilst at the same time proving sufficient detail to identify key trends. The rcarbon package
was used to construct a fitted exponential model of population growth based on a Monte Carlo
conditional simulation. This was used to identify periods of growth (and decline) within the SPD
significantly different from the fitted model (Timpson et al., 2014). The rate of change of the SPD
was constructed using rcarbon based on change over a 50-year period, with statistical testing of the
observed growth rates against fitted null model growth rates. Both exponential and logistic growth
curves have been used as null models in previous work on Iberia (e.g. Balsera et al., 2015; Drake et
al., 2017; Fernandez-Lopez de Pablo et al., 2019; Fyfe et al., 2019; McLaughlin et al., 2021). As the
focus of our analysis is on deviations from longer-term population growth rather than testing
variations in growth associated with the density dependent maximum or carrying capacity threshold,
we used an exponential model. Furthermore, this specific model also takes into account, from a
theoretical point of view, constant homogeneous taphonomic loss of archaeological sites, without

having to resort to any other correction bias (Timpson et al., 2014).
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Some 1,343 radiocarbon samples from 430 sites that were explicitly tagged as associated with
Neolithic material were used to identify the spatial pattern of the onset of agriculture across Iberia, on
the assumption that evidence of the Neolithic represents the start of agriculture in an area, using
kriging interpolation. This kriged Neolithic surface was then used to assign the first date of agriculture
at each charcoal site. The kriging interpolation was necessary because (a) there are some charcoal
sites that are not close to archacological sites with Neolithic dates, and (b) the incomplete nature of
the sampled archaeological record means the earliest Neolithic date at a particular site may not be
coherent with that of other sites in the area. For example, the oldest Neolithic date from one site may
be several thousands of years younger than for a neighbouring site. We pre-processed the data as
follows. Where several dates from an archaeological site were identified as Neolithic, the oldest
calibrated date was used except when a tagged sample had an age earlier than 7,600 cal. BP, which is
the generally accepted earliest date for the Neolithic in Iberia (Zapata et al., 2004; Bernabeu Auban et
al., 2015; Silva and Vander Linden, 2017; Fyfe et al., 2019). The site ages were compared to all sites
within a 50km radius, and only retained if they were the oldest date within this buffer zone. This
approach filters out spatially unrealistic Neolithic dates, which is necessary to produce a non-singular
fitted variogram model. The choice of a buffer size was based on balancing data inclusivity against
spatial coherence: 50km was the smallest buffer, and hence the largest number of surface points, that
could produce a fitted model. The degree of spatial autocorrelation between the remaining 59
Neolithic surface points was then described using a variogram, using the R package gstat (v2.0-7)
(Pebesma, 2004; Griler et al., 2016) and a variogram model fitted based on the (weighted) mean
squared difference between the model and variogram using the gstat default. The choice of model was
however constrained by the accepted earliest start of the Neolithic in Iberia of 7,600 cal. BP; there
were several better fitting models that were excluded because of this constraint. An Exponential —
type model was fitted to the variogram and used in the ordinary kriging interpolation. Although the
general interpolation shape remains relatively coherent despite the choice of variogram model, there

are small differences in the interpolated surface (see 2.9. Supplement: S5).

2.3.3. Analysis of fire, population and the onset of agriculture

General approach

To assesses the potential influence of people on fire regimes, we performed three statistical tests:
Superposed Epoch Analysis (SEA) of the regional charcoal z-score composite focusing on times of
rapid population change and associated with the time-transgressive start of the Neolithic, and
correlation analysis on segmented data. In each case, we used appropriate tools to assess the impact
of uncertainty in the data sources and to determine whether a signal emerged from the noise inherent
in the records. These methods were designed to investigate relationships in a more robust manner than

possible through simple visual comparison of the records. Our approach is to determine whether a
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relationship between fire and either rapid population growth, the spread of agriculture or population
levels can be detected at a regional level to avoid possible differences between individual sites.
Although we assume that a strong enough signal would be detectable at the regional scale, no

assumptions have been made about the nature of any relationship.

Concurrent changes in rapid population growth and fire

Periods of rapid growth in population were identified as times when either the SPD was greater than
the fitted null model, or the rate of change of the SPD was substantially different from the null model.
These periods were compared with the timings of significant changes in mean values for the SPD,
based on changepoint analysis. Changepoint analysis was performed using the R package changepoint
(v2.2.2: Killick & Eckley, 2014), with the binary segmentation approach (Edwards and Cavalli-
Sforza, 1965) used to identify the mean values of the SPD where changes occurred. We used
Superposed Epoch Analysis (SEA) to examine the charcoal z-score time series in a 750-year time
window before and after each key date. This approach identifies whether there are consistent
relationships between the fire history and specific events (see e.g. Arneth et al., 2010; Daniau et al.,
2010). To test whether a longer-term trend in the resulting composite curve could influence the
results, we also detrended the z-score composite by fitting a simple linear regression to the composite
curve and extracting the residuals. We generated a 95% confidence interval by making 1000 runs
where the time point was randomly selected within a +200-year window around each key date. This
window was chosen to align with that used for the Neolithic analysis, which was itself determined by
the maximum permitted dating error for radiocarbon samples within the archaeological radiocarbon

dataset.

We ran an intervention analysis using autoregressive integrated moving average (ARIMA) modelling
(Box and Tiao, 1975) to test whether there was an association between the key population dates and z-
scores of charcoal accumulation, with post-epoch model forecasting compared to actual z-score
values. ARIMA model forecasting was performed with R package fable (v0.3.1: O’Hara-Wild et al.,
2021), with 750 years of annualised z-score composite values informing the auto generated model.
Annualising the z-score composite was performed using cubic spline interpolation, with R package

zoo (v1.8-9: Zeileis and Grothendieck, 2005).

Assessing the impact of the Neolithic

The interpolated surface of the timing of the start of the Neolithic was used to assign a date for the
onset of agriculture at each charcoal site. For each site, the sample dates were then aligned to the
associated Neolithic date. Z-score composites were then constructed based on these centred dates
using the binning and smoothing procedures discussed above. Detrended composites were also

constructed from simple linear regression of the composite, to test whether a longer-term trend in the
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curves affected the results. We tested the influence of the Neolithic surface on the shape of this curve
by running the kriging interpolation 1000 times, with random +£200-year adjustments to the median
calibrated dates of archaeological samples with Neolithic cultural tags. This 200-year adjustment was
chosen because it was the maximum permitted error for the radiocarbon dates in the dataset. A
Neolithic z-score charcoal composite was then re-calculated, and 95% confidence intervals assessed.
Intervention analysis was performed on this Neolithic z-score charcoal composite curve using
ARIMA forecasting, comparing the forecasted post-Neolithic curve to the actual z-score curve to
assess whether an immediate significant change in the time series followed the spread of agriculture,

using 750 years pre-epoch annualised data to inform the ARIMA model.

Changes in population size and fire

The SPD reconstructions provide an approximate measure of changes in population size through time.
We assessed the relationship between population size and fire by comparing the SPD and the z-score
of charcoal influx, both through visual inspection of the smoothed curves and through correlation
analysis using unsmoothed data. Correlations were made by binning both the charcoal and the SPD
data using 100-year bins. We then examined the correlations when values of the SPD and charcoal
composite were above the 75% value, between the 75% and 25% value and below the 25% value, and
also for the intervals identified by changepoint analysis as corresponding to significant changes in the

mean values of the SPD.

2.4. Results

2.4.1. Fire and population change through time

Fire

The z-score composite of charcoal influx for the whole of Iberia (Fig. 2.2, 500-year smoothing
window) shows an initial increase in fire between 10,000 and 9,500 cal. BP, a decline in fire until
8,800 cal. BP, followed by an increase and peak in fire around 8,200 cal. BP. Fire then declines until
7,600 cal. BP, after which it increases until 7,000 cal. BP. Fire then declines once more until around
6,500 cal. BP, after which there is a period of stability in fire until around 6,100 cal. BP. Fire then
declines further to a minimum around 5,800 cal. BP. There is an increase in fire up to 4,700 cal. BP,
with a more rapid increase from 5,800 cal. BP to 5,200 cal. BP followed by a more gradual increase.
Fire declines to a minimum around 3,800 cal. BP, and the last part of the record is characterised by an
increase in fire. This broad pattern is not affected by the choice of charcoal site bin width (see 2.9.
Supplement: S3) or smoothing window (half) width (Fig. 2.2). However, the inclusion of high
elevation sites has a small but visible impact on the shape of the curve, suggesting these high-

elevation sites had a different trend in charcoal accumulation (see 2.9. Supplement: S6). Changepoint
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analysis detected no differences in mean values across the period covered by the composite curve.
However, the 95% confidence intervals generated by bootstrap re-sampling become slightly narrower
through time, as a result of the increasing number of records included (see 2.9. Supplement: S7 for
details of the number of records contributing to the composite curve through time). Across the period

of analysis there is a marginal upwards trend in fire (see 2.9. Supplement: S8).
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Figure 2.2: Z-score composite of charcoal influx for Iberia, 10,000 to 3,500 cal. BP. The solid lines show the
median value, with smoothing windows of 500 (red), 250 (blue) and 1000 (black) years, the thin red lines show

the 95% confidence intervals of 1000 bootstrap resample runs.

Population change

The SPD for Iberia between in 10,000 and 3,500 cal. BP (Fig. 2.3) shows a general trend of increasing

population through time, with changepoint analysis of the mean of the SPD identifying changes at ca.
7,490 cal. BP and ca. 5,320 cal. BP. The first episode of high growth occurs between ca. 7,400 cal. BP
and ca. 6,880 cal. BP. This change broadly corresponds to the start of the Neolithic period in Iberia.
Two periods of population decline in comparison to the exponential model occur from ca. 6,400 to ca.
6,220 cal. BP and from ca. 5,560 to ca. 5,370 cal. BP. Another period of higher growth occurs
between ca. 4,750 and ca. 4,460 cal. BP, followed by a period of significant population decline
between ca. 3,720 cal. BP and the end of the record at 3,500 cal. BP. The rate of change of the SPD
likewise identified periods of high growth and population decline, the most important of which is the
high rate of change between ca. 5,370 to ca. 5,160 cal. BP. This is the fastest rate of change in the
record, but is not reflected in the SPD because it follows the decline in population that occurred
between ca. 5,370 to ca. 5,170 cal. BP. The interval of growth at ca. 4,730 cal. BP in the SPD is in

part a reflection of this interval of high rate of change in population.
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Given the broad consistency of the dates at ca. 7,400 and ca. 5,370 cal. BP with those identified by the
changepoint analysis, these dates were used in the SEA analysis. The impact of using an exponential
growth model rather than a logistic growth model had little impact on the identification on periods of

rapid growth (see 2.9. Supplement. S9).
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Figure 2.3: (4) Summed probability distribution (black line) and exponential null model for Iberia (grey
envelope) (10,000 — 3500 cal. BP) (B) Summed probability distribution rate of change and exponential null
model for Iberia (10,000 — 3500 cal. BP), both constructed from radiocarbon data from archaeological sites;

Deviations from simulated growth models are shown in red (positive deviation) and blue (negative deviation).

Relationship between changes in population and fire

While there is no obvious relationship between the SPD and the z-score composite curve of charcoal
influx across the entire period of analysis (Fig. 2.4), there are some time periods when peaks in the
two records appear to align, most noticeably the peaks at ca. 7,000 cal. BP. There are no significant
correlations between population and fire activity across the whole record, or when the population data
are segmented, either by quartiles or by time intervals between periods of rapid change (Table 2.3),
and the sign of the relationship is inconsistent. Similarly, segmenting the dataset by charcoal quartiles

generates no significant relationships (Table 2.3).
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Figure 2.4: Temporal comparison between z-scores of transformed charcoal influx and summed probability
distribution for Iberia (10 — 3.5k cal. BP). Grey shading on the z-score composite curve shows the 95%
confidence intervals of 1000 bootstrap resample runs, grey shading on the summed probability curve shows the

exponential null model

Table 2.3: Correlations between the SPD and z-score composite of charcoal influx for different segments of
SPD and charcoal data

Segmentation Correlation (R) | P-value (sig
<0.05)
All data 0.16 0.21
SPD Below 25% value 0.33 0.20
Between 25% and 75% value -0.01 0.94
Above 75% value -0.28 0.28
Prior to first changepoint at 7469 -0.20 0.32
BP
Between first changepoint and -0.01 0.95

second changepoint at 5324 BP

After second changepoint at 5324 -0.08 0.74
BP

Charcoal z-scores Below 25% value 0.31 0.22
Between 25% and 75% value -0.08 0.67
Above 75% value 0.14 0.58
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Relationship between changes in population and fire during key growth periods

The SEA analysis shows that fire was increasing ca. 275 years before the intervals of rapid growth at
7,400 and 5,370 cal. BP (Fig. 2.5) following a period of earlier decline. Fire reaches a maximum ca.
275 years after these periods of rapid population growth and then remains relatively stable thereafter.
Detrending the charcoal z-score composite does not affect these overall findings (see 2.9. Supplement:

510).
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Figure 2.5: Superposed epoch analysis of z-score composite of charcoal influx for Iberia, with dates aligned
before and after SPD key growth periods at 7,400 and 5,370 cal. BP. Grey lines indicate 1000 bootstrap re-
samples of records, with replacement. The solid red line shows the median z-score values, and the fine red lines

are the 95% confidence intervals.

The precise specification of the timings of these rapid population growth periods does not
substantially alter this pattern (see 2.9. Supplement: S11) and intervention analysis through ARIMA
modelling (see 2.9. Supplement: S12) confirms that the influence of population growth on charcoal

influx is negligible.

2.4.2. The impact of the Neolithic on fire history

The start of the Neolithic was time-transgressive (Fig. 2.6), with the earliest dates registered in the
east and in coastal regions. The latest start of the Neolithic was registered in the northwest of the

peninsula, in southern Portugal and in relatively mountainous inland regions of eastern Spain.

The analysis of regional fire history with respect to the site-specific dating of the Neolithic transition
(Fig. 2.7) shows that fire is generally declining prior to the local onset of agriculture, starting from ca.

750 years to ca. 450 years before. However, as in the previous analysis, fire starts to increase before
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the site-specific onset of the Neolithic. As with the SEA analysis, detrending the resulting z-score
composite curve does not affect these overall findings (see 2.9. Supplement: S13). The increase in fire
begins ca. 450 years prior to the onset of the Neolithic and continues after the onset of agriculture.
This pre-Neolithic trend is robust to minor adjustments in underlying radiocarbon cultural data (see
2.9. Supplement: S14). ARIMA modelling forecasts (see 2.9. Supplement: S15) also indicate no
obvious change in the charcoal composite for the following 200 years after the site-specific Neolithic

start date.
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Figure 2.6: Ordinary kriging interpolated spread of the Neolithic across Iberia in cal. BP
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Figure 2.7: Superposed epoch analysis of z-score composite of charcoal influx for Iberia, based on spatially
heterogenous dates relative to the start of the Neolithic across Iberia. Grey lines indicate 1000 bootstrap re-
samples of core sites, with replacement. The solid red line shows the median z-score values, and the fine red

lines are the 95% confidence intervals

2.5. Discussion

Our results show that the population of Iberia grew at an exponential rate between 10,000 and 3,500
cal. BP, punctuated by periods of rapid population growth and decline. This general increase in
population is consistent with the other reconstructions for Iberia covering overlapping time periods
(Balsera et al., 2015; Fernandez-Lopez de Pablo et al., 2019) and with different spatial foci (Lillios et
al., 2016; Drake et al., 2017; Fyfe et al., 2019; Pardo-Gord6 and Carvalho, 2020). This similarity
between our results and prior studies is not surprising since they are based on the same or similar
datasets. The first period of rapid growth identified between ca. 7,400 and ca. 6,880 cal. BP coincides
with a period of population growth identified between 7,250 and 7,100 cal. BP by Balsera et al.
(2015) for Iberia as a whole, and broadly aligns with periods of rapid growth identified by Drake et al.
(2017) for their “southwest” and “inner Mediterranean” regions of Iberia between 7,250 and 6,750
cal. BP and 7,400 and 6,900 cal. BP respectively. However, this period of rapid growth is not present
in the “north-western” region analysed by Drake et al. (2017) or in Portugal (Pardo-Gord6 and
Carvalho, 2020). The second period of rapid growth between ca. 5,370 to ca. 5,170 cal. BP coincides
with an increase at ca. 5,350 cal. BP in the SPD curve developed by Balsera et al. (2015) for Iberia as
a whole, and has also been identified for Portugal (5,351 to 4934 cal. BP; Pardo-Gordo6 and Carvalho,
2020) and for southwestern Iberia (ca. 5,300 to ca. 4,500 cal. BP; Lillios et al., 2016). However, it has

not been recognised in analyses of population changes in northwestern or southeastern Iberia (Lillios
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et al., 2016). These differences suggest regional variation in population growth, with implications for

local land-use change.

Our reconstruction of regional fire shows periods of increase and decline throughout the composite
record. There are two other comparable regional-scale reconstructions of fire history that largely focus
on Iberia and these show limited similarity with our z-score composite curve. Connor et al. (2019), for
example, shows a steady increase in fire for Iberia as a whole from ca. 6,700 to ca. 4,700 cal. BP,
whereas our composite curve shows a decrease in fire from ca. 6,100 to ca. 5,800, followed by a
subsequent increase until ca. 4,700 cal. BP. However, the reconstructed decrease in fire between ca.
5,000 and ca. 3,800 cal. BP is seen in the composite curve of Connor et al. (2019). Iberia is included
in the z-score curves for the “Mediterranean West” and ‘“Mediterranean West South” regions
produced by Vannicre et al. (2011), but again there is limited similarity with our reconstructions.
However, the reconstructed increase in fire from ca. 5,800 to ca. 4,700 cal. BP is seen in the
“Mediterranean West South” region. Shen et al. (2021) have reconstructed the fire history of the
Iberian Peninsula over the Holocene using pollen data and a calibration that relates charcoal
abundance directly to burnt area. Although the burnt area reconstruction is not strictly comparable to
the z-score composite curve of fire activity, and indeed the two records differ in several respects,
nevertheless there are some common features including a peak in fire before 7000 cal. BP and an

interval of lower fire after 7000 cal. BP (Shen et al., 2021).

Both Connor et al. (2019) and Vanniére et al. (2011) use fewer individual records to reconstruct their
regional curves: Connor et al. (2019) uses 13 records and Vannicre et al. (2011) uses 11 records for
the Mediterranean West region (including 7 non-Iberian records) and 9 records for the Mediterranean
West South region (including 3 non-Iberian records). Our analysis includes all of the Iberian sites
from Vanniére et al. (2011) and 11 of the sites from Connor et al. (2019). The differences in site
numbers, the different regions used by Vanniere et al. (2011) and our application of the updated
INTCAL20 calibration curves, likely underpin the differences with our reconstructions. Differences in
the criteria used for site selection could also contribute to differences in the regional curves. Connor et
al. (2019), for example, only used records with greater than 5,000 cal. years of data, an average
sampling resolution < 100 cal. years, with an average interval of < 1500 cal. years between dating
samples, and excluded records with sedimentary hiatuses. The absolute length of the record is not
important for our analyses since we used binned data to minimise the impact of different sampling
frequencies on the composite curve and all of the records provide information for at least 6 of the 100-
year bins between 10000 and 3500 cal. BP. Although we include three records with an hiatus, we
constructed separate age models before and after the hiatus. The sampling resolution of each record
was always > 1 sample per 1000 years and 55% of the records had an average sampling resolution of

<100 years for the 10,000 to 3,500 cal. BP interval. Furthermore, all of the records had age models
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constructed with at least one dating tie-point per 3000 cal. years on average, with most ( > 70%)
having at least one dating tie-point per 1500 cal. years on average. Thus, it seems unlikely that the
inclusion of a greater number of sites in our analyses has significantly compromised the data quality,
and this is confirmed by the confidence intervals generated by bootstrap resampling, but the better

spatial coverage provides a more robust region-wide assessment of changes in fire regimes.

Although increases (or decreases) in anthropogenic burning to either create or maintain open
landscapes as populations grow more rapidly (or decline) have been considered important during the
Holocene (e.g. Gobet et al., 2003; Kaal et al., 2011; Vanniére et al., 2016; Dietze et al., 2018), there is
no consistent correlation between rapid changes in the rate of population growth and the occurrence
of fire in Iberia. Both the correlation analysis and the SEA analysis show no relationship between fire
and periods of high population growth, or, in the case of the correlation analysis, for periods of rapid
population decline. Furthermore, we detected no significant relationship between population size, as
indexed by SPD values, and fire activity. These analyses suggest that the influence of human

activities on Iberian fire regimes during the period between 10,000 and 3,500 cal. BP was limited.

Although there are differences in methodology and data used, our reconstructions of the spread of the
Neolithic show similar patterns to previous research, particularly that the earliest Neolithic locations
are found in the south, east and northeast of Iberia suggesting multiple start locations as shown by
Bernabeu Auban et al. (2015) and the later spread of the Neolithic to the northwest of Iberia indicated
by Isern et al. (2014). Our analyses do not identify a clear relationship between the timing of the
Neolithic transition and the fire record, in contrast with other studies that suggest that fires in Iberia at
this time were closely linked to land cover burning associated with Neolithic agriculture (Carracedo et
al., 2018; Connor et al., 2019). However, other regional and site-level studies indicate that the
widespread use of fire to create open spaces for agriculture often occurred much later than the first
introduction of Neolithic culture (e.g. Morales-Molino and Garcia-Antdon, 2014; Iglesias et al., 2019).
Whilst the spread of agriculture may have had an impact on fire regimes in the longer term or a site-
specific level, our results suggest that the initial spread of the Neolithic had limited direct implications

for region-wide fire regimes.

Our research conclusions are based on several assumptions. These include: 1) the ability to
reconstruct fire, population change and the spread of the Neolithic; 2) the use of estimated population
and the spread of agriculture to approximate human influence on fire; 3) the temporal correspondence
of changes in fire with population changes as evidence of a causal link between them; and 4) the

ability to detect this relationship at a regional scale.

103



We assume that our estimates of fire, population change and the spread of agriculture through time
are sufficiently robust, despite uncertainties inherent to each reconstruction approach. The use of
sedimentary charcoal records to reconstruct fire is widespread in palaeofire research, but it is
recognised that uncertainties in the accuracy of the age depth model (e.g. Trachsel and Telford, 2016;
Blaauw et al., 2018; Zimmerman and Wahl, 2020) or the stability of site characteristics through time
(e.g. Whitlock and Anderson, 2003; Allen et al., 2008; Iglesias et al., 2015) could influence
reconstructed fire at individual sites. These uncertainties underpin our focus on broad-scale, rather
than site-based, patterns in fire, which are less likely to be affected by individual site uncertainty.
Composite charcoal accumulation curves rarely reflect individual charcoal records (e.g. Marlon et al.,
2009; Daniau et al., 2010), but are designed to minimise the impact of local conditions and to draw
attention to broadscale patterns in the data. Composite charcoal records provide an indication of fire
activity but may not reflect other aspects of the fire regime (Conedera et al., 2009), such as fire

intensity or duration, which could be influenced by human actions.

Despite their widespread use, there are acknowledged limitations associated with the SPD approach to
estimating population including biases in sampling of identified archaeological sites (e.g. Torfing,
2015), variation in the sampling intensity of radiocarbon dates through time (Crema and Bevan,
2021), and the creation of artificial peaks or smooth periods in the SPD produced by radiocarbon
calibration (Crema and Bevan, 2021). Furthermore, SPDs do not provide information about variations
in settlement sizes, which could affect the picture of population growth. Methodological
developments designed to reduce potential bias, including the use of model fitting and hypothesis
testing (e.g. Shennan et al., 2013; Timpson et al., 2014) underlie our approach to detecting periods of
rapid population change. Our focus on regional rather than local change, which would rely on fewer
radiocarbon dates and thus potentially produce less reliable SPDs, is also a way of reducing potential
bias. The ability to assess the spread of the Neolithic across Iberia using radiocarbon dates relies on
the availability of items from this cultural period. Assessing the degree to which missing dates affect
the interpolated surface, and the use of composite charcoal curves rather than site-level information,

mitigates the degree to which these inaccuracies affect our conclusions.

Our second assumption is that population changes and the start of agriculture can be used as a
measure of human influence on fire regimes via changes in land use. Other sources of evidence of
human impacts on land use, such as the presence of taxa indicative of farming such as cereals (e.g.
Zapata et al., 2004; Pefia-Chocarro et al., 2005; Lopez-Merino et al., 2010; Cortés Sanchez et al.,
2012), the presence of species indicating open landscapes and disturbance such as Plantago (e.g.
Lopez-Merino et al., 2010; Kaal et al., 2011), or the presence of fungi found in the faeces of grazing
animals (e.g. Lopez Saez and Lopez Merino, 2007; Abel-Schaad and Lopez-Séez, 2013; Morales-
Molino and Garcia-Anton, 2014; Revelles et al., 2018), could potentially be compared with charcoal
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records to determine whether the inferred changes in land use correlate with changes in fire regimes.
However, these alternatives also have inherent uncertainties and do not provide a direct measure of

human impact on fire regimes.

Thirdly, we assume that changes in population and fire would occur at the same time and focus on
periods of rapid population growth and the start of agriculture as periods when landscape change
might be expected to be large and hence changes in fire most visible. There could be lags between
population changes and changes in fire, such that an increase in fire may occur sometime after
population has started to increase. However, our analysis shows that increases in fire precede periods
of rapid population growth by several centuries, which is more difficult to explain. There may be non-
linear population dynamics that could explain the absence of rapid population growth following land
clearance and increases human-induced burning, but we are unable to plausibly explain this result

based on the data available.

Finally, we assume that a human influence on fire is detectable at regional scale and is not obscured
by local variation. Other studies of the relationships between people and fire in Iberia using multiple
records (e.g. Lopez-Saez et al., 2018b; Connor et al., 2019), have only used sites where the fire record
could be compared directly with evidence of human impact based on other types of palaeco-records.
However, the geographic distribution of the charcoal sites aligns well with the archaeological site
data. Our SEA analysis focuses on changes in fire at two time periods, and any potential human
impact may be obscured if the signal is not consistent between these time periods. However, the
analysis of the impact of the Neolithic on fire regimes is spatially and temporally precise. Given that
neither analysis shows an immediate effect on fire regimes, this suggests that the conclusion that there

is no obvious relationship between humans and fire is robust.

At the region-wide scale, the temporal consistency of the changes in fire with respect to population
changes in different time intervals, and in relationship to the asynchronous Neolithisation of the
Iberian Peninsula, suggests that neither rapid changes in population nor the introduction of agriculture
had a noticeable impact on fire in Iberia during the early and middle Holocene. This suggests that
other drivers of fire, such as climate and climate-induced environmental changes, may have been a
more important influence during this period. Climate influences fire directly through controlling fire
weather and fuel moisture and indirectly through influencing vegetation type and productivity and
hence fuel availability (Bowman et al., 2009; Bradstock, 2010; Harrison et al., 2010; Archibald et al.,
2013). Today, fuel availability limits fire in the relatively dry regions of southeastern Iberia and
climate conditions limit fire in the wetter regions of northern Iberia (Pausas and Paula, 2012).
Changes in climate through time affect fire regimes through changing vegetation type and

productivity, influencing fuel dryness and controlling the occurrence of lightning ignitions. The direct
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influence of climate conditions on fire regimes can be amplified or dampened depending on post-fire
vegetation regrowth (Gil-Romera et al., 2010; Tepley et al., 2018; Hurteau et al., 2019). Furthermore,
changes in the fire regime can also influence vegetation type (Baudena et al., 2010; D’Onoftio et al.,
2018; Halofsky et al., 2020; Pausas and Bond, 2020). There is a considerable body of evidence from
Iberia that provides insight into the dynamics of climate and vegetation during the Holocene,
including changes in lake levels (e.g. Morellon et al., 2008; Gonzalez-Sampériz et al., 2017; Morellon
et al., 2018; Schroder et al., 2018), isotopic records from speleothems (e.g. Moreno et al., 2017;
Baldini et al., 2019; Budsky et al., 2019; Thatcher et al., 2020; Benson et al., 2021), pollen
assemblages (e.g. Broothaerts et al., 2018; Lopez-Saez et al., 2020) and sea-surface temperatures from
adjacent ocean regions (e.g. Rodrigues et al. 2009; Chabaud et al., 2014; Schirrmacher et al., 2019;
Gomes et al., 2020). However, it is difficult to use these types of record to separate out the influence
of potential individual drivers of changes in fire regimes. Statistical approaches have been used to
disentangle the multivariate impacts of different drivers on fire in the recent past (e.g. Bistinas et al.,
2014; Andela et al., 2017; Forkel et al., 2019; Harrison et al., 2021) and similar techniques could be
applied to palaeofires given sufficient independent quantitative reconstructions of climate variables
and vegetation characteristics. Although there are a limited number of site-based quantitative
reconstructions of temperature or moisture changes during the Holocene based on pollen (e.g.
Kaufman et al., 2020; Ilvonen et al. 2022) and chironomid data (Mufioz Sobrino et al., 2013; Tarrats
et al., 2018), the only large-scale mapped reconstructions of climate variables (Mauri et al., 2015) are
based on interpolation from a geographically biased set of sites concentrated in northern mountain or
coastal regions. Similarly, the available quantitative reconstructions of vegetation characteristics for
the region (Zanon et al., 2018; Githumbi et al., 2021) have limited spatial coverage or temporal
resolution and focus on a limited range of vegetation types. Thus, a thorough statistical analysis of the

interacting drivers of fire over the Holocene period is currently not possible.

Our results suggest that human activities had little impact on fire during the interval from 10,000 to
3,500 cal. BP. This does not preclude a role for humans in the later Holocene, and indeed other
studies have suggested that human influences are more recognisable in the last few millennia (e.g.
Fletcher et al., 2007; Gil-Romera et al., 2010; Anderson et al., 2011). The role of other factors, such
as climate or climate-induced changes in vegetation, during the earlier part of the Holocene could be
investigated using the statistical approaches that have previously been used to analyse and disentangle
the multivariate drivers of fire in the recent past (e.g. Bistinas et al., 2014; Andela et al., 2017; Forkel
et al., 2019). These methods could also be used to identify when a strong regional signal of human
influence on fire emerges. Further insights could be gained through the calibration of the charcoal
data to provide quantitative reconstructions of the fire regime (see e.g. Hennebelle et al., 2020; Shen
et al., 2021) or the use of alternative data sources that might provide information on other aspects of

the fire regime, such as charcoal morphology or anatomy (e.g. Umbanhowar and McGrath, 1998;
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Iglesias and Whitlock, 2014) or combustion biomarkers (e.g. Argiriadis et al., 2018; Kong et al.,
2021). Radiocarbon-based reconstructions of population changes could also be compared with and
complemented by alternative approaches to reconstruct anthropogenic land-use changes (e.g. Gaillard
et al., 2010; Pirzamanbein et al., 2014; Fyfe et al., 2015). Further research using other sources of data
on human impact and the application of emerging techniques to enhance coverage of fire history (see
e.g. Shen et al., 2021) would help test the reliability of our results. Similarly, the application of the
techniques used in this research to other areas could help assess the general applicability of our

findings.

2.6. Conclusions

We have used sedimentary charcoal and radiocarbon dates on archaeological material to reconstruct
changes in fire and human populations between 10,000 and 3,500 cal. BP for Iberia and examined the
impact of the spread of the Neolithic on fire regimes. Whilst region-wide fire and population changes
are evident from our reconstructions, these changes do not occur in concert. Correlation and SEA
analyses indicate that rapid population changes are not associated with changes in fire regimes.
Furthermore, there are no changes in fire regime associated with the immediate influence of the
spread of Neolithic agriculture and the resulting change in land use. There is also no significant
relationship between population size and fire activity. While further research to disentangle the
multivariate drivers of fire regimes is necessary to quantify the precise nature of human influence
during this time, at a region-wide scale our research indicates that human influence is likely of less
importance to fire regimes than other environmental influences during the early and middle Holocene

in Iberia.

2.7. Data and code availability

The charcoal data is available from the University of Reading Research Data Archive

(https://doi.org/10.17864/1947.000369). See S16 for plots of the 32 individual records of charcoal

influx through time utilised in this analysis.
The radiocarbon data is available from the University of Reading Research Data Archive

(http://doi.org/10.17864/1947.000340).

The code utilised in generating fire and population reconstructions, as well as cross-analysis of the

data is available at (https://github.com/sweeney-I/Iberian_fire history)
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2.9. Supplement

This supplement contains the following sections: (1) the influence of the selection of macro or micro
charcoal on the charcoal z-score composite; (2) the influence of max transformation compared with
minmax transformation on the charcoal z-score composite; (3) the impact of the choice of variogram
model and kriging interpolated Neolithic surface; (4) the raw quantity of radiocarbon dated
archaeological material available through time; (5) the influence of bin width choice on the charcoal
z-score composite; (6) the influence of the exclusion or inclusion of high elevation sites (>2000m) on
the charcoal z-score composite; (7) the number of charcoal records contributing to the z-score
composite curve through time; (8) long-term trend of the z-score composite of charcoal influx; (9) the
implications of exponential compared to logistic model choice in the summed probability distribution
(SPD) null model selection; (10) detrended superposed epoch analysis of charcoal z-score composite;
(11) superposed epoch analysis of charcoal z-score composite with randomly adjusted “key
population growth dates”; (12) superposed epoch analysis of charcoal z-score composites using
AutoRegressive Integrated Moving Average (ARIMA) analysis; (13) detrended Neolithic charcoal z-
score composite; (14) Neolithic charcoal z-score composite with randomly adjusted radiocarbon
Neolithic dates; (15) Neolithic charcoal z-score composite ARIMA analysis; (16) charcoal influx

through time of utilised Iberian records.

This supplement includes the following Figures and Tables:

e Supplementary Figure 2.1: Influence of the selection of macro or micro charcoal on charcoal z-
score composite

e Supplementary Figure 2.2: Z-score composites of charcoal influx for Iberia, 10,000 to 3,500 cal.
BP. The curves show the impact of max (red) or minmax (blue) transformation.

e Supplementary Figure 2.3: Z-score composite of charcoal influx for Iberia, 10,000 to 3,500 cal.
BP.

e Supplementary Figure 2.4: Number of radiocarbon dated archaeological samples, per 100 year
bin. 10,000 to 3,500 cal. BP

e Supplementary Figure 2.5: Variogram and variogram models associated with the Neolithic
radiocarbon dates (N.B. Matern and Stein Matern models overlap)Supplementary Figure 2.5:
Kriging interpolated Neolithic surfaces, based on different variogram fitted models: A)
Exponential; B) Stein Matern; C) Matern; D) Spherical

e Supplementary Figure 2.6: Z-score composites of charcoal influx for Iberia, 10,000 to 3,500 cal.
BP. Curves represent the sites below 2000m (red) or those sites above 2000m (blue)

e Supplementary Figure 2.7: Number of records contributing to each 100 year bin used in the

construction of the z-score composite of charcoal influx, 10,000 to 3,500 cal. BP
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Supplementary Figure 2.8: Z-score composite of charcoal influx for Iberia, 10,000 to 3,500 cal.
BP (red) and fitted linear model representing longer-term trend in fire (black)

Supplementary Figure 2.9: Detrended z-score composite of charcoal influx for Iberia, 10,000 to
3,500 cal. BP

Supplementary Figure 2.10: (A) Summed probability distribution and exponential null model for
Iberia (10 — 3.5k cal. BP.) (B) Summed probability distribution rate of change and exponential
null model for Iberia (10 — 3.5k cal. BP.); (C) Summed probability distribution and logistic null
model for Iberia (10 — 3.5k cal. BP.) (D) Summed probability distribution rate of change and
logistic null model for Iberia (10 — 3.5k cal. BP.) Deviations from simulated growth models are
shown in red and blue

Supplementary Figure 2.11: Superposed epoch analysis of detrended z-score composite of
charcoal influx for Iberia, with dates aligned before and after SPD key growth periods at 7,383
and 5,371 cal. BP. Grey lines indicate 1000 bootstrap re-samples of records, with replacement.
The solid red lines shows the median z-score values, and the fine red lines are the 95% confidence
intervals.

Supplementary Figure 2.12: Superposed epoch analysis of z-score composite of charcoal influx
for Iberia, with dates adjusted before and after SPD key growth periods at 7,395 and 5,369 cal.
BP. Grey lines indicate 1000 re-runs of the SEA with randomly adjusted key growth periods
Supplementary Figure 2.13: Superposed epoch analysis of z-score composite of charcoal influx
for Iberia, with dates adjusted before and after SPD key growth periods at 7,395 and 5,369 cal.
BP. ARIMA model forecast post-epoch dates in blue, with forecast confidence intervals shown
Supplementary Figure 2.14: Superposed epoch analysis of detrended z-score composite of
charcoal influx for Iberia, based on spatially heterogenous dates relative to the start of the
Neolithic across Iberia. Grey lines indicate 1000 bootstrap re-samples of core sites, with
replacement. The solid red line shows the median z-score values, and the fine red lines are the
95% confidence intervals

Supplementary Figure 2.15: Neolithic detrended z-score composite of charcoal influx for Iberia,
based on spatially heterogenous dates relative to the start of the Neolithic across Iberia. The
yellow line represents the detrended adjusted composite; grey lines represent alternative
detrended adjusted composites based on randomised changes to the Neolithic interpolation; blue
lines represent 95% confidence intervals of the detrended adjusted composite

Supplementary Figure 2.16: Neolithic z-score composite of charcoal influx for Iberia, based on
spatially heterogenous dates relative to the start of the Neolithic across Iberia. ARIMA model

forecast post-Neolithic dates overlayed by actual influx, with forecast confidence intervals shown
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e Supplementary Figure 2.17: Charcoal influx associated with records included within the analysis
of fire history for Iberia; complete record shown, with macro or micro charcoal type indicated.
Records 1-8 of 32

e Supplementary Figure 2.18: Charcoal influx associated with records included within the analysis
of fire history for Iberia; complete record shown, with macro or micro charcoal type indicated.
Records 9-16 of 32

e Supplementary Figure 2.19: Charcoal influx associated with records included within the analysis
of fire history for Iberia; complete record shown, with macro or micro charcoal type indicated.
Records 17-24 of 32

e Supplementary Figure 2.20: Charcoal influx associated with records included within the analysis
of fire history for Iberia; complete record shown, with macro or micro charcoal type indicated.

Records 25-32 of 32

S1. Influence of the selection of macro or micro charcoal on charcoal z-score composite

To prevent individual site overrepresentation within the composite curve, a single record has been
selected for each site. Of the 32 records included within the charcoal z-score composite, 11 sites
contain both macro- or micro-charcoal records. After first selecting for records with the maximum
number of charcoal samples, we then selected macro-charcoal records for our analysis. The impact of

this selection on the shape of the overall composite curve is, however, minimal (Sup. Fig. 2.1)

1-

01 /\/\/\\/\/
Macro- or micro or charcoal records

macro— charcoal records favoured

—— micro—charcoal records favoured

_3 -
10000 8000 6000 4000
Years cal. BP

Z—scores of transformed charcoal influx
|

Supplementary Figure 2.1: Z-score composites of charcoal influx for Iberia, 10,000 to 3,500 cal. BP. The
curves show the impact of including macro- (red) or micro-charcoal (blue) for sites with multiple types of

record
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S2. Influence of max compared with minmax transformation on charcoal z-score composite

One of the steps in standardising the charcoal records so that they can be both comparable and
composited is transformation of site influx values to a common range of 0-1. In order to take into
account zero values of charcoal accumulation, we performed a max transformation (Eq. (1)), rather
than the minimax transformation (Eq. (2)) suggested by Power et al. (2008). The influence of this
change on the shape of the charcoal z-score composite is almost imperceptible, with only minor
differences visible at ca. 5,000 and 4,000 cal. BP (Sup. Fig. 2.2). Note that the scale in Sup. Fig. 2.2 is

narrower than other charcoal z-score figures (e.g. Sup. Fig. 2.3), in order to visualise these minor

differences.

Max transformation: x; i = b 0
g Xjmax

Minimax transformation: x; i = _TLj Mjmin @)

Xjmax - Xjmin
where x; ; 1s the transformed influx value of the i-th sample in the j-th record, X; ;4 1s the maximum

influx value for the j-th record, and X; ;i is the minimum influx value for the j-th record.

0.2+

0.0 1
Transformation type

max

~0.2- -
- minmax

~0.4-

Z—scores of transformed charcoal influx
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Supplementary Figure 2.2: Z-score composites of charcoal influx for Iberia, 10,000 to 3,500 cal. BP. The

curves show the impact of max (red) or minmax (blue) transformation.
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S3. Influence of bin width choice on charcoal z-score composite

The choice of bin width affects the z-score composite curve in terms of the magnitude of variations
(Sup. Fig. 2.3). The differences in the curve using different bin widths are more apparent prior to ca.
7,800 cal. BP, due to the more limited numbers of charcoal records used (see S8). The increase in fire
at ca. 9,500 cal. BP becomes more pronounced with shorter bin widths. The shape of the curves is
very similar after 7,800 cal. BP, with the exception of the 500-yr bin width where variability is muted,

indicating that bin width choice has a limited impact on the construction of fire history.

Z—scores of transformed charcoal influx
-1

Binwidth
T —— 50-year
—— 100-year
= 200-year
o ——  500-year

| T | T | T |
10000 9000 8000 7000 6000 5000 4000
Years cal. BP

Supplementary Figure 2.3: Z-score composite of charcoal influx for Iberia, 10,000 to 3,500 cal. BP. The solid
lines show the median value, with smoothing windows of 50 (blue), 100 (red), 200 (black) and 500 (green)

years, the thin red lines show the 95% confidence intervals of the 1000 bootstrap resample (shown in pale

grey).

S4. The raw quantity of radiocarbon dated archaeological material through time

The number of radiocarbon dates archacological samples increases through time (Sup. Fig. 2.4), and
broadly mirrors the shape of the SPD curve (Sup. Fig. 2.11). The differences in the shape of this curve
with the SPD reflects both the site binning procedure and the 200-year rolling mean used in

construction of the SPD.
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Supplementary Figure 2.4: Number of radiocarbon dated archaeological samples, per 100 year bin. 10,000 to
3,500 cal. BP

S5. Choice of variogram model and kriging interpolated Neolithic surface

The choice of variogram fitted model to inform the kriging interpolated Neolithic surface was in the

first instance based on the model standard error.

°
4e+05 -
o 3e+05 - Model and fit standard error
Q
.é —— Exponential: 61
S 26405 — Matern: 29
qéj — Spherical: 43
« —— Stein Matern: 29
1e+05 A
0e+00 -
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Supplementary Figure 2.5: Variogram and variogram models associated with the Neolithic radiocarbon dates

(N.B. Matern and Stein Matern models overlap)
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Supplementary Figure 2.6: Kriging interpolated Neolithic surfaces, based on different variogram fitted models:
A) Exponential; B) Stein Matern; C) Matern; D) Spherical

However, we applied a further constraint, the earliest accepted date of the Neolithic for Iberia at
around 7,600 cal. BP, in choosing the final model. The Exponential model (Sup. Fig. 2.6) was the best
model that fulfilled this constraint, although other variogram models had a better fit with the data. The
general form of the interpolated surface is relatively consistent irrespective of model specification

(Sup. Fig. 2.6).

Sé6. Influence of the exclusion or inclusion of high elevation sites (>2000m) on charcoal z-score

composite

The number of archaeological radiocarbon samples above 2000m is very low throughout the 10,000
to 3,500 cal. BP period, making it difficult to assess the potential influence of humans on fire at high
elevations. We excluded the four charcoal sites above 2000m (Table 2.1). There is a difference
between the z-score of charcoal accumulation based on sites below 2000m and above 2000m (Sup.
Fig. 2.7), implying that fire history may be different in upland regions. However, given the limited

amount of data, this needs further testing.
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Supplementary Figure 2.7: Z-score composites of charcoal influx for Iberia, 10,000 to 3,500 cal. BP. Curves
represent the sites below 2000m (red) or those sites above 2000m (blue)

S7. Number of records contributing to the z-score composite of charcoal influx through time

The number of records that contribute to the z-score composite curve of charcoal influx by 100-year

bin generally increases through time (Sup. Fig. 2.8).
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Supplementary Figure 2.8: Number of records contributing to each 100 year bin used in the construction of the

z-score composite of charcoal influx, 10,000 to 3,500 cal. BP
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S8. Long-term trend in the z-score composite of charcoal influx

Linear regression through the z-score composite of charcoal influx shows that there is a minor
increase in fire through time (Sup. Fig. 2.9). By taking the differences between these predicted values
to the actual z-score values, variation in charcoal influx excluding this trend can be seen (Sup. Fig.

2.10). The magnitude of the trend and the magnitude of the variation in the composite are comparable.
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Supplementary Figure 2.9: Z-score composite of charcoal influx for Iberia, 10,000 to 3,500 cal. BP (red) and

fitted linear model representing longer-term trend in fire (black)
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Supplementary Figure 2.10: Detrended z-score composite of charcoal influx for Iberia, 10,000 to 3,500 cal. BP
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S9. Implications of exponential compared to logistic model choice in SPD null model selection

The p value for the fit of the exponential or logistic null model associated with SPD data was similar,
with the logistic model having a slightly improved fit (p value 0.001 compared to 0.003). However,
the choice of a logistic model has more theoretical implications than that of an exponential model,
requiring specification of a density dependent maximum. Additionally, as our focus was on deviations
from longer-term population change, rather than deviations associated with growth towards a
specified population maximum, we used an exponential model. In practice, the specification of key
growth periods as shown by periods when the SPD was greater than the envelope of Monte Carlo
generated fitted models is very similar irrespective of the model (Sup. Fig. 2.11: A and B). The first
period(s) of rapid growth is at the beginning of the record, although this is likely to be an artefact of
limited data. The second period of rapid growth based on the exponential model, between ca. 7,400
and ca. 6,880 cal. BP, is almost exactly mirrored with the logistic model as being between ca. 7,410
and ca. 6,830 cal. BP. The subsequent periods of decline in population as identified by the exponential
model are likewise identified based on logistic growth, although the periods are longer and wider than
in the exponential model. The next period of high population growth identified in the exponential
model at ca. 4,750 until ca. 4,460 cal. BP is again mirrored with the logistic model at ca. 4,780 to ca.
4,420 cal. BP. The main difference between the models in the identification of significant periods of
change occurs at the end of the record, where a period of decline is indicated by the exponential
model but is a period of increase based on the logistic model fit. However, this difference is a function
of the logistic model specification. When comparing the exponential and logistic models for the rate
of change for the SPD, more differences are apparent (Sup. Fig. 2.11: C and D). There is a significant
difference between the rate of change in the SPD and the logistic model at ca. 7,460 cal. BP, which is
broadly in line with the significant growth identified with the SPD curve in both the exponential and
logistic models. However, the significant increase in the rate of growth in the exponential model from
ca. 5,370 to ca. 5,170 cal. BP is also broadly identified in the logistic model between ca. 5,390 and ca.
5,150 cal. BP.

Thus, although there are minor differences in the dates identified as key growth periods between the
two models, the importance of the precision of the dates is limited for the comparison with the

charcoal z-score composite (see S11).

137



0015
J

1.5
0010
J

Summed Probability
1.0
!
Summed Probability
0.005
!

£
g

=)
= I [T | A I I | A I ML | A | I |
10000 9000 8000 7000 6000 5000 4000 10000 9000 8000 7000 6000 5000 4000

14
0.020
|

10
0010
|

0.8

Summed Probability
1

Summed Probability
l

L
3
E
2
2
;
;

0
-0.010
J

=
S e e ey rreTrrer e reeeere el e Riaasasas e AAAARALLA e e e

10000 9000 8000 7000 6000 5000 4000 10000 9000 8000 7000 6000 5000 4000
Years cal. BP Years cal. BP
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Deviations from simulated growth models are shown in red and blue

S10.  Detrending the superposed epoch analysis of charcoal z-score composite

To test whether a longer-term trend in the superposed epoch analysis of charcoal z-score composite
might influence the potential relationship between key growth periods in population and fire history,
we fitted a simple linear regression to the composite curve and extracted the residuals (Sup. Fig.
2.12). As shown, and in common with Figure 5, the detrended analysis shows that fire was increasing
ca. 275 years before the intervals of rapid population growth and this increase persists until around ca.

275 after these intervals.
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Supplementary Figure 2.12: Superposed epoch analysis of detrended z-score composite of charcoal influx for
Iberia, with dates aligned before and after SPD key growth periods at 7,383 and 5,371 cal. BP. Grey lines
indicate 1000 bootstrap re-samples of records, with replacement. The solid red lines shows the median z-score

values, and the fine red lines are the 95% confidence intervals.

S11.  Superposed epoch analysis of charcoal z-score composite with randomly adjusted “key

population growth dates”

To test the importance of the precise dates identified as the start of rapid population growth, these
“epoch” dates were randomly varied by + 200 years and a charcoal z-score composite recalculated
1000 times. The 95% confidence intervals of these re-runs (Sup. Fig. 2.13) show that there is limited
correspondence between the start of periods of higher population growth and changes in fire, even

taking this dating uncertainty into account.
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Supplementary Figure 2.13: Superposed epoch analysis of z-score composite of charcoal influx for Iberia, with
dates adjusted before and after SPD key growth periods at 7,395 and 5,369 cal. BP. Grey lines indicate 1000
re-runs of the SEA with randomly adjusted key growth periods

S12.  Superposed epoch analysis of charcoal z-score composites using AutoRegressive Integrated

Moving Average (ARIMA) analysis

To test the influence of the periods of rapid population growth on the SEA charcoal z-score
composite, we forecasted the shape of the curve based on trained ARIMA modelling and compared
this with the actual composite curve shape (Sup. Fig. 2.14). There is limited variation in the curve
compared to the forecasted curve shape (ARIMA model type (1,2,0)), indicating that there is no

significant deviation for the subsequent 200 years following the epoch dates.

140



é Rapid population growth |

g |

= i

§ 0.5+ :

ks I

o l level
= i

o : 80
X 1

é 0.0+ : 95
= i

o)

o I

(0]

5 re : After

i 05 '

N :

-500 —400 -300 -200 -100 O 100 200
Age before and after ~7400 and ~5400
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S13.  Detrending the Neolithic charcoal z-score composite

To test whether a longer-term trend in the generated Neolithic charcoal z-score composite might
influence the potential relationship between key growth periods in population and fire history, we
fitted a simple linear regression to the composite curve and extracted the residuals (Sup. Fig. 2.15). As
shown, and in common with Figure 7, the detrended analysis shows that fire was increasing ca. 450

years before the spatially heterogenous spread of agriculture and persisted for 750 years afterwards.
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Supplementary Figure 2.15: Superposed epoch analysis of detrended z-score composite of charcoal influx for
Iberia, based on spatially heterogenous dates relative to the start of the Neolithic across Iberia. Grey lines
indicate 1000 bootstrap re-samples of core sites, with replacement. The solid red line shows the median z-score

values, and the fine red lines are the 95% confidence intervals

S14.  Neolithic charcoal z-score composite with randomly adjusted radiocarbon Neolithic dates

To test the robustness of the Neolithic charcoal z-score composite analysis to small changes in the
interpolated Neolithic surface, we randomly adjusted the calibrated dates of the Neolithic
archaeological data by +200 years, re-constructed the associated variogram and variogram models and
re-interpolated the Neolithic surface using kriging. We re-ran these adjusted calibrated dates 1000
times, and each time re-constructed the Neolithic charcoal z-score composite based on the adjusted
Neolithic surface. The 95% confidence intervals were calculated based on these 1000 re-runs of this
analysis and plotted together with the original composite curve (Sup. Fig. 2.16). The upper and lower
bound Neolithic z-score composites share a very similar shape to the original curve, indicating that

precise specification of the Neolithic surface does not influence these results.
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Supplementary Figure 2.16: Neolithic detrended z-score composite of charcoal influx for Iberia, based on
spatially heterogenous dates relative to the start of the Neolithic across Iberia. The yellow line represents the
detrended adjusted composite; grey lines represent alternative detrended adjusted composites based on
randomised changes to the Neolithic interpolation; blue lines represent 95% confidence intervals of the
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S15.  Neolithic charcoal z-score composite ARIMA analysis

Intervention analysis based on ARIMA modelling of the Neolithic z-score composite curve was used
to assess whether the initial impact of the Neolithic could be seen in the fire record. Comparison of

the post-Neolithic charcoal z-score composite (ARIMA model type (1, 2, 0)) and the actual shape of
the Neolithic charcoal z-score composite shows very little difference for the 200-years following the

Neolithic (Sup. Fig. 2.17).
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Supplementary Figure 2.17: Neolithic z-score composite of charcoal influx for Iberia, based on spatially
heterogenous dates relative to the start of the Neolithic across Iberia. ARIMA model forecast post-Neolithic
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S16.  Charcoal influx through time of utilised Iberian records

Analysis of regional fire history through time was based on 32 charcoal records. The following
figures (Sup. Fig. 2.18, Sup. Fig. 2.19, Sup. Fig. 2.20 and Sup. Fig. 2.21) show the charcoal influx

associated with each record through time.
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Supplementary Figure 2.18: Charcoal influx associated with records included within the analysis of fire history

for Iberia; complete record shown, with macro or micro charcoal type indicated. Records 1-8 of 32
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Supplementary Figure 2.19: Charcoal influx associated with records included within the analysis of fire history

for Iberia; complete record shown, with macro or micro charcoal type indicated. Records 9-16 of 32
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Supplementary Figure 2.20: Charcoal influx associated with records included within the analysis of fire history

for Iberia; complete record shown, with macro or micro charcoal type indicated. Records 17-24 of 32
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Supplementary Figure 2.21: Charcoal influx associated with records included within the analysis of fire history

for Iberia; complete record shown, with macro or micro charcoal type indicated. Records 25-32 of 32
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3. European tree cover during the Holocene reconstructed

from pollen records

The following chapter is an amended version of a paper submitted to Biogeosciences, and currently
under review. The article pre-print, reviewer and community comments, and author responses are

available to read online (https://doi.org/10.5194/egusphere-2024-1523). It has been written and

referenced in the style guidelines of this journal. The authors were Luke F. Sweeney, Sandy P.
Harrison and Marc Vander Linden. The study was designed by all authors. LS carried out the
analyses. The first draft of the manuscript was written by LS and SPH, and all authors contributed to

the final article. Estimated contributions are LS: 70%, SPH: 20% and MVL: 10%.

3.1. Abstract

Changes in tree cover influence many aspects of the earth system. Recent regional changes in tree
cover, as documented by remote-sensed observations, are insufficient to capture the response to large
climate changes or to differentiate the impacts of human activities from natural drivers. Pollen records
provide an opportunity to examine the causes of changes in tree cover in response to large climate
changes in the past and during periods when human influence was less important than today. Here we
reconstruct changes in tree cover in Europe through the Holocene using fossil pollen records, using
the modelled relationship between observed modern tree cover and modern pollen samples. At a pan-
European scale, tree cover is low at the beginning of the Holocene but increases rapidly during the
early Holocene and is maximal at ca. 6,500 cal. BP, after which tree cover declines to present-day
levels. The rapidity of the post-glacial increase in tree cover and the timing and length of maximum
tree cover varies regionally, reflecting differences in climate trajectories during the early and mid-
Holocene. The nature of the subsequent reduction in tree cover also varies, which may be due to
differences in climate but may also reflect different degrees of human influence. The reconstructed
patterns of change in tree cover are similar to those shown by previous reconstructions, but our
approach is relatively simple, only requires readily available data and could therefore be applied to

reconstruct tree cover globally.

3.2. Introduction

Tree cover in Europe has been expanding in recent decades (FAO, 2020; Turubanova et al., 2023),

with potential implications for land-atmosphere energy exchanges, water and carbon cycles, and

ultimately local and global climates (Bonan, 2008; Alkama and Cescatti, 2016). Changes in tree cover
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may reflect forest or woodland expansion, or the presence of trees in vegetation mosaics and urban
settings. Tree cover both affects and is affected by the environment (Moyes et al., 2015; Abis and
Brovkin, 2017) and this two-way relationship leads to complex interactions between both. For
example, deforestation in the Amazon has been linked to changes in weather patterns, which
subsequently affect the moisture available for rainforest maintenance (Staal et al., 2018; Leite-Filho et
al., 2020). Similarly, increases in tree cover resulting from farm abandonment has been shown to
change fire frequency in the Iberian Peninsula (Moreira et al., 2001; Viedma et al., 2015), which in
turn affects vegetation cover and structure and results in further changes to the fire regime. Satellite
data can be used to assess the environmental controls on tree cover but, since they only cover the past
20-30 years, are insufficient to look at the response to longer term changes in climate or relationships

when the human influence of land-use and vegetation cover was less ubiquitous.

Pollen from sedimentary sequences provides a record of past vegetation changes. The relative
abundance of arboreal pollen is commonly used to infer changes in tree abundance at a site (e.g.
Hicks, 2001; Kaplan et al., 2016; Adam et al., 2021). The relationship between pollen abundances and
vegetation cover is not straightforward however, because it is influenced by differences between
species in pollen productivity and transportability, and site characteristics that affect the pollen source
area, such as basin size (Bradshaw and Webb, 1985; Prentice and Webb, 1986; Prentice, 1988; Sugita,
1993).

Several different techniques that have been applied to reconstruct regional and sub-regional
vegetation in Europe using pollen such as biomization/pseudobiomization (e.g. Fyfe et al., 2015;
Binney et al., 2017) or the application of the Modern Analogue Technique using plant functional
types (e.g. Davis et al., 2014). Other studies have made reconstructions combining different
approaches (e.g. Roberts et al., 2018) and by combining pollen-based reconstructions with simulated
potential vegetation (Pirzamanbein et al., 2014). However, the most recent quantitative pan-European
pollen-based reconstructions of Holocene vegetation changes have been made using the Regional
Estimates of Vegetation Abundance from Large Sites (REVEALS) approach (Sugita, 2007b, a) or the
MAT (Overpeck et al., 1985; Guiot, 1990; Jackson and Williams, 2004; Zanon et al. 2018). The
REVEALS method calculates regional vegetation cover based on modelled relationships between
pollen abundance, estimated differences in species level pollen productivity and pollen transport, and
differences in site characteristics. Initially used at individual sites or small regions (e.g. Gaillard et al.,
2010; Nielsen et al., 2012; Marquer et al., 2014), REVEALS was first applied at a pan-European scale
by Trondman et al. (2015) and later extended with additional sites, taxa and an improved temporal
resolution by Githumbi et al. (2022). The most recent analysis by Serge et al. (2023), is based on 1607
records for 500-year intervals before 700 cal. BP and for the subsequent intervals of 700-350 cal. BP,

350-100 cal. BP and 100 cal. BP— present. They tested the impact of including 15 additional taxa
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(total n=46) on the vegetation reconstructions, producing maps of landcover and species abundance at
record-containing 1° grid cells. In contrast, the MAT approach reconstructs past vegetation based on
identifying modern analogues of fossil pollen assemblages, on the assumption that samples found in
the fossil record that share a similar composition to those found in present-day pollen assemblages
will have similar vegetation. Zanon et al. (2018) applied the MAT to 2,526 individual fossil pollen
samples from Europe to generate interpolated maps at 250-year intervals at 5 arc-minute resolution

through the Holocene.

Each of these approaches presents challenges. The REVEALS approach requires, and is sensitive to,
estimates of relative pollen productivity (RPP) and pollen fall speeds (FS) for individual species
(Bunting and Farrell, 2022; Githumbi et al., 2022; Serge et al., 2023). Landscape-level reconstructions
are problematic if RPP information is not available for relatively common taxa (Harrison et al., 2020).
RPP values have been estimated for common taxa in Europe and China, and there are a limited
number of studies from North America (see e.g. Wieczorek and Herzschuh, 2020). Studies have been
conducted for some ecosystems in South America and Africa, but these only provide RPPs for a very
limited number of taxa (e.g. Duffin & Bunting, 2008; Whitney et al, 2018; Gaillard et al., 2021; Hill
et al., 2021; Tabares et al., 2021; Piraquive Bermudez et al., 2022) and even this level of information
is not readily available for other regions. The MAT technique requires a large modern pollen data set
for training purposes, but such data sets are now available for all regions of the world. However, the
application of the MAT involves a number of arbitrary decisions including the choice of analogue
threshold (i.e. how similar modern and fossil assemblages must be to be considered analogous), and
the number of analogues used (Jackson and Williams, 2004). Techniques designed to minimise the
number of samples for which no analogues are found, such as grouping species into plant functional
types (PFTs) (see Davis et al., 2003), introduce further uncertainties since the allocation of pollen taxa

to PFTs is often ambiguous (Zanon et al., 2018).

In this paper, we develop a simple calibration approach to derive estimates of tree cover at individual
sites across Europe, capitalising on an extensive modern pollen data set, new remote-sensed data on
tree cover, harmonised age models, and improved information about basin size for fossil records from
Europe. We evaluate how well this method reconstructs modern tree cover compared to existing
methods. We then reconstruct pan-European changes in tree cover through the Holocene and compare

these reconstructions with existing reconstructions.
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3.3. Methods

Tree cover during the Holocene was reconstructed by applying a statistical model describing modern
tree cover to fossil pollen records from individual sites. There were three steps: 1) selection and
treatment of data; 2) development of the predictive model relating modern pollen data to modern tree
cover; and 3) application of this model to fossil pollen records (Fig. 3.1). All analyses were performed

using the R Statistical Software (R Core Team, 2022).
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Figure 3.1: Methodology to reconstruct European tree cover during the Holocene

3.3.1. Selection and treatment of data

We used the Copernicus Dynamic Land Cover Dataset to source information on tree cover. This data
set provides percentage land cover estimates for individual land-cover classes at a spatial resolution of
100m. We used the land-cover class designated as forest/tree cover, which at this spatial resolution
can be regarded as an estimate of actual tree cover. A composite map of modern tree cover for the

broadly European region but including the far north of Africa, Turkey and European Russia (12°W to
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45°E and 34-73°N) was generated by averaging annual percentage forest/tree cover data from
Copernicus annual land cover maps from 2015 to 2019 (Buchhorn et al., 2020a, ¢, d, c, b), after
removing cells dominated (> 50%) by other land-cover classes, including bare ground, built up areas,
moss or lichen, permanent water, snow, and crops (Fig. 3.2A). However, the Copernicus maps do not
distinguish between natural forests and plantations and so the tree cover target may include planted

species. This modern tree cover map has a resolution of 100m.

00
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i e Atlantic

¢ Boreal

¢ Continental
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Figure 3.2: A - Observed tree cover based on compositing annual tree cover maps from the Copernicus land
cover data sets (2015-2019) and screening out of cells where the dominant land cover was bare ground, built up
areas, moss or lichen, permanent water, snow, or crops, B - Modern pollen records used for model fitting, C -
Fossil pollen sites used for tree cover reconstructions; D - Classification of the fossil pollen sites into climatic

sub-regions

Modern pollen data (Fig. 3.2B) was obtained from version 2 of the SPECIAL Modern Pollen Dataset
(Villegas-Diaz and Harrison, 2022). This dataset was created from multiple different published
regional datasets, from data repositories (Neotoma, PANGAEA) or directly from data
collectors/authors (see 3.9. Supplement: S1 for sources and citations) but employs a standardised
taxonomy, and includes improvements to metadata and age models. The data set was further amended
for the current analysis by including updated meta information (see 3.7. Code and data availability).

The SMPDS contains pollen samples from the post-industrial era (post-1850 CE). We extracted
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samples that were explicitly dated to post-1950 and assumed that all samples characterised as modern
but without an explicit age assignment also dated to post-1950 CE. We assume that at the regional
scale these samples broadly reflect modern (2015-2019) tree cover values. Site metadata (elevation,
site type, basin size) from the SMPDSv2, along with the additional metadata updates, were used as
explanatory variables in the tree cover model (see section 3.3.2 Model development). Depauperate
samples with Hill’s N2 values (Hill, 1973) of < 2 were excluded, following Wei et al. (2021). Wei et
al. (2021) found that low taxa diversity produced unreliable estimates of reconstructed variables, in
this case temperature via tolerance weighted partial least squares estimation. Pollen counts from cores
with multiple modern samples were averaged to prevent over-sampling. Likewise, where there were
multiple cores from the same site, pollen counts were averaged so that there was only a single count
from each site. Only samples from lakes and bogs were included, to ensure appropriate pollen source
areas could be calculated, and samples gathered via moss polsters or pollen traps were excluded as
these generally reflect only the very local pollen rain. However, bog records with a radius > 400m
were excluded from the analysis because we included taxa that grow on bog surfaces in our analysis
(see below), and the exclusion of large bogs reduces the potential for these to bias the regional
vegetation reconstructions. Finally, since upslope pollen transport is known to increase the proportion
of non-local pollen at high-elevation sites (Fall, 1992; Ortu et al., 2008, 2010), and the complex
topography of mountainous areas also impacts pollen transport (Markgraf, 1980; Bunting et al., 2008;
Marquer et al., 2020; Worl et al., 2022), we excluded 236 site records above 1000m. To test the effect
of the inclusion of bog sites and the restriction on site elevation, we ran two alternative models

excluding bogs and including high elevation sites, and examined summary statistics for each.

The percentage of arboreal pollen (AP%) and shrub pollen (SP%) were calculated based on the Total
Terrestrial Pollen Sum (TTPS), and allocation of species into AP/SP or herbaceous (e.g. grass/ herb)
pollen types in Europe (see 3.9. Supplement: S2 and 3.7. Code and data availability). The pollen data
were also used to calculate both the needleleaf share of the AP (%needleleaf), and the Shannon Index
(SI) of tree species diversity. Species identified as not native to Europe, obligate aquatics and cereals
were excluded from the TTPS, but Cyperaceae, Polypodiales and Ericaceae were included as
characteristic of more open environments and to prevent the pollen assemblages from these

environments being dominated by pollen transported from long distances.

The source area for each record, and hence the appropriate area for the calculation of mean tree cover,
was calculated using Prentice’s (1985) source area formula for 70% of pollen, and lake or bog area
from the SMPDS, noting that the original formula makes no distinction for different site types. The
original source area formula used species-specific FS values but, since these were not available for all
the taxa used in our analysis, here we used the median FS (0.03) from Githumbi et al. (2022) and

Serge et al. (2023) since the tree cover map represents the broad species community around each
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record location. We assumed basin areas were circular to calculate the radius. For those sites that have
no exact information on basin size but were categorised as small (0. 1—1krn2), we assumed basin areas
of 0.5km?: there were 30 such sites included in the model construction. Source area radii varied in size
from 5,026km to 418,894km for the largest lake, with a median of 28,316km. Mean tree cover was
calculated for each site from the tree cover map using the R package exactextractr (function:
exact_extract) (Baston, 2023). There were 263 records where more than half of the contributing grid
cells were masked as land-cover classes other than vegetation; these were excluded from the model
construction. A total of 852 pollen records were included in the final model training dataset, of which

133 were bog records.

Fossil pollen data were obtained from the SPECIAL-EPD dataset (Harrison et al., 2024), a database of
pollen records from Europe, the Middle East and western Eurasia. It builds on a pollen compilation
covering the Middle East (EMBSecBIO database: Cordova et al., 2009; Harrison and Marinova, 2017;
Marinova et al., 2017; Harrison et al., 2021), data available from public data repositories
(NEOTOMA': https://www.neotomadb.org/; PANGAEA: https://www.pangaea.de/) and data provided
by the original authors for the Iberian Peninsula (Liu et al., 2023) and other regions. The SPECIAL-
EPD dataset includes 1,758 records from 1573 sites, with BACON Bayesian age models, based on the
recalibration of radiocarbon ages using INTCAL2020 (Reimer et al., 2020) or Marine20 (Heaton et
al., 2020) calibration curve as appropriate, provided for all the records using the rbacon R package
(Blaauw et al., 2021) in the ageR R package (Villegas-Diaz et al., 2021) (for further information see
Harrison et al, 2024).We filtered the fossil data in the same way as the modern pollen data, by only
using pollen records from lakes and bogs below 1000m in the region 12°W to 45°E and 34-73°N.
Where there were multiple records from the same site, we selected a single record, prioritising the
record with the maximum number of samples for the period 12,000 cal. BP to present (Fig. 3.2C). The
pollen counts were used to calculate AP% and SP%, %needleleaf, and the tree SI, using the species
categorisation applied to the modern pollen data (see 3.9. Supplement: S2 and 3.7. Code and data
availability).

3.3.2. Model development

A Beta regression, which is suitable for use with proportional data, was used to model tree cover
using the R package betareg (Cribari-Neto and Zeileis, 2010). The explanatory variables included
AP%, SP%, Y%needleleaf, site elevation, site type (lake or bog) and arboreal pollen SI values. The
AP% and SP% are expected to explain most of the variability in tree cover, but %needleleaf was also
included to reflect potential broad differences in pollen productivity and transport between needleleaf
and broadleaf species (see Table 1 from Serge et al., 2023). Although records above 1000m were
excluded from the data set, site elevation was included as an explanatory variable to capture any
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residual impacts of elevation on tree cover. Site type (bog, lake) was included because there is a
greater potential for pollen mixing prior to sedimentation in lake settings, which means that lakes may
be more representative of the regional tree cover (Sugita, 1993; Githumbi et al., 2022). SI was
included because species diversity may reflect a more stable (Jactel et al., 2017) or less fragmented
landscape (Hill and Curran, 2003). The final model was selected based on the Akaike Information
Criteria (AIC: Akaike, 1974) and Cox-Snell R? value (Cox and Snell, 1989). We tested the inclusion
of interaction effects associated with elevation, since the relationship between AP% and tree cover
may be directly influenced by elevation due to upslope transport. In addition, given the potential
importance of both RPP and transport, and landscape fragmentation, we tested the inclusion of second
and third order polynomial coefficients for %needleleaf and SI. Finally, as Beta regression allows
explicit modelling of the precision parameter as well as the mean (i.e. variance does not need to be
consistent across observations) (see Simas et al., 2010), we tested the inclusion of regressors

describing precision.

The modern tree cover model was tested based on leave one out cross validation (LOOCV), and
calculation of root mean squared error (RMSE), mean absolute error (MAE) and R? correlation
between observed and predicted values. A quantile mapping adjustment, using the R package gmap
(Gudmundsson et al., 2012) was calculated on the LOOCYV model predictions to account for
compression of the reconstructions, with overestimation of low tree cover and underestimation of high
tree cover values, following Zanon et al. (2018). This decompression was then used to adjust

downcore reconstructions generated from the Beta regression.

The final predictions were compared to modern reconstructions of tree cover by Serge et al. (2023)
and Zanon et al. (2018), where modern is the interval 100 cal. BP and the present day in Serge et al.
(2023) and between 125 cal. BP and present for Zanon et al. (2018). We make comparisons to the
Serge et al. (2023) reconstructions based on the 31 taxa originally used by Githumbi et al. (2022)
since Serge et al. (2023) show that this produces better results than using the expanded data set of 46

taxa.

For each of the 1° grid cells in Serge et al. (2023), tree cover was calculated from the sum of the
appropriate vegetation types. Time series of the change in median tree cover were constructed using
median tree cover corresponding to the pollen source area of each of our individual modern
reconstructions. As the Serge et al. (2023) and Zanon et al. (2018) data is available in gridded format,
comparison with our site-based predictions is not straightforward. Where the site location source areas
straddled multiple grid cells, a median was calculated, weighted by the proportion of grid cell
coverage using R package exactextractr (function. exact _extract) (Baston, 2023). The tree cover time

series for the Zanon et al. (2018) and Serge et al. (2023) data were initially constructed using all of the
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extracted tree cover values for each of our model training site locations. However, since there can be
multiple sites within some of these grid cells, we tested whether affected the comparisons by taking an
average of extracted tree cover values for locations sharing the same grid cell values from Zanon et al.
(2018) or from Serge et al. (2023), and using this to create new time series for these two

reconstructions.

3.3.3. Application of model to fossil pollen data

The tree cover model, adjusted to deal with the compression bias, was applied to the variables
generated from 811 records from the SPECIAL-EPD with data for part or all of the interval between
12,000 cal. BP and the present day. Since the records cover different time periods and have different
temporal resolutions, reconstructed tree cover values were binned in 200-year bins. Standard error
estimates for site predictions were calculated through the application of a bootstrapping approach,
with 1000 resamples of the model training data used to generate models, and equivalent quantile
mapping adjustment, which were then applied to the fossil pollen data. We examined temporal trends
in tree cover for the European region as a whole and for modern biogeographical regions as defined
by the European Environment Agency (EEA) classification (European Environment Agency, 2016).
We also produced maps of tree cover through time for 50km? grid cells by averaging reconstructed
tree cover across all sites in the same cell. These reconstructions were compared with the Serge et al.
(2023) and Zanon et al. (2018) reconstructions of Holocene tree cover. As basin size was not available
for all record site locations, we extracted tree cover median values using a general Skm? buffer to

maximise the number of site comparisons and to prevent edge effects.

3.4. Results

3.4.1. Modael fit and validation

The final model has a (Cox-Snell) pseudo-R? of 0.60, and LOOCV RMSE of 0.14 and MAE of 0.11,
indicating a reasonable fit to the data. Variance inflation factor (VIF) scores are not readily
interpretable because of the inclusion of interaction terms, but a version of the model with the same
variables but excluding the interaction terms has VIF values < 2 for all the explanatory variables,
indicating that there is no multicollinearity and that all the explanatory variables represent

independent controls on tree cover. The Cox-Snell R? for this final model is 0.54.

There is a positive relationship between tree cover and AP% and a negative relationship between tree
cover and SP% (Table 3.1), as expected. However, the strength of each relationship is moderated by

elevation, with increasing elevation reducing both the positive effect of AP% and the negative effect
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of SP% on tree cover. There is a negative correlation between %needleleaf and tree cover, although
the significant positive quadratic term for needleleaf suggests this relationship becomes positive at
higher abundances of %needleleaf. This negative relationship may be a reflection of longer distance
pollen transport of needleleaf species (e.g. Pinus) to open environments. As tree cover increases, this
may imply an increased diversity of species, including broadleaf species. The positive quadratic term
indicates that this relationship becomes positive at higher levels of tree cover, potentially reflecting
higher tree cover in boreal needleleaf forests. Increased SI is positively related to tree cover, with the
effect decreasing with elevation. However, the negative correlation for the quadratic term for the SI
suggests that the relationship has less of an effect on tree cover as SI increases. Again, this
relationship may be explained in the context of open environments, where tree species diversity may
be limited to species with longer distance pollen transport. Tree species diversity may then increase
with tree cover, with the negative quadratic term implying that the highest levels of tree cover are
represented by relatively uniform species types. Increased SI is positively related to tree cover, with
the effect decreasing with elevation. However, the negative correlation for the quadratic term for the
SI suggests that the relationship has less of an effect on tree cover as SI increases. There is no
significant relationship between site type and tree cover, but the interaction term between them is
significant, with a reduction in the effect of elevation on the likelihood of higher tree cover for lake
sites. One possible explanation for this relationship is that the increasing likelihood of longer distance
pollen transport with elevation affects bog sites more than lake sites in a relative sense, in that bog
sites typically have a smaller source area. The Cox-Snell R? value increases slightly to 0.62 (from
0.60) if bogs are excluded from the model (3.9. Supplement: S3) but this causes a substantial
reduction in spatial and temporal coverage. Conversely, including higher elevation sites (>1000 m)
within the model reduces the Cox-Snell R? to 0.50 (from 0.60) (3.9. Supplement: S4). A likelihood-
ratio test of the model with the inclusion of variables for precision against a model with a constant
precision parameter shows that there is a significant improvement in the model with variable
dispersion. Increases in %needleleaf and SI are associated with increased precision of the tree cover

reconstructions, whereas lake sites are generally less variable in terms of tree cover than bog sites.

159



Table 3.1: Modern tree cover model coefficients

Coefficients (mean model with logit

link) Estimate Standard Error P Value
(Intercept) -5.598 0.437 1.54e-37 ***
Tree pollen % 2.374 0.223 1.56e-26 ***
Shrub pollen % -3.458 0.630 4.06e-08 ***
Needle share of AP% -1.317 0.456 0.004 **
Needle share of AP%"2 3.009 0.514 4.80e-09 ***
AP Shannon index 5.091 0.458 1.04e-28 ***
AP Shannon index”2 -1.375 0.138 2.09e-23 ***
Lake or bog site 0.031 0.132 0.815
Elevation 0.003 0.001 0.005 **

AP pollen:elevation interaction -0.001 0.000 0.003 **

SP pollen:elevation interaction 0.004 0.001 0.001 **

AP Shannon:elevation interaction -0.004 0.001 2.06e-04 ***
AP Shannon”2:elevation interaction 0.002 0.000 2.10e-06 ***
Lake or bog site:elevation interaction -0.001 0.000 5.57e-04 ***
Precision submodel (log link; after

variable selection”)

(Intercept) 0.407 0.256 0.112
Needle share of AP% 0.798 0.229 5.05e-4 #**
AP Shannon index 0.840 0.121 4.04e-12 ***
Lake or bog site 0.534 0.126 2.17e-5 ***

Significance codes: 0 ="***'; 0.001 ="**'; 0.01 ="*';0.05=.0.1;"'= 1

"Only significant (at 5% significance) covariates were included

The influence of each variable on the quality of the statistical model is shown in Table 2, with the
change in AIC value based on the removal of each variable. These values include the removal of
interaction, polynomial and precision terms associated with each variable as applicable. Although AP
and SP might be expected to be the most important explanatory variables, the model only using AP
and SP has an AIC value 568 greater than the final model, and Cox-Snell R? of only 0.27 (Table 2).

Thus, the inclusion of the other variables is important in fitting the final model.
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Table 3.2: Change in modern model AIC values and Cox-Snell R* model values when excluding specific

variables (exclusion includes interactions, polynomials and precision variables) and for a model with only

arboreal and shrub pollen percentage

Model A AIC Cox-Snell R

Final model 0 0.60
excluding AP 165 0.51
excluding SP 31 0.58
excluding %needleshare 121 0.55
excluding AP Shannon index 396 0.41
excluding lake or bog site 56 0.57
excluding elevation 204 0.48

AP and SP model 568 0.27

The application of the quantile mapping approach reduced the bias towards the mean, whilst
preserving the general structure of the data (3.9. Supplement: S5). However, there is still a tendency
for under- and over-estimation at low and high observed tree cover respectively in the final model
(Fig. 3.3A). There is no obvious spatial patterning in the biases, except for a tendency to overestimate
tree cover in northernmost Scandinavia (3.9. Supplement: S6). The correlation between the final
“decompressed” predictions and observed tree cover values is 0.80 (Fig. 3.3B). This correlation value
compares favourably to the correlation between raw AP% and observed tree cover values (0.54): raw

AP% values tend to overestimate observed tree cover (3.9. Supplement: S7).
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Figure 3.3: Evaluation of final model performance. A — Differences between predictions and observations
(residual), in bins of observed tree cover percentage; B — Predictions of tree cover compared to observed tree

cover

Our modern predictions differ from those of Serge et al. (2023) and Zanon et al. (2018) (Fig. 3.4). The
correlation between the Zanon et al. (2018) reconstructions and observed tree cover is 0.78, which is

similar to the correlation between our predictions and observed tree cover (0.8). The Zanon et al.
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(2018) reconstructions have fewer outliers, but nevertheless they underestimate tree cover at high
levels of observed tree cover (Fig. 3.4A). The correlation between the Serge et al. (2023) predictions
and observations is only 0.5. This is partly caused by the use of larger 1° grid cells, but even when
taking this into account and comparing with an average value for each grid cell, the correlations
between predictions and observations were still lower (0.59) than our predictions and those of Zanon
et al. (2018) (3.9. Supplement: S§8). Zanon et al. (2018) visually compare their interpolated modern
tree cover map and the observed tree cover from Hansen et al. (2013), but they do not report a
correlation or R? value. However, the correlation values for Serge et al. (2023) broadly align with

those reported comparing REVEALS tree cover estimates, with observed tree cover derived from

Hansen et al. (2013) (R* = 0.15; correlation ~ 0.4).
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Figure 3.4: Modern tree cover from Zanon et al. (2018) compared to (A) observed tree cover and (B) our

predicted tree cover. Modern tree cover from Serge et al. (2023) compared to (C) observed tree cover values

and (D) our predicted tree cover.
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3.4.2. Holocene changes in tree cover

We applied the tree cover model to reconstruct Holocene changes in tree cover at individual sites (see
3.7 Data and code availability for binned reconstructions at site level). The median tree cover value,
considering Europe as a whole, increased rapidly between 12,000 to ca. 8,500 cal. BP, and then more
slowly to a peak at ca. 6,500 cal. BP. Median tree cover declined overall between 6,500 cal. BP and
4,000 cal. BP, albeit with some variability. Median tree cover declined steadily to present-day levels
after ca. 4,000 cal. BP (Fig. 3.5A). This same pattern is shown when considering changes in mean tree
cover (3.9. Supplement: §9), different locally estimated scatterplot smoothing (LOESS) (R package
locfit: Loader, 2020) of the median tree cover value (Fig. 3.5B), and based on median tree covers
reconstructed using the model bootstraps used to generate reconstruction standard errors (3.9.
Supplement: S10). The rapid warming at the end of the Younger Dryas (Alley, 2000; Cheng et al.,
2020), and the changes associated with the 8,200 cal. BP event (Alley et al., 1997; Alley and
Agustsdottir, 2005) and the 4,200 cal. BP event (e.g. Weiss et al., 1993; Bini et al., 2019) are not

apparent at this pan-European scale.
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Figure 3.5: A - Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with 95% confidence
intervals for 1000 bootstrap resampling of records; B - Median reconstructed tree cover for Europe from

12,000 to 0 cal. BP, with differing LOESS regression smoothing half-widths.

These pan-European trends mask considerable regional variability in tree cover at any given time and

in trends through time (Fig. 3.6 and see 3.9. Supplement: S11, for gridded maps of reconstructed tree
cover).
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Figure 3.6: Gridded maps of average reconstructed tree cover for selected periods, for 50km’ grid cells. Bin

ages are 200-years in width, with ages referring to mid-point of each bin.

To examine these trends, we consider four biogeographical regions for which there is sufficient data:

the Atlantic, Boreal, Continental and Mediterranean regions (Figure 3.2D; 3.9. Supplement: S12).
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Figure 3.7: Median tree cover values, for selected biogeographical regions. Smoothed lines reflect LOESS fitted

regression with 1000-year halfwidth.
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The increase in tree cover at the beginning of the Holocene is shown in all four regions, but the
trajectories are different (Fig. 3.7). There is an immediate rapid increase in the Atlantic region, but
the increase is initially slow in the Boreal and Continental regions and only becomes more rapid after
ca. 11,000 cal. BP in the Continental region and after ca. 10,300 cal. BP in the Boreal region. The
initial increase in the Mediterranean region is interrupted by a decline between 11,000 and 10,000 cal.
BP and only begins to increase again after ca. 9,800 cal. BP. The maximum in tree cover in the
Mediterranean region is reached at ca. 8,000 cal. BP. After this there is a decline towards present-day
levels, although this is interrupted by intervals of relative stability e.g. between ca. 6,000 and 5,000
cal. BP, again between 4,000 and 3,000 cal. BP and in the most recent millennium. There is also a
well-defined maximum in tree cover in the Atlantic region, but this occurs at ca. 6,000 cal. BP. The
subsequent decline is gradual until the last ca. 500 years. The maximum in tree cover is broader in the
Continental and Boreal regions, with high levels of tree cover characteristic of the entire interval
between ca. 8,000 and 1,000 cal. BP although the absolute maximum occurs at ca. 6,400 cal. BP in the
Continental region and not until ca. 4,000 cal. BP in the Boreal region. Both regions are characterised

by a rapid decline in the last millennium.

This broad pattern of increase, mid-Holocene maximum and then decline to present is consistent with
previous reconstructions (Fig. 3.8). Initial levels of tree cover are similar in the three reconstructions
(ca. 27.5-30%), but the increase in tree cover is more rapid in the Zanon et al. (2018) and Serge et al.
(2023) reconstructions. Our reconstructed maximum cover is slightly lower (ca. 5-10%) than shown
by the other reconstructions. However, the mid-Holocene timing of this maximum is broadly
consistent across all of the reconstructions (although Zanon et al. (2018) show a double peak in tree
cover, with an earlier peak at ca. 9,000 cal. BP) within the limitations of the age models and binning
intervals used (see 3.9. Supplement: 13 and 14). These broad trends are maintained when calculating
tree cover from Zanon et al. (2018) and Serge et al. (2023) data such that only a single value per grid
cell is permitted in the calculation of the median (3.9. Supplement: S15). The biggest difference
between our reconstructed tree cover and previous studies is that the decrease post-ca. 2000 cal. BP is
less abrupt. Both Zanon et al. (2018) and Serge et al. (2023) show a steep decline to levels (ca. 35%)
similar to those at the beginning of the Holocene whereas we show a decline to only ca. 47.5%. Based
on pollen record locations and a 5km? buffer, observed modern median tree cover is 46%, which

suggests our estimated decline is more realistic.
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Figure 3.8: Reconstructed median tree cover compared to equivalent extracted tree cover medians for Serge et

al. (2023) and Zanon et al. (2018). Smoothed lines reflect LOESS fitted regression with 1000-year halfwidth.

The three reconstructions also show some similarities at a sub-regional scale (Fig. 3.9), although
comparison is more difficult because of differences in methodologies and coverage. As is the case for
the pan-European comparison, Zanon et al. (2018) and Serge et al. (2023) generally show higher tree
cover than our reconstruction. The peak tree cover in the Atlantic region occurs earlier in these
reconstructions, and Zanon et al. (2018) also show an earlier peak in the Continental region. The later
Holocene decline in tree cover is similar across all three reconstructions in the Atlantic region, but the
previous reconstructions show a steeper decline in the Boreal and Continental regions. The biggest
differences between the three reconstructions is in the Mediterranean region, where Serge et al. (2023)
show a pronounced peak reaching 60% cover at ca. 5,500 cal. BP, whereas the other two

reconstructions show comparatively muted changes in tree cover at around 40% throughout the mid-

to late Holocene.
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Figure 3.9: Reconstructed median tree cover compared to equivalent extracted tree cover medians for Serge et
al. (2023) and Zanon et al. (2018), for selected modern biogeographical regions. Smoothed lines reflect LOESS
fitted regression with 1000-year halfwidth. A — Atlantic; B- Boreal; C- Continental; D — Mediterranean.

Although the overall European median tree cover partially reflects the quantity of data for each
region, recalculating the European level median tree cover based on just the four biogeographical
regions of focus has very little material effect on the overall pattern of median tree cover for each

reconstruction (3.9. Supplement: S16).

3.5. Discussion

Our reconstructions show that tree cover peaked in the mid-Holocene period, with median tree cover
ca. 40% greater than at the beginning of the Holocene. This general pattern is shown by the
REVEALS and MAT reconstructions, and is also visible in plant functional type (Davis et al., 2015)
and pseudo-biomisation reconstructions of vegetation cover (Fyfe et al., 2015). Despite the
similarities in median values between our reconstructions and those calculated from the REVEALS
and MAT reconstructions, our site-based estimates are not fully comparable with the gridded

estimates provided by the REVEALS reconstruction and the gridded and interpolated values provided
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by the MAT reconstructions. Nevertheless, the similarities give some support to the overall robustness
of our reconstructions. There are differences in the timing and extent of changes between regions,
although the general pattern of increase, mid-Holocene peak and subsequent decline is shown
everywhere. There are some differences between our reconstructions and those from other studies.
Firstly, the maximum tree cover from our reconstructions is around 5-10% less than the maximum
calculated from the other reconstructions. This could reflect the conservative nature of our modern-
day tree cover model, which underestimates tree cover at the high end despite the application of
quantitative mapping adjustment to model predictions. However, Zanon et al. (2018) also
underestimate tree cover at high levels of tree cover. Alternatively, the difference may reflect the
exclusion of higher elevation records from fossil dataset in order to minimise the impact of upslope
pollen transport, which was not done in the other two reconstructions and would tend to reduce
overall median tree cover. Secondly, the timings of peak tree cover vary between the reconstructions,
with the MAT-based estimate peaking earlier and the REVEALS estimate later than shown in our
reconstruction. These differences likely reflect differences in coverage through time and differences in
the binning procedure. The major difference at the pan-European scale is the reduction in tree cover
from ca. 2000 cal. BP to present, which is less marked in our reconstructions and more consistent with
observed tree cover. The observed tree cover values used in the model construction exclude areas
dominated by land-cover types such as built areas or areas dominated by crops. We account for this in
defining modern source areas in our model. Not accounting for changes in these other land-cover
types, which through anthropogenic land use have increased substantially over the past 1000 years
(Klein Goldewijk et al., 2017) would result in a steeper decline in tree cover, as seen in the other two

reconstructions.

We took an inclusive approach in defining the modern training data and for the fossil records to
maximise spatial coverage. The inclusion of bogs, for example, reduced the goodness-of-fit of the
model slightly but resulted in much better spatial coverage. Conversely, the exclusion of high-
elevation sites did not have a major impact on spatial coverage but was necessary to improve model
fit because of the tendency for upslope transport of pollen in mountainous areas. Nevertheless, there
are still areas of Europe which lack data, or where there is a mismatch in coverage between the
modern and fossil records. Improved sampling of such areas would enhance our confidence in the

reconstructions of Holocene tree cover.

Our reconstructions are consistent with understanding of Holocene climate patterns. The rapid
increase in tree cover at the beginning of the Holocene shown in the pan-European reconstruction and
in most of the sub-regional reconstructions reflects the marked warming after the Younger Dryas.
This warming is less pronounced and more gradual in the Mediterranean region, consistent with the

fact that the Younger Dryas cool interval is not strongly registered over much of this region (Bottema,
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1995; Cruz-Silva et al., 2023). Subsequent pan-European changes in tree cover broadly reflect
changes in growing season temperature, which itself is a reflection of orbitally-forced changes in
summer insolation. However, modelling studies have shown that the timing of maximum warmth
during the Holocene in Europe was delayed compared to the maximum of insolation forcing as a
consequence of feedbacks associated with the presence of the Laurentide and Scandinavian ice sheets
(Renssen et al., 2009; Blaschek and Renssen, 2013; Zhang et al., 2016, 2018). However, they
consistently show that the warming was delayed in the region bordering the Atlantic (and northwest
Europe more generally) by ca. 2,000 years compared to more continental regions, consistent with our
reconstructions. The more muted changes in tree cover in the Mediterranean region compared to other
regions of Europe is consistent with previous reconstructions and is partly explained by the fact that
these changes are largely driven by changes in precipitation and precipitation seasonality (Cruz-Silva
et al., 2023). The late Holocene decline in tree cover is consistent with the orbitally-driven cooling.
However, the more rapid decline in tree cover during the last millennium shown in the Boreal and
Continental regions, and shown more dramatically in the Zanon et al. (2018) and Serge et al. (2023)
reconstructions, is more difficult to explain as a function of climate changes: transient model
simulations of the response to changes in orbital and greenhouse gas forcing (e.g. Liu et al., 2009;
Zhang et al., 2016; Braconnot et al., 2019; Dallmeyer et al., 2020) generally indicate muted changes

in either summer or winter temperatures during the most recent millennia.

There are several other factors that could have influenced tree cover during the Holocene. Human
influence on the landscape has been identified in many regions of Europe from 6,000 cal. BP onwards
(e.g. Roberts et al., 2018; Zapolska et al., 2023). Although this may have contributed to the observed
decline in tree cover from the mid-Holocene onwards, the most rapid population growth occurred only
during the past 2000 years (Klein Goldewijk et al., 2010, 2017). The recent decline in tree cover may
therefore reflect this rapid growth and the consequent increasing human influence on the landscape in
some regions (see e.g. Marquer et al., 2017; Roberts et al., 2019). Climate-driven changes in
disturbance (wildfires, windthrow) may also contribute to the inferred changes in tree cover. Changes
in the frequency or intensity of storms has, for example, been shown in maritime Europe (e.g. Pouzet
et al., 2018; Sjostrom et al., 2024) during the late Holocene; storms are a major cause of widespread
forest damage in Europe today (Senf and Siedl, 2020) and could have been important during the
Holocene. Changing wildfire regimes could also have been an important influence on tree cover
(Marlon et al., 2013; Kuosmanen et al., 2014). Much of the debate about the relative importance of
climate and human activities on the environment during the Holocene has been based on local-scale
correlations; other contributing factors have been largely ignored. More formal modelling of these
relationships, using quantitative information on climate, population size, and disturbance is required

to assign the impact of each on tree cover more confidently.
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Our simple modelling approach yields a reasonably robust picture of changes in tree cover through the
Holocene, largely consistent with known changes in climate. As with other statistical reconstruction
techniques, it is predicated on the assumption of stationarity between tree cover and the explanatory
variables. This may be problematic for variables such as elevation, where changes in elevational lapse
rates (Mountain Research Initiative EDW Working Group, 2015) or atmospheric circulation patterns
(Bartlein et al., 2017) could affect the relationship, but is less likely to be an issue for explanatory
variables that reflect biophysical controls on pollen transport and deposition such as basin type or
proportion of needleleaf trees. Our approach is less data-demanding that the REVEALS approach.
Serge et al. (2023) have pointed out that lack of reliable information on species RPP values is likely to
lead to less accurate reconstructions. Even in Europe, there is limited RPP data and, as the comparison
of reconstructions based on 31 and 46 species shows, some of that data may not be reliable. RPP data
is more limited in many other regions of the world (Harrison et al., 2020). Given this, our simple
modelling approach provides an alternative method that could be applied to reconstruct tree cover
globally. It is difficult to compare our reconstructions with the MAT-based approach of Zanon et al.
(2018) since they do not provide individual site estimates and it is therefore not possible to determine
the degree to which the patterns are influenced by the spatial and temporal interpolations they applied.
Nevertheless, our simple approach overcomes the methodological issues associated with the MAT,
such as how to measure the degree of analogy between assemblages, how to deal with non-analogues,
and the sensitivity of the reconstructions to the number of analogues used. Thus, given the existence
of global modern pollen training data sets and good remote-sensing based modern estimates of tree
cover, our approach could be applied to other regions of the world to generate robust reconstructions

of tree cover.

3.6. Conclusions

We have made use of modern pollen data and maps of tree cover percentage to build a simple model
of tree cover. We then applied this model to fossil pollen records to reconstruct tree cover at a site
level during the Holocene across Europe. At a pan-European level, tree cover increased from the early
Holocene to the mid-Holocene, and then subsequently declined to the present day. There are regional
variations in the speed of the initial increase, the timing of maximum tree cover, and the form of the
subsequent decline. Our simple approach produces similar reconstructions of the trends in tree cover
during the Holocene reconstructed using more complex methods, and since it only requires readily

available data could be used to reconstruct tree cover in other regions of the world.
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3.7. Code and data availability

The SMPDSv2 modern pollen database is available from the University of Reading Research Data

Archive (https://researchdata.reading.ac.uk/389/) and/or via https://github.com/special-

uor/smpds?tab=readme-ov-file

Metadata updates to SMPDSv2, including basin size updates are available at
https://doi.org/10.5281/zenodo.13235637

The SPECIAL.EPD fossil pollen database is available from the University of Reading Research Data
Archive (https://researchdata.reading.ac.uk/1295/)

The code used in generating tree cover, binned site-based reconstructions of tree cover, the code as
cross-analysis of the data, and species categorisation tables are available at

https://doi.org/10.5281/zenodo.13235637
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3.9. Supplement

This supplement contains the following sections:

S1: Sources for SMPDSv2 data

S2: Species categorisation

S3: Coefficients and model fit based on lake sites only

S4: Coefficients and model fit without exclusion of sites >1000 m

S5: Quantile mapping influence on model predictions

S6: Spatial structure of model predictions compared to observations

S7: Arboreal pollen percentages compared to observed tree cover percentages

S8: Modern predictions compared with other reconstructions based on grid cell averages
S9: Mean reconstructed tree cover

S10: Median reconstructed tree cover, with bootstrapped models

S11: Gridded maps of reconstructed tree cover through time

S12: Data by biogeographical region

S13: Median reconstructed tree cover based on bin-widths from other reconstructions
S14: Median reconstructed tree cover on upper and lower age model ranges

S15: Median tree cover reconstructions based on grid cell averages

S16: Median tree cover reconstructions based on the Atlantic, Boreal, Continental and

Mediterranean biogeographical regions only
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S1: Sources for SMPDSv2 data

Supplementary Table 3.1 provides the metadata source for the SMPDsv2 data, together with the

number of entities/records and citations for each source.

Supplementary Table 3.1: List of SMPDSv2 data sources and references

Source (metadata table) Number of | Publications
entities

AMSS 38 Jolly et al., 1996; Julier et al., 2019, 2018; Lebamba et al.,
2009

APD 90 Vincens et al., 2007

Australasian pollen 1540 Adeleye et al., 2021b, 2021a; Beck et al., 2017; Field et al.,
2018; Fletcher et al., 2014; Herbert and Harrison, 2016;
Luly, 1993; Luly et al., 1986; Mariani et al., 2017;
McWethy et al., 2010, 2014; Pickett et al., 2004; Prebble et
al., 2019

BIOME®6000 Japan 94 Takahara et al., 2000

Blyakharchuk 144 Author: Tatiana A. Blyakharchuk

Bush et al., 2021 636 Bush et al., 2021

CMPD 4208 Chen et al., 2021

Dugerdil et al., 2021 48 Dugerdil et al., 2021

EMBSeCBIO 149 Harrison et al., 2021

EMPDv2 3508 Davis et al., 2020

Gaillard et al., 1992 124 Gaillard et al., 1992

Harrison et al., 2022b 3 Harrison et al., 2022b

Herzschuh et al., 2019 595 Herzschuh et al., 2019

IBERIA 243 Harrison et al., 2022a

Neotoma 6702 Williams et al., 2018

Phelps et al., 2020 106 Phelps et al., 2020

SMPDSv1 6345 Harrison, 2019

Southern Hemisphere pollen | 76 Black, 2007; Dodson, 1978; Dodson and Intoh, 1999;

Haberle, 1993, 1996; Hope, 2009; Hope et al., 1998, 1999;
Macphail, 1975, 1979, 1980; Macphail and McQueen,
1983; Macphail and Mildenhall, 1980; Norton et al., 1986;
Prebble et al., 2010; Shulmeister et al., 2003
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S2: Species categorisation

Supplementary Table 3.2 lists the higher level groupings of taxa considered native to Europe and

included within the Total Terrestrial Pollen Sum. Species are grouped into trees, shrubs and woody

vines, and herbaceous pollen (herbs, grasses etc.). Tree species are sub-divided into broadleaf and

needleleaf. This data in csv form is downloadable from https://doi.org/10.5281/zenodo.13235637

Supplementary Table 3.2: Classification of taxa included within the Total Terrestrial Pollen Sum

arboreal

Tree/Shrub/Non-

Taxa grouping

Tree

Broadleaf

Acer, Aesculus, Alnus, Alnus subg. Alnobetula, Anacardiaceae, Arbutus, Arecaceae,
Betula, Betula chamaebetula, Buxus, Carpinus, Carpinus betulus, Carpinus
orientalis/Ostrya, Castanea, Celtis, Ceratonia, Cercis, Citrus, Clusiaceae, Cornaceae,
Cornus, Corylus, Elacagnaceae, Elacagnus, Fabaceae, Fagus, Ficus, Fontanesia,
Fraxinus, Ilex, Juglandaceae, Juglans, Laburnum, Laurus, Malus, Malus/Pyrus,
Moraceae, Moraceae/Urticaceae, Myricaceae, Myrtaceae, Olea, Oleaceae, Pistacia,
Platanus, Populus, Prunus, Pyrus, Quercus, Quercus deciduous, Quercus evergreen,
Salix, Sapindaceae, Sorbus, Staphyleaceae, Syringa, Tamarix, Thymelaeaceae, Tilia,

Ulmaceae, Ulmus, Ulmus/Zelkova, Verbenaceae, Viburnaceae, Viburnum, Vitex

Needleleaf

Abies, Cedrus, Cupressaceae, Cupressaceae/Taxaceae, Larix, Larix/Pseudotsuga,

Picea, Pinus, Pinus (diploxylon), Pinus (haploxylon), Taxus

Shrub and woody vine

Acanthaceae, Alhagi, Andromeda, Apiaceae, Araliaceae, Aristolochiaceae, Artemisia,
Asparagaceae, Astragalus, Berberidaceae, Berberis, Buddleia, Calicotome, Calluna,
Capparaceae, Caprifoliaceae, Cassiope, Chamaedaphne, Cistaceae, Cistus, Citrullus,
Clematis, Clethra, Colutea, Convolvulaceae, Coriaria, Cotinus, Cotoneaster,
Crataegus, Cucurbitaceae, Daphne, Diapensia, Dioscorea, Dioscoreaceae, Dryas,
Empetrum, Ephedra, Ephedraceae, Erica, Ericaceae, Euonymus, Flueggea, Forsythia,
Frangula, Frankeniaceae, Genisteae, Halimium, Hedera, Helianthemum, Hippophae,
Kalmia, Lavandula, Ledum, Ligustrum, Linnaea, Lonicera, Malvaceae, Moltkia,
Montiaceae, Myrica, Myricaria, Nerium, Nitrariaceae, Ononis, Osmanthus, Paeonia,
Paliurus, Periploca, Phillyrea, Phlomis, Potentilla, Rhamnaceae, Rhamnus,
Rhododendron, Rhus, Ribes, Rosaceae, Rubus, Ruscus, Salvia, Sambucus, Sapotaceae,

Smilax, Styrax, Suaeda, Vaccinium, Ziziphus

Herbaceous

Aconitum, Actaea, Aizoaceae, Amaranthaceae, Amaryllidaceae, Apocynaceae,
Aquilegia, Araceae, Asphodelaceae, Asteraceae, Asteraceae (Liguliflorae),
Asteroideae, Balsaminaceae, Boraginaceae, Brassicaceae, Campanulaceae,
Cannabaceae, Carduoideae, Caryophyllaceae, Celastraceae, Chimaphila,
Cichorioideae, Colchicaceae, Commelinaceae, Consolida, Crassulaceae, Cyperaceae,

Datisca, Delphinium, Eriocaulaceae, Euphorbiaceae, Fabaceae (herbs), Gentianaceae,
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Geraniaceae, Helleborus, Hypericaceae, Impatiens, Iridaceae, Koenigia, Lamiaceae,
Liliaceae, Linaceae, Linderniaceae, Linum, Lysimachia, Lythraceae, Malva,
Melanthiaceae, Mercurialis, Nartheciaceae, Nigella, Onagraceae, Orchidaceae,
Oxalidaceae, Oxyria/Rumex, Papaveraceae, Penthoraceae, Phyllanthaceae,
Plantaginaceae, Plumbaginaceae, Poaceae, Polemoniaceae, Polygalaceae,
Polygonaceae, Polygonum, Polypodiales, Portulacaceae, Primulaceae, Ranunculaceae,
Ranunculus, Resedaceae, Rubiaceae, Rutaceae, Sanguisorba, Santalaceae,

Saxifragaceae, Scrophulariaceae, Solanaceae, Teucrium, Thalictrum, Tofieldia,

Trollius, Urticaceae, Violaceae, Zygophyllaceae

S3: Coefficients and model fit based on lake sites only

Excluding bog sites from model fit improves the LOOCV RMSE to 0.13 (vs. 0.14), MAE to 0.10 (vs.

0.11) and squared correlation (R?) of the predictions and observations to 0.69 (vs. 0.63). The model
coefficients are shown in Supplementary Table 3.3. Coefficient estimates have the same direction as
the model with bogs and lakes. Although the model fit improves, excluding bog sites from the model
substantially reduces the applicability of the model to fossil records; lake records only constitute 35%

of the total available fossil records.

Supplementary Table 3.3: Modern tree cover model coefficients for lake sites only

Coefficients (mean model with logit

link) Estimate Standard Error P Value
(Intercept) -5.421 0.444 3.05e-34 #**
Tree pollen % 2.169 0.247 1.55e-18 #**
Shrub pollen % -4.613 0.759 1.25e-09 ***
Needle share of AP% -1.546 0.529 0.004 **
Needle share of AP%"2 3.241 0.583 2.69e-08 ***
AP Shannon index 5.239 0.483 2.14e-27 ***
AP Shannon index”2 -1.421 0.146 1.65e-22 #**
Elevation 0.001 0.001 0.317

AP pollen:elevation interaction -0.001 0.001 0.016 *

SP pollen:elevation interaction 0.005 0.002 0.003 **

AP Shannon:elevation interaction -0.003 0.001 0.005 **

AP Shannon”2:elevation interaction 0.001 0.000 1.02e-04 ***
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Precision submodel (log link; after

variable selection”)

(Intercept) 1.089 0.257 2.26e-05 ***

Needle share of AP% 0.751 0.271 0.006 **

AP Shannon index 0.759 0.132 9.28e-09 #**
Significance codes: 0 = "***'; 0.001 ="**'; 0.01 ="*;0.05=""0.1; ''= 1

"Only significant covariates were included (at 5% significance)

S4: Coefficients and model fit without exclusion of sites >1000 m

Including higher elevation sites within the model reduces the LOOCV RMSE to 0.15 (vs. 0.14), MAE

to 0.12 (vs. 0.11) and squared correlation (R?) of the predictions and observations to 0.55 (vs. 0.63).
The model coefficients are shown in Supplementary Table 3.4. Coefficient estimates have the same
direction as the model that excludes higher elevation sites, with the exception of the dummy variable
for lake or bog site, which becomes negative and significant (from positive and insignificant), and the
interaction between elevation and whether a site was a lake or bog, which becomes positive (but
insignificant (from negative and significant). The significance of the coefficients improves in several
cases, most notably for elevation which becomes highly significant having been insignificant when
excluding higher elevation sites. Although including high elevation records increases the
spatiotemporal coverage of the tree cover reconstruction — the number of fossil records increases from
811 to 1050 - the impact on model fit is such that we have much less confidence in the

reconstructions.

Supplementary Table 3.4. Modern tree cover model coefficients without exclusion of high (>1000 m) sites

Coefficients (mean model with logit link) Estimate Standard Error P Value
(Intercept) -5.249 0.346 6.26e-52 ***
Tree pollen % 2.447 0.178 6.58e-43 ***
Shrub pollen % -3.044 0.495 7.92e-10 ***
Needle share of AP% -1.599 0.418 1.28e-4 ***
Needle share of AP%"2 2.954 0.453 6.98e-11 ***
AP Shannon index 4.797 0.382 4.27e-36 ***
AP Shannon index”2 -1.214 0.117 2.39e-25 ***
Lake or bog site -0.349 0.092 1.50e-4 ***
Elevation 0.002 3.74e-4 2.71e-6 ***
AP pollen:elevation interaction -0.001 1.83e-4 1.76e-6 ***
SP pollen:elevation interaction 0.003 5.14e-4 4.62e-10 ***
AP Shannon:elevation interaction -0.003 1.39¢-4 3.59e-10 #**
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AP Shannon”2:elevation interaction 0.003 5.14e-4 1.79¢-11 ***

Lake or bog site:elevation interaction 0.000 8.08e-5 0.932

Precision submodel (log link; after variable selection™)

(Intercept) 1.146 0.228 4.81e-7 ***

Needle share of AP% 0.500 0.271 0.009 **

AP Shannon index 0.473 0.132 4.42e-6 ***

Lake or bog site 0.210 0.098 0.032 *
Significance codes: 0 ="***'; 0.001 ="**'"; 0.01 ="*';0.05=""0.1; ''= 1

"Only significant covariates were included (at 5% significance)

Ss: Quantile mapping influence on model predictions

Supplementary Figure 3.1 (A—D) shows the impact of applying a quantile mapping model to the
modern tree cover predictions solely based on the model of modern tree cover. The quantile mapping
approach is designed to identify a transformation that matches the distribution of adjusted predictions
to that of the observations (Gudmundsson et al., 2012). We used a smoothing spline regression curve
to model the transformation, with the resulting calibration curve used to adjust modern and fossil
pollen tree cover reconstructions, based on the approach from the R package gmap (Gudmundsson et
al., 2012) and following Zanon et al. (2018). At the lower and higher levels of observed cover,

quantile mapping reduces the respective over- and under-estimation.
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Supplementary Figure 3.1: Model performance: A — Non-adjusted predictions of tree cover compared to

observed tree cover; B - Predictions of tree cover compared with observed tree cover, C - Differences between
non-adjusted predictions and observations (residual), in bins of observed tree cover percentage,; D - Differences

between predictions and observations (residual), in bins of observed tree cover percentage

S6: Spatial structure of model predictions compared to observations

Supplementary Figure 3.2 is a 50km” map showing the grid cell averaged differences between the
model predictions adjusted by quantile mapping, and observations. Difference refers to predictions
minus observations. In general, there is no spatial patterning in the location of overestimates, except
that there is a tendency for a grouping of cells with overestimates in the far north of Scandinavia and

some sites in Ireland.
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Supplementary Figure 3.2: Spatial structure of differences between predictions and observations.

S7: Arboreal pollen percentages compared with observed tree cover percentages
Raw arboreal pollen percentages tend to overestimate tree cover, with the range in AP% greater for

lower observed tree cover groups (Supp. Fig. 3.3).
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Supplementary Figure 3.3: Arboreal pollen percentage compared to observed tree cover: A - AP% compared to
observed tree cover for each record; B - Differences between AP% and observations (residual), in bins of

observed tree cover percentage
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S8: Modern predictions compared with other reconstructions based on grid cell averages
Supplementary Figure 3.4 (A—D) shows the relationship between observations of tree cover and our
predictions of tree cover compared with values extracted from the first bin of Zanon et al. (2018) and
Serge et al. (2023) at the same spatial locations. Compared with Fig. 4, Supp. Fig. 3.4 averages tree
cover values for each record by grid cell of the other reconstructions. Hence a single point in each
panel may represent tree cover value for multiple records, if there were multiple records sharing a grid
cell. There are less points within panels C and D compared to A and B because Serge et al. (2023)

data is provided at much lower spatial resolution than Zanon et al. (2018) data.
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Supplementary Figure 3.4: Modern tree cover from Zanon et al (2018) per grid cell compared to (A) observed
tree cover and (B) our predicted tree cover. Modern tree cover from Serge et al. (2023) per grid cell compared

to (C) observed tree cover values and (D) our predicted tree cover.

S9: Mean reconstructed tree cover

The influence of using mean tree cover values rather than median values to describe tree cover

changes through time is shown in Supp. Fig. 3.5. Compared to the median (Fig. 3.5), the maximum
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and minimum tree cover values are reduced, and the variation through time is more limited. However,

the structure of the trend through time in tree cover remains the same.
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Supplementary Figure 3.5: A - Mean reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with 95%

confidence intervals for 1000 bootstrap resampling of records; B - Mean reconstructed tree cover for Europe

from 12,000 to 0 cal. BP, with differing LOESS regression smoothing half-widths.

S10:  Median reconstructed tree cover, with bootstrapped models

In order to generate reconstruction standard errors, the predictive model that linked observed tree
cover to modern pollen data was generated 1000 times by bootstrapping the modern pollen data.
These models were also used to generate the equivalent number of quantile mapping adjustments, by
relating model predictions using the full dataset to observations. Together these elements were used to
produce 1000 different reconstructions of tree cover for each fossil data sample, with prediction
standard error calculated by sample and averaged by 200-year bin. As well as using the bootstrapped
reconstructions to generate the standard error, we can use the median of these bootstraps as another
way of assessing the confidence in the median reconstruction. Supplementary Figure 3.6 shows the
median tree cover estimate, together with the bootstrapped medians of tree cover based on the
different models and quantile mapping adjustment generated. Although the bootstrapped medians
follow the same general pattern as the reconstructed median, maximum tree cover values for the
reconstruction are generally on the higher side compared with the bootstrapped medians, implying

that some training samples may have a larger influence on the generated model than others.
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Supplementary Figure 3.6: Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with 95%

confidence intervals for models generated through 1000 bootstrap resamples of model training data

S11:  Gridded maps of reconstructed tree cover through time

Gridded maps of reconstructed tree cover are shown below. The values in each cell are the mean of
binned tree cover reconstructions for records located in each 50km? grid cell. Bins are 200-years in
width, with ages referring to mid-point of each bin (e.g. the bin labelled 12,600 cal. BP represents the
interval 12,700-12,500 cal. BP).
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S12: Data by biogeographical region

Supplementary Table 3.5 shows the breakdown of fossil pollen data by biogeographical region, with
the number of records and the number of samples by 200-year bin within each region.
Biogeographical regions are based on the European Environment Agency modern classification

(European Environment Agency, 2016).

Supplementary Table 3.5: Data by biogeographical region

Bioregion Number of records Number of temporal bins
Alpine 67 2377

Anatolian 3 75

Arctic 7 279

Atlantic 284 7117

BlackSea 6 157

Boreal 137 4127
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Continental 219 6840
Mediterranean 73 1701
Pannonian 13 368
Steppic 1 38

S13:  Median reconstructed tree cover based on bin widths from other reconstructions

The different tree cover reconstructions use different temporal bins, which can have an influence on
our reconstructed median tree cover. Supplementary Figure 3.7 shows our median tree cover
reconstruction based on a standard 200-year bin, that same reconstruction but based on the bins used
by Serge et. al. (2023) and Zanon et al. (2018). Serge et al. (2023) temporal bins cover 500-year
intervals before 700 cal. BP and for 700-350 cal. BP, 350-100 cal. BP and 100 cal. BP- present.
Zanon et al. (2018) temporal bins cover 250-year intervals. Although the trend in median tree cover
remains the same through time, utilising the longer bin widths from Serge et al. (2023) has the effect

of reducing both the variability and the range in median tree cover values.

704
X
g 60 - Bin type
>
S \—\\ 200-years
8 50
g ) ——  Serge
] /
;_g 40 - 1/ Zanon
5
= |1/
304

1200010000 8000 6000 4000 2000 0
Bin age (cal. BP)

Supplementary Figure 3.7: Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, based on

different bin widths used in other vegetation reconstructions.

S14:  Median reconstructed tree cover on upper and lower age model ranges

There is uncertainty associated with the dates used to construct age-depth models for the pollen
records, and this is promulgated into uncertainties assigned to the sample ages in the age model. We
investigated the implications of this uncertainty on median tree cover through time, by recalculating
median tree cover based on the interquartile ranges of age model values (see Supp. Fig. 3.8). The
lower quartile median value represents the 25% lower estimate of ages for each sample (older), with
the upper quartile representing the 75% upper estimate of ages (younger). Due to the binning
approach however, the impact of using different age model values for each sample is minimal. As

Zanon et al. (2018) was published prior to the development of INTCAL20 (Reimer et al., 2020) and
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Marine20 (Heaton et al., 2020) calibration curves, some differences between our tree cover
reconstructions may reflect differences in age models. Similarly, Serge et al. (2023) use the author’s
original age models, or those published in earlier datasets. Again, this use of different age models may

have an impact on the comparison between median tree cover reconstructions.
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Supplementary Figure 3.8: Mean reconstructed tree cover for Europe from 12,000 to 0 cal. BP, calculated

using different fossil sample age model estimates

S15:  Median tree cover reconstructions based on grid cell averages

Comparisons of the median tree cover from our reconstructions with those from the Serge et al.
(2023) and Zanon et al. (2018) data (Fig. 3.8) are based on individual pollen record locations.
However, as the data from the other reconstructions are grid cell averages, the calculation of the
median tree cover through time will include multiple instances of individual grid cells, where record
locations share a single grid cell. This is more likely for the Serge et al. (2023) data, where
reconstructions are based on larger 1° grid cells. To test the potential implications of multiple fossil
record locations being within a single grid cell, Supplementary Figure 3.9 shows median tree cover
values for these other reconstructions, but based on single values for each overlapping grid cell.
Although the general trend of the tree cover medians remains the same, there is a slight increase in

median tree cover values for the median reconstructions based on the data from Serge et al. (2023)
and Zanon et al. (2018).
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Supplementary Figure 3.9: Mean reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with
reconstructions for Serge et al. (2023) and Zanon et al. (2018) data based on grid cell averages rather than

record values. Smoothed lines reflect LOESS fitted regression with 1000-year halfwidth.

S16:  Median tree cover reconstructions based on the Atlantic, Boreal, Continental and

Mediterranean biogeographical regions only

Limiting the data to records within the Atlantic, Boreal, Continental and Mediterranean regions has a

limited effect on pan-European median tree cover reconstructions (Supp. Fig. 3.10).
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Supplementary Figure 3.10: Mean reconstructed tree cover for Europe from 12,000 to 0 cal. BP, based on

records within the Atlantic, Boreal, Continental and Mediterranean biogeographical regions only. Smoothed
lines reflect LOESS fitted regression with 1000-year halfwidth.
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4. Assessing relationships between fire, tree cover, climate

and population change in Europe during the Holocene

4.1. Introduction

Regional-scale analyses of palacofire have emphasised the role of climate as the driver of changes
during the Holocene (e.g. Marlon et al., 2006; Power et al., 2010; Mooney et al., 2011; Zennaro et al.,
2015). However, sub-regional analysis has highlighted the role of vegetation in affecting patterns of
fire (e.g. Higuera et al., 2009; Feurdean et al., 2020). While some studies highlighted the role of
people in changing fire regimes from the mid Holocene onwards (e.g. Vanniére et al., 2016; Dietze et
al., 2018; Connor et al., 2019; Zapolska et al., 2023), very few studies have systematically considered
all of the drivers in concert. It is against this background that this Chapter investigates different
approaches to tease out the relationship between palaeofire and its drivers, looking at the problem
holistically across the different controls in a similar way to studies of modern relationships with fire.
The focus on Europe during the Holocene period was motivated by the availability of data. The
European and sub-regional scale has been considered to identify broad-scale relationships, accepting
that this scale may mask local-scale relationships. The different approaches applied include regression
analysis of gridded 50km? data, Granger causality analysis of time series trends, and Superposed
Epoch Analysis associated with changes in reconstructed population, also on time series trends. Each
approach is addressed in turn. Prior to this however, the reconstructions of fire and drivers are
discussed, with fire and human population reconstructed from available data. Data compilation, and

statistical analyses were performed using R (R-core team, 2024).

4.2. Reconstructions of fire and its drivers

This section focusses on reconstructions of fire based on sedimentary charcoal data and human
population, inferred from archaeological radiocarbon data. Tree cover reconstructions are based on
the output described in Chapter 3, and climate reconstructions from recently updated analysis (Tang et
al., in prep.), and are also discussed in turn. Additionally, sub-regions are defined, based on the

general availability and overlap between the data.

4.2.1. Reconstructing fire

Reconstructions of fire are based on charcoal data from terrestrial sedimentary records from the
Reading Palaeofire Database (RPD) (Harrison et al., 2022). The RPD contains 238 records for the
European region (12°W to 45°E and 34-73°N) covering the period from 12,000 cal. BP to the present.
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To facilitate inter-site comparisons, the charcoal data were standardised based on the three-step
protocol proposed by (Power et al., 2008). After converting charcoal values to influx (i.e.
particles/cm?/year), values were (1) rescaled using a max transformation, (2) transformed and re-
scaled with a Box-Cox transformation, (3) then converted to z-scores. A max transformation was
preferred over the min-max transformation suggested by Power et al. (2008) to account for zero
values of charcoal accumulation. The baseline period from 12,000 cal. BP to 150 cal. BP was chosen
to maximise data coverage but excluding the post-industrial period (>1750 CE). Previous work

suggests the choice of baseline has a limited impact on z-score determination (Power 2010).

To limit the potential for over-sampling at an individual site, a single charcoal record was selected per
site, with records with the greatest amount of data preferred. In the case of records having the same
quantity of data for the time period analysed, macro-charcoal records were selected. This reduced the
number of records to 201. Records with less than 20 samples and records that had data for less than
six 100-year bins were excluded, because these provided a limited record of fire history. In total, there
were 192 records included within the analysis (Fig. 4.1A; see chapter supplement for list of included
charcoal sites). Figure 4.1A shows that whilst there is a reasonable coverage across Europe, there are
clusters in some areas (e.g. Iberia) and other areas with gaps in coverage (e.g. England and the
Benelux). Given the differences in sampling resolution between records, and the different calibrated
ages associated with each sample per record, data were binned into 100-year bins. This binning
procedure helps to prevent highly sampled records from dominating the fire signal, and allows
temporal comparison between sites, whilst still maintaining the balance between temporal resolution

and site coverage. The number of records increased through time to the present (Fig. 4.1B).
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Figure 4.1: A — Charcoal site locations, B — Charcoal record counts through time per 100-year bin

The composite curve of z-score charcoal accumulation for Europe in shown in Fig. 4.2, with a locally
fitted regression 500-year smoothing (half) window fitted to the data using R-package LOCFIT
(Loader, 2020). This smoothing reduces the impact of outliers on the curve (Daniau et al., 2012) and
shows millennial trends in the data. Confidence intervals are based on 1000 bootstrap resamples of

individual records.
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Figure 4.2: Z-score composite of transformed charcoal influx for Europe, 12,000 cal. BP to present. The solid
lines show the (smoothed) median value, the thin black lines show the 95% confidence intervals of 1000

bootstrap resample runs.

The composite shows an overall increase in fire through time, but with some periods of decrease or

relative stability. Following an increase at the beginning of the Holocene to ca. 11,500 cal. BP, fire
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declines until ca. 11,000 and remains stable until ca. 10,500 cal. BP. Fire then increases until ca.
9,500 cal. BP and remains relatively stable until ca. 8,000 cal. BP. The curve then declines until ca.
6,500 cal. BP. Fire then increases to 6,000 cal. BP and remains generally stable until ca. 3,750 cal.
BP. After this, fire increases to present levels, with a slight pause between ca. 2,500 cal. BP and ca.
2,000 cal. BP. The confidence interval is relatively stable through time, although larger during the
earliest intervals because of the reduced number of records. Composite curves of transformed

charcoal influx for sub-regions of Europe are shown in section 4.4 Time series analysis.

At the European level, the choice of binwidth has little impact of the broad-scale patterns (Fig. 4.3).
The variation in fire is somewhat greater using a wider binwidth, although as might be expected some
of the minor increases and declines are less noticeable. With a narrower smoothing window of 250

years, there is much more variation at smaller time scales.
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Figure 4.3: Z-score composites of transformed charcoal influx for Europe, 12,000 cal. BP to present: A —
Influence of bin width selection, with smoothing window fixed at 500 years; B — Influence of smoothing window
half width selection, with bin width fixed at 100 years

4.2.2. Human population

Reconstructions of relative change in human population were used as an index of human influence on
the environment. Human population was reconstructed based on radiocarbon dates on archaeological
material from a range of sources (Table 4.1) following the “dates as data” approach (Rick, 1987)

discussed in the Introduction (see [.4.4 Reconstructing human influences on fire).
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Table 4.1: Sources of radiocarbon data

Dataset name Area No. of 14€ dates* Reference

Balkans Extra Balkans 4130 Molloy et al. (in prep.)
Bunbury Scandinavia Scandinavia 20593 Bunbury et al. (2023)
Iberia Extra Iberia 5988 Sweeney et al. (2021)
p3kldc Europe 68310 Bird et al., (2022)
XRONOS Europe 56842 Hinz and Roe (2023)

*The number of 14 between 12000 and 0 uncal. BP. Note that this may include intra-dataset duplicates. Included dates

have a standard error <= 200 years.

The consolidated dataset includes 162,253 radiocarbon dates from 12,000 uncal. BP to present, which
excludes dates with a standard error greater than 200 years. Calibration of radiocarbon dates was
performed with the R-package rcarbon (Crema and Bevan, 2021) using the IntCal2020 calibration
curve (Reimer et al., 2020). A summed probability distribution (SPD) was created to represent the
cumulative probability distribution of radiocarbon dates. The standard site binning procedure,
designed to limit the impact of site oversampling by creating a single probability value per site phase
(Shennan et al., 2013; Timpson et al., 2014), also solves the problem of duplicates across the
consolidated dataset as duplicates with the same site and dating information will be reduced to single
values. This is also the case for site counts, i.e. the number of sites with data at a given time period.
Overall, based on a 100-year cut-off value for the binning procedure using hierarchical clustering
(Crema et al., 2016; Crema and Bevan, 2021), using the rcarbon process for generating an SPD for

Europe, there are 48,507 site bins.

However, a European-wide SPD is problematic, as the number of radiocarbon dates can differ
dramatically between regions due to differences in research traditions (Crema, 2022), rather than
potential differences in underlying populations. This is illustrated by the SPDs and site counts (Fig.
4.4) for the UK (A and B) and Italy (B and C), where the key difference is the scale in summed
probability and site counts; combining these two areas together would result in the Italian signal (SPD
max ca. 0.6) being overridden by the UK signal (SPD max ca. 3.4). This is also reflected in the
gridded (50km?) site counts of radiocarbon data for Europe (Fig. 4.5). The problem is compounded by
the fact that the time after which radiocarbon is less used to date archacological material and is
replaced by other methods such as artefact typology, varies between different regions. Radiocarbon
dating is used more consistently in the UK than in Italy (Fig. 4.4), so combining these datasets would

further bias the population signal towards the UK towards the end of the Holocene.

This suggests that more reliable results would be obtained by using SPDs at a sub-regional level (see

4.2.5 Defining sub-regions), or to use site-based estimates population change.
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Figure 4.5: A - European site counts of radiocarbon data, from 12,000 cal. BP to present; B— Count of

radiocarbon grid cells through time
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4.2.3. Tree cover

In a recent global model study based on satellite data, Haas et al. (2020) found that a higher
proportion of tree cover is generally associated with reduced burned area and fire size, but with
increased fire intensity (Haas et al., 2022). Tree cover reconstructions (Chapter 3) were used in the
analysis of relationships between palaeofire and its drivers. Fossil pollen sites for this reconstruction
were from the Special version 2 of the SPECIAL Modern Pollen Dataset (Villegas-Diaz and Harrison,
2022), itself created from multiple different published regional datasets, from data repositories
(Neotoma, PANGAEA) or directly from data collectors/authors (see Chapter 3 Supplement for further
information). This site-based reconstruction of tree cover is based on 808 sites and includes many of

the same sites used for reconstructing fire.
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Figure 4.6: A - Tree cover site locations,; B — Tree cover record counts through time per 100-year bin

Spatially, there are fewer gaps for the tree cover site locations (Fig. 4.6A) than the charcoal site
locations (Fig. 4.1A), reflecting the underlying difference in the number of pollen sites compared to
sites where charcoal is (also) measured. This difference is also reflected in the quantity of records

through time (Fig. 4.6B).

At the European scale, tree cover increases from the early Holocene to a peak at ca. 6,500 cal. BP,
before falling towards present levels (Fig. 4.7). Tree cover shows less short-term variability than fire
(Fig. 4.2), which is likely due to the differences in the quantity of records/sites. The overall trend

between this tree cover composite and the charcoal composite is quite different.
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Figure 4.7: Tree cover percentage, for Europe, 12,000 cal. BP to present. The solid lines show the (smoothed)

median value, the thin green lines show the 95% confidence intervals of 1000 bootstrap resample runs.

4.2.4. Climate reconstructions

The climate reconstructions were obtained from research performed by Tang (in prep.), using the
same modern pollen (SMPDS: Villegas-Diaz and Harrison, 2022) and fossil pollen (SPECIAL-EPD:
Harrison et al., 2024) datasets used for the tree cover reconstructions. Mean temperature of the
warmest month (MTWA), mean temperature of the coldest month (MTCO), the number of growing
degree days above a threshold of 0° (GDDy) and plant available moisture, represented by the ratio of
actual to equilibrium evapotranspiration (o) were calculated via the frequency adjusted, tolerance
weighted partial least squares (fxTWA-PLS) approach (Liu et al., 2020, 2021). Summer temperature
(MTWA) might be expected to increase the likelihood fire through the effects on fuel moisture
(Keeley and Syphard, 2016; Pausas and Keeley, 2021). MTCO is associated with limits on tree
growth (Prentice et al., 1992; Korner, 2021) and is expected to have a limited direct impact on fire but
may impact fire via effects on fuel loads near the tree line. GDDy increases are associated with either
an increase in summer temperature (as with MTWA) or with a longer growing season, both of which
are expected to lead to increased fire via effects on fuel moisture and productivity. Generally, the
relationship between o and fire would be expected to be humpbacked, with fire limited by effects on
fuel availability at the low end and, because fuel is too wet to burn, fire limited by too much moisture
at the high end (Bond and Keeley, 2005; Pausas and Bradstock, 2007; Pausas and Ribeiro, 2013).

Maximum fire would be likely to be found at intermediate levels of a (Fig. 4.8).
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Figure 4.8: Theoretical fire-productivity relationship, moderated by moisture. Adapted from Pausas and
Bradstock, (2007: Fig. 5).
There are 1,191 terrestrial pollen sites with reconstructions for each of these variables for the
Holocene period (Fig. 4.9A). As with the other sedimentary record data, the quantity of records
increase through time (Fig. 4.9B). There are more sites providing climate reconstructions compared to
tree cover reconstructions because the latter were screened to remove high-elevation sites and site

type other than lakes or bogs (see section 3.2.1: Selection and treatment of data).
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Figure 4.9: A — Climate variable site locations; B — Climate variable record counts through time per 100-year

bin
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At the European level, these climate variables are very closely correlated (Fig. 4.10). MTWA
increases from the start of the Holocene at a decreasing rate until ca. 6,750 cal. BP, after which it
remains relatively stable until ca. 1,500 cal. BP and then declines to the present. The composite curve
for o is almost a mirror image of MTWA, with a decline in plant available moisture to ca. 6,750 cal.
BP, a slight recovery until ca. 5,000 cal. BP, and then slowly declines until ca. 1,000 cal. BP, after
which it is relatively stable. MTCO increases during the first part of the Holocene until ca. 9,500 cal.
BP, is relatively stable until ca. 7,750 cal. BP, then increases slowly thereafter until ca. 750 cal. BP
after which is decreases to present. The trend in GDDy shows similarities with both MTWA and
MTCO, since it reflects the increasing summer temperatures (MTWA) and increasing growing season

length (MTCO).
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Figure 4.10: Climate reconstructions, for Europe, 12,000 cal. BP to present. The solid lines show the median
value, the thin red lines show the 95% confidence intervals of 1000 bootstrap resample runs: A — mean
temperature of the warmest month (MTWA); B — mean temperature of the coldest month (MTCO); C — growing
degree days above the 0° threshold (GDDy); D — plant available moisture (o)
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4.2.5. Defining sub-regions

Sub-regions of Europe were defined to test whether there were different relationships between
reconstructed fire and the other reconstructed variables between regions (Fig. 4.11). This division was
based on the spatial structure of the datasets, with coverage of all data types. The charcoal (A) and
radiocarbon (D) data are the main constraints in defining sub-regions. The limited charcoal data from
the UK, France, Italy, Sweden and Benelux, for example, prevented using these regions of Europe,
while the limited availability of archaeological radiocarbon data in eastern Europe and the Baltic
prevented defining this as a sub-region. The three sub-regions regions with sufficient coverage of all

data sources were central Europe, Iberia and southern Norway.
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Figure 4.11: Reconstructed data locations, with sub-regions included: A — Sedimentary charcoal record
locations; B — Tree cover pollen sedimentary records; C — Climate pollen sedimentary records, D — Gridded

(50km?) radiocarbon site locations

4.3. Modelling the relationship between fire and its drivers

Statistical modelling allows the testing of causal relationships between reconstructed variables and
reconstructed fire, which may differ from the emergent relationships between fire and individual

drivers. Different models were tested, with different functional forms and parameters, after assessing
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the spatial and temporal overlaps between the different reconstructions to determine the dataset to

model.

4.3.1. Reconstruction overlaps

Although the spatial locations of underlying sites were similar (Fig. 4.11), the charcoal and population
data had less complete spatial coverage than the other reconstructions. To increase the likelihood over
spatial overlaps between data, and to limit the impact of multiple sites in close proximity,
reconstructions were spatially binned on a 50km? grid. At a European level, this spatial scale balances
the loss of site-level precision with maximising the amount of data and reducing potential
oversampling. Temporal binning was necessary to reduce the impact of differences in sampling
resolution and to allow comparison across different reconstructions. The choice of temporal resolution
was based on pragmatically having sufficient resolution to identify smaller scale changes and
maximising the quantity of data available for statistical analysis while limiting the impact of

differences in sampling resolution. A 100-year bin width was chosen for this purpose.

Initially, the number of spatiotemporal overlaps included all reconstructions: fire based on charcoal
data, tree cover and climate based on pollen data, and population change based on site counts of
archaeological radiocarbon data. However, the lack of temporal resolution for the archaeological
radiocarbon data was an issue. In total there were only 35 unique grid cells (Fig. 4.12), covering 97 of
the 121 temporal bins from 12,000 cal. BP to present. Although there were 435 data points that could
be included in a statistical model, the majority (66%) of the grid cells had data in less than 10
temporal bins, which would be problematic for the calculation of z-scores (see 4.3.2 Z-scores).
Furthermore, the SPD and site counts tail off closer to the present day over a large part of the region
due to reductions in radiocarbon dating of materials; site counts from the late Holocene are of
questionable reliability. Regional differences in when radiocarbon dating is no longer used for dating
archaeological material means it is challenging to decide on at time after which these data should not
be included in the modelling. In Iberia, for example, the archaeological radiocarbon dates are not
considered reliable after 3500 cal. BP (Chapter 2) and if this is used as a cut-off for all regions, the

number of grid cells with overlapping data sets would be reduced from 424 to 286.
Based on this challenge, the population data were initially excluded from the regression modelling.

This increased the number of grid cells with data to 66, and the number of datapoints/observations to

2757 (Fig. 4.13) and the number of grid cells with data in 10 or less temporal bins was seven (10%).
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Figure 4.12: Spatiotemporal overlaps between reconstructions of fire, tree cover, climate, and population
change: A — Spatiotemporal overlap locations, including sub-regional group demarcation; B — Cell counts for

spatiotemporal overlaps through time
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Figure 4.13: Spatiotemporal overlaps between reconstructions of fire, tree cover, and climate: A —
Spatiotemporal overlap locations, including sub-regional group demarcation; B — Cell counts for

spatiotemporal overlaps through time

4.3.2. Z-scores

One of the key challenges in the statistical analysis of the data is the question of how to treat the
charcoal data, given the wide variations the quantities and ranges in charcoal influx values. The
approach employed here is to make use of the use of charcoal z-score approach. As these charcoal z-
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score values are based on relative influx at a site level, these values have no intrinsic meaning
compared to the reconstructed values of tree cover and climate variables. However, calculating site-
based z-scores for each variable means that, at a site level, changes in fire and its controls can be
compared. To ensure as much temporal consistency at the site level as possible, z-scores of charcoal
influx, tree cover and climate variables were calculated for the identified overlapping time periods per
grid cell. These were then averaged for each grid cell. Note that not all sedimentary records in a single
grid cell have data at the same time period, which means that the calculation of z-scores and

subsequent averaging may be slightly affected.

4.3.3. Modelling palaeofire as a function of tree cover and climate variables

A simple linear model was tested, with fire a function of tree cover and each of the climate variables.
This generated high variance inflation factor (VIF) values, which was expected given the close
correlation between some of the predictors (Fig. 4.14). The model was sequentially re-run with fewer
variables until VIF values fell below a threshold of 4, resulting in a linear model (“LM1”) including
only tree cover, MTCO and a. Examination of the partial residual plots for this model suggested there
was a non-linear relationship between MTCO and fire (Fig. 4.15), and so a second-degree polynomial
for MTCO was also included (“LM2”) (Fig. 4.16) resulting in an improvement in the Akaike
Information Criteria (AIC) values. There appear to be non-linear relationships for tree cover and o
(Fig.4.16) but including these did not improve the AIC values and so were not included in the final

model.
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Figure 4.15: Partial residual plots for LM1: charcoal z-score values as a function of: A - tree cover z-scores; B
- Mean temperature of the coldest month (MTCO) z-scores; E — Plant available moisture (&) z-scores. Solid

lines represent the relationship between the predictor and the charcoal z-score, accounting for the effects of the
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other predictors; hashed lines show a loess fitted line showing the model partial residuals plotted against the

values of each predictor.
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Figure 4.16: Partial residual plots for LM2: charcoal z-score values as a function of: A - tree cover z-scores; B
- Mean temperature of the coldest month (MTCO) z-scores (with squared term); E — Plant available moisture
(@) z-scores. Solid lines represent the relationship between the predictor and the charcoal z-score, accounting
for the effects of the other predictors, hashed lines show a loess fitted line showing the model partial residuals

plotted against the values of each predictor.

The model coefficients indicate that tree cover and the polynomial terms for MTCO significantly
reduce fire (Table 4.2) while o significantly increases fire. Note that although MTCO? has negative
impact on fire, MTCO itself is significant and positive with respect to fire when performing the
regression with orthogonal polynomials (Table 4.3). Given the values for MTCO are generally low in
the model due to their conversion to z-scores, this implies the impact of the quadratic term is more
relevant to the higher and lower range of MTCO. This relationship can be seen in Fig. 4.16B, where
MTCO and fire are mostly positive except at higher values of MTCO. This positive relationship of
MTCO on fire may reflect the influence of warming temperatures on fuel availability and fire season
lengths, although the negative polynomial value suggests a declining influence with MTCO.
However, whilst this European-scale model was significant, it had very poor explanatory power, with
an adjusted R* value of just 0.04.
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Table 4.2: Coefficients for LM2: charcoal z-score values as a function of: tree cover z-scores; mean

temperature of the coldest month (MTCO) z-scores (with squared term); plant available moisture () z-scores.

Coefficients Estimate Standard Error P Value
(Intercept) -0.004 0.018 0.806
Tree-cover -0.077 0.018 3.15e-5 #**
MTCO -0.012 0.023 0.604
MTCO? -0.068 0.007 7.35-23 #**
o 0.124 0.023 8.11e-8 ***

Significance codes: 0 = "***'; 0.001 ="**'; 0.01 ="*';0.05=."0.1;"'= 1

Table 4.3: Coefficients for LM2: charcoal z-score values as a function of: tree cover z-scores; orthogonal mean

temperature of the coldest month (MTCO) z-scores (with squared term); plant available moisture () z-scores.

Coefficients Estimate Standard Error P Value
(Intercept) -0.067 0.017 6.31e-5 ***
Tree-cover -0.077 0.018 3.15e-5 #**
Orthogonal MTCO 4.020 3.490 4.91e-4 #x*
Orthogonal MTCO? -9.019 0.908 7.35-23 #**
o 0.124 0.023 8.11e-8 ***

Significance codes: 0 = "***'; 0.001 ="**';0.01 ="*';0.05=."0.1;"'= 1

To test whether this poor performance reflected regional differences, models with the same
explanatory variables were run for central Europe, Iberia and southern Norway separately. The
adjusted R? values for central Europe and Iberia were very poor (adjusted R* = 0.01 and 0.02
respectively), but the adjusted R? for southern Norway was somewhat better (0.18). In this model, tree
cover had a significant positive relationship with fire (Table 4.3), potentially indicating a control on
fire based on the availability of vegetation to burn. MTCO? and o showed negative and positive
relationships with fire respectively (Table 4.4). When performing the regression with orthogonal
polynomials for MTCO, the linear MTCO value is positive and significant (Table 4.5), in common
Europe as a whole. The positive relationship between o and fire is difficult to explain at this latitude,

as moisture is unlikely to be a limiting factor for NPP.
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Table 4.4: Coefficients for LM2- southern Norway: charcoal z-score values as a function of: tree cover z-
scores; mean temperature of the coldest month (MTCO) z-scores (with squared term); plant available moisture

(@) z-scores.

Coefficients Estimate Standard Error P Value
(Intercept) 0.215 0.044 1.10e-6
Tree-cover 0.110 0.049 0.026 *
MTCO 0.0329 0.054 0.544
MTCO? -0.198 0.024 1.29e-15 #**
o 0.399 0.058 1.50e-11 ***

Significance codes: 0 = "***'; 0.001 ="**';0.01 ="*';0.05=."0.1;"'= 1

Table 4.5: Coefficients for LM2- southern Norway: charcoal z-score values as a function of: tree cover z-
scores,; orthogonal mean temperature of the coldest month (MTCO) z-scores (with squared term); plant

available moisture (&) z-scores.

Coefficients Estimate Standard Error P Value
(Intercept) 0.0263 0.372 0.479
Tree-cover 0.110 0.049 0.026 *
Orthogonal MTCO 3.159 1.290 0.015 *
Orthogonal MTCO? -7.992 0.975 1.29e-15 #**
o 0.399 0.058 1.50e-11 ***

Significance codes: 0 ="***'; 0.001 ="**';0.01 ="*';0.05=."0.1;"''= 1

To test whether there may be a residual cell-based impact — for example, in terms of average elevation
of the grid cell — a mixed effect model was run with the unique grid cell as a random effect. Mixed
effect models allow for the testing of relationships whilst correcting for potential non-independence in
the data structure (e.g. Oberg and Mahoney, 2007). At the European level a linear mixed effect model
was run with the grid cell as an intercept random effect, using R package ImerTest (Kuznetsova et al.,
2017). However, an analysis of variance (ANOVA) test of the inclusion of this random effect was not
significant, and the AIC value increased compared to LM2. This test was also run on the sub-regional
data, with the same result: none of the models with additional random effect associated with the grid

cell were significant improvements on their LM2 variants, with AIC value that were also no better.

To assess whether the temporal bin had an impact on the model, a mixed effect model with an
intercept random effect for temporal bin was tested. Temporal trends in the dependent variable will
inevitably mean that the time period will significantly impact the model fit. The intraclass correlation
(ICC), which represents the proportion of the total model variance explained by between class

variance (e.g. Nakagawa and Schielzeth, 2010) was used to determine how important time was in
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explaining the variance. For the European-level model, the inclusion of temporal bin (linear mixed
model 2: LMM2) improved the AIC value (7087 vs 7243 for LM2) and ANOVA testing showed it
significantly improved the model. This result probably reflects the fact that the composite curve for z-
score charcoal accumulation has an overall upward trend (Fig. 4.2A). However, the ICC value of
0.07, indicating that the difference in time accounted for 7% of the overall variance, is not substantial
and the relationships with the drivers was unchanged from the basic model (Table 4.6). This does

indicate that predictors still do not explain the pattern of fire well.

Table 4.6: Coefficients for LMM?2: charcoal z-score values as a function of: tree cover z-scores, mean

temperature of the coldest month (MTCO) z-scores (with squared term); plant available moisture () z-scores.

Fixed Effect Coefficients Estimate Standard Error P Value
(Intercept) -0.072 0.029 0.016 *
Tree-cover -0.074 0.018 5.75e-05 #**
MTCO -0.004 0.023 0.866
MTCO? -0.053 0.007 1.39e-14 #**
o 0.094 0.023 4.89e-05 ***
Random effect Number ICC

Temporal bin 121 0.07

Significance codes: 0 ="***'; 0.001 ="**';0.01 ="*';0.05=."0.1;"''= 1

The inclusion of time did not significantly improve the model for central Europe and Iberia, nor
reduce AIC values. For southern Norway, charcoal accumulation follows a clear trend (Fig. 4.16A),
the inclusion of time did significantly improve the model and reduce the AIC value (1400 vs 1455 for
LM2 for southern Norway). Here the ICC value was relative substantial — 0.37 — which meant that the
conditional Nakagawa R? was similarly improved to 0.40. However, the marginal R? remained low —
0.05 — indicating that the majority of this R? related to the inclusion of time, rather than the impact of
explanatory variables. Tree cover was no longer significant in this model, but the negative
relationship between the polynomial term for MTCO and fire, and the positive relationship between o

and fire, both remained significant.

The predictive ability of the reconstructed drivers using the simple linear modelling approach was

poor. Reasons for this are explored in section 4.5 Discussion and conclusions.
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4.4. Time series analysis

An alternative approach to assess the links between fire and its drivers is to investigate changes in the
time series. This approach is less rigorous than a full regression analysis, but the composite nature of
the curves helps reduce the impact of spatiotemporal noise from the reconstructions. Assessing time
series at the sub-regional level also permits the inclusion of population estimates. Granger causality
(Granger, 1969) was used to investigate the lagged relationships between the time series, and
Superposed Epoch Analysis (SEA) was used to investigate periods of population change and the

implications that this had for fire and co-variables.

There are some clear differences in overall trends and millennial fluctuations between sub-regions for
the reconstructed variables (Fig. 4.17). The trend in fire for southern Norway appears quite different
from the other regions (Fig.4.17A), with a continual increase across the Holocene. Similarly, the
population trend appears different in southern Norway (Fig.4.17F), although this is likely to be a
reflection of differences in the use of radiocarbon dating by region. These differences highlight the
need to investigate changes in fire in relation to the combined influence of variables, rather than

focussing on single drivers to explain changes.
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Figure 4.17: Comparison between variables considered by sub-region and all sub-regions combined (“All
areas”) through time: A — Z-score composite of charcoal accumulation; B — Tree cover, C — Mean temperature

of the warmest month (MTWA),; D — Mean temperature of the coldest month (MTCO),; E — Plant available

moisture (@); F — Scaled summed probability distributions

4.4.1. Granger causality testing

Granger causality is one way of testing the relationship between time series. Although originally
developed for use with economic data (Granger, 1969), Granger causality has been applied in earth

system science (e.g. Kodra et al., 2011; McGraw and Barnes, 2018; Kumar et al., 2023;
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Papaspyropoulos and Kugiumtzis, 2024), and in terms of palaeofire (Stivrins et al., 2018; Heidgen et
al., 2022). Here, Granger causality is used to test how useful the reconstructed time series for tree
cover, human population and climate variables are in explaining reconstructed fire at a sub-regional

level.

In the bivariate case, one time series is said to Granger cause another if the lagged values are useful in
predicting the other, in addition to lagged values of variable itself (Granger, 1969). This bivariate
analysis can be extended to the multivariate case through use of vector autoregressive models (VAR),
which are a generalisation of single variable autocorrelation models to incorporate multiple time
series (Equation 4.1; Wooldridge, 2005).

Ve =00+ Vi1 + V1Ze—1 + Piwe1 + @V + VoZio + PoWrp + o
Equation 4.1: Vector autoregressive model. Y at time t is modelled as a function of its lagged values Y: -1, Y2

etc., as well as lagged values for other variables Z and W.

In Equation 4.1, Z Granger causes Y if for the number of lags included within the model, an F-test of
this model and a model excluding lagged Z is significant i.e. the lags of Z have explanatory power
compared to the lags of Y itself and lags of W. Granger causality is not causality in the strict sense of
one variable causing another but implies that a variable (e.g. Z) is useful in predicting future values of

another variable (e.g. Y).

The choice of number of lag periods for VAR is typically based on information criteria, with the
selection of the fewest lags preferred to prevent over-fitting and false-positive results (Bruns and
Stern, 2019). Here lag length selection was based on the Bayesian Information Criterion (BIC:
Schwarz, 1978) in the first instance, using the R package vars (Pfaff, 2008) to build the VAR models
and carrying out the information criteria testing on lag length. Since BIC tends to underfit VAR
models (Bruns and Stern, 2019), Portmanteau tests for serial autocorrelation were run on the selected
VAR models, and lag numbers increased until serial autocorrelation was removed. Granger causality
was tested based on the approach developed by Toda and Yamamoto (1995). After selecting the
number of lags in the VAR model based on information criteria, the maximum order of integration for
the time series was included as additional lags within the VAR model. The subsequent Wald/F test is
run on the VAR model excluding the additional lagged coefficients.

The inclusion of correlated variables, such as some of the climate reconstructions, has implications for
the detection of Granger causal relationships because it means the difference between including
lagged variable in terms of F/Wald test will be reduced, as the correlated variable will remain with the
VAR model. To minimise this problem only one temperature variable, MTCO, was included in the
time series analysis. However, o was also retained to represent changed in moisture even though it is
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correlated with MTCO. The rate of change of the SPD was included, with the underlying assumption
that changes in population, rather than the population level itself, would most likely have a short-term
impact on fire. The rate of change of the SPD was calculated with a backsight of 200 years and
running mean of 100 years, using R package rcarbon (Crema and Bevan, 2021). The rate of change
population measure was included for the period 12,000 cal. BP to 3,500 cal. BP for central Europe
and Iberia, and from 9,500 cal. BP to 500 cal. BP for southern Norway. The later start for southern
Norway reflected the paucity of radiocarbon dates from in the early Holocene, which produces
distortionary rapid changes in the rate of change, and the later end date reflected the fact that

typological dating is less used in this region.
There is considerable variability in each time series curve (Fig. 4.18A, C, and E), and to test the

impacts of this, the Granger causality test was also run after smoothing each time series with a 200-

year half width (Fig. 4.18B, D and F).
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Figure 4.18: Z-score time series for median values of variables for Granger causality analysis. A — central
Europe; B — central Europe with 200- year smoothing window, C — Iberia; D — Iberia with 200- year smoothing

window, E — southern Norway,; F — southern Norway with 200- year smoothing window

The results from the Granger causality test in relation to fire on the unsmoothed data (Table 4.7)
shows that in southern Norway, the rate of change of population Granger causes fire. There are no
significant Granger causal relationships for fire in Iberia at the 5% significance level, although there
are weakly significant relationships (10% significance), also with tree cover and a. There were no

VAR models that could be run without significant series autocorrelation for central Europe.
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Table 4.7: Granger causality results for non-smoothed time series

Area Lags | Cause Chisq Pvalue
Central Europe NA | Tree cover - -
Central Europe NA | MTCO - -
Central Europe NA |« - -
Central Europe NA | Population roc - -
Iberia 1 Tree cover 4.616 0.099 "
Iberia 1 MTCO 1.095 0.579
Iberia 1 a 4.893 0.087"°
Iberia 1 Population roc 1.488 0.475
Southern Norway 1 Tree cover 2.400 0.301
Southern Norway 1 MTCO 0.136 0.934
Southern Norway 1 o 1.153 0.562
Southern Norway 1 Population roc 7.526 0.023 *

Significance codes: 0 = "***'; 0.001 ="**';0.01 ="*';0.05=."0.1;"'= 1

The results from the Granger causality test for fire on the smoothed data (Table 4.8) shows that tree
cover MTCO and the population rate of change Granger cause fire in southern Norway, but with four
lag periods (i.e. over 400 years) rather than one lag. At the lower 10% level of significance, o also
Granger causes fire. There are no VAR models that do not have series autocorrelation issues for

central Europe, and this is also the case for Iberia.

These results suggest an inconsistent picture of Granger causality across the regions. One limitation
with the time series is the population time series, which for three of the sub-regions stops at 3,500 cal.
BP and therefore limits the VAR models to the 12,000 cal. BP to 3,500 cal. BP range. The analysis
was therefore re-run to test the effect of excluding the population rate of change time series. In this
case, no VAR models could be found without series autocorrelation for the three sub-regions with
unsmoothed time series (central Europe, Iberia and southern Norway). For the smoothed time series
case, two VAR models could be run, with southern Norway not having any models without series
autocorrelation (Table 4.9). In Iberia, MTCO Granger causes fire, and o may also cause fire, albeit

with a low probability. In central Europe, tree cover Granger causes fire at a low significance level.
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Table 4.8: Granger causality results for smoothed time series

Area Lags | Cause Chisq Pvalue
Central Europe NA | Tree cover

Central Europe NA | MTCO

Central Europe NA |«

Central Europe NA | Population roc

Iberia NA | Tree cover

Iberia NA | MTCO

Iberia NA |«

Iberia NA | Population roc

Southern Norway 4 Tree cover 16.723 | 0.005 **
Southern Norway 4 MTCO 18.513 | 0.002 **
Southern Norway 4 o 9.845 0.080°
Southern Norway 4 Population roc 24.502 | 0.000 ***

Significance codes: 0 ="***'; 0.001 ="**'; 0.01 ="*';0.05=.0.1;"'= 1

Table 4.9: Granger causality results for smoothed time series, excluding population roc

Area Lags | Cause Chisq | Pvalue
Central Europe 4 Tree cover 10.713 | 0.098°
Central Europe 4 MTCO 5.273 0.509
Central Europe 4 a 1.625 0.951
Iberia 3 Tree cover 5411 0.248
Iberia 3 MTCO 11.180 | 0.025 *
Iberia 3 a 8.185 | 0.085°

Southern Norway NA | Tree cover - -

Southern Norway NA | MTCO - -

Southern Norway NA |a - -

Significance codes: 0 ="***'; 0.001 ="**'; 0.01 ="*';0.05=.0.1;"'= 1

Since oo and MTCO are still very closely correlated at the European scale (unsmoothed correlation = -
0.93; smoothed correlation = -0.94), the analysis was re-run to test the effect of including only a
single climate variable. Including only time series for fire, tree cover, o and population rate of change
in the VAR models (Table 4.10) shows that o Granger causes fire in Iberia. In southern Norway, the
population rate of change also Granger causes fire, but with weak significance. For smoothed data
(Table 4.11), the population rate of change Granger causes fire in southern Norway. There is also
weakly significant (at 10%) Granger causality in Iberia for tree cover and the population rate of

change.
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In southern Norway population change Granger causes fire for models run without series
autocorrelation issues. For the other regions the relationships vary with the methodological choices
about smoothing, the inclusion of population change and the total number of time periods available
for testing, and how many climate variables are included. This limits the credibility of the
relationships observed. The consistent Granger causality in southern Norway is difficult to interpret

because Granger causality itself says nothing about the nature of any relationship.

Table 4.10: Granger causality results for unsmoothed time series, excluding MTCO

Area Lags | Cause Chisq Pvalue
Central Europe NA | Tree cover

Central Europe NA |«

Central Europe NA | Population roc

Iberia 1 Tree cover 5.095 0.078
Iberia 1 a 7.023 0.030 *
Iberia | Population roc 2.050 0.359
Southern Norway 2 Tree cover 5.274 0.153
Southern Norway 2 o 1.472 0.689
Southern Norway 2 Population roc 7.431 0.059"

Significance codes: 0 ="***'; 0.001 ="**';0.01 ="*';0.05=."0.1;"''= 1

Table 4.11: Granger causality results for smoothed time series, excluding MTCO

Area Lags | Cause Chisq Pvalue
Central Europe NA | Tree cover

Central Europe NA |«

Central Europe NA | Population roc

Iberia 3 Tree cover 9.009 0.061"°
Iberia 3 a 3.657 0.454
Iberia 3 Population roc 8.282 0.082°
Southern Norway 3 Tree cover 7.335 0.119
Southern Norway 3 o 2.805 0.591
Southern Norway 3 Population roc 12.319 | 0.015*

Significance codes: 0 = "***'; 0.001 ="**';0.01 ="*';0.05=."0.1;"'= 1

Aside from southern Norway, population rate of change did not Granger cause fire except (with weak
significance) in the single case of the smoothed time series with only fire, a and population rate of
change included in Iberia. This may reflect the limitation of the amount of data but could also be
because population changes may have only limited impacts on fire unless they are substantial. This is

investigated further in the next section, using Superposed Epoch Analysis (SEA).
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4.4.2. Superposed Epoch analysis

Identifying events

SEA is a means of investigating the impact of discrete events on a time series, to test for correlative
responses to these events and is used here to investigate the impact of periods of rapid human
population growth or declines on fire. To identify periods of rapid population change, exponential
growth curves were fitted to the SPD curves for each sub-region. As the focus was on longer-term
population trends rather than carrying capacity, exponential growth rates were appropriate. An
envelope was defined by Monte Carlo simulations of this fitted growth rate (Crema and Bevan, 2021),
and periods when the rate of change of the SPD departed from this envelope were used as periods of
rapid population change (following Timpson et al., 2014). The start of these time periods were then
used to re-base the charcoal, tree cover and climate data for each sub-region, with a window of +- 500
years around the periods of rapid population change. Composite curves for each time series were then
re-drawn for this 1000-year window, to see whether the start of rapid population changes coincided
with clear changes to fire, tree cover and climate. This follows the approach used for Iberia (Chapter

2), but extended to include population busts as well as booms, and tree cover and climate variables.
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Figure 4.19: Rate of change SPD for southern Norway, with 200-year backsight. 12,000 to 500 cal. BP

Prior to fitting the models, the SPDs and rates of change were investigated to assess the appropriate
window of analysis. The availability of radiocarbon data for southern Norway continues much closer
to the present than in other areas but was very sparse at the beginning of the Holocene, causing large
swings in the rate of change of the SPD with only minor changes in summed probability densities
(Fig. 4.19). The window for the analysis, and the generation of the exponential curve, was therefore
limited to the period 9,500 cal. BP to 500 cal. BP for this region. The range of data was limited to
10,000 cal. BP to 3,500 cal. BP for the other regions (Fig. 4.20) to avoid similar problems.
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Although the SPD and fitted null for Iberia identifies clear periods of growth (see section 2.3.1: Fire
and population change through time) and decline in population (in Fig. 4.20A), this is less evident for
other sub-regions. In southern Norway, there are many periods of lower population earlier in the SPD,
as well as many periods of rapid growth associated with the rate of change exponential null and SPD
rate of change. These differences highlight a need for a slightly more nuanced approach than applied
in Chapter 2, to enable a consistent approach across regions. Rather than investigating both the SPD
and rate of change of the SPD in relation to the fitted null models, focus was placed on the rate of

change of the SPD.

After fitting the exponential null model, “events” relating to population growth and decline were
identified that (a) were significant local positive and negative deviations from the fitted null that were
longer than 50 years, (b) were separated by more than 100 years so as to be regarded as discrete
events and (c) continued to increase (or decrease)for 150 years after the initial deviation above
(below) the mean population growth for the entire period. The 150-year period was a pragmatic

choice, designed to balance exclusivity without restricting event numbers.

An SEA window of 1000-years around each boom or bust event was calculated. This window was
used to filter the charcoal, tree cover and climate data, such that only samples occurring within each
window for each rub-region were included. This data was then re-based by SEA window, with the
boom or bust event set to a date of zero, and then combined, segregating booms and busts into epochs.
For each variable, the time series was then re-binned into 100-year bins, and a time series re-
calculated with a 200-year smoothing half window. This smoothing window was narrower than

applied to the whole series, due to the more limited 1000-year epoch window.

In some instances, the difference in times between booms and busts were not 500-years (i.e. half of
the 1000-year window width). In southern Norway, for example, there were several boom-and-bust
events in relatively close proximity (4.21C). To prevent the inclusion of overlapping data, where, for
example, the same data were used to reflect a boom and a bust epoch, in instances where the events
were closer than 500-years, the window was truncated with an equal share of time divided between
the two events. In practice this meant that some windows were substantially shorter than 1000 years,
with only a short period on one or other (or both) side of the event. Figure 4.21 shows the identified
boom and bust events for each sub-region, and the windows either side of each used to define the

epoch, for the rate of change of SPD.

The three-step filtering approach resulted in the identification of two boom events identified in Iberia,
five in southern Norway, and no events in central Europe. The lack of boom events for central Europe

means that an SEA could not be run. For southern Norway, the large number of events effectively
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reduces the overall SEA window to less than 1000-years. This different specification of events is also
visible with the busts in population, with four events in southern Norway, and two events in the other

regions.

For central Europe, the lack of identified boom events perhaps points to a more consistent level of
growth in the sub-region. For Iberia, the first boom, and following bust in population corresponds
with the start of agriculture in the region (Balsera et al., 2015; Drake et al., 2017). The subsequent
increase in population at ca. 5000 cal. BP has also been identified and linked with changes to
landscapes in some areas (Drake et al., 2017). In southern Norway, the start of continuous arable
farming was around 4,000 cal. BP (Solheim, 2021), which corresponds to one of the booms in
population. However, it is difficult to attribute other booms and busts to specific events in the

population history of this region.
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SEA results

Population bust events appear to coincide with increases in fire in central Europe (Fig. 4.23). There
are only very minor changes in the other variables, which become visible when investigating
combined z-score plot (Fig. 4.24). The bust events coincide with a reduction in tree cover and
stabilising o, and at the end of the period the increase in MTCO and decline in o coincides with
decreases in fire. However, it is difficult to see a consistent climate or tree cover signal associated

with fire during this period.
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Figure 4.24: Combined SEA plot for central Europe, with variable values for the period -500 to 500 before and

after the SEA point converted to z-scores: A — Population booms; B — Population busts

Changes in fire in Iberia appear to coincide with boom events (Fig. 4.25A). This is not consistent with
the results from Chapter 2 and most probably reflects methodological differences in terms of window
widths, binwidths and smoothing half windows. Again, at the standardised scale, changes in tree
cover and climate are barely discernible. For the combined z-score plot, there is no consistent single
climate or tree cover signal that explains the changes in fire (Fig. 4.26), although there are
consistencies between the signals that suggest a complex interaction of moisture, vegetation coverage
and temperature may be at play. There is no clear correlation of population bust effects with fire. The
decrease in fire that begins around 300 years prior to the bust events and continues to the end of the
SEA window is partially mirrored by the increase in tree cover, although tree cover begins to increase
around 100 years earlier. The small-scale changes in MTCO and « visible in the combined plot do not

align with changes in fire.
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Figure 4.25: SEA figures showing adjusted values for Iberia based on booms and busts in populations: A — SEA
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Figure 4.26: Combined SEA plot for Iberia, with variable values for the period -500 to 500 before and after the

SEA point converted to z-scores: A — Population booms; B — Population busts

Population booms do not appear to coincide with changes in fire in southern Norway (Fig. 4.27),
although there is a minor change in fire 100-years prior to the boom event. For the combined z-score
plot (Fig. 4.28), changes in fire appear to be closely associated with those in climate and tree cover.
Population busts are correlated with increases in fire. Although the individual curves for tree cover
and climate do not show a clear relationship with fire, the combined z-score plot shows a very close
correlation between all of the variables, with fire (mostly) positively correlated with o and negatively
correlated with MTCO and tree cover. The association of increasing moisture with increasing fire is
problematic given that fire is probably not fuel limited in this region. In contrast, increases in MTCO
imply increases in tree cover, which is as observed. The mechanism for decreases in fire may then be

the expansion of tree cover.
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Figure 4.27: SEA figures showing adjusted values for southern Norway based on booms and busts in
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Figure 4.28: Combined SEA plot for southern Norway, with variable values for the period -500 to 500 before

and after the SEA point converted to z-scores: A — Population booms; B — Population busts

It is difficult to assess how human population changes have affected fire compared to the influence of
other drivers, due to the inconsistencies between regions and between the impacts of booms and busts
within regions. A further challenge is separating the different impacts of scale and trend on fire, with
climate changes often apparently very stable in scale, but often relating to changes in fire when
converted to z-scores. Although there appear to be relationships between some of the population
boom periods and bust periods, in most cases a (complex) environmental signal is evident when
investigating the micro trends in time series. The boom periods in Iberia appear to coincide with slight
reductions in fire, in contradiction to the results presented in Chapter 2, although the resolution of the
signal based on the window width, binwidth and smoothing window were different. Again, although
the individual signal from the climate variables is complex — the correlation between MTCO and o
within the SEA appears less robust than in other sub-regions - the timing of changes appears to align
with changes evident in the fire record. The changes in fire in southern Norway during population
busts appear very closely related with climate and tree cover, with fire increasing with o and
declining with MTCO and tree cover. a also appears to govern changes in fire during population
booms in southern Norway, but MTCO and tree cover, and fire are positively correlated. In contrast to
these environmental led changes in fire, the SEA for population busts in central Europe is harder to
decode. Here, human influence on the fire regime may be evident given the contrasting relationships

between fire and other variables before and after the busts.
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4.5. Discussion and conclusions

This chapter brought together reconstructions of fire, tree cover, climate and human population
change to attempt to assess the drivers of palaeofire in a comprehensive cross-cutting analysis.
Evaluation was performed at the European and sub-regional levels, using regression-based and time

series analysis.

At the European level, the negative modelled relationship between tree cover and fire is consistent
with modern observed relationships at the global scale that link grass cover rather than tree cover to
increased fire (e.g. Bistinas et al., 2014; Haas et al., 2022). In contrast, tree cover appears to have
positive relationship with fire in the southern Norwegian sub-region. This may be a reflection of
vegetation cover more generally, with cooler temperatures limiting overall vegetation cover towards
the early Holocene, although this is speculative without information regarding other vegetation cover
types. Across all sub-regions, Granger causality tests irrespective of methodological choices regarding
smoothing, the inclusion of population rate of change, or MTCO, did not find a relationship between
tree cover and fire, with one exception: smoothed curves for southern Norway. In this sub-region, tree
cover significantly caused fire, although it should be noted that this was over four lagged periods (400

years) and may be a result of combined trends rather than causality.

Regression modelling also found a significant relationship between MTCO, MTCO? and a, and fire at
the European scale. For MTCO, this relationship was positive, albeit with a negative quadratic term.
This may reflect the close correlation between MTCO and MTWA and the influence that warmer
temperatures might have on fire weather (Pausas and Keeley, 2021) and fuel availability at the low
rmage of temperatures (Parisien and Moritz, 2009). For a, the positive impact on fire implies an
overall dominating impact of increasing fuel on fire, rather than fire being reduced by fuel moisture.
However, in southern Norway, the similar relationship between o and fire is difficult to explain in
relation to the fire-productivity hypothesis (e.g. Pausas and Bradstock, 2007; Pausas and Ribeiro,
2013), as fire would not be expected to be limited by fuel availability at this latitude. Times series
analysis of Granger causality between fire and climate variables for the sub-regions found some
limited support for Iberia and southern Norway, albeit for specific methodological cases. In Iberia for
example, there was a weakly significant (at 10%) relationship between fire and a for the unsmoothed
time series, a significant relationship between fire and o unsmoothed stime series when excluding
MTCO, and for both MTCO and a, and fire, when excluding the time series for the population rate of
change with smoothed time series. For southern Norway, a significant relationship was observed
between fire and MTCO for smoothed time series, providing some limited support for the regression

model results. For central Europe, the included fire variable time series did not Granger cause the fire
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time series in any cases, although it should be noted that VAR models could not be run without series

autocorrelation for the most part.

In southern Norway, the availability of the archaeological radiocarbon record until 500 cal. BP, in
contrast to the other sub-regions, provides the ability to investigate human influences when they
might be expected to be greatest. SEA analysis for southern Norway however does not identify
obvious relationships between population boom or bust events and changes in in fire, with fire most
closely linked to changes in climate and tree cover. This is in contrast to the Granger causality results
for population which are almost uniquely consisent, and to evidence from the literature regarding the
noted influence of humans on wildfire in the wider southern Scandinavia region during the later part
of the Holocene (e.g. Bradshaw et al., 2010; Cui et al., 2013; Brown and Giesecke, 2014; Clear et al.,
2014). Human influence on fire may be variable however, both in terms of land-use patterns (Cui et
al., 2013) and in the nature of changes at different periods, with increases in fire associated with
earlier landscape changes, and later decreases fire suppression (Bradshaw et al., 2010; Clear et al.,
2014). Anthropogenic landscape changes have also been linked to reductions in fire, due to changes in
fuel availability (Brown and Giesecke, 2014), further complicating the regional signal. A mixed
temporal signal may obscure the pattern of human influence on fire via the SEA analysis but may

explain the Granger causal relationship observed.

In central Europe, the population busts appear to explain changes in fire in the absence of a consistent
signal from climate or tree cover, although this finding should be treated with caution given timings
of the two bust events identified. Unfortunately, there were no boom events identified, limiting the
ability to test this finding further. Similarly, the level of series autocorrelation in VAR models

(generally) prevented the testing of Granger causality of population in the sub-region.

In Iberia, population booms seemed to coincide with a short interruption of increasing fire for the
SEA period, although the magnitude of this signal is more discreet. This difference with the results
from Chapter 2 can be explained by methodological differences, particularly in terms of the temporal
resolution of the signal investigated. Human influence on fire has been identified for the sub-region
from 7000 cal. BP, with increases in fire associated with human induced changes in landscapes
(Connor et al., 2019). However, the timings of these changes are not necessarily consistent (Connor et
al., 2019), with no obvious spatial coherence that might be expected if the changes were linked to the
time-transgressive spread of agriculture (see Chapter 2), but which could be linked to human
habitation differences (Gil-Romera et al., 2010). As with southern Norway, the potential difference in
timing of human influences may obscure a defined human signal for the sub-regionally identified
boom events, although a strong consistent signal of increased fire with human presence might be seen,

rather than a stabilisation in increasing fire as observed in this analysis. The climate and tree cover
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signal in Iberia is difficult to identify for either the SEAs for population busts or booms, due to
differences in trends for each time series. This underscores the need to investigate the drivers of fire in

tandem.

Although the regression analysis produced models that were themselves significant, with significant
relationships describing fire, it is worth re-emphasising that their explanatory power was poor, even
when taking into account random effects for time and location. There are a number of potential
reasons for this, some of which relate to general issues with palaeodata discussed in depth in Chapter
5. In general, there may be insufficient spatiotemporal resolution in the reconstructions to identify
clear relationships, given the noise in the data. The temporal binning procedure was designed to
maximise data overlaps and limit the impacts of differences in data temporal resolution, but there may
be a case for narrower bins to capture more precise relationships between the reconstructions. The use
of z-scores due to the charcoal data affects the information available to the model, with within site
values not comparable in absolute terms with each other. The lack of population estimates to feed into
the models is an unfortunate omission, especially considering the increased influence of people on fire
in Europe towards the present day (e.g. Clear et al., 2014; Robin and Nelle, 2014; Zennaro et al.,
2015). The Granger time-series analysis was limited by difficulties in VAR model specifications for
some regions, and by inconsistencies in the results based on methodological choices regarding the
smoothing of time series and inclusion of reconstructed variables. Additionally, the SEA analysis was
hampered by the lack of boom events identified in central Europe. There is arguably space for more
nuance in identifying the events, as was applied in Chapter 2 for Iberia. However, a less systematic
approach, especially when comparing across sub-regions, is difficult and potentially liable to selective
data analysis. In general, the choice of sub-regions was constrained by the availability of overlapping
data for the analysis approaches performed. Furthermore, in some sub-regions, clusters of sites
contrasted with areas with more limited spatial (and temporal) coverage, which may have implications

for the subsequent results.

Overall, despite the different approaches applied, it is difficult to conclude with certainty regarding
the relationships between fire and its drivers. Although there are notable exceptions — for example the
population rate of change appears to consistently have an impact on fire in southern Norway in terms
of the Granger causality analysis, irrespective of methodological choice — the general picture of one of

inconsistency. This is discussed further in Chapter 4.
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4.7. Supplement

Supplementary Table 4.1: Charcoal sites included in the reconstruction of fire in the Holocene in Europe

Site name Lat. (°) Lon. (°) Elevation Depositional  Citation
(ma.ss.l)  context
Ackgol | 37.30 33.44 1000 unknown Turner et al. (2008)
Ahlequellmoor | 51.73 9.51 300 bog sediment  Jahns (2006)
Altar Lough | 55.02 -8.40 30 lake sediment  Fossitt (1994)
Alvor Estuary Ribeira | 37.15 -8.59 0.6 estuarine Schneider et al. (2010, 2016)
do Farelo Ribeira da sediment
Torre
Apsuciems Mire | 57.05 23.32 6.6 bog sediment  Gatka et al. (2016)
Arbarrain Mire | 43.21 -2.17 1004 bog sediment  Pérez-Diaz et al. (2018)
Arroyo de Valdeconejos | 40.86 -4.06 1380 bog sediment  Morales-Molino et al.
(2017a)
Arroyo de las Carcavas | 40.84 -4.03 1300 small hollow  Morales-Molino et al.
(2017a)
Asi Gonia | 35.25 24.28 780 bog sediment  Atherden and Hall (1999)
Bagno Serebryskie | 51.18 23.53 173 bog sediment ~ Gatka et al. (2017)
Basa de la Mora | 42.55 0.33 1906 lake sediment  Pérez-Sanz et al. (2013)
Bazu bog | 57.70 22.45 15 bog sediment  Stivrins, N., unpublished data
Beliya Kanton | 41.73 24.14 1547 bog sediment  Marinova, E., unpublished
data
Bermu Mire | 39.43 -4.15 783 bog sediment  Luelmo-Lautenschlaeger et
al. (2018)
Bialowieza forest Site 2 | 52.75 23.88 165 small hollow  Mitchell and Cole (1998)
Birzulis | 55.78 2247 148 lake sediment  Stancikaité et al. (2006)
Black Loch | 56.32 -3.19 90 lake sediment ~ Whittington et al. (1991);
Edwards and Whittington
(2000)
Borreguil de la Caldera | 37.05 -3.32 2992 bog sediment =~ Ramos-Roman et al. (2016)
Bricu lake | 57.12 25.87 208.4 lake sediment ~ Steinberga and Stivrins
(2021)
Bruckmisse | 48.73 8.64 670 bog sediment ~ Rosch (2009)
Brve | 50.07 14.24 362 bog sediment ~ Pokorny and van der Knaap
(2011)
Buchensee | 47.77 8.98 614 lake sediment ~ Rosch and Wick (2019)
Calineasa | 46.56 22.83 1300 bog sediment  Feurdean et al. (2009, 2020)
Campo Lameiro | 42.53 -8.52 295 soil Kaal et al. (2008, 2011,
2013); Lopez-Merino et al.
(2012)
Canada de la Cruz | 38.07 -2.69 1595 lake sediment  Carrién et al. (2001a)
Canada del Gitano | 37.23 -2.70 1900 bog sediment  Carrion et al. (2007)
Sierra de Baza
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Castello Lagoon

Cepicko polje

Cepkeliai
Cerna Hora
Cha das Lameiras

Charco da Candieira

Cubelles

Cvitova

Dalane

Dallican Water
Dalmutladdo

Delta del Rio Besos

Dubrava Wood
Durchenbergried

Durnoye

El Brezosa
El Carrizal
El Payo mire

El Perro mire

El Portalet

El Redondo
El Tiemblo

Espinosa de Cerrato

Etu-Mustajarvi
Eustach

Flotatjonn

Fuente de la Leche
Fuente del Pino Blanco
Gabarn
Gammelheimenvatnet
Gasak I1

Ghab

42.28

45.19

54.01
50.66
40.94
40.34

41.20

49.22

58.24
60.39
69.17
41.41

48.87
47.78
55.09

39.35
41.32
40.25
39.05

42.80

40.22
40.36
41.96

60.98
50.89
59.67
40.35
40.24
43.17
68.48
52.46
35.65

14.16

24.62
15.76
-7.68
-7.58

-1.67

24.47

8.00
-1.10
20.72
2.25

17.10
8.98
40.89

-4.36
-4.15
-6.77
-4.76

-0.40

-5.66
-4.53
-3.94

25.00
14.43
7.54

-5.06
-4.98
-0.56
17.76
19.39
36.25

2.4

27

131
1206
950
1409

228

40
56
355

190
432
118

733
860
1000
690

1802

1765
1250
885

157
387
890
1382
1343
310
290
81
240
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other

lake sediment

bog sediment
bog sediment
soil

lake sediment

other

bog sediment

lake sediment
lake sediment
lake sediment

soil

bog sediment
bog sediment

bog sediment

bog sediment
lake sediment
bog sediment

bog sediment

bog sediment

bog sediment
bog sediment

bog sediment

lake sediment
bog sediment
lake sediment
bog sediment
bog sediment
bog sediment
lake sediment
bog sediment

lake sediment

Ejarque et al. (2016);
Feurdean et al. (2017)
Balbo et al. (2006); Feurdean
et al. (2020); Balbo,
unpublished data
Stancikaité et al. (2019a)
Speranza et al. (2000)
Lopez-Saez et al. (2017)
van der Knaap and van
Leeuwen (1995, 1997);
Connor et al. (2012)
Riera-Mora and Esteban-
Amat (1994)

Kotaczek et al. (2016);
Feurdean et al. (2020)
Eide et al. (2006)

Bennett et al. (1992)
Bjune et al. (2004)
Riera-Mora and Esteban-
Amat (1994)

Jamrichova et al. (2017)
Rosch (1986 (1997)
Novenko et al. (2016b);
Feurdean et al. (2020)
Morales-Molino et al. (2018)
Franco-Mugica et al. (2005)
Silva-Sanchez et al. (2016)
Luelmo-Lautenschlaeger et
al. (2019a, b)
Gonzalez-Sampériz et al.
(2006)

Lopez-Saez et al. (2016b)
Lopez-Saez et al. (2018b)
Morales-Molino et al.
(2017b)

Sarmaja-Korjonen (1998)
Bobek et al. (2018b)

Birks (2006)
Robles-Lopez et al. (2018)
Robles-Lopez et al. (2018)
Rius et al. (2009)

Bjune et al. (2009)
Wacnik et al. (2011)
Yasuda et al. (2000)



Ginkunai Lake
Gleboczek

Golebiewo 1

Gorenje jezero

Grauthelleren
Griblje

Grosser Krebssee
Grosser Treppelsee
Herrenwieser See
Hinojos Marsh
Hoya del Castillo

Huzenbacher See

Jagniecy Potok
Jeleni louze

Juodonys

Kahala

Kazanie fen

Kinnshaugen
Kozcaronliacute

Kumata

Lac Miroir

Lagaccione
Lago di Pergusa
Laguna Guallar

Laguna de Rio Seco
Laguna de la Mosca
Laguna de la Mula
Lake Banyoles
Lake Biale

Lake Brazi

Lake Bucura

55.95
53.87
54.45

45.74

58.14
45.57

52.85
52.15
48.67
36.96
41.48
48.57

50.85
50.89
55.74

59.49
52.46

61.11
49.38
42.59

44.63

42.57
37.51
41.41

37.05
37.06
37.06
42.13
52.50
45.40
45.36

23.34
18.21
18.50

14.41

791
15.28

14.10
14.45
8.30
-6.39
-0.16
8.35

15.36
14.27
25.44

25.53
17.30

10.36
14.03
23.25

6.79

11.85
14.30
-0.23

-3.35
-3.31
-3.42
2.75

19.49
22.90
22.87

107
110
130

550

80
160

52.2
830
1.5
258
747

850
460
20

332
101

591
460
1770

2214

355
674
336

3020
2889
2497
174
72
1740
2040
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lake sediment
bog sediment

bog sediment

bog sediment

lake sediment

bog sediment

lake sediment
lake sediment
lake sediment
bog sediment
lake sediment

lake sediment

bog sediment
bog sediment

bog sediment

lake sediment

bog sediment

lake sediment
bog sediment

bog sediment

lake sediment

lake sediment
lake sediment

lake sediment

lake sediment
lake sediment
lake sediment
lake sediment
lake sediment
lake sediment

lake sediment

Stancikaité et al. (2015)
Lamentowicz et al. (2019)
Latatowa et al. (2013);
Pedziszewska and Latatowa
(2016); Swieta-Musznicka et
al. (2021)

Andri¢ and Willis (2003);
Andri¢ (2004); Feurdean et
al. (2020); Andric,
unpublished data

Birks (2006)

Andri¢ (2011; Feurdean et al.
(2020)

Jahns (2000)

Giesecke (2001)

Rosch (2012)

Lopez-Séaez et al. (2018a)
Davis and Stevenson (2007)
Rosch and Tserendor;j
(2011b, a)

Kajukalo et al. (2016)
Pokorny and Kunes (2005)
Stancikaité et al. (2004
(2009)

Poska and Saarse (1999)
Czerwinski et al. (2020b,
2021)

Birks et al. (2012)

Pokorny and Kunes (2009)
Tonkov and Possnert (2016b,
a); Feurdean et al. (2020)
Carcaillet and Blarquez
(2017)

Magri (1999, 2004)

Sadori et al. (2008)

Davis and Stevenson (2007);
Davis, unpublished data
Anderson et al. (2011)
Manzano et al. (2019)
Jiménez-Moreno et al. (2013)
Revelles et al. (2015)
Wacnik et al. (2011)
Finsinger et al. (2018)
Vincze et al. (2017)



Lake Burg
Lake Kojle

Lake Oltina

Lake Pikku Harkajarvi
Lake Rosalia

Lake Ruskowiejskie
Lake Salet

Lake Skogstjern

Lake Skrzynka
Lake Stiol

Lake Stiucii
Lake Suchar IV

Lake Svarcenberk

Lanzahita

Larix Hollow
Las Animas Mire
Las Pardillas

Las Vinuelas
Lille Kjelavatn
Litlvatnet

Litzelsee

Loch of Clickimin
Lough Maumeen
Lough Mullaghlahan
Lough Nabraddan
Luka

Mala niva

Mala niva
Manaderos
Mannikjarve
Marbore
Masatjornet

Mindelsee

Miticka slatina
Mogielica
Molhasul Mare

42.51
54.02

44.14
68.85
68.91
53.95
53.94
59.01

53.81
47.57

46.97
54.09
49.15

40.22
61.85
36.69
42.03
39.37
59.80
68.53
47.77

60.15
53.41
54.78
55.02
49.20
48.91

4891
40.34
58.87
42.70
61.56
47.76

48.81
49.67
46.59

1.31
22.88

27.63
28.64
28.37
21.31
21.32
9.64

17.52
24.81

23.90
23.02
14.71

-4.94
37.76
-5.03
-3.03
-4.49
7.00

14.93
8.93

-1.17
-10.02
-8.47
-8.35
24.51
13.82

13.82
-4.69
26.25
0.04
10.27
9.02

18.11
20.28
22.76

1821
149

40
188
180
144
132
57.2

121
1670

240
143
412

588
155
1403
1850
761
978
106
413

250
40
20
226
753

753
1292
90
2612
841
406

330

845
1124
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lake sediment

bog sediment

lake sediment
lake sediment
lake sediment
lake sediment
lake sediment

lake sediment

lake sediment

lake sediment

lake sediment
lake sediment

lake sediment

bog sediment
small hollow
bog sediment
lake sediment
bog sediment
lake sediment
lake sediment

lake sediment

other

lake sediment
lake sediment
lake sediment
bog sediment

bog sediment

bog sediment
bog sediment
bog sediment
lake sediment
lake sediment

lake sediment

bog sediment
bog sediment

bog sediment

Bal et al. (2011)

Galka, M., Obremska, M.,
unpublished data.

Feurdean et al. (2020, 2021)
Stivrins, N., unpublished data
Stivrins, N., unpublished data
Szal et al. (2017)

Szal et al. (2014)
Wieckowska-Liith et al.
(2017)

Apolinarska et al. (2012)
Haliuc et al. (2016); Feurdean
et al. (2020, 2021)
Feurdean et al. (2013, 2020)
Zawisza et al. (2019)
Pokorny and Jankovska
(2000); Pokorny (2002)
Lopez-Saez et al. (2018b)
Kuosmanen et al. (2014)
Alba-Sanchez et al. (2019)
Goili and Hannon (1999)
Morales-Molino et al. (2019)
Eide et al. (2006)

Bjune et al. (2009)

Roésch and Lechterbeck
(2016)

Edwards et al. (2005)
Huang (2002)

Fossitt (1994)

Fossitt (1994)

Kotaczek et al. (2018a)
Bobek et al. (2019);
Kozakova et al. (2021)
Svobodova et al. (2001)
Robles-Lopez et al. (2020)
Sillasoo et al. (2007, 2011)
Leunda et al. (2017)

Birks et al. (2012)

Rosch (2013; Rosch et al.
(2014)

Jamrichova et al. (2018)
Czerwinski et al. (2020a)
Feurdean and Willis (2008);
Feurdean et al. (2020)



Morttjern
Mosquito Hollow
Myrvatnet

Na Bahne

Na mahu

Nad Dolskym mlynem

Nakri
Nataloup

Navamuno

Navarres

Novoalexandrovskoye

Nussbaumersee

Oberderdingen-
Grossvillars

Ojos del Tremendal
Olga Hollow
Oygardtjonn
Pancavska louka
Parika

Parizske Mire

Pena Negra

Pena da Cadela

Petresiunai

Poiana Stiol

Pozo de la Nieve
Prasilske Jezero
Pravcicky dul

Puerto de Serranillos
Puerto del Pico
Puklina

Quart du Bois

Raseliniste Jizery

Ratasjoen

59.06
61.85
68.66
50.20

45.97

50.85

57.90
47.23

40.32

39.10
55.12

47.60

49.04

40.54
61.20
59.63
50.77
58.49
47.87
40.33

42.83

55.85
47.59
40.35
49.06
50.88
40.31
40.32
50.93
46.89

50.86
62.27

11.62
37.77
16.38
15.96

14.54

14.34

26.27
4.04

-5.78

-0.68
41.04

8.81

8.76

-2.05
37.59
7.99

15.54
25.77
18.47
-5.79

-7.17

25.70
24.81
-4.55
13.40
14.30
-4.93
-5.01
14.44
4.03

15.30
9.83

227
155
197
240

290

240

48.5
515

1505

225
113

450

207

1650
200
665
1336
48.5
123
1000

970

107
1520
1600
1079
382
1700
1395
386
420

843
1169
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lake sediment
small hollow
lake sediment

bog sediment

lake sediment

bog sediment

lake sediment

bog sediment

bog sediment

bog sediment

bog sediment

lake sediment

bog sediment

bog sediment
small hollow

lake sediment
bog sediment
bog sediment
bog sediment

bog sediment

bog sediment

lake sediment
bog sediment
bog sediment
lake sediment
bog sediment
bog sediment
bog sediment
small hollow

bog sediment

bog sediment

lake sediment

Birks et al. (2012)
Kuosmanen et al. (2014)
Bjune et al. (2009)

Pokorny et al. (2000);
Pokorny and van der Knaap
(2010)

Andric¢ et al. (2008);
Feurdean et al. (2020)
Abraham (2006); Pokorny et
al. (2008)

Amon et al. (2012)
Jouffroy-Bapicot (2010);
Jouffroy-Bapicot et al. (2013)
Turu et al. (2018); Lopez-
Saez et al. (2020)

Carrion and Van Geel (1999)
Novenko et al. (2016b);
Feurdean et al. (2020)

Haas and Hadorn (1998);
Hillbrand et al. (2014)
Rosch (2005)

Stevenson (2000)
Kuosmanen et al. (2014)
Birks (2006)

Speranza (2000)

Niinemets et al. (2002)
Jamrichova et al. (2014)
Abel-Schaad and Lopez-Saez
(2013)

Martinez Cortizas et al.
(2002)

Stancikaité et al. (2019b)
Feurdean et al. (2017, 2020)
Robles-Lopez et al. (2017)
Carter et al. (2018)

Bobek et al. (2019)
Lopez-Saez et al. (2018b)
Lopez-Séez et al. (2016a)
Bobek et al. (2019)
Jouffroy-Bapicot (2010);
Jouffroy-Bapicot et al. (2013)
Bobek et al. (2019)

Velle et al. (2005)



Reiarsdalsvatn
Rentukka Hollow
Rifugio Mondovi

Rojkov

Rynholec
Selikhovo
Selikhovo
Semenic

Sierra de Gador
Siles Lake
Stara jimka
Stazki bog
Storsandvatnet
Stubno-Naklo
Sudenpesa Hollow
Tajga
Tiavatnet

Tisice

Torbiera del Biecai
Tourbiere de La Lande
Tourbiere des Narses
Morte

Tourbiere du Peschio
Tubilla del Lago

Valle do Lobo Ribeira
de Carcavai

Vapsko-2

Velise

Verdeospesoa

Vesijako Hollow
Viitna Pikkjarv
Vilamora Ribeira de
Quarteira
Villaverde

Vleek

Vrbka

Vuoskkujarvi

58.33
61.19
44.18
49.15

50.13
53.23
53.23
45.18
36.90
38.40
49.07
54.43
63.46
49.86
61.18
50.03
63.06
50.24

44.20
43.56
44.43

44.45
41.81

37.06

42.07
58.76
43.06

61.38
59.45
37.09

38.80
50.04
50.39
68.35

7.79
25.15
7.73
19.16

13.93
35.77
35.77
22.06
-2.92
-2.50
13.40
18.08
8.45

22.97
25.15
12.68
9.42

14.53

7.70
2.96
3.60

3.60
-3.57

-8.07

23.52
24.46
-2.86

25.03
26.01
-8.14

-2.37
12.73
14.13
19.10

245
150
1760
472

478
209
209
1500
1530
1320
1129
195
106
186.5
167
817
464
160

1920
1040
1400

1370
900

2.3

2120
26.4
1015

160
76.5
3.5

870
769
189
384
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lake sediment
small hollow
bog sediment

bog sediment

bog sediment
bog sediment
bog sediment
bog sediment
lake sediment
lake sediment
lake sediment
bog sediment
lake sediment
lake sediment
small hollow
bog sediment
lake sediment

lake sediment

bog sediment
bog sediment

bog sediment

bog sediment

bog sediment

estuarine
sediment
bog sediment
bog sediment

bog sediment

small hollow
lake sediment
estuarine
sediment

bog sediment
bog sediment
bog sediment

lake sediment

Birks (2006)

Kuosmanen et al. (2016)
Ortu et al. (2003, 2008)
Jamrichova, E., unpublished
data

Pokorny (2005)

Feurdean et al. (2020)
Novenko et al. (2016a)
Rosch and Fischer (2000)
Carridn et al. (2003)
Carrion (2002)

Bobek et al. (2019)
Galka et al. (2013)

Birks et al. (2012)
Kotaczek et al. (2018b)
Clear et al. (2015)

Bobek et al. (2019)

Birks et al. (2012)
Dreslerova et al. (2004);
Pokorny (2005); Pokorny and
Kunes (2005)

Ortu et al. (2008)

Pulido (2006)

Pulido (2006)

Pulido (2006)
Morales-Molino et al.
(2017b)

Schneider et al. (2010, 2016)

Feurdean et al. (2019, 2020)
Veski (1998)

Pérez-Diaz and Lopez-Saez
(2017); Pérez Diaz and Lopez
Saez (2021)

Clear et al. (2013)

Heinsalu et al. (1998)
Schneider et al. (2010, 2016)

Carridn et al. (2001b)
Bobek et al. (2019)
Pokorny (2016)
Bigler et al. (2002)



Wildseemoor bei | 48.72 8.46 909 lake sediment ~ Rosch (2009)
Kaltenbronn
Zahaji | 50.38 14.12 232 bog sediment  Pokorny (2005); Pokorny et
al. (2010)
Zofinsky prales | 48.66 14.71 785 small hollow  Bobek et al. (2018a)
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5. Discussion

The aim of this thesis was to investigate wildfire and its controls during the Holocene across Europe,
employing a more statistically rigorous and integrated approach than has typically been the case in
previous studies. This final chapter discusses the overall implications of the work under three
headings: 1) the need for a robust and holistic approach in assessing palaeofire regimes, as wildfire is
influenced by multiple factors; 2) the implications of the results for regional-scale analysis and for the
interpretation of findings from prior research; 3) the challenges in working with multiple sets of
palaeodata at such spatial and temporal scales. This chapter concludes with proposals for taking this

work forward, with suggested potential solutions to some of the challenges faced.

5.1. The need for a robust and holistic approach in assessing palaeofire

Although there is a body of work that has investigated palacofire at site, sub-region, continental and
global scales, there are several issues that could affect the robustness of earlier findings (see

discussion in Chapter 1).

Much previous research on palaeofire primarily relies on visual assessment of the synchronicity of
reconstructed time series of fire with its drivers (e.g. Blarquez and Carcaillet, 2010; Beffa et al., 2016;
Connor et al., 2019; Cui et al., 2020; Bremond et al., 2024). Although this is an intuitive way of
identifying first order relationships, this assessment is subjective, and could be affected by noise,
outliers, and differences in both the temporal and spatial scale of the records being compared.
Furthermore, synchronicity between two events does not identify the direction of causality, which
given the multiple two-way interactions between climate, vegetation, fire and human activities can be
problematic (Harrison et al., 2023). It can be particularly challenging to identify meaningful
correlations when comparing multiple drivers. The analysis of the relationships between fire and
human activities in Iberia (Chapter 2) was designed to address this issue, by bringing together datasets
and reconstruction techniques from different fields in a robust analytical framework. Reconstructions
of fire based on sedimentary charcoal data were paired with archaeological proxies for past population
fluctuations, and archaeological data for the timing of the start of agriculture in different parts of
Iberia. Rather than direct visual assessment of changes in these time series, a Superposed Epoch
Analysis (SEA) was performed to investigate whether there was any human impact on fire between
10,000 and 3,500 cal. BP. Using an archaeological technique based on summed probability
distributions (SPDs), periods of rapid population growth were identified, with charcoal data re-based
by these time periods and re-constituted into a time series. Changes in fire around these joint events

were then investigated. Similarly, the time transgressive spread of agriculture in the region, which
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was mapped using radiocarbon data and kriging-based interpolation, was used to re-base the charcoal
data at the site level, with the influence of this spread of agriculture assessed through times series
modelling of charcoal data. The SEA approach, a robust and widely used way of assessing
relationships for individual drivers (see e.g. D’ Arrigo et al., 1993; Arneth et al., 2010; Blarquez &
Carcaillet, 2010; Helama et al., 2021; Higgins et al., 2022), showed that there were no clear
relationships between fire and human activities, either as represented by population changes or by the

time-transgressive introduction of agriculture, at this scale during this time period.

The work on Iberia led to the recognition of the importance of considering the potential role of other
drivers of changes in fire regime alongside human drivers. Much of the research on palaeofire has
tended to focus on a limited set of drivers, and then inferred relationships to other drivers based on
unexplained changes in fire (e.g. Feurdean et al., 2012; Clear et al. 2014; Iglesias and Whitlock,
2014). This is partly a reflection of the availability of reconstructed variables that are suitable for
palaeofire analysis. Analyses using generalised additive models (GAMs) to relate (smoothed) time
series of reconstructed past fire based on fire controls (e.g. Daniau et al., 2012; Marlon et al., 2012;
Feurdean et al., 2020), for example, have tended to focus on climate and/or vegetation drivers, and to
ignore potential human drivers. Analyses of the drivers of fire under modern conditions (e.g. Haas et
al., 2022; Haas et al., 2024) show that the relationships between different drivers can change
depending on which metrics are included in an analysis; for example, human population changes only
have a positive effect on fire when metrics for the negative effect of human-induced landscape
fragmentation are also considered. Thus, analyses based on a limited set of drivers may not be
adequate or reliable, as the signal could be obscured or enhanced by other factors that were not
included. Reconstructions of fire, human influence, vegetation and climate are required to assess the

role of the different drivers on wildfire simultaneously.

Fire reconstructions and human population change estimates could be created using the same charcoal
and archaeological radiocarbon-based approaches as applied in Iberia, and climate reconstructions
were available at the site and temporal resolution required. Although there are reconstructions of
European tree cover through the Holocene, they are not suitable for the site-based approach adopted
in this thesis. Reconstructions based on the REVEALS approach (Githumbi et al., 2022; Serge et al.,
2023) were only available as averages for 1° grid cells, while reconstructions using MAT (Zanon et
al., 2018) were interpolated surfaces both in space and time. In addition, the MAT-based
reconstructions involve a number of methodological decisions, as discussed in Chapter 1, that can
cause further uncertainties. A new reconstruction of tree cover was made (Chapter 3), in order to
provide a data set that was more consistent with the site-based fire, climate and population datatesting
a novel calibration-based approach that adds to the pantheon of methods for reconstructing vegetation

based on pollen data. The alternative approach reduces uncertainties due to differences in spatial (and
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temporal) scale when comparing across the reconstructions, Furthermore, the new approach is one
that could be more appropriate than other approaches in areas because of its relative simplicity and

limited data demands.

Unlike modern fire analysis, where simultaneous data coverage of multiple variables lends itself to
statistical analysis, the spatiotemporal structure of palacodata makes the approach to analysing
palaeofire less apparent. Different approaches were therefore tried in this thesis. Firstly, multiple
regressions were trialled with fire as a function of tree cover and climate, in line with the approaches
adopted for modern fire analysis. The inclusion of human population change was not included, given
the challenges of incorporating this data due to differences in temporal resolution. In addition, time
series were developed based on sub-regional agglomerations of sedimentary records and
archaeological data. These were then assessed jointly using Granger causation analysis, to test
whether lagged effects of reconstructed tree cover, climate and human population change have any
explanatory power in relation to changes in fire through time. These two approaches were designed to
tease out individual relationships between fire and drivers. As the results from these analyses were
often inconsistent or difficult to interpret (see below), an SEA analysis was performed on
reconstructed fire, climate and tree cover time series. However, there were still difficulties in
attributing changes in fire to specific variables. In some instances, changes in fire appeared to be
closely associated with population fluctuations, but there was also an underlying climate or vegetation
signal. In other cases, no clear relationships could be seen with any variables, beyond an apparent
cumulative moisture and temperature effect. This joint analysis of multiple data types and variables
demonstrates that focussing on a single driver (such as human population) may lead to inaccurate
conclusions which overlook the parallel role of other factors in shaping palaeofire and emphasises the

need to take a holistic approach to understanding changes in fire regimes..

5.2. Regional scale analysis

The results of the analysis presented in this thesis have implications for future regional-scale analysis
of palaeofire beyond the need for a holistic approach in assessing drivers. Key issues include: 1) a
lack of consistency in relationships; 2) the importance of methodological choices; and 3) the

challenge of identifying a human signal.

Firstly, there were no consistent relationships between palaeofire and its controls across sub-regions,
and few significant relationships were evident within sub-regions. Differences between sub-regions
may explain the limited explanatory power of the regression analysis at the European level, and at the

sub-regional level, any signal was not consistent or strong enough to emerge from variation in the
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data. As a result, drawing broad conclusions about the drivers of palaeofire at global scale, as done for
modern fire, is challenging. Evidence at a site or sub-regional level may not be applicable at larger
spatial scales, or in different locations, potentially helping to explain contrasting previous
interpretations found in the literature. This lack of consistency could be a reflection of challenges with
the data (see below). However, they could reflect inconsistent relationships between fire and its
controls through time. A lack of temporal consistency would impact the ability to identify consistent
relationships, and may imply the need for temporal segmentation of the data (data coverage
notwithstanding). At the same time, it is clear from modern day analysis that the relationships
between fire and its controls can vary, with, for example, landscape fragmentation having different
impacts on wildfire depending on whether the environment is fire prone already (Harrison, 2021). The
lack of consistency may therefore reflect a combination of spatial and temporal variation, which given

the interplay of the relationships between drivers and fire may simply reflect this complexity.

Secondly, methodological choices can also directly impact the identification of causal relationships.
For the Granger causality analysis, the choice of whether to use smoothed or raw time series
sometimes led to contrasting results. In southern Norway, for example, smoothing the data led to the
identification of lagged mean temperature of the coldest month (MTCO) and tree cover Granger
causing fire in addition to the population change, whereas MTCO and tree cover did not Granger
cause fire in the unsmoothed data. Smoothing the data is one way to minimise the impact of noise in
identifying relationships by reducing the impact of outliers, but there many different approaches to
doing this and it is not always clear which method is the most appropriate to use with a given set of
data (Simonoff, 1998; Taylor & Cihon, 2004). . Changes in the window of analysis (and appropriate
smoothing half window) can also directly impact results. Such methodological choices explain
apparent differences in coincident changes in fire in relation to booms in population between Chapter
2 and Chapter 4. In Chapter 2, the 1500-year window around each identified boom period meant that
a 500-year smoothing half width was chosen to identify longer term changes in fire. In Chapter 4, due
to the inclusion of bust periods and the narrower 1000-yr (maximum) window of analysis, a 200-year
smoothing half width was applied. Shorter-term changes could therefore be identified, with the caveat
that noise in the fire signal could obscure possible relationships. Narrower windows and half width
smoothing may be necessary to identify direct relationships between population change and fire, if
these changes are short lived: for example, dendrochronological data has identified changes in
humidity at periods of 100-years (Achterberg et al., 2015). However, across multiple records with
different sample depths, identifying legitimate signals with very short windows and half-widths is
likely to be challenging. Ultimately, the optimal choice of scale is dependent on the quality of the data
and underlying research questions. Whilst it is difficult to assess whether the levelling-off of fire that

occurred in Iberia at the boom events represented a legitimate signal, the hypothesised increase in fire

289



from population increases during this period of the Holocene (e.g. Connor et al., 2019) was not

evident.

Finally, identifying a clear human influence on palaeofire is difficult at this Europe-wide and sub-
regional spatial scale and for this period in the Holocene. Although the SEA analysis (Chapter 4)
would seem to suggest that population changes were coincident with changes in palaeofire in some
regions for either population booms or busts, in most cases a climate signal could also be discerned.
For example, for Iberia, population change did not appear to Granger cause fire (in central Europe
Granger causality analysis was hampered by series autocorrelation issues). The sole exception is
southern Norway, where based on the Granger causality test the population rate of change appears to
cause fire. However, this relationship does not appear apparent in the subsequent SEA analysis for
boom periods of growth, with climate seemingly driving fire during these episodes of population
change. It may be that, while population change contributes to fire, this relationship is less dependent
on particularly rapid periods of change. Alternatively, this may reflect multiple drivers working in
concert. Finally, one cannot rule out the possibility of mixed human signals in relation to fire, with
increases in fire in some regions or at some time periods counteracted by opposing signals during
other periods or in other locations. For example, both increases and decreases in burned area during
the middle of the Holocene resulting from anthropogenic land clearance have been observed in
different areas of southern Europe (e.g. Tinner et al., 2016; Vanniére et al., 2016). However, the lack
of archaeological radiocarbon data for regions other than southern Norway after 3,500 cal. BP, meant

that is was not possible to analysis relationships during periods with high population size and density.

5.3. The challenges associated with palaeodata

As well as general issues associated with palacodata highlighted in Chapter 1, there were several
additional challenges associated with combining different types of data which may have impacted the

ability to draw strong conclusions relating to fire and its controls in this thesis.

Fundamentally this analysis tries to draw together multiple categories of data, collected for different
purposes and originating from different disciplines. The most obvious implication lies in the general
lack of spatiotemporal overlap between different types of data, which hampers cross-comparison for
many regions. The limited number of sedimentary charcoal records available for the British Isles and
France precluded any investigation of wildfire there, although there is abundant information that
could be used to reconstruct changes in human populations. Although the site-focussed approach

followed here, with some adjustment for proximate site locations, means that data from sedimentary
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records can be spatially aligned, archaeological data used for reconstructing population change are
often not at the same location at other records. Spatial overlap of the sedimentary records and
radiocarbon data for regression analysis was thus more limited, affecting the ability to include site-
based measurements of population influence. In terms of temporal resolution, the nature of the
sedimentary records and archaeological radiocarbon data is such that there are differences in the
timings of samples. Irrespective of dating uncertainty, temporal comparability of the data is limited
due to the requirements of data binning. Although a relatively narrow binwidth of 100 years was used
in the analysis of palaeofire and its multiple controls (Chapter 4) to try and minimise this potential
temporal congruence, at the extreme, changes in variables in close temporal proximity could be
separated by bins, whilst changes further apart in time — up to 100 years — could be combined in a
single bin. Again, if broad patterns at millennial timescales are the focus, this may not be important,
but it could still limit the ability to identify legitimate relationships. Lastly, this relatively narrow 100-

year bin raises potential issues with noisy data, and differences in sampling resolutions between sites.

Although the dating of palaeodata can be inaccurate as discussed in Chapter 1, with radiocarbon data
for example sometimes subject to wide error margins, such uncertainty places limits on the ability to
compare records at the finer temporal scale that may be needed to identify relationships. To a certain
extent, the inclusion of large numbers of records or radiocarbon dates may mitigate these issues with
uncertainty, especially if millennial and regional-scale relationships are the focus. But this also can
lead to over smoothing, minimising the ability to detect legitimate relationships or reducing regression
model effectiveness due to wide variances. As well as issues with data resolution, differences in data
sample range also affects the ability to assess relationships across the Holocene. This is most clearly
seen in reference to the archaeological radiocarbon data which, due to cultural dating approaches of
material later in the Holocene, places a constraint on how far towards the present that the joint
analysis of data could be performed. The reduction in the availability of sedimentary charcoal and
pollen data samples through time also affects the representativeness of the data temporally, reducing
the quality of the signal further back in time for the time series analyses, and biasing the modelling

analysis more towards the present day.

Charcoal is a broad measure of landscape burning, reflecting a combination of fire regime elements.
Changes in charcoal accumulation then may reflect different factors within the fire regime: charcoal
production varies depending on fire size, intensity and vegetation types (e.g. Patterson et al., 1987;
Higuera et al., 2011), even at a site level. This can be problematic when assessing the controls on
palaeofire, which have been shown to affect different elements of the fire regime in modern day
conditions (Haas et al., 2022). The challenge of cross-site comparison of charcoal accumulation rates
also affects the ability to model palaeofire as a function of its drivers. Although the conversion of

charcoal influx to z-scores facilitates comparison, in a modelling framework this reduces the
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information within the data, especially when other variables are similarly treated. Although
sedimentary charcoal data provides an unmatched record of fire through time, there is a clear
challenge in terms of interpreting the signal which is compounded by vastly different measurements

of accumulation across sites.

5.4. Proposals for future work

Despite the challenges faced in identifying consistent region-wide or sub-regional relationships
between palaeofire and its drivers, this research has shown the merits in developing this research

approach further. From a practical point of view there are a number of directions worth exploring.

Future research should incorporate additional variables within the analysis. Assessments of the drivers
of modern fire can draw on a range of detailed variables that focus on particular aspects of fire
regimes. By contrast, this thesis has drawn on a more limited range of variables, which themselves
may not have the necessary explanatory power. For example, although plant available moisture may
be relevant for describing fire in broad terms, it is the number of dry days and the vapour pressure
deficit that have been identified as key drivers for burned area (Haas et al., 2022). The multivariate
nature of pollen data, with different plant responses to different bioclimatic variables, should allow
the reconstruction of additional variables. Similarly, the use of tree cover to measure the influence of
the vegetation control on fire may not fully capture the specific effects of vegetation on fire. Analyses
of modern relationships include shrub and grass cover, and gross or net primary production as
additional predictors (Haas et al, 2022; Haas et al., 2024). Pollen data has been used to reconstruct
different vegetation types (see e.g. Cruz-Silva et al., 2022; Cruz-Silva et al., 2024), and in
combination with modelling to reconstruct changes in vegetation productivity through time (e.g. Chen
et al., 2023). An exercise to map both the range of appropriate variables to reconstruct and the
feasibility of these reconstructions, and a subsequent concerted effort to extend the availability of
reconstructions across multiple variables would greatly enhance the ability to test the drivers of

palaeofire.

Multiple types of palacodata have been used to reconstruct past climate and vegetation, as discussed
in Chapter 1. Future research could investigate the use of multiple sources of evidence for different
variables to increase the confidence in the reconstructions and improve their spatiotemporal coverage.
Reconstructions of changes in fire based on charcoal data, for example, could be supplemented with
fire scar data (e.g. Marlon et al., 2012; Clear et al., 2014), or with biomarker data from ice cores,
increasing resolution, as well as increase overall confidence in the fire signal. A similar approach

could be used for climate reconstructions, by combining reconstructions based on pollen with other
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biotic records. It would also be useful to use multiple reconstruction approaches for specific variables,
The tree cover reconstructions based on the technique employed in this thesis could, for example, be
composited in an ensemble with reconstructions based on different techniques (e.g. the MAT,
REVEALS). For population reconstructions, archaeological radiocarbon data could be combined with
site counts (e.g. Roberts et al., 2019; Kolaf et al., 2022), to extend the temporal range of the data into
other sub-regions. For human influence more generally, multiple sources of evidence such as
indicator species, or land cover changes could be combined with population reconstructions, to
generate a wider measure of human impact on the environment, taking inspiration from measures of
human influence in the modern day (e.g. Sanderson et al., 2002). Finally, modelled climate,
vegetation and population data could be used in conjunction with reconstructions, to enhance overlaps

and potentially improve the ability to identify relationships.

Modern day statistical analysis shows the importance of accounting for multiple factors when
identifying the controls on fire. Although there are many challenges in applying a multivariable
analysis of palaeofire, this is necessary to avoid possible misleading interpretations of relationships.
Coupled with the application of statistical approaches to enhance confidence in observed
relationships, the extension of the work developed within this thesis to include additional variables
based on a methodologically diverse approach could provide further clarity on the controls of fire in

past, present and future.
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