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Abstract 
 

Centennial-to-millennial scale wildfire expression is often investigated as an aid to understanding 

potential future changes in patterns of biomass burning. The British Isles have been the focus of 

frequent palaeoenvironmental investigations; however, information on burning during the Last 

Glacial-Interglacial Transition (LGIT; c. 17-8.2 ka cal. BP), a period of multiple and in many cases 

abrupt climatic events, is limited. A literature review collated evidence of wildfire from 238 sites in 

the British Isles that spanned the LGIT and indicated that wildfire may have been a common 

component of the landscape, as charcoal, a common wildfire proxy, was widespread in sediments 

that span the LGIT. Evidence of burning during periods of possibly limited human impact, when the 

vegetation was not uniform, as well as evidence of contemporaneous burning on a regional scale, 

suggests an association between wildfire and climate. To further investigate this relationship, seven 

new high-resolution contiguous macroscopic charcoal records were obtained. For this purpose, 

procedures aiming to minimize charcoal loss were utilized, as determined via a systematic 

assessment of commonly used techniques, which indicated that statistically significant differences 

arise between different laboratory protocols. Cutting-edge algorithms were subsequently tuned to 

eliminate human selection parameter setting and, thus, Robust Fire Events were reconstructed for 

suitable records (four out of the seven new sites). The new data suggests no fire-free periods, as 

well as concurrent phases of burning on a regional scale, most of which coincide with known abrupt 

climate events. The findings, therefore, suggest that wildfire was a constant feature of the British 

Isles’ palaeolandscape during the LGIT, likely modulated primarily by climate, and further attest to 

possible increase in wildfire risk for the region under various climate change scenarios. Options to 

mitigate the risk, including the enhancement of wildfire risk reflection within the available wildfire 

prediction platforms, are also explored and discussed.
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Chapter 1 

Introduction 

 

1.1 The Last Glacial-Interglacial Transition (c. 17 – 8.2 ka cal. BP) 

 

The last 2.6 million years of the Earth’s history is called the Quaternary epoch (Cohen et al., 2013). 

Its dominant feature is regular glaciations, during which icesheets repeatedly expanded to between 

60-40° in the Northern Hemisphere (Bell and Walker, 2005; Denton et al., 2010). These glacial 

periods were interspersed with shorter interglacial phases when global climate became 

incompatible with this widespread glaciation (American Commission on Stratigraphic 

Nomenclature, 1961). Detailed information on the nature and reoccurrence of these transitions are 

obtained from oxygen isotope records from deep ocean sediments that cover the whole Quaternary 

period (e.g., Lisiecki & Raymo, 2005) and, for the last 800,000 years, ice cores (e.g., Augustin et al., 

2004). These have collectively shown that the timing of the alternations between glacial and 

interglacial phases largely coincides with changes in Earth’s orbital parameters (Hays et al., 1976). 

It has also been shown that each glaciation typically ends with an abrupt termination, when 

temperatures rise sharply (Denton et al., 2010). One such period is the Last Termination (c. 14.7-

11.8 ka cal. BP), when the Earth transitioned from the last glacial period to the current interglacial 

conditions of the Holocene (Rasmussen et al., 2014).  

Details of this climate transition from the Last Termination into the Holocene are perhaps best 

observed in the Greenland ice-core record, due to its outstanding temporal resolution (Wolff et al., 

2010; Rasmussen et al., 2014). Indeed, this record has been chosen as the Global Stratotype Section 

and Point (GSSP) for the start of the Holocene Period (Walker et al., 2009). Evidence from the 

Greenland ice cores span the entire last glacial period and enable local temperature reconstructions 

at annual-to-centennial resolution. Recently, the synchronization of three Greenland ice cores 

(NGRIP, GRIP, GISP2) has led to the extended INTIMATE (INTegration of Ice-core, Marine and 

Terrestrial records) event stratigraphy (Rasmussen et al., 2014). This is also underpinned by the 

annual-layer counted Greenland Ice Core Chronology 2005 (GIC05) and used as a stratigraphic 

framework for the North-Atlantic region (Rasmussen et al., 2014). The INTIMATE event stratigraphy 

records 25 Dansgaard-Oeschger (D-O) events (Dansgaard et al., 1982; Wolff et al., 2010; see figure 

1 in Rasmussen et al., 2014), termed as Greenland Stadials (GS) and Greenland Interstadials (GI), as 



Chapter 1 - Introduction 

3 
 

well as other shorter climate oscillations. These perturbations cannot be explained by orbital 

forcing, hence the mechanisms which underlie these are termed ‘sub-orbital’ forcing. Various 

factors have been suggested as causes of sub-orbital forcing such as solar output, volcanic aerosols, 

changes in surface and deep-water ocean circulation, geomagnetic influences and changes in 

atmospheric gas content (Bell and Walker, 2005). 

The Last Glacial-Interglacial Transition (LGIT; c. 17-8.2 ka cal. BP; Figure 1.1) in the North Atlantic 

region encompasses GS-2.1a (c. 17 -14.7 ka cal. BP), GI-1 (c. 14.7 – 12.9 ka cal. BP) GS-1 (c. 12.9 - 

11.7 ka cal. BP), and the beginning of the Holocene (c. 11.7 ka cal. BP - 8.2 ka cal. BP). It is one of 

the best studied periods of Earth’s history (Hoek, 2008) for three main reasons: firstly, there have 

been no further significant glacial advances since, therefore enhancing the preservation of 

terrestrial sedimentary archives (Martin and Bell, 2005). Secondly, several abrupt climatic events 

took place during this period (see Figure 1.1), sparking significant research interest over the last 60 

years across the Northern Hemisphere in particular and allowing climate and environment changes 

to be tracked regionally (e.g., Walker et al., 1995; Hoek, 2008; Wolff et al., 2010). Finally, 

chronological techniques such as radiocarbon dating and more recently tephrochronology have 

allowed increasingly robust intercomparison of records during this timeframe (see Lowe et al., 

2008). 

 

 

Figure 1.1: Oxygen isotopes, a proxy of local temperature, from the NGRIP (blue), GRIP (red), and GISP2 (green) ice cores 

during the LGIT. Years in the GIC05 timescale given in thousand years before 2000 (b2k). Interstadials are coloured with 

grey background, while named abrupt events are also depicted. For more info see text. Figure is adapted from 

Rasmussen et al. (2014). 
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Although there are leads and lags in environmental response to these climate perturbations (e.g., 

Walker et al., 2003; Blockley et al., 2004), the perturbations are geographically widespread and 

evident in terrestrial records across the Northern Hemisphere. This provides a unique opportunity 

to study environmental responses to abrupt climate warmings and coolings. For example, the 

response of flora (e.g., Tzedakis et al., 1993) and fauna (e.g., Stewart and Lister, 2001) to orbital 

and suborbital forcing can help to better understand changes in dynamics through time at a 

population, ecosystem, and landscape level. Environmental responses during the LGIT are 

especially interesting because the LGIT serves as a useful analogue for the current anthropogenic 

climate change (Marlon et al., 2009). For example, a dominant feature of the LGIT is the abrupt 

climatic events, which are likely to occur in the future as the climate reorganizes in response to 

global warming (IPCC, 2013).  Thus, the LGIT is a very important period to study in order to better 

understand the current period of abrupt climate change the Earth is experiencing, as well as the 

associated environmental responses to this change (Marlon et al., 2009; Seddon et al., 2014) such 

as wildfire (Daniau et al., 2007; 2012).  

However, it should be noted that the use of the LGIT as an analogue does not come without its 

limitations. According to the IPCC, the warming observed in the region was approximately half of 

the warming projected to occur in the current warming (IPCC, 2013). Moreover, the vegetation as 

well as human impact on the landscape, were extremely different.     

 

1.2 Wildfire 

 

1.2.1 Introduction 

 

Fire is the state of matter when rapid oxidization is initiated, generating heat and chemical products 

(Scott et al., 2014). In the context of wildland vegetation fires (hereafter wildfire), burning is a two-

stage process. In pyrolysis the plant material gets charcoalified, while in combustion the oxidative 

process takes place (Scott, 2010). Evidence of charcoalified plants have been found in the geological 

record since the Silurian (Scott and Glasspool, 2006), which, in geological terms, is very soon after 

the evolution of the first terrestrial vegetation. 

Today, wildfires exist in every continent except Antarctica (Scott et al., 2014). Wildfires can heavily 

impact and modify the ecosystems they burn through, affecting not only the local biota, but also 

landscapes more generally. Hydrological changes (Malik et al., 1984; Moody and Martin, 2009), soil 
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effects (Parise and Cannon, 2012; Doerr and Shakesby, 2013), enhanced erosion (Worthy and 

Wasson, 2004) and geomorphic alteration (Shakesby and Doerr, 2006) may follow a wildfire, which 

in turn may significantly degrade a landscape. Therefore, a wildfire can have major ecosystem 

consequences and heavily influence vegetation development (Scott et al., 2014). On the other 

hand, some plant communities have evolved with fire and have thus adapted to co-exist and benefit 

from it (Bond and Scott, 2010; He et al., 2012). For example, in the case of black spruce boreal 

forest, high-intensity stand replacing fires are common (Larsen and Mcdonald, 1998), while some 

Pinus species have evolved ‘fire-tolerator’ or even ‘fire-embracer’ pine syndromes (Keeley, 2012).  

Between disadvantaging a landscape and being an integral part of certain communities, wildfires 

had, have and will have a determining effect on landscapes all over the world. Wildfire also plays 

an important role in the global carbon cycle, contributing to climate regulation through the release 

of carbon dioxide into the atmosphere (Bowman et al., 2009).   

 

1.2.2 Wildfire Regime 

 

There are various ways to categorize and/or quantify the behaviour of a wildfire, and definitions 

vary between different academic disciplines (Keeley, 2009). Depending on the nature of the fuel 

that wildfires burn through, wildfires can be categorized as crown, surface, or underground (Scott 

et al., 2014). The intensity of the wildfire describes the amount of energy released (various metrics 

are used for this purpose, e.g., temperature, fireline intensity), while fire severity describes the 

effect the wildfire has on the ecosystem (Keeley, 2009). These definitions, along with the frequency, 

season, and fuel consumption and fire spread, are used to describe the fire regime (see Box 1 in 

Bond and Keeley, 2005; see also Table 1.1 below).  A fire regime can be defined for various spatial 

(e.g., local, landscape, region, biome) and temporal scales (e.g., years to millennia). Wildfire 

expression on each scale is controlled by different drivers (Falk et al., 2007; Whitlock et al., 2010). 

A conceptual framework of the relationship from flame to fire regimes, on various spatiοtemporal 

scales, as well as their controls for each scale, is presented in Figure 1.2. 
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Figure 1.2: Conceptual framework of the relationship from frame to super fire regime on various spatial and temporal 
scales. The triangles manifest the different controls for each scale. Figure from Whitlock et al. (2010). 

 

1.2.3 Wildfire Regimes in the Past 

 

To better understand how wildfire regimes may change in response to climate change, it is 

important to study wildfire regimes of the past (Whitlock et al., 2010; Davies et al., 2018). There 

are various ways to obtain this information. Most methods entail the study of direct proxies of 

burning, preserved either on trees (such as fire scars), or preserved in the sedimentary record (such 

as charcoal, biomarkers or black carbon; Whitlock and Larsen, 2001; Conedera et al., 2009; Mooney 

and Tinner, 2011; Brown and Power, 2013). Other sedimentological or magnetic parameters can, 

indirectly, aid the identification of wildfire in the sedimentary record (Whitlock and Larsen 2001). 

The choice of proxy depends on availability in the landscape (what evidence has been preserved), 

the temporal range desired, and the temporal resolution required. For example, fire scars can offer 

better temporal resolution than sedimentary charcoal, if both are available. However, wildfire 

information acquired from fire scars rarely extends further back than 1000 years (Conedera et al., 

2009) 
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The most commonly used proxy is charcoal, which is one part of the combustion continuum 

(Conedera et al., 2009; Mooney and Tinner, 2011; Brown and Power, 2013). It is the product of the 

incomplete combustion of organic matter, typically formed in temperatures ranging between 200-

1000oC. It is dark, angular, opaque, brittle and relatively inert (Scott, 2010). Depending on the size 

of the charcoal fragments, it can be classified as microscopic (<125 μm) or macroscopic (>125 μm) 

(Whitlock and Larsen, 2001; Mooney and Tinner, 2011). Following a wildfire, charcoal accumulates 

in terrestrial sedimentary archives such as lacustrine, mires and peatland depositional settings 

(Figure 1.3). Its subsequent extraction and quantification from these deposits can offer insights on 

past wildfire expression. The temporal resolution of the wildfire information obtained depends on 

the temporal range and temporal resolution of the deposit, as well as the sampling resolution 

chosen by the researcher. For example, a charcoal record obtained from annually laminated 

sediments and examined contiguously on thin sections will naturally provide information on an 

annual resolution (e.g., Clark, 1988). On the other hand, charcoal records obtained from marine 

sequences tend to have a much coarser temporal resolution. Daniau et al., (2007), for example, 

sub-sampled their marine core every 5 cm or 10 cm resulting in an average resolution of 500 years; 

this was considered high-resolution for a marine context. For terrestrial records it is recommended 

that terrestrial records are contiguously sampled for macrocharcoal (so that peaks are not missed; 

Whitlock and Larsen, 2001). In that case, the resolution of the charcoal record obtained depends 

on the sampling resolution and sedimentation rate of the deposit.  

The study of past wildfire expression via sedimentary charcoal involves making certain assumptions. 

Firstly, the source area of the charcoal is still poorly constrained (Whitlock and Larsen 2001; Vachula 

et al., 2018). It is commonly assumed that macrocharcoal arises from local, i.e., within the 

watershed, wildfires, whereas microcharcoal may have local to continental source area (see Figure 

1.3; Whitlock and Larsen 2001; Lynch et al., 2004; Vachula et al., 2018). Secondly, not all charcoal 

corresponds to contemporary wildfires. Charcoal may accumulate between wildfire events, for 

example through secondary surface run-off (i.e., reworking) or other processes (Figure 1.3; 

Whitlock and Larsen, 2001; Conedera et al., 2009). This ‘noise’ is called the background component 

of a charcoal series (Whitlock and Larsen, 2001). Research has shown that charcoal accumulates in 

a heteroscedacitic fashion, or in other words, its noise component may change through time 

(Higuera et al., 2010). Therefore, isolating the charcoal that corresponds to actual wildfire events 

can be difficult. Furthermore, there are parameters, either of the fire regime or of the vegetation 

type present at the time of the fire event, which further influence the quantity and quality of the 

charcoal produced. For example, high intensity crown fires do not produce as much charcoal as low 

intensity surface wildfires (Scott 2010), while the structure of the vegetation can act as a physical 
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barrier for charcoal to reach a sedimentary deposit (Whitlock and Larsen, 2001). In summary, these 

imply that there is no linear relationship between charcoal quantity and size of wildfire.  

A final, but important assumption, is that there is currently no common protocol for laboratory 

extraction, counting and reporting of charcoal (Whitlock and Larsen, 2001). Instead, there is a 

plethora of methodological approaches undertaken. For example, for the laboratory extraction of 

charcoal from sediments, a variety of techniques (e.g., wet-sieving versus pollen preparation; 

Rhodes et al., 1998; Carcaillet et al., 2001a) and chemicals (e.g., Higuera et al., 2010) may be used, 

often for different amounts of time. Other laboratory variations concern the sampling volume 

(Carcaillet et al., 2001a; Higuera et al., 2010; Feurdean et al., 2012) or sampling resolution used. A 

variety of tallying techniques also exist, spanning both qualitative and quantitative. Examples 

include manual tallying of particles, manual tallying of surface area, count of volume, digital count 

of particles, digital counting of area, and even digital counting of volume (Whitlock and Larsen 2001; 

Conodera et al., 2009; Crawford and Belcher 2016; Halsall et al., 2018). Consequently, charcoal data 

is presented in a variety of metrics. There are, for example, quantitative measures (typically 

reported as number (# cm-3), area (mm2 cm-3), or volume (mm3 cm-3), as well as semi-qualitative 

estimates (e.g., absent, rare, common, abundant). Some researchers report the charcoal to pollen 

ratio (Ch:p) in an effort to avoid inflation of the values due to enhanced sediment input (Swain, 

1973), although this is now rarely used. Recently the most commonly reported measure is the 

charcoal accumulation rates (CHAR; concentration yr-1).   
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Figure 1.3: Schematic of charcoal production, dispersal and finally accumulation to a deposit through various processes. 
Flowchart indicating the framework of reconstructing wildfires from sediment cores also depicted in steps 1-4. Figure 

from Conedera et al. (2009). 

 

Despite these assumptions and inconsistencies in methodological approaches, extraction and 

measurement of charcoal remains an increasingly popular and widely employed proxy within 

Quaternary Science for the study of past wildfire (see Figure 1.4). It also regularly features in high-

calibre interdisciplinary research (e.g., Marlon et al., 2008 - Nature Geoscience; Gill et al., 2009 - 

Science; Marlon et al., 2009 – Proceedings of the National Academy of Sciences of the United States 

of America (PNAS); Ali et al., 2012 - PNAS; Blarquez et al., 2015 – Nature Scientific Reports). 

Alongside the extraction and quantification of charcoal fragments, various new techniques have 

also been developed over the last decade, both novel geochemical techniques (via direct analyses 

of charcoal material; e.g., Hudspith et al., 2015) and new and improved statistical analyses (i.e. 

employment of Ensemble-Member Strategy for reconstruction of past wildfire events; Blaquez et 

al., 2013). Such advances are allowing, often for the first time, the reconstruction of various aspects 

of the fire regime from the palaeorecord (see Table 1.1). New techniques are still being developed; 

for example, it was recently shown that Fourier Transformed Infrared Spectroscopy (FTIR) on 
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charcoal can be used to infer past fire temperatures (Gosling et al., 2019), while a technique for the 

use of neural networks for automated identification of charcoal morphotypes from pictures was 

also recently published (Rehn et al., 2019).  

 

 

Figure 1.4: Number of publications containing the terms “Quaternary” and “Charcoal” on the ScienceDirect Database 
from 2005-2020. 

 

Table 1.1: Fire Regime Characteristics and current capacity of reconstructing them from charcoal records. A subjective 

score is given for how common each technique is within Quaternary Science. 

Fire Regime 

Characteristics 

Aspect of 

Palaeorecord 

reconstruction 

Information that can be obtained 

from charcoal records 

Usage in 

Quaternary 

Research 

1. Type of fire Type of fuel i) Charcoal morphotypes (Aleman et 

al., 2013; Courtney Mustaphi and 

Pisaric 2014; Crawford and Belcher 

2014; Rehn et al., 2019) 

** 

ii) Scanning Electron Microscopy 

(Scott 2010; Scott et al., 2014) 

* 
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3. Intensity Temperature 

formation of the 

charcoal 

i) Microscope reflectance techniques 

(Scott, 2000; Belcher et al., 2018) 

* 

ii) Fourier Transformed Infrared 

Spectroscopy (FTIR; Gosling et al., 

2019) 

* 

4. Severity Impact on the 

landscape 

Indirectly through other proxies 

capable to indicate the effect of a 

fire on the ecosystem, e.g., 

vegetation (Whitlock and Larsen 

2001; Kuosmanen et al., 2014) 

** 

5. Frequency Fire Return Interval Time series statistical decomposition 

techniques (Higuera et al., 2009; 

Blarquez et al., 2013) 

*** 

6. Season Length of Fire 

Season 

Indirectly inferred from General 

Circulation Models (e.g., Flannigan et 

al., 2001) 

* 

*not often ***very often 

 

Findings regarding past wildfire expression are often combined with further reconstructions of past 

vegetation, climate, or human activity. One of the primary concerns of such research is to identify 

the drivers controlling wildfire usually on centennial-to-millennial timescales (see Figure 1.2). This 

is a very complex exercise, because of the interplay between the drivers (Whitlock et al., 2010). For 

example, climate is the dominant top-down wildfire driver, as it directly regulates fire weather, but 

it also indirectly controls the type and condition of vegetation (Marlon et al., 2009; Whitlock et al., 

2010). Vegetation, on the other hand, is the dominant bottom-up wildfire determinant, because if 

the vegetation is not flammable or poorly vertically and horizontally connected the landscape may 

not be prone to burning, despite the effect of climate (Whitlock et al., 2010). Finally, humans may 

exacerbate or dampen any climate/vegetation controls by altering ignition probabilities, landscape 

connectivity, vegetation trajectories, etc. (Whitlock et al., 2010). However, whether humans are 

present or whether their influence will be effective enough will be influenced by the climate and/or 

type of vegetation, thus further highlighting the interlinked nature of the controls (Whitlock et al., 

2010).  
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Despite the complexity, the information obtained by centennial-to-millennial wildfire 

reconstructions can help understand ecosystem dynamics, enable better understanding of wildfire 

risk, and therefore inform present and future ecosystem management (Conedera et al., 2009). This 

is especially important in the face of the current climate change. We have only a scant 

understanding of how ecosystems may respond to future abrupt climate change (Brooker et al., 

2007; Williams et al., 2007; IPCC, 2013). However, as information on previous abrupt changes is 

buried in sedimentary archives, such changes can serve as an analogue or a natural experiment, 

providing valuable insights into potential future responses (Seddon et al., 2014). Therefore, this 

thesis will look at past fire regimes, i.e., one aspect of ecosystem response, by looking at charcoal 

during the LGIT.  

 

1.2.4 Wildfire Modelling 

 

There are many tools capable of modelling wildfire at various spatiotemporal scales. The most 

relevant here are wildfire danger prediction tools and macro-scale fire models. Wildfire danger 

prediction tools aim to predict wildfire danger for short timescales, usually based on weather and 

vegetation information. The models are usually part of wider systems that are commonly referred 

to as ‘Fire Danger Rating Systems’ (FDRSs) because the output is a tier system rating the danger of 

wildfire occurring and spreading (Merrill & Alexander, 1987). The most famous and widely 

employed is the Canadian system (Taylor and Alexander, 2006), although various others exist (e.g., 

USA: Deeming et al., 1977; Australia: Matthews, 2009). These tools can be extremely useful, for 

example, for the imposition of fire restrictions or sophisticated resource allocation for firefighting, 

among other day-to-day management or longer-term strategic purposes. 

Macro-scale fire models are used to simulate fire on wider scales and can be used to disentangle 

drivers of wildfire regimes (e.g., Feurden et al., 2013; Molinari et al., 2013), or test hypotheses on 

the mechanisms controlling fire under different climate scenarios (Marlon et al., 2016). This is 

achieved by coupling them with vegetation models and incorporating them into Earth System 

Models (Kloster and Lasslop, 2017). However, certain challenges remain with macro-scale fire 

models (Williams and Abatzoglou, 2016), especially on a global scale (Hantson et al., 2016). One of 

the ways to overcome these challenges is with more observational records, especially of long-term 

charcoal records (Hantson et al., 2016; Williams and Abatzoglou, 2016). This is because such records 

can help benchmark or validate the modelling efforts (Marlon et al., 2016). The Global Charcoal 

Database (GCD), which is a database that integrates charcoal data and site metadata from all over 
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the world, has been used for comparisons with modelled fire dynamics of the Holocene (Brücher et 

al., 2014). Although not without its challenges, this exercise is expected to be more robust in the 

future, especially as the GCD continues to grow (Marlon et al., 2016). 

 

1.3 Environment and Climate of the British Isles 

 

1.3.1 The LGIT in the British Isles 

 

The British Isles have been the focus of a plethora of LGIT palaeoenvironmental investigations for 

over 100 years, with the conditions during the climatic intervals now relatively well-understood. At 

the peak of the last glacial cycle only central and southern parts of England remained ice-free; 

however, an increase in insolation at ~20 ka BP triggered the beginning of deglaciation (Bell and 

Walker, 2005). This research is briefly summarized below: 

  

1.3.1.1 GS-2.1a (~17,430 – 14,650 cal. BP) 

 

Greenland ice cores show full glacial conditions for GS-2.1a (Rasmussen et al., 2014), while for the 

British Isles, chironomid-inferred mean July air temperature estimates (C-IT) range from 5.9 oC to 8 

oC (Brooks and Langdon, 2014). An important climatic feature of this period in the British Isles is a 

pronounced decline in precipitation, which has been simulated with the Paleoview tool, through 

which modelled climate reconstructions from the Climate System Model ver. 3 (CCSM3) can be 

obtained (Fordham et al., 2017). A moisture deficit has also been suggested at this time for the 

Netherlands, due to the absence of sedimentary features that would indicate flowing water (Hoek 

and Bockne, 2002). This moisture deficit is probably related to the expansion of sea ice in the higher 

latitudes, which, in combination with the increasing temperatures due to increasing CO2, led to 

increased seasonality, with hypercold winters (Denton et al., 2010). 

  

1.3.1.2 GI-1 (~ 14,650 – 12,850 cal.  BP) 
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GI-1 is marked by an abrupt warming, often termed as the “initial warming” or GI-1e, at ~ 14.65 ka 

cal. BP and is followed by a gradual cooling that is punctuated by at least three short-lived cold 

events (GI-1d, GI-1c2, GI-1b; Rasmussen et al., 2014). For the British Isles, C-ITs show temperatures 

during GI-1e ranging between 11.5 – 13 oC, while C-ITs of the subsequent warm periods of the 

interstadial were slightly lower by 1 oC (Birks and Birks, 2014). Both chironomid (Van Asch et al., 

2012; Watson et al., 2010; Lang et al., 2010; Brooks and Birks 2001) and isotopic (Ahlberg et al., 

1996; Diefendorf et al., 2006; Van Asch et al., 2012) records that span the entirety of this period 

clearly record the initial warming and two cold oscillations that likely correspond to GI-1d and GI-

1b. Quantitative temperature reconstructions show that GI-1d was more severe than GI-1b (Brooks 

and Langdon, 2014; Van Asch et al., 2012). Although the short-lived GI-1c is easily identified in some 

sites (e.g., Whittington et al., 2015), it is often not distinguishable. Throughout the course of GI-1, 

a strong N-S temperature gradient becomes apparent during the warm periods of the interstadial 

in the British Isles, whereas a west-to-east prevails during the cold intervals of the interstadial 

(Brooks and Langdon, 2014; Birks and Birks, 2014), probably due to the combined influences of the 

Atlantic Meridional Overturning Circulation (AMOC; also referred to as the thermohaline 

circulation, THC) and the Fennoscandian Ice Sheet. 

 

1.3.1.3 GS-1 (~ 12,850 – 11,650 cal. BP) 

 

GS-1 is presented as a return to almost full glacial conditions, which lasted for ~ 1,100 years. The 

mechanisms responsible for this climatic shift have been heavily debated (e.g., Schenk et al., 2018). 

The available evidence indicates that the polar front migrated southwards, reaching Portugal, thus 

facilitating the expansion of sea ice in the Northern Latitudes and subsequently cooling of the region 

(Lowe et al., 1994; Denton et al., 2010). According to Schenk et al. (2018), despite the pronounced 

annual and winter cooling, summer temperatures were fairly high. Nevertheless, there is 

widespread evidence demonstrating the severe impact of GS-1 in the British Isles. Glaciers in 

Scotland readvanced (Evans, 2006), while an abrupt shift in sedimentation to very low-organic 

minerogenic sediments is evident in most sites lying beyond the ice limits (Walker and Lowe, 2017). 

Chironomid records indicate a drop of overall C-ITs to 7.5oC (Birks and Birks, 2014). The abrupt 

oscillation resulted in the vegetation succession being interrupted, with the woodlands formed 

during the interstadial declining, and pollen diagrams showing a regression to open, largely 

herbaceous vegetation, comprising open ground taxa such as Poaceae, Artemisia, Cyperaceae and 

Salix (e.g., Walker and Lowe 2017). A delayed hydrological response related with the migration of 
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the wind systems towards the south has also been suggested (Rach et al., 2014), as has a mid-way 

resumption of the THC (Lane et al., 2013).  

 

1.3.1.4 Early Holocene (or Greenlandian Stage, ~ 11,650 – 8,276 cal. BP) 

 

The beginning of the Holocene in the Greenland ice cores is placed at ~11.65 ka cal. BP and up to 

the end of the Greenlandian Stage (8,276 ka cal. BP) it follows a warming trend. It is interrupted by 

at least two cool events: the preboreal oscillation (PBO) or 11.4 ka event and the 9.3 ka event 

(Rasmussen et al., 2014). Beetle (Coope et al., 1998), chironomid (Dalton et al., 2005; Edwards et 

al., 2007; Marshall et al., 2007; Lang et al., 2010; Jeffers et al., 2011; Brooks et al., 2012; Brooks and 

Langdon, 2014) and oxygen isotope (Whittington et al., 1996; Marshall et al., 2007; Candy et al., 

2015; Whittington et al., 2015) records show that the climate of the British Isles during the Early 

Holocene was also relatively unstable. High-resolution C-ITs from Haws Water, NW England (Lang 

et al., 2010), exhibit the 11.4 ka, 9.3 ka events as well as a distinctive Early Holocene Warm Period 

(EHWP), spanning from the PBO to 10.2 ka BP with mean July temperatures peaking at 14.9 oC. This 

warm period was interrupted by two more climatic oscillations at 10.7 and 10.4 ka BP. Oxygen 

isotope data paint a similar picture; however, a common depleting trend identified across Early 

Holocene isotopic records could be related with a shift from continental to more maritime 

conditions (Candy et al., 2015). 

 

1.3.2 Wildfire during the LGIT in the British Isles: existing knowledge 

 

Despite the very good knowledge of the climatic conditions and distributions of plant taxa during 

the LGIT in the British Isles, very little is known regarding LGIT wildfire. Instead, most available data 

comes from the Holocene. For example, Jones (2011) constructed the British Charcoal Database, 

which incorporated 56 sites, beginning at 11.5 ka cal. BP. Marlon et al. (2013) provided a composite 

standardized charcoal curve for the British Isles (see Figure 4 in Marlon et al., 2013) using data from 

the GCD, which, similarly, begins at 12 ka cal. BP. Perhaps the best evidence highlighting the gap of 

knowledge regarding LGIT wildfire comes from Hawthorne and Mitchell (2018), who provided new 

composite standardized charcoal curves separately for Britain and Ireland via combining data from 

their own sites with data from the GCD. Although their charcoal curves extend back to 17 ka cal. 

BP, the number of sites that extend beyond the Holocene is very low. As Hawthorne and Mitchell 



Chapter 1 - Introduction 

16 
 

(2018) note, this exacerbates the risk that the charcoal signals recorded are site-specific, rather 

than representative of regional trends. The only exception is the work of Edwards et al. (2000), 

which highlighted the presence of high charcoal values during GS-1 in Scotland. No other synthesis-

style investigations of past wildfires have been undertaken for the British Isles.  

Charcoal data, however, have regularly been published alongside palaeonvironmental 

investigations in the British Isles (see Chapter 2). However, these had not been synthesized for the 

LGIT, nor had wildfire drivers been sought for that period on a regional scale. This endeavour would 

not be without its challenges; for example, interpretations could become complicated by the many 

climatic changes, associated vegetation changes, chronological issues, as well as potential human 

impacts on the wildfire. Especially in relation to the latter, changes in the technologies used by 

humans (e.g., late upper Palaeolithic vs Mesolithic) as well as preservation bias related to selective 

preservation of certain types of human settlements (e.g., cave vs open-air sites) could complicate 

interpretations regarding the effect of humans on wildfire within the LGIT. However, even if these 

early humans were primarily responsible for some of the LGIT charcoal, the findings are still largely 

relevant to today, as today’s civilisation is considered to provide a significant supply of ignition 

sources to the landscape. 

 

1.3.3 Present and Future Wildfire in the British Isles 

 

Today, the climate of the British Isles is temperate oceanic and, until recently, wildfire was 

considered only as an intermittent problem (Gazzard et al., 2016). Notable examples of the 

intermittent nature of wildfire in the UK include the Swinley forest fire in 2011 and Saddleworth 

moor fire in 2018, both of which made national news. Statistics published by the Forestry 

Commission (FC) that span the period 2009- 2017 (FC, 2019) show that the majority of all fires 

(>70%) took place in open habitats; however, woodland fires display more annual variation, 

accounting for between 1-5% of area burnt among the different years studied. According to the FC, 

an increase in wildfires in the period 2010-12 can be correlated with drought and heat wave alerts, 

while this link is also evident in previously collected statistics that span the period from 1975-2001 

(Ray and Broadmeadow, 2002). Recent major wildfire events in the UK over recent years mentioned 

above have led to the recognition by the UK National Risk Register that wildfire is an increasing 

hazard (Cabinet Office, 2013). This threat is likely to grow under predicted climate change (Moffatt 

et al., 2012; Brown et al., 2016) 
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According to the Met Office’s UKCP18 climate predictions, there will be “a move towards warmer, 

wetter winters and hotter, drier summers” (Lowe et al., 2018). The most recent National Adaptation 

Programme (NAP; Defra 2018) identifies the need to ensure forests are resilient to increasing 

wildfire risks and recommends several actions. These include contingency planning, development 

of wildfire risk and fuel maps, and enhancement of the current wildfire prediction system. The 

current wildfire prediction system is an implementation of the Canadian Fire Weather Index (FWI), 

commonly referred to as the Met Office Fire Severity Index (FSI or MOFSI). MOFSI has been shown 

to not capture the fire danger in the UK very well (De Jong et al., 2016; Davies and Legg, 2016). 

Furthermore, there is a diverse set of stakeholders using the tool, with sometimes conflicting 

interests in it. However, a project funded by the Natural Environment Research Council (NERC), 

which aims to deliver a tailored UK FDRS, is currently in progress.  

 

1.4 Aims and Objectives 

 

This thesis has four principal aims (bold numbered sentences) and associated objectives (indented 

list following each principal aim) that investigate wildfire in the British Isles during the LGIT, as well 

as today’s wildfire policy-landscape of the UK. This thesis aims to: 

 

1. Investigate if there was widespread wildfire in the British Isles during the LGIT and, if so, 

what drove it, by: 

 

1.1. Synthesising pre-existing published records from the British Isles that span the LGIT. 

1.2. Developing a new dataset with more robust records. 

1.3. Employing cutting-edge algorithms to statistically reconstruct wildfire frequency and 

asses their timing in relation to the abrupt climatic events of the LGIT. 

 

2. Evaluate the methodologies for extracting ancient macrocharcoal from sedimentary 

archives by: 

 

2.1. Addressing the inconsistencies in methodologies and chemicals used in the literature. 

2.2. Systematically assessing the effect of commonly used chemicals on charcoal. 
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2.3. Suggesting the least destructive treatment and applying these findings in Objective 

1.3. 

 

3. Understand current wildfire landscape of the UK by: 

 

3.1. Interviewing fire stakeholders of the UK regarding their needs from a FDRS 

3.2. Assessing the need and potential to enhance the current wildfire danger of the UK. 

3.3. Addressing a personal interest to move between data generation and actual policy 

implications. 

 

1.5 Structure of the thesis 

 

The body of this thesis is split into four chapters. Chapters 2 to 4 are journal articles. Chapter 5 is a 

briefing note. Before each chapter a short introduction is provided. The chapters are outlined 

below, along with a short description of their content. A Discussion chapter (Chapter 6) follows, 

where the implications of chapters 2-5 are synthesized and discussed, while a final chapter (Chapter 

7) summarizes the findings of this thesis.   

 

Chapter 2: Evidence of wildfire in the British Isles during the last Glacial-Interglacial Transition: 

Revealing spatiotemporal patterns and control. 

 

This chapter has been published in the Proceedings of the Geologists’ Association (DOI: 

https://doi.org/10.1016/j.pgeola.2020.05.001) and serves as a charcoal literature review for the 

British Isles during the LGIT. It provides a synthesis of previously published charcoal records from 

238 sites. Despite the plethora of palaeocological investigations available for the region, this 

synthesis is the first time that charcoal records are examined collectively. Due to differences on 

how the records were obtained and reported, only semi-quantitative analyses were undertaken. 

Charcoal is widespread in LGIT sediments and the patterns identified are considered in relation to 

the concurrent climate, human activity and vegetation. The article concludes that climate is very 

likely to have controlled fire and offers 10 research priorities for advancing the understanding of 

fire for the specific region and timeframe. 

 

https://doi.org/10.1016/j.pgeola.2020.05.001
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Chapter 3: Toward a standardized procedure for charcoal analysis 

 

This chapter has been published in Quaternary Research (DOI: 

https://doi.org/10.1017/qua.2020.56). Although macroscopic charcoal (>125 μm) is widely used as 

a proxy of past wildfire activity, there is no standardized procedure on how to extract it from the 

sediments. Usually, it is obtained via deflocculation of sediment samples by submerging them to 

various chemicals for varying amounts of time, followed by wet sieving. This article systematically 

assesses the effect of the most common chemical treatments on both modern and fossil charcoal 

fragments. The fossil experimental design also allowed to test the representativeness of varying 

sample volumes. The results collectively show that charcoal can be influenced by chemical type and 

duration of treatment, thus highlighting the need for a standardized procedure. The article 

concludes that H2O2 33% for 24h is the best chemical treatment, while strong concentrations of 

NaClO for prolonged periods of time should be avoided. Finally, despite discrepancies in the 

absolute charcoal values, 1 cm3 typically provided consistent charcoal profiles. 

 

Chapter 4: Complex fire frequency patterns spanning the Last Glacial-Interglacial Transition in the 

British Isles 

 

This chapter is a draft for submission to Quaternary Science Reviews. The article presents seven 

new contiguous charcoal records from the British Isles that span the LGIT. It then employs 

sophisticated recently published algorithms based on time series analysis methods to transform the 

charcoal records into Robust Fire Events. Because there is no consensus for the best parameters 

within certain steps of this analysis, the algorithms are slightly modified to significantly reduce 

human bias. New charcoal composite curves are also obtained for the region combining the records 

presented here and the records included in the GCD. The results show concurrent wildfire events 

across the region, often coinciding with abrupt climatic events. They also show regional increases 

in biomass burning, registered in the charcoal composite curves, concurrent with the abrupt 

climatic events. The article concludes highlighting that wildfire was most likely driven by climate, 

which has implications for better understanding future wildfire risk. The data presented in this 

paper will, at a later stage, be included in updated version of the GCD, which will help refine our 

understanding of past wildfire expression on a global scale. 

 

https://doi.org/10.1017/qua.2020.56
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Chapter 5: Next steps for Wildfire Danger Assessment in the UK 

 

This chapter has been disseminated to various wildfire stakeholders of the UK (The Home Office, 

Cabinet Office, Met Office, DEFRA, Forestry Commission, Forest Service Northern Ireland, Natural 

Resources, Wales, and National Fire Chiefs Council, amongst others) and has been used in policy 

discussions. In light of the current climate change, there is an anticipation of warmer and drier 

summers in the UK, which can potentially lead to more fires. Various fire stakeholders have already 

expressed concerns over the current wildfire prediction tool in use, MOFSI, as it has been shown to 

not correspond very well to recently collected wildfire statistics, thus not serving their needs. 

Therefore, in this briefing note, the MOFSI was briefly reviewed. Various fire stakeholders were 

interviewed to express their needs and expectations from an improved system. Consequently, 

options for improving the existing or implementing a new FDRS were analytically outlined, 

addressing the stakeholders’ concerns. 
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Chapter 2 

Paper I 

 

2.1 Introduction to Paper I 
 

As highlighted in the introduction, the British Isles have been the focus of intense 

palaeoenvironmetal investigations for almost 100 years; however, information on wildfire during 

the LGIT is very limited, with few exceptions (see Section 1.3.2). Therefore, efforts to collate more 

studies with information on charcoal data were undertaken during this PhD study. A primary driver 

for this task was a severe lack of knowledge of relative presence of charcoal in UK LGIT records. If 

charcoal was indeed extremely rare, it would impact the future foci of the PhD project. 

Using as a starting point the study of Edwards et al. (2000), references therein, as well as other key 

papers of the same authors and their co-authors, it was soon discovered that charcoal information 

relatively regularly featured in publications. This sparked the inception of a review paper as well as 

efforts to assume a robust keyword strategy search. However, it was soon also discovered that 

charcoal was rarely mentioned in the title, abstract, keywords, or even main text. Instead, charcoal 

information would often appear solely in a diagram (e.g., at the end of a pollen diagram). In other 

cases, the papers were old, scanned as pictures. The keyword strategy was thus omitted, and the 

literature was searched based on references and key authors’ work (i.e., a ‘snowball’ approach). 

At the stage where a bit more than 100 sites had been collated, the research was presented as a 

poster at the QRA ADM 2018 (see Appendix 5 - Research Dissemination). There, Dr Michael Grant 

offered a subset of his pollen database, significantly adding to the work already undertaken. 

Eventually, the paper was published in the Proceedings of the Geologists’ Association including 

charcoal information from 238 sites.  

Reference: Tsakiridou, M., Hardiman, M., Grant, M. J., Lincoln, P. C., Cunningham, L., 2020. Evidence 

of wildfire in the British Isles during the Last Glacial-Interglacial Transition: Revealing 

spatiotemporal patterns and controls. Proceedings of the Geologists' Association, 131(5), 562-577. 

doi: 10.1016/j.pgeola.2020.05.001 

Contributions of named authors: 

M. Tsakiridou - wrote the bulk of paper, collated all the sites, data analysis 

Dr M. Hardiman – offered guidance, wrote the archaeology overview section, assisted in 

the radiocarbon data analysis 

Dr M. J. Grant – offered a list of sites, acted as reviewer 

Dr P. C. Lincoln – acted as reviewer 

Dr L. Cunningham - acted as reviewer  

https://doi.org/10.1016/j.pgeola.2020.05.001
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2.2 Paper I Title and Authorship 
 

Evidence of wildfire in the British Isles 

during the Last Glacial-Interglacial 

Transition: revealing spatiotemporal 

patterns and controls 

 

Margarita Tsakiridoua, Mark Hardimana, Michael J. Grantb, Paul C. Lincolna,c, Laura Cunninghama 

a School of the Environment, Geography and Geosciences, University of Portsmouth, Portsmouth, PO1 3HE, UK 

b Coastal and Offshore Archaeological Research Services (COARS), Ocean and Earth Science, National Oceanography 

Centre Southampton, University of Southampton, European Way, Southampton SO14 3ZH, UK 

c School of Archaeology, Geography and Environmental Science, University of Reading, Earley, UK 

 

2.3 Abstract and Keywords 

 

Charcoal records are now widely used to reconstruct past burning activity as there is an increasing 

global interest in understanding the complex interactions between fire, climate, vegetation and 

human activity. However, this topic has been relatively overlooked in the British Isles, as the region 

is generally thought to not support natural burning regimes. Here, for the first time, we present a 

synthesis of previously published charcoal data for 238 sites and demonstrate the widespread 

occurrence of charcoal in sediments that span the Last Glacial-Interglacial Transition (LGIT; c. 17-

8.3 ka cal. BP) in the British Isles. Analysis is based upon a semi-quantitative analysis of the 

assembled dataset; the common patterns are identified and are considered in relation to 

independent reconstructions of climate, vegetation and anthropogenic activity. No causal 

relationships with vegetation are identified, while charcoal is also prominent during periods when 

archaeological evidence for human occupation of the British Isles is absent or scarce. Climate is very 

likely to have controlled the fire regimes during the LGIT. We conclude with ten research priorities 

to further advance our understanding palaeofire drivers during the Lateglacial-Early Holocene. 
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Keywords: Fire; Charcoal; Lateglacial; Early Holocene; Late Upper Palaeolithic; Mesolithic; 

Humans; 9.3 ka event; climate change; radiocarbon   

 

2.4 Introduction 

 

Wildfire is a key component of the Earth System and operates on a plethora of spatiotemporal 

scales (Falk et al., 2007; Whitlock et al., 2010). There is a variety of wildfire proxies preserved in the 

sedimentary record (Conedera et al., 2009; Hawthorne et al., 2017), but the most widely used for 

understanding past wildfire occurrence is charcoal (see Brown and Power, 2013; Aleman et al., 

2018), which is the relatively chemically inert product of the incomplete combustion of organic 

matter (Scott, 2010).  

Charcoal records have been in recent decades widely used to reconstruct wildfire activity on 

centennial-to-millennial temporal scales, and from local (e.g., Florescu et al., 2018) to global (e.g., 

Power et al., 2008) spatial scales. The primary goal of such research is to understand what drove 

wildfire in the past and there is an increasing interest in applying the knowledge gained from long 

term data into present and future fire and ecosystem management (see Aleman et al., 2018). 

On centennial-to-millennial timescales, for example, wildfire is controlled by a complex interplay 

between vegetation, humans, and climate (Whitlock et al., 2010). Climate is the dominant top-

down wildfire driver worldwide (Power et al., 2008; Bowman et al., 2009). It determines wildfire 

expression by directly controlling fire-weather (i.e., weather conductive to burning) and indirectly, 

through conditioning the composition and moisture content of the vegetation (Marlon et al., 2009; 

Whitlock et al., 2010). Vegetation composition on the other hand can act as bottom-up determinant 

for wildfire to occur (Whitlock et al., 2010). On centennial-to-millennial timescales, however, 

vegetation composition is to a large extent affected by climate, thus highlighting the interlinked 

effect climate and vegetation have on the wildfire regimes. Finally, humans can influence fire 

regimes through manipulating the fuels and altering ignition probabilities through setting fires 

deliberately, managing fuels or through escapes (i.e., wildfires starting accidentally, for example, 

from hearths). The effect they can have, however, on a certain environment is largely determined 

by the climate and vegetation (Whitlock et al., 2010). Albeit challenging and highly complex, long 
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term data can thus significantly aid in disentangling the effect of these drivers and thus help us gain 

a thorough understanding of the mechanisms controlling wildfire for the future. 

Studies exploring the underlying drivers of wildfire drivers in the British Isles are scant, which is in 

sharp contrast to the long history of paleoecological analyses that has been undertaken in the 

region. Charcoal has most often been argued to have been a result of anthropogenic ignition (e.g., 

Bennett, Simonson and Peglar, 1990; Day, 1996; though notably some have also implicated climate: 

Moore, 1996; Tipping, 1996; 2004) as the region is not thought to support natural burning regimes; 

at least not in modern day woodland ecosystems (e.g., Rackham, 1986).  

One particularly interesting period to test this long held idea is the Last Glacial-Interglacial 

Transition (LGIT; c. 17-8.2 ka BP). This is because the LGIT was a period of limited human occupation 

and thus disentangling fire drivers can be relatively straightforward. Furthermore, because the LGIT 

was a period of multiple abrupt climatic shifts (Hoek, 2008; Lowe et al., 2008) it is very interesting 

to test if particular climates/shifts in aridity/temperature promoted wildfire. Charcoal records 

spanning the LGIT do exist in the British Isles but no extensive synthesis has been undertaken to 

collate these data. Edwards et al. (2000) considered patterns of charcoal deposition in Scotland in 

Lateglacial deposits, concluding that more charcoal records from in and beyond Scotland are 

required if an improved understanding of charcoal distributions, and thus regional occurrence of 

fire, is to be gained for this period. Recently, Hawthorne and Mitchell (2018) investigated wildfire 

patterns in Ireland and their relation to regional trends from ~17.5 ka BP onwards utilising their 

data along with data deposited within the Global Charcoal Database (GCD), but this only included 

six sequences for Britain. While the general trends in charcoal activity mirrored those of the 

European record for this period, there were too few sites drawn on to investigate regional 

heterogeneity.  

Here we have compiled charcoal data from 238 sites whose records span all, or parts, of the LGIT 

in the British Isles. Analyses are based upon semi-quantitative analysis (presence-absence 

categorization) and quantitative chronological modelling of the assembled dataset. While this 

combination of methods limits the ability to undertake any quantitative analysis (e.g., Hawthorne 

and Mitchell, 2018), it has the advantage of allowing the identification of patterns over a wider area 

utilising a much larger number of sites. Furthermore, the charcoal data have been assessed using 

independent regional climate records, associated pollen records and palaeodemographic 

modelling, which has allowed us to examine potential drivers of fire regimes on a regional scale. 

Finally, by reviewing the corpus of previous studies, it has permitted us to identify 10 research 

priorities for advancing our understanding of both the drivers and potential role of past wildfires. 
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2.5 Methods and definitions 

 

2.5.1 Collection and assignment of charcoal data 

 

An extensive literature review was undertaken in order to identify and collate sites from the British 

Isles which contain LGIT charcoal data. A predefined keyword search strategy was performed in the 

following databases: Web of Science, Scopus and Google Scholar; however, this only revealed a 

relatively limited number of literature. This was because in many cases, charcoal was not the 

primary focus of the investigation and thus not included in the title, keywords, or abstract, and was 

simply reported as complementary to other techniques, such as plant macrofossil, palynological, 

archaeological and/or stratigraphical investigations. Consequently, a “bottom-up” search strategy 

was also employed, articles by key authors were retrieved and the reference list of each article was 

reviewed in order to find additional articles. These included peer-reviewed published papers, 

unpublished theses, grey literature and commercial reports. Everything with any type of charcoal 

information was included, even the ones that simply reported charcoal missing from the entirety 

of the investigation, as long as there was an indication of the deposit’s age. Where appropriate the 

data were digitised from the original publications (see below). 

Where charcoal had been systematically quantified at regular intervals (hereafter termed charcoal 

records), these records were further classified by their extraction method [pollen-slide (microscopic 

charcoal; usually <125 μm) vs sieved (macroscopic charcoal; usually >125 μm) charcoal]. Where 

charcoal had been reported exclusively for one or limited strata, for example distinct macroscopic 

charcoal horizons, and usually not quantified, these were recorded and are described here as 

charcoal bands. 

A variety of methods have been used to quantify charcoal in the British Isles (Kangur, 2002), most 

commonly quantitative estimates of charcoal concentration (typically reported as number (# cm¯³), 

area (mm2 cm¯³) and more rarely volume (mm³ cm¯³)) and semi-qualitative estimates (e.g., absent, 

rare, common, abundant). Other calculations such as charcoal to pollen ratio and charcoal 

accumulation rate (CHAR; concentration yr¯¹) are also reported. 

In this paper, however, focus has largely been given to the presence or absence of charcoal over 

time and space. This was because the scope of this research was not to produce an amalgamated 

charcoal curve, but rather investigate the spatiotemporal occurrence of charcoal including as many 
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charcoal data as possible, examine it in relation to patterns in climate, vegetation, and humans, and 

highlight how it can be better understood.  This specific approach was also preferred because of 

the following considerations: 

i. The wide range of diverse sedimentary contexts represented (e.g., lacustrine, peat bog and 

fluvial sedimentary systems) means detailed intercomparison between charcoal records is 

highly complex (Florescu et al., 2018). This is because differential charcoal sedimentation 

and accumulation between bogs and lakes has been repeatedly documented in the 

literature (see Conedera et al., 2009, Rius et al., 2011, Feurdean et al., 2012; Remy et al., 

2018). 

ii. The regionallity and timespan covered by this synthesis introduces taphonomic factors 

which might affect charcoal content. For example, the “tripartite sequence” (see Walker 

and Lowe, 2017), indicative of different sedimentological regimes, is a classic feature of 

LGIT sequences in the British Isles. These abrupt lithological changes indicate non-

isotaphonomic (i.e., non-equal taphonomic probabilities for charcoal to be transported and 

accumulated) processes within individual deposits. 

iii. Vegetation shifts throughout the LGIT reflect changes in the availability of fuel, vegetation 

structure (e.g., vegetation coming in and acting as a barrier for charcoal transport) and fire 

regime characteristics (e.g., crown fires versus surface fires) (Lynch et al., 2004; Scott, 

2010). 

iv. Geochronological controls vary between sites, with some having no secure dating controls. 

Some sites, without direct dating, can be [Bio-]stratigraphically associated with a given 

climatic stage permitting their inclusion. 

v. Where chronological information is available, these are primarily derived from radiocarbon 

dates which may have been produced using different pre-treatments procedures, sample 

types (e.g., bulk sediment vs short-lived macrofossils), and levels of precision (e.g., age 

errors) making correlation of individual ‘events’ between sequences, at fine-resolution, 

unattainable across a wide number of studies. 

Accepting these limitations of the available dataset, it is possible to still identify broad patterns in 

the charcoal records; these are described and investigated, and in the case of records with good 

chronological control, published 14C ages are recalibrated and new modelled ages for levels of 

interest (i.e., where peaks in charcoal concentration have been identified by the original authors) 

are obtained (see below). We believe that the combination of these methods can lead to a more 

rigorous qualitative assessment, without the limitations of amalgamated charcoal records, 
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especially in a study region where the primary concern is whether natural wildfire regimes even 

existed (Rackham, 1986). 

The data were transformed into presence / absence charcoal data and each study was assigned to 

one or more of the major climatic intervals of the LGIT that they spanned. Within the range of 

research reviewed (published 1963 - 2017) many LGIT stratigraphic schema have been utilised. For 

the purposes of this synthesis the LGIT was divided into four intervals (Table 2.1), as defined by the 

INTIMATE event stratigraphy, based upon the oxygen isotope signal in the Greenland ice cores, 

underpinned by the GICC05 timescale (Rasmussen et al., 2014). It is important to note that we do 

not assume that the climatic transitions occurred synchronously between Greenland and the British 

Isles, and indeed evidence exists for asynchronous responses, particularly during the early stages 

of the LGIT (e.g., Walker et al., 2003; Blockley et al., 2004). The quantity of charcoal (if quantitative 

information was available) or duration for which charcoal was present in a deposit was not taken 

into account; as long as charcoal (micro, macro or band) was present within a time interval this was 

considered a ‘presence’ point. 

 

Table 2.1: Regional correlatives of the GICC05 intervals in the UK, Ireland and Northern Europe. For the purposes of this 
review, and to aid simplicity, the UK terminology is coupled with the GICC05 derived ages, with certain caveats (see 
Lowe et al., 1995) 

Age (cal ka BP) GICC05 

intervals 

UK Ireland NW Europe 

11.65-8.28 Early Holocene, ~ Greenlandian1 

12.85-11.65 Greenland 

Stadial-1 

(GS-1) 2 

Loch Lomond 

Stadial 

Nahanagan 

Stadial 

Younger Dryas 

14.65-12.85 Greenland 

Interstadial 1 

(GI-1) 2 

Windermere 

Interstadial 

Woodgrange 

Interstadial 

Bølling–Allerød 

Interstadial 

Pre-14.65 Greenland 

Stadial-2.1a 

(GS-2.1a) 2 

Dimlington 

Stadial 

Glenavy Stadial Pleniglacial/Oldest Dryas 

1Cohen et al., 2013; (updated); 2Rasmussen et al., 2014 
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It is also important to note that we do not assume that all charcoal represents contemporary fire 

events, as the relationship between wildfire and charcoal content in a deposit is not necessarily 

straightforward. The possibility of reworking of older charcoal due to landscape instability and 

enhanced erosion, especially during cold intervals, cannot be excluded, while charcoal deposition 

following a wildfire is influenced by many factors, including fire type (e.g., crown versus surface 

fire), intensity, type of fuel, and taphonomic processes (Scott, 2010). 

 

2.5.2 Assessing the role of humans 

 

In order to understand and explore the role of humans as an explanatory factor of fire through the 

LGIT we have assessed changes in past human population intensity and demographic trends in the 

British Isles for the intervals during which associated archaeology has been found. To do this we 

utilise the ‘dates as data’ approach (Rick, 1987), where the frequency and distribution of 

radiocarbon dates relating to archaeological activity are used as a demographic proxy. Commonly 

cumulative probability functions (CPFs) have been employed, which involve calibrating a large 

number of radiocarbon dates and then computing the dates’ summed probability distribution; 

often this is done using the Sum function in OxCal (Bronk Ramsey, 2001).  

There are certain caveats with this approach, and many researchers are sceptical of using this 

method to understand palaeodemography (particularly in older time periods like the Palaeolithic) 

considering it ‘rarely reliable’ (Dogandžić and McPherron, 2013) and even a ‘black art’ (Kuhn, 2012). 

Chiverrell et al. (2011) point out that the use of CPFs for analysis of radiocarbon ages can also be 

problematic due to the impact of scatter, non-contemporaneity and directional lags, as well as the 

‘suck in and smear’ issues in radiocarbon calibration. For example, CPFs contain noisy fluctuations 

which can be caused by the ‘wiggles’ or shape of the ¹⁴C calibration curve. A recent method put 

forward to help deal with this issue and also avoid the opposite problem of failing to detect real 

patterns (e.g., over smoothing) is that of kernel density estimation (KDE) plots (KDE_Plot & 

KDE_Model functions in OxCal) which can help retain signal whilst also suppressing noise (Bronk 

Ramsey, 2017); this is the approach used in this paper. The second limitation of using CPFs involves 

changing archaeological preservation potential over time (e.g., taphonomic factors and datable 

material preservation) and the focus of archaeological research on ‘favoured’ time periods or 

important sites. With these points in mind, we view our plots as a coarse guide to understanding 

intensity and demographic trends in the British Isles.   
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It is beyond the scope of this study to produce a bespoke radiocarbon database for Britain and 

Ireland (and indeed this may produce unconscious biases) so instead we use the PACEA Geo-

Referenced Radiocarbon Database (D’Errico et al., 2011) for GI-1 and GS-1 and the newer Holocene 

dataset collated from various sources by Bevan et al. (2017). All radiocarbon ages have been 

calibrated using the IntCal13 calibration curve (Reimer et al., 2013). 

 

2.5.3 Disentangling the effect of humans or climate as drivers of the regimes 

 

We tested the relative phasing of charcoal peaks (i.e., abrupt shifts in charcoal deposition that 

probably signify a change in the wildfire regime) in order to assess the role of climate in driving the 

changes in fire regimes, as well as their association with trends in past human population intensity 

and demographic trends on a regional scale. To do this, we have produced new age-depth models 

using OxCal 4.2 (Bronk Ramsey, 2001; 2008) calibrated with IntCal13 (Reimer et al., 2013) for 

charcoal records with good chronological control, defined as having at least three radiocarbon 

dates for ±3 ka years from the period or event of interest (average here: 4.2) and a radiocarbon 

date every ~1000 years (Min: 260, Max: 1100, Average: 615 years) alongside distinct charcoal peaks 

in GI-1 and Early Holocene. To assess synchronicity of age estimates across different records a 

Bayesian modelling approach was used adopted constructing simple ‘Phase’ models within OxCal 

(Bronk Ramsey and Lee, 2013). The results for both intervals were then compared against the 

archaeological and climatic events. 

 

2.6 The temporal and spatial distribution of sedimentary charcoal and 

palaeoenvironment of the British Isles during the LGIT 

 

The presence / absence of charcoal in sediments spanning the LGIT in Britain and Ireland was 

investigated based on published charcoal data from 238 sites (Figure 2.1; Table A2.1 for site names 

and the list of publications). Distribution of studies is uneven, with Scotland, NE and SE England 

having the highest density of records. Charcoal bands were reported for 33 sites, while charcoal 

records were published for 205 sites. In these 205 sites, 245 charcoal records are available 

altogether, as 190 of these refer to pollen-slide charcoal and 55 to sieved charcoal. Records with 

paired micro- and macro-charcoal records were available for 36 sites.  
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The assignment of the presence / absence charcoal data into the major climatic intervals of the LGIT 

is presented in Figure 2.2. There is a limited number of studies spanning the early intervals of the 

LGIT (GS-2.1a: n = 6; GI-1: n = 55; GS-1: n = 56); this is in sharp contrast with the plethora of available 

sites spanning the Early Holocene (n = 218). Despite the uneven temporal and spatial distribution 

of the available sites, Figure 2.2 illustrates the widespread occurrence of charcoal in records 

spanning the LGIT. Figure 2.2 also highlights the limited availability of macroscopic charcoal records 

against the much more frequent microscopic records for the entirety of the LGIT. 
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Figure 2.1: Sites included in this synthesis. For all site names and list of publications see Appendix 1. 
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Figure 2.2: Presence-absence of charcoal depicted on time slices map for the available sediments that span the LGIT in the 
British Isles. Palaeoshoreline drawn after Ward et al. (2016). Ice limits drawn after Hughes et al. (2016). The ice extents 
roughly correspond for each timeslice: GS-2.1a = 18 ka BP, GI-1 = 14 ka BP, GS-1 = 12 ka BP, in each of which the solid line 
represents the maximum extent and the dotted line represents the minimum extent of the ice. d18O of the GRIP ice core 
re-drawn after Rasmussen et al. (2014). 

 

Early Holocene 

GS-1 

GI-1 

GS-2 
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2.6.1 GS-2.1a (c.17,430 – 14,650 cal. BP) 

 

2.6.1.1. Vegetation 

 

The ice-free areas are believed to have been covered in a treeless steppe-tundra, although cryptic 

refugia may have persisted in SW England (Kelly et al., 2010).  

 

2.6.1.2 Archaeological Record 

 

Currently there is no strong evidence for human occupation of the British Isles during the 

Dimlington Stadial (Pettitt and White 2012; Tallavaaraa et al., 2015), with the earliest evidence of 

recolonization occurring just before the onset of the Lateglacial Interstadial (Jacobi and Higham, 

2011). 

 

2.6.1.3 Charcoal Record 

 

There are six charcoal records, originating from five sites in Ireland (sites 94, 164 and 174), Wales 

(site 150) and SE England (site 207). The microscopic records from sites 94 and 164, and the 

macroscopic charcoal from site 174, show high charcoal values during this period which drop 

around the end of this climatic interval (Figure 2.3). The same pattern, albeit less distinctive, can 

also be observed at sites 150 and 207.  At site 174, statistical decomposition techniques, which can 

identify robust fire events (see Higuera et al., 2009; Blarquez et al., 2013), have been used and 

identified two wildfire events taking place between 17.5 to 15.5 ka cal. BP (Hawthorne and Mitchell, 

2016). This period of burning occurs broadly contemporaneously with the abrupt climatic changes 

associated with Heinrich Stadial 1 (HS1; see Daniau et al., 2010) and spans the so-called ‘Mystery 

Interval’ (Denton, 2006).  
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Figure 2.3 :Concurrent high charcoal values that cease around the onset of interstadial warming. Charcoal data shown 
against the NGRIP oxygen isotope record, defined after the INTIMATE event stratigraphy (see Rasmussen et al., 2014). 
Note all data have been adjusted to ka yrs BP (1950) timescale. Data from: (174) Hawthorne and Mitchell (2016), (164) 

O’Connell et al. (1999), (94) Jeffers et al. (2011) 

 

2.6.2 GI-1 (c. 14,650 – 12,850 cal.  BP) 

 

2.6.2.1 Vegetation 

 

Following the initial warming, coupled with the connection still between Britain and mainland 

Europe, plant species were expanding from their refugia and migrating into Britain. Landscape 

responses lagged the initial climatic amelioration as vegetation continued to be dominated by 

open-ground pioneer taxa such as Empetrum, Rumex, Artemisia, Poaceae and Salix until c. 14 ka BP 

(c. 700 yrs after the initial amelioration; Walker et al., 1993; Birks and Birks 2014; Walker and Lowe 

2017). During the latter part of GI-1 (after c. 14 ka BP) Betula woodland formed in southern Britain 

whereas in Scotland Juniperus became the dominant taxon (Birks and Birks, 2014; Walker and Lowe 

2017), with ericaceous heath (Empetrum and Erica) and perhaps Betula nana or isolated patches of 

Betula pubescens dominating in the later Interstadial (Walker and Lowe, 2017). In Ireland, 

woodland probably did not form in the later parts of the Interstadial (see Birks and Birks, 2014). 

 

2.6.2.2 Archaeological evidence  
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The earliest evidence for the re-colonization of the British Isles after the Last Glacial Maximum 

comes from Cheddar Gorge and the Wye Valley, marking the beginning of the Late Upper 

Palaeolithic. Here radiocarbon determinations have been made on human and cut-marked animal 

bones which suggest short-lived phases of occupation occurring closely to the abrupt warming of 

the Lateglacial Interstadial at c.14.7 ka yrs BP in Greenland (Jacobi and Higham, 2009; 2011). The 

associated stone tools from Goughs Cave have been interpreted as Creswellian (comparable to the 

Late Magdalenian in Europe), which is the first Late Upper Palaeolithic industry present in the British 

Isles. Creswellian stone tools are found across southern England and Wales, and as far north as 

Derbyshire (Barton et al., 2003) and, tentatively, southern Scotland (Saville, 2004).  

The use of Creswellian stone tools in the British Isles spans most of the early Lateglacial Interstadial 

(i.e. > 14 ka cal BP; Jacobi and Higham, 2011), before being replaced by Federmesser culture during 

the latter stages (Barton et al., 2009; Jacobi et al., 2009) up to the Interstadial-Stadial boundary 

(Smith et al., 2013). Federmesser technocomplexes have most commonly been found in southern 

England, but are also located in NE England, the Peak District, SW Wales, and southern and western 

Scotland (Saville and Ballin, 2009; Ballin et al., 2018). The comparative geography of Creswellian 

and Federmesser artefacts has led some to suggest that during the latter, human activity was more 

evenly spread across the British landscape, and less limited to upland areas (Barton et al., 2003), 

although in some locations both industries have been found stratigraphically superimposed on each 

other (e.g., Harding et al., 2014).  

The summed probability distribution of archaeology dates falls within the earlier stages of GI-1 

while charcoal (only) dates from archaeological contexts fall within the latter stages of GI-1 (Figure 

2.4). However, it should be noted that in these analyses the number of archaeological dates (all and 

charcoal only) are likely to be at least partly the result of research focus and also the shift from cave 

to predominantly open sites contexts. Open site contexts dominate during the latter Lateglacial 

Interstadial (< 14 ka cal BP) with Final Upper Palaeolithic open-air sites in Britain having proven 

difficult to derive conclusive chronologies (Barton et al., 2009).  

 

2.6.2.3 Charcoal Record     

 

Fifty published charcoal records span GI-1. These are mainly located towards the North of Britain 

and Ireland. Microscopic charcoal is present in Scotland in sites 3, 8, 9, 30, 62, 75, 77 and 84 but not 

in sites 17, 36, 41, 49 and 52. In England, microscopic charcoal was reported for sites 106, 113-116, 
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120, 123, 124, 125, 130, 150 153, 156, 206 and 238, but was absent from sites 133 and 165. For 

Ireland, microscopic charcoal was present in sites 101, 102, 94 and 164 but not in sites 96 and 97. 

Microscopic charcoal was also present in Wales (site 150). Macroscopic charcoal was present in 

Ireland (sites 17 and 102), England (sites 120, 123, 124, 125, 153), Wales (site 150), and Ireland 

(sites 164 and 174).  

Some common patterns can be discerned from the sites listed above. Of the records with charcoal 

present, the charcoal curves fall within two categories: 1) they contain one, two, or three clear 

charcoal peaks (e.g., sites 77 and 120); or 2) they are highly variable or ‘spikey’ (e.g., sites 30 and 

115).  

There is currently too much uncertainty within the available dataset to undertake detailed analyses 

in relation to vegetation. This is primarily because the relative abundance of pollen at a particular 

site does not have a linear relationship to the pollen record (Fyfe et al., 2013) and therefore, within 

this paper, only broad comparisons with vegetation are made. Vegetation modelling based on 

pollen archives is a specialized field that is beyond the scope of the current paper. 

The presence/absence of charcoal does not seem to be associated with geographical distribution 

or with the geographical extent of human occupation (see Figures 11 and 12 in Jacobi and Higham, 

2009). Interestingly charcoal is widespread during the Interstadial, being found in Ireland, the 

Scottish mainland and Scottish isles (e.g., Orkneys, Hebrides, and Shetland), where no associated 

archaeology has been found. However, sites of this age have arguably a very high likelihood to have 

been destroyed or hidden, or in other words the absence of evidence does not necessarily imply 

absence of people. 

Charcoal is also very prominent in SW and SE England during this period, where human occupation 

at this timeframe has been recorded. Especially in SE England distinct charcoal bands in 

stratigraphical investigations of dry valleys have been associated with the widespread Pitstone 

palaeosol (e.g., Kerney, 1963; 1964; Preece and Bridgland, 1999; Allen, 2008).  

Very few records with distinct charcoal peaks were suitable for the construction of new age-depth 

models through the GI-1, thus precluding the formation of new modelled ages of the charcoal 

peaks, which would make pinpointing the timing in which burning occurred possible (see Figure 2.4 

for the scale of the problem). However, radiocarbon dates retrieved from the Pitstone soil in SE 

England clearly show higher charcoal abundances during the latter stages of the Interstadial, with 

charcoal dates peaking around 13.5-12.9 ka cal. BP (Figure 2.4). The same finding is also observed 

in mainland Europe: very similar results were reached by Kaiser et al. (2009) in their chronological 
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investigations on charcoal fragments retrieved from the Usselo and Finow palaeosols in northern 

central Europe (Figure 8 in Keiser et al., 2009). This is important because in the Usselo soils Pinus 

charcoal is abundant, along with smaller amounts of Betula sp., Populus tremula, Salix and 

Juniperus, whereas in the Pitstone soil, charcoal fragments consist mainly of Betula and Salix. 

Therefore, the very similar age distribution results reached in our analysis and by Keiser et al. (2009) 

imply contemporaneous burning on different woodland ecosystems across a broad geographical 

area. Based also on the findings of Figure 2.4 no direct link between human density and wildfire 

expression is evident. 

 

Figure 2.4: KDE_Model for archaeology dates & charcoal dates (for full dataset see D’Errico et al., 2011; a map of all 
modelled dates is available in the supplementary information), the NGRIP oxygen isotope record (Rasmussen et al., 

2014) and radiocarbon dates on charcoal from the Pitstone soil (taken from: Allen (2008), (Kerney 1963; 1964), Evans 
(1986), Preece and Bridgeland (1999), Preece (2009) and Allen et al., (2006)). Age estimates for charcoal peaks in 1) 

Sluggan Bog (102) is taken from Walker et al. (2012) and 2) West Lomond (78; Edwards and Whittington, 1997) have 
been produced using OxCal age-depth model. Note all data have been adjusted to a yrs BP (1950) timescale. 
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2.6.3 GS-1 (c. 12,850 – 11,650 cal. BP) 

 

2.6.3.1 Vegetation 

 

Palynological records show that vegetation succession was interrupted, with the tree components 

present during the Interstadial replaced by grasslands comprised of arctic shrub tundra and open 

ground taxa such as Poaceae, Artemisia and Cyperaceae (e.g., Walker and Lowe 2017). In Ireland 

there was development of arctic shrub tundra as well, with plant communities associated with bare 

and unstable ground (Walker et al., 2012).  

 

2.6.3.2 Archaeological evidence  

 

Evidence for human occupation in the British Isles during GS-1 is sparse (Cook and Jacobi, 1994). 

Unlike GI-1 and the Early Holocene (sections 2.6.2 and 2.6.4 respectively) no human remains have 

been securely dated to this timeframe (Barton et al., 2003). However, some sites with long-blade 

and ‘bruised’ blades flint tools (Terminal Upper Palaeolithic artefacts) have been interpreted as 

fleeting phases of occupation during the final stages of the Stadial. The timing for the initiation of 

Terminal Upper Palaeolithic activity is poorly constrained (Conneller et al., 2016). The finding of 

bruised-edge ‘long blades’ in close proximity to dated horse remains at Three Ways Wharf, SE 

England, does potentially suggest a cold, Stadial climate during occupation (Lewis and Rackham, 

2011) if the bones and archaeology are coeval. 

Evidence of these tool types also exist in NE England (Conneller, 2007) and western Scotland 

(Mithen et al., 2015) suggesting that Terminal Upper Palaeolithic populations were mobile and 

migrated significant distances into the British Isles. The first evidence of human activity in Ireland 

during the LGIT occurs during GS-1 via a radiocarbon dated butchered brown bear bone (UBA-

20194: 10,798 ± 71BP; OxA-29358: 10,850 ± 50BP), from a cave site from County Clare, western 

Ireland (Dowd and Carden, 2016). These examples appear to represent outliers, with the vast 

majority of evidence coming from open air sites in East Anglia and SE England (Woodman, 2015). 
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2.6.3.3 Charcoal Record 

 

Charcoal is present in the majority of the 67 records that span GS-1. Microscopic charcoal was 

reported as being present in Scotland (sites 3, 8, 9, 30, 41, 57, 58, 61, 62, 75, 77, 83, 84, 85), Ireland 

(sites 94, 97, 102, 164, 166), England (sites 109-110, 113-116, 123-125, 130, 137, 153, 156, 185, 

195-197, 204, 206, 207 and 225) and Wales (site 150), but absent from sites 16, 17, 36, 49, 52 in 

Scotland, sites 96 and 101 in Ireland and sites 120, 133, 165 and 193 in England. One band of 

charcoal has been reported in Leicestershire (site 106). Macroscopic charcoal was present in Ireland 

(site 102), England (site 110, 123, 124, 125), Wales (site 151) and Ireland (site 164 and 174) but 

absent from Scotland (site 17) and England (site 120, 133 and 153).  

No common temporal patterns can be discerned from the above, possibly due to the short-lived 

nature of this climatic interval and the non-contiguous sampling for most of the sites, which has 

meant that charcoal has often been quantified for very few stratigraphic levels during GS-1. 

However, for many sites charcoal content is high or constantly present for sites all across the study 

area (e.g., England: sites 113, 137, 166, 225, Ireland: sites 102 and 164). The same finding has been 

noted by Edwards et al. (2000) in their study in Scotland. The risk of reworking cannot be excluded, 

especially during cold conditions and enhanced sediment input (e.g., Busfield et al., 2015). The 

problem of reworking during GS-1 is demonstrated best by Walker and Lowe (1990) who showed 

remobilisation of Empetrum pollen grains from eroding Interstadial catchment soils in Scottish lake 

sediments. However, there is evidence for burning during GS-1 within the well-dated Sluggan Bog 

record (site 102) in Northern Ireland (Walker et al., 2012), which included direct radiocarbon dating 

of a charcoal fragment within GS-1 (SUERC-12332: 10195 ± 44 BP; Walker et al., 2012). 

 

2.6.4 Early Holocene (or Greenlandian Stage, c.11,650 – 8,276 cal. BP) 

 

2.6.4.1 Vegetation 

 

The Early Holocene warming led to the appearance of thermophilic species, including high Corylus 

values that are typically followed by Ulmus, Quercus and Alnus (Bennett, 1988; Tallantire, 1992), 

although the landscape is thought to have been predominantly open (Fyfe et al., 2013). 
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2.6.4.2 Archaeological evidence  

 

It is arguable that Late Upper Palaeolithic and Terminal Upper Palaeolithic sites in the British Isles 

most likely represent sporadic or relatively fleeting visits by past human populations. The Terminal 

Upper Palaeolithic long blade industries described above appear to exist into Holocene times, 

disappearing between 11695-9790 yrs BP (95% probability; Conneller et al., 2016). The continuation 

of these industries suggests a degree of cultural continuity over the glacial-interglacial boundary 

(Barton et al., 1991). The beginning of the Mesolithic, by contrast, contains strong evidence for 

continuous year-round human presence and settlement (Conneller et al., 2012). Several stone tool 

assemblage types appear during the Early Mesolithic, some more long-lived than others. Here we 

simply outline the timing of first and last appearance, relying heavily on the recent geochronological 

modelling work of Conneller et al. (2016) and, more broadly, discuss the geography of the first 

Mesolithic across the British Isles (i.e., leads and lags in the spread of humans across the region).  

Star-Carr-type and Deepcar-type stone tool assemblages (from site 120) appear around 11.5 and 

11 ka cal. yrs BP respectively, lagging the onset of the Holocene by c. 200-300 years, before 

disappearing by roughly c. 9.8 ka cal. years BP (Conneller et al., 2016; Blockley et al., 2018).  In 

general, Star Carr-type and other Early Mesolithic sites (i.e., pre c. 10.5 ka yrs BP) occur first across 

North Yorkshire, East Anglia and southern England (Woodman, 2015), appearing very soon after 

(by at least c. 10 ka yrs BP) on the western shores of England and Wales (Bell, 2007; David, 2007) 

and in lowland Scotland (Lawson 2001; Saville, 2008). The Irish Early Mesolithic significantly lags 

the first evidence of Mesolithic populations in England, Scotland and Wales, with the earliest 

reliable evidence of occupation occurring at 9.75 ka yrs BP (Bayliss and Woodman, 2009) but good 

evidence for continuous occupation from that point in time onwards.  

 

2.6.4.3 Charcoal record 

 

Only two charcoal records included in this synthesis do not extend into the Early Holocene (sites 

124 and 150). Charcoal is present in almost all the available sites (with the exception of 11, 35, 49 

and 54 in Scotland and sites 128, 133, 146, 153 and 193 in England) and has also been reported as 

charcoal bands from 10 sites located across Britain.  

The records are overall spikey or with distinct peaks. Possibly due to the large number of sites, as 

well as the long-lasting nature of this climatic interval no patterns emerged. Some authors state 
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clear increases in fire frequency / intensity in some records (e.g. site 208: “a marked spike in 

charcoal […], this dates to 8600 14C yrs BP (c. 9600 cal. yrs BP)”; Bates et al. 2008; site 184: frequent 

fire nearby, or upstream, in the Early Holocene from 9500 BP up to 8500 BP”; Chambers et al. 1996), 

though in general many records suffer from low sampling resolutions (e.g. sampling at 4-8cm, 

roughly equating to ~300-600 years between samples). However, despite this, phases of increased 

charcoal were evident across multiple records where temporal resolution was ~100 years or less 

between charcoal data points. For those with available chronology, new age-depth models were 

constructed in order to obtain new modelled ages for the charcoal peaks (from the following sites: 

16, 17, 30, 36, 37, 45, 84, 108, 154, 157, 183, 184, 186, 192, 208, 215, 220, 225, and 230). 

Many records produced large, multi-millennial age uncertainties preventing useful comparison, 

while poor chronological control in many of the records has limited the ability to say with 

confidence where these peaks sit temporally. However, it is evident that concurrent peaks can be 

broadly located in a number of sites either at ~10 ka cal. BP (e.g., site 84 as well as sites 173, 174), 

~9.3 ka cal. BP (e.g., sites 36, 77, 88, 108, 208, 230, 220, 186) or both (e.g., sites 16, 30, 45, 66, 154, 

192, 184). Reasonable age estimates were possible for 10 sites across the British Isles, presented in 

Figures 2.5 and 2.6. These ages (light grey) have also been placed into a phase model, 

demonstrating that they overlap (within chronological uncertainty) potentially occurring over an 

interval of between 0-740 years, spanning a period from 9.73-9.12 ka cal. BP (at 1σ). We then 

compared these data against our KDE_Model for archaeological radiocarbon dates (data from 

Bevan et al., 2017), Mesolithic assemblage shifts (from Conneller et al., 2016) and the NGRIP oxygen 

isotope record (Rasmussen et al., 2014).  

The KDE_Model shows that during the timeframe in which the charcoal peaks occur the Deepcar-

type and Star Carr-type stone tool assemblages disappear while we see the biggest peak in 

archaeologically derived charcoal dates (black curve; see Figure 2.6), and the second biggest peak 

when all dates are considered (orange curve), which could suggest large shifts in human intensity 

during this timeframe. Alternatively, these signals could simply reflect the result of archaeological 

research interest, combined with particularly well-studied sites, as noted for the Early Mesolithic 

by Weninger et al. (2009). 

Comparisons with the NGRIP oxygen isotope record show that within the same timeframe the 9.3 

ka BP event is encompassed. The event was first recorded in the Greenland Ice Core record 

(Rasmussen et al., 2007; shown in Figure 2.6), in the British Isles it has also been recorded by isotope 

(Marshall et al., 2007; Whittington et al., 2015) and chironomid (C-IT) based reconstructions 

(Marshall et al., 2007, Lang et al., 2010, Whittington et al., 2015). These studies suggest that the 
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9.3 ka event had at least as significant a climatic impact as the more extensively studied 8.2 ka BP 

event, even though the former may have been much shorter in duration (~50 yrs; Marshall et al., 

2007). The 9.3 ka BP event depressed mean annual temperatures across the British Isles by around 

2˚C (Marshall et al., 2007), whilst there is also evidence to suggest that Corylus and other frost 

sensitive vegetation declined at around this time (Ghilardi and O’Connell, 2013). 

Taken together these data demonstrate that these charcoal depositional events occurred in 

multiple sites at statistically similar ages (within age uncertainty) focused upon c. 9.3 ka BP during 

which there might have been a shift in human intensity on the landscape. That these sites are widely 

distributed across the British Isles means that the coincident increases in charcoal abundance are 

unlikely to derive from site-specific taphonomic processes, and most likely represents higher 

volumes of charcoal production within the landscape. What is also notable is that at sites where 

the charcoal peak is evident, palynological records indicate different catchment vegetation (notably 

a difference between southern England and Scotland). Furthermore, for 6 sites (16, 36, 184, 208, 

220, 223) of the 10 sites there is available information on the ratio between Arboreal (AP) and Non-

Arboreal Pollen (NAP), which is often used as a proxy of woodland cover. In 5 of these (36, 184, 208, 

220, 223) a pronounced shift in the AP/NAP ratio is evident at or just after the charcoal peak, 

implying that fire could have acted as a significant driver of vegetation turnover alongside the 

climate impacts discussed above. 
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Figure 2.5: Occurrence of charcoal peaks at c.9.3 ka BP from selected sites from across the British Isles showing the abrupt 
shift in microscopic charcoal values plotted against depth, note ~1000 years of deposition is shown above and below the 
indicated charcoal peak (apart from site 184). Changes in lithology are also indicated. 

Data from: (16) Fossit (1996), (36) Fossit (1996), (66) Tipping (1995), (88) Robinson and Dickson (1988), (95) Milburn and 
Tipping (1999), (108) Innes et al. (2003), (184) Chambers et al. (1996), (208) Bates et al. (2008), (220) Grant et al. (2014), 

(225) Caseldine and Maguire (1986) 

 



Chapter 2 – Paper I 

44 
 

 

Figure 2.6: The chronology of lithic assemblage has been taken from Conneller et al. (2016) with darker shading 
reflecting increased probability that an assemblage type was in use. Below this is a KDE_Model for archaeology dates & 

charcoal dates (for full dataset see Bevan et al. (2017); a map of all modelled dates is available in the supplementary 
information). The NGRIP oxygen isotope record with the 9.3 ka event is defined after the INTIMATE event stratigraphy 

(Rasmussen et al., 2014). Finally, the results of the OxCal age-depth modelling for age estimate of the indicated charcoal 
peaks presented in Figure 2.5 for individual sites (light grey) and as a Phase Model (dark grey). The Boundary Start and 
Boundary End indicate the estimated span of time charcoal deposition took place considering all sites, all age estimates 

are plotted at 95.4% probability. Note all data have been adjusted to a yrs BP (1950) timescale. 

 

2.7 Discussion 
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2.7.1 Biomass burning during the LGIT in the British Isles 

 

Based on the ubiquity of occurrence of charcoal within the data presented here it seems probable 

that wildfire did play a role during the LGIT of the British Isles. Notwithstanding that possibly not all 

the charcoal corresponds to contemporary fire events, or some of it could be derived from hearths, 

our findings indicate that wildfire was most likely a common component of the British Isles’ 

palaeolandscape.  

The increase of charcoal values during millennial scale warming has been very well documented 

worldwide (Power et al., 2008) and in the British Isles (see Figure 4 in Hawthorne and Mitchell, 

2018). However, of special interest to note here is the identification of robust fire events (see 

Higuera et al., 2009; Blarquez et al., 2013) during GS-2.1a in Ireland (Hawthorn and Mitchell, 2016) 

as well as the presence of charcoal, and in particular, with high values, during the cold intervals GS-

2.1a and GS-1.      

Our understanding of fire ecology during glacial times is incomplete. Not precluding the fact that 

some of the charcoal evidence presented during the cold intervals may be a result of reworking, it 

is important to note that studies do show the occurrence of wildfire, albeit limited, during glacial 

times globally (e.g. Power et al., 2008; Daniau et al., 2012) as well as more regionally (Carcaillet and 

Blarquez, 2017). Enhanced seasonality or aridity could have promoted wildfire during these cold 

intervals (Isarin et al., 1998; Denton 2006). Notwithstanding that vegetation was likely limited 

during both cold intervals in the British Isles, findings from another geographic region and from 

another time interval hint that it is likely that there has been at least some vegetation capable to 

promote wildfire in the British Isles, maybe even close to glaciers: e.g. Zale et al. (2018), 

demonstrate the existence of plants on supraglacial debris in Scandinavia, and Froyd (2005) shows 

the presence of Pinus through fossil stomata despite it not being evident in pollen records in the 

Early Holocene. 

 

2.7.2 Potential Wildfire Drivers and comparisons to the continental record 

 

Most of the studies included in this synthesis contain palynological data. Some studies have 

specifically examined the relationship between charcoal deposition and specific pollen types 

(Edwards et al., 1995; Froyd, 2006; Grant et al., 2014), though these are generally the exceptions. 

Albeit not an exhaustive list, we now refer to the most commonly associated taxa with fire in the 
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British Isles. It has, for example, been postulated that the only tree species susceptible to burning 

in the British Isles is Pinus (Rackham, 1986) and that Pinus might be pyrophilous (Bradshaw, 1993). 

However, Pinus pollen is not correlated with charcoal abundance in the British Isles and in some 

cases thrives during periods with low charcoal values (e.g., Bradshaw and Browne, 1987; Froyd, 

2006; Grant et al., 2014). Calluna vulgaris, which commonly forms the ground-layer in Pinus 

woodlands as well as being an important component of heathlands, has in some cases been 

correlated with charcoal (Froyd 2006; Grant et al., 2014). However, this relationship was 

inconsistent across all sites studied by Edwards et al. (1995) in the Outer Hebrides. Another taxon 

that has been closely examined in relation to fire is Corylus (e.g., Smith, 1970; Edwards, 1990); 

however, no consistent relationship has been established here either. For example, in some cases 

Corylus pollen and charcoal appear to co-exist (sites 4, 8, 9 and 12), while in other sites Corylus 

pollen is present in the absence of- or in records containing limited charcoal (sites 61 and 120). In 

other sites once Corylus establishes charcoal values become very low (sites 75 and 85), or there 

appears to be no association between their values (41, 48, 52, 62, 108, 180, 184, 220 and 230).  

Thus, although vegetation may have played a role on a local scale, these regional inconsistencies 

indicate that wildfire has not been primarily controlled by, or promoted, a certain vegetation type 

(at least distinguishable within the pollen record). Further evidence to attest to this is the clustering 

of radiocarbon dates from woody charcoal fragments for the Pitstone soil, during the later stages 

of GI-1 (Figure 2.4), which in conjunction with the very similar age distribution results reached by 

Keiser et al. (2009) imply contemporaneous burning on different woodland ecosystems across a 

broad geographical area (section 2.6.2). Moreover, during the 9.3 ka charcoal peak the vegetation 

in most sites is in a different stage of successional and migration development, yet all show an 

enhanced burning signal within a short temporal window (section 2.6.4). These facts in conjunction 

with the inconsistencies highlighted above imply that vegetation was probably not the primary 

driver of wildfire regimes on a regional scale throughout the LGIT.  

With regards to anthropogenic activity as a key driver of fire regimes, it is overwhelmingly likely 

that throughout the LGIT, Upper Palaeolithic and Mesolithic populations occupying the British Isles 

would have had a strong working knowledge of fire. Charcoal records are often described alongside 

lithics or as part of hearth or ‘hearth-like’ features. Hearths have been described alongside 

Creswellian and Federmesser archaeology in England (e.g., Jacobi and Roberts, 1992; Roberts, 1992; 

1996) and also flint tools and bone noted as burnt, thus reflecting activities taking place in 

association with fire (e.g., Cooper, 2002; Barton and Roberts, 1996). A microscopic charcoal peak 

occurring in a lacustrine record from Star Carr, Yorkshire (site 120) and dating to GI-1 has been 



Chapter 2 – Paper I 

47 
 

attributed to Upper Palaeolithic occupation of the site (Day, 1996). Some evidence also exists for 

hearths (Conneller, 2007) or hearth-related activities (Cooper, 2006) during phases of GS-1. The 

onset of the Mesolithic sees much richer evidence for potential human-induced fire from across the 

British Isles. Evidence for the use of fire in the Early Holocene includes not only fireplace activities 

but also larger-scale intentional landscape burning from both upland and lowland areas. The first 

and/or last appearance of archaeology at a site is often intimately associated with evidence of fire; 

for example, two increases in microscopic charcoal, overlying a flint-flake at Newlands Cross in 

Ireland were likely attributable to Mesolithic peoples undertaking prescribed burning (Preece et al., 

1986). In the Severn Estuary, a thin band of charcoal-rich clay separates estuarine sediments from 

an underlying inundated Mesolithic soil (Caseldine, 2000). Evidence for the burning of waterside 

reedswamp and shrubs has also been suggested for other lowland sites in England, Wales and 

Ireland (e.g., Bell, 1999; Barnett 2009; Mossop and Mossop, 2009; Fyfe et al., 2003). Upland areas 

may have also been exploited, for example Smith and Cloutman (1988) put forward circumstantial 

evidence for the maintenance of upland heathland in the Black Mountains in S Wales c. 8000 ka BP 

via episodic burning. The use of fire ecology from England, in the Pennines has also been proposed 

(Jacobi, 1976).  

Anthropogenic burning during the Mesolithic could also have been used to maintain more open 

landscapes and promote the growth of flora such as nuts, fruits and shrubs to aid subsistence 

(Zvelebil, 1994), as well as aiding the hunting of large game (Mellars, 1976; Simmons, 1996; Walker 

et al., 2006). Some of the most compelling evidence of human induced fire-ecology from the Early 

Holocene comes from Star Carr (site 122), where exceptional preservation and decades of 

investigations have revealed much about human-fire manipulation of the environment (see Mellars 

and Day, 1998), permitting burning to be placed temporally against archaeological and 

environmental events during the Early Holocene (Blockley et al., 2018).   

Therefore, the available evidence supports that Palaeolithic and Mesolithic populations utilised 

fires through the LGIT. However, in the case of GS-2.1a and GS-1, although charcoal abundances 

are often found to be high, there is limited evidence for substantial human activity across the British 

Isles. It is therefore unlikely that charcoal preserved in sediments of this age derive primarily from 

anthropogenic ignition. For GI-1, charcoal is prominent in Ireland when humans were absent, while 

in Britain the geographical distribution of the available records does not correlate with the known 

geographical extent of human occupation (see Figures 11 and 12 in Jacobi and Higham, 2009), 

notably in regions of the Scottish mainland and Isles (e.g. the Orkneys, Hebrides, and Shetland) 

where associated archaeology is sparse (Ballin et al., 2018), while no direct link between human 
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density and wildfire expression is evident  based on the findings from the Pitstone paleosol (Figure 

2.4). 

The available evidence thus suggests that wildfire, at the regional scale, would have been at least 

in part controlled by climate within the British Isles during the LGIT. Burning during GS-2.1a can be 

more confidently related to sub-orbital forcing given there is no evidence for humans in either 

Britain or Ireland at this time. The patterns identified during GI-1 could be related with the multiple 

climatic oscillations. Dating uncertainties surrounding the evident peaks in the records preclude a 

direct relationship to be inferred. However, cumulative probabilities for charcoal found in the 

Pitstone soil in SE England indicate enhanced burning during the latter part of the interstadial (13.5-

12.9 ka BP). This may be related to a period known as pre-Younger-Dryas warming, and thus may 

correspond to enhanced burning during centennial scale warming, which likely increased the net 

primary production and fuel availability. On the other hand, it is also likely that the various 

ecosystems responded differently to the multiple oscillations and ameliorations recorded within 

this interstadial, reaching tipping points at different timings, if at all. The phases of episodic burning 

suggested during GS-1 may be related to a more arid hydroclimatic regime (e.g., Bohncke et al., 

1988; Bohncke, 1993). For example, it is possible that the abrupt onset of cold conditions with the 

onset of the GS-1 led to increased tree mortality which in turn increased woody fuel availability and 

might have, in conjunction with enhanced aridity (Isarin et al., 1998; Rach et al., 2014), promoted 

wildfires.  

With regards to the Early Holocene, the plethora of available records implied some common 

patterns that could be related to climate. However, humans being active in the landscape utilising 

fire do add complexity to disentangling primary drivers of wildfire at this time. Nevertheless, with 

regards especially to the 9.3 ka BP event, the pronounced shift in charcoal values identified from 

dated sites from across the British Isles suggest at least a partial climatic control. Interestingly, a 

significant increase in burning has been related to the 9.3 ka BP event from across the North Sea at 

localities in Belgium and the Netherlands (Crombé, 2016), and alongside concurrent climate, fluvial 

and vegetation shifts, has been suggested as a potential trigger of the sociocultural shift seen 

between Early and Middle Mesolithic stone tool technologies in this region (Robinson et al., 2013; 

Crombé, 2018). Therefore, our findings fit with the growing evidence for enhanced wildfire regimes 

from Northern Europe (Crombé, 2016) associated with this abrupt climatic oscillation. In these 

instances, desiccating Pinus forest is attributed to the change in fire regimes, providing high 

volumes of flammable material with which to catalyse burning. Similar mechanisms could also 

explain the rise in fire regimes in the British Isles with the decline in Corylus woodland increasing 
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fuel availability. A climatic control for wildfire has also been proposed by Grant et al. (2014) for the 

Early Holocene at Cranes Moor, Hampshire (Site 220), via a strong correlation between 

reconstructions of Bog Surface Wetness (BSW) and reconstructed fire frequency. Studies looking 

into wildfire drivers in Sweden (Olsson et al., 2010) and Fennoscandinavia (Clear et al., 2014) for 

the same timeframe (i.e., broadly the Early Holocene) also suggest a climatic control. Finally, the 

same result was reached by a modelling study (Molinari, et al., 2013), which although identified 

humans as the dominant driver of wildfire regimes for the entirety of the Holocene, suggested that 

Early Holocene fire regimes were controlled by climate for the British Isles and mainland Europe. 

 

2.8 Key Findings 

 

Our synthesis of charcoal data from 238 sites in the British Isles spanning the LGIT showed the 

widespread occurrence of charcoal. No wide charcoal-free areas have emerged within the coverage 

of the available records. Our synthesis is the first that considers the whole of the British Isles for 

the entirety of the LGIT, and clearly illustrates the possibility that wildfire was an important 

component in conditioning the palaeolandscape of the British Isles for the entirety of the LGIT and, 

critically, during periods (and in areas) where humans were absent. Specifically, there have been 

four principal findings: 

1) high charcoal values during GS-2.1a that cease with the onset of the initial Interstadial 

warming at c. 14.7 ka cal. BP; 

2) spikey or distinct peaks in charcoal records spanning GI-1, as well as enhanced landscape 

burning during the latter stages of the Interstadial (~13.5-12.85 cal ka BP);  

3) high charcoal values during GS-1; and  

4) multiple charcoal peaks in the Early Holocene with a coincident large peak identified in 

multiple sites across Britain at ~9.3 ka cal. BP   

High charcoal values have been previously noted for certain parts of the LGIT (e.g., Lateglacial: 

Edwards et al., 2000; postglacial: Chambers et al., 1996) and although in many individual cases 

reasons to explain this have been postulated, robust relationships have yet to be established. 

However, the common patterns identified in conjunction with the absence of humans for certain 

periods and regions suggest a climatic control. 
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The findings of our synthesis highlight a gap in our knowledge by adding to a long-going debate on 

the importance of fire in temperate oceanic and periglacial climate-landscapes. Notions that the 

British landscape does not naturally burn are incorrect. 

 

2.9 Ten research priorities for understanding better palaeofire drivers in the 

British Isles 

 

In light of our synthesis, and the questions raised within, we finish here with ten research priorities 

which we believe will improve our understanding of palaeofire for the British Isles and similar 

regions. Some of the points below may be expensive, both analytically and financially, we therefore 

recommend that they are standard considerations in large projects, where feasible. 

1. Workers researching the LGIT should routinely quantify charcoal content, ideally contiguously 

to allow reconstruction of fire return intervals and reduce the risk that short-lived intervals of 

past burning are not overlooked (e.g., Grant et al., 2014; Hawthorne and Mitchell, 2016).  

2. Charcoal records should, wherever possible, be tied with parallel biological (e.g., pollen, plant 

macrofossils), lithological (e.g. Loss on ignition) and climatic (e.g. stable isotopes, C-ITs) proxies. 

This allows both local and extra local factors that cause or constrain landscape fire over the 

British Isles to be better understood. In particular, this is critical for understanding the 

relationship of fire to short-lived climatic episodes, and also the role of fire during periods of 

abrupt climatic change and resultant ecological shifts. 

3. To better understand the relationship between fire and abrupt climatic events targeted dating 

of events that could potentially allow disentanglement of potential coeval events is needed. 

Where radiocarbon dating is undertaken multiple determinations should be sought on suitable 

short-lived material to allow Bayesian approaches to constrain the age of dated events.  

4. In order to better understand millennial and sub-millennial palaeofire patterns robust high-

resolution chronologies will be required, in particular for determining precisely any leads and 

lags in fire across the British Isles, which could help reveal climate vs human driven fire regimes. 

The application of tephrochronology used alongside traditional geochronological techniques 

such as radiocarbon may assist in testing these hypotheses (Blockley et al., 2014).           

5. Less attention has been focused on understanding palaeofire from more complex sedimentary 

environments such as fluvial or alluvial deposits. Although understanding burning over several 
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millennial is often difficult (if not impossible) from these types of records, we wish to underline, 

as have other workers (e.g., Scott et al., 2017) that these records often contain larger charcoal 

fragments. This can allow rich information about palaeo-fire regimes to be gained utilising 

techniques that require larger charcoal pieces, including identifying the fuel sources being 

burnt (see point 6 below). 

6. Charcoal is information rich and techniques developed within the discipline of coal geology are 

currently being underutilised within Quaternary Science charcoal studies (Scott, 2010). 

Charcoal reflectance can allow the minimum charring temperatures to be assessed (Scott, 

1989; Jones and Chaloner, 1991; Scott and Jones, 1994; McParland et al., 2009) and thus 

inferences on past fire regimes (Scott, 2010; Hudspith et al., 2015) and even archaeological 

formation (McParland et al., 2009) to be made. 

7. Macrocharcoal can help identify what the fuel source was, which can be particularly important 

for when considering what flora might encourage increased flammability. This can be achieved 

via microscopy and/or Scanning Electron Microscopy (SEM) that can allow botanical 

identification. Utilization of charcoal morphotypes could also provide information on what was 

burning (Mellars and Dark, 1998; Jensen et al., 2007; Aleman et al., 2013; Mustaphi and Pisaric, 

2014; Crawford and Belcher, 2014). 

8. Increased use of more novel proxies of fire in the British Isles, in particular polyaromatic 

hydrocarbons (PAH) biomarkers (Chiverrell et al., 2008), may again reveal more about fire 

regimes. Other methods currently in development, for example Fourier Transformed Infrared 

Spectroscopy, also show great potential (Gosling et al., 2019).  

9. More research is needed to understand if charcoal records from different sedimentological 

contexts (i.e., peat, lakes, loess, soils) are comparable and can thus be used to infer past wildfire 

activity on regional and extra-regional scales (e.g. Robin et al., 2013; Florescu et al., 2018; 

Hawthorne et al., 2018). 

10. Finally, modelling studies incorporating palaeoclimatic, vegetation, and human population data 

in ecosystem modelling could significantly aid in quantitatively disentantingling the effects of 

each driver (e.g., Molinari et al., 2013).  

 

2.10 Acknowledgements 

 



Chapter 2 – Paper I 

52 
 

This work has been part of doctoral research funded by a University of Portsmouth bursary. The 

authors would like to thank the Global Palaeofire Working Group (phase 2) for fruitful discussions, 

and Ian Matthews, Zoë Hazell, Rupert Housley for discussions and comments. The authors would 

also like to thank both reviewers for useful and helpful comments which have improved the 

manuscript and Paul Carter for his help with GIS and map plotting. 



Chapter 3 – Paper II 

53 
 

Chapter 3 

 

Paper II 

 

3.1 Introduction to Paper II 
 

One of the limitations of Paper I was the absence of numerical analyses on the collated charcoal 

records. This was mainly due to the variety of methods used to extract and report the charcoal. A 

quick literature review revealed that even for a certain method, e.g., wet-sieving for macroscopic 

charcoal, a plethora of variations existed in the literature. This caused confusion, especially with 

the prospect of producing new charcoal records within this thesis (see Chapter 4).  

A common and perhaps safe option could be sodium hexametaphosphate (NaPO3)6, which is often 

used in lacustrine sediments. However, sites that span the LGIT in the British Isles often include 

peat, which is hard to break down. During deflocculation, it is important that the sediments break 

down sufficiently, so that wet-sieving takes place with minimal physical effort, which otherwise can 

harm the brittle charcoal fragments. Therefore, a much stronger chemical would have to be used, 

leaving open questions regarding how accurate the obtained charcoal values would be.  

Only one study had assessed chemical effects on the charcoal, investigating only hydrogen peroxide 

(H2O2) and concluding that it should not be used, while there was no information on sodium 

hypochlorite (NaClO), despite its wide use. Nevertheless, pilot studies in the lab showed that H2O2 

often caused individual fragments to swell, while fragments in NaClO sometimes fragmented and 

usually shrunk. It was therefore decided to carry out a systematic assessment of the chemicals, 

incorporating both modern and fossil charcoal. To that end, the access to sufficient material from 

Sluggan Bog, where several large monoliths had been taken, was invaluable.  

The paper was published in Quaternary Research, demonstrating that the use of different chemicals 

can cause statistically significant differences in charcoal obtained, and therefore encouraging the 

adoption of a common protocol, or at least the adoption of the least destructive chemicals. 

Reference: Tsakiridou, M., Cunningham, L., Hardiman, M., 2021. Toward a standardized procedure 

for charcoal analysis. Quaternary Research, 99, 329-340. doi:10.1017/qua.2020.56  

Contributions of named authors: 

M. Tsakiridou – wrote the paper, designed and carried the experiments, statistical analyses  

Dr L. Cunningham – offered guidance on statistics, experimental design and acted as a 

reviewer 

Dr M. Hardiman - came up with the general concept, ensured access to the Sluggan Bog 

material and acted as a reviewer 
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3.2 Paper II Title and Authorship 
 

Toward a standardized procedure for 

charcoal analysis 

 

Margarita Tsakiridoua*, Laura Cunninghama, Mark Hardimana 

aSchool of the Environment, Geography and Geosciences, University of Portsmouth, Portsmouth, 

PO1 3HE, Hampshire, UK 

 

3.3 Abstract and Keywords 

 

Sedimentary charcoal records are used for understanding fire as an earth system process; however, 

no standardized laboratory methodology exists. Varying sample volumes and chemical treatments 

(i.e., type of chemical for length of time) are used for the deflocculation and extraction of charcoal 

from sediment samples. Here, we present the first systematic assessment of the effect of commonly 

used chemicals on charcoal area and number of fragments. In modern charcoal the area of 

fragments was significantly different depending on the chemical treatment. We subsequently 

applied H2O2 (33%), NaClO (12.5%), and HNO3 (50%) to a late-glacial–early Holocene palaeorecord 

and tested different sample volumes. The effects of the treatments were consistent between 

modern and fossil experiments, which demonstrates the validity of applying results from the 

modern experiment to the fossil records. Based on our experiments we suggest (1) H2O2 33%, 

especially for highly organic sediments; (2) avoidance of high concentrations of NaClO for prolonged 

periods of time, and of HNO3; and (3) samples of 1 cm3 provided typically consistent profiles. Our 

results indicate that charcoal properties can be influenced by treatment type and sample volume, 

thus emphasizing the need for a common protocol to enable reliable multi-study comparisons or 

composite fire histories. 

Keywords: Fire; Charcoal; Fire History Reconstructions; Peat; Chemical treatments; Methodology 
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3.4 Introduction 

 

A variety of wildfire proxies are preserved in sedimentary records (Conedera et al., 2009; 

Hawthorne et al., 2018), with charcoal universally used for understanding past wildfire occurrence 

(see Brown and Power, 2013; Aleman et al., 2018). Charcoal is the relatively chemically inert 

product of the incomplete combustion of organic matter (Scott, 2010) and has been shown to be 

relatively resistant to compression and fragmentation (Chrzazvez et al., 2014). As such, charcoal is 

well preserved within sedimentary records and thus can be used to reconstruct wildfire activity on 

a variety of spatiotemporal scales (e.g., Power et al., 2008; Florescu et al., 2018). 

To date, however, no standardized methodology has been developed for the extraction of charcoal 

from sediments (Whitlock and Larsen, 2001; Conedera et al., 2009; Halsall et al., 2018), although 

various protocols have been suggested (e.g., Winkler, 1985; Rhodes 1998; table 1 in Whitlock and 

Larsen, 2001). The most common technique employed is the counting of macroscopic charcoal (i.e., 

>125 μm). This fraction of charcoal is extracted from a known volume of sediment through 

deflocculation and wet sieving, followed by quantification of fragments under a stereomicroscope. 

If the deflocculant has no bleaching effect, another optional step of “bleaching” with a chemical 

agent is sometimes added to degrade the non-charred organic fraction and thus aid the 

identification of charcoal fragments (Whitlock and Larsen, 2001). 

Various chemical treatments are used for the deflocculation and/or bleaching of sediments (Table 

A3.1); however, there is contradictory information as to the effects of different treatments on the 

charcoal. For example, hot concentrated nitric acid (HNO3) was one of the first chemicals suggested 

for the digestion of organic matter and thus isolation of the charcoal (Swain, 1973; Singh et al., 

1981; Winkler, 1985). Winkler (1985) found no charcoal loss in concentrated HNO3; however, Kurth 

and colleagues (2006) reported 80% loss (Figure 1 in Kurth et al., 2006). Rhodes (1998) 

recommended the use of hydrogen peroxide (H2O2) based on White and Hannus’s (1981) findings 

that treatment in 6% H2O2 did not cause any loss of charcoal. Kurth and colleagues (2006) also 

reported 100% recovery of charcoal left in 30% H2O2 for 30 days. In contrast, Schlachter and Horn 

(2010) found the loss of fossil charcoal increased with increased concentrations of H2O2, even 

though the concentrations studied were relatively weak (1–8%). Other chemicals used to extract 

charcoal include sodium hexametaphosphate (NaPO3)6, sodium metaphosphate (NaO3P), 

potassium hydroxide (KOH), and sodium hypochlorite (NaClO) (see Table A3.1); however there has 

been no systematic review of how these chemicals may influence the amount and/or size of the 

charcoal recovered.  
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Analyses of both lacustrine and bog sediments suggest that sediment sample size may also 

influence results. Carcaillet and colleagues (2001) demonstrated that 1 cm3 of sample volume can 

provide replicable charcoal series within partially laminated lacustrine sediments. However, 

Schlachter and Horn (2010) found high variability in charcoal content within horizontally adjacent 

samples using the same sample volume, although the overall charcoal profiles were correlated. 

Other sample volumes have also shown mixed results for lacustrine sediments (Higuera et al., 2010; 

Feurdean et al., 2012). Peat archives are often used for reconstructing past wildfire occurrence 

(Mooney and Tinner, 2011); however, to the best of our knowledge only one study has assessed 

representative sample volume in bogs (Feurdean et al., 2012), despite the fact that charcoal 

recruitment and accumulation varies between bogs and lakes (see Conedera et al., 2009; Rius et 

al., 2011; Feurdean et al., 2012; Remy et al., 2018). Comparing charcoal data obtained from 1 cm3 

and 40 cm3 sample volumes of peat indicated that 1 cm3 sample volumes did not produce consistent 

charcoal counts at one of the two sites tested (Feurdean et al., 2012). 

This paper addresses the above concerns by assessing: (1) how common chemical treatments affect 

charcoal number and particle size, and (2) whether 1 cm3 samples provide replicable charcoal data 

in correlative samples. We first quantify the effect of the most widely used chemicals on laboratory-

produced charcoal. We used a subset of these chemicals to extract charcoal from selected intervals 

of a late-glacial–early Holocene sequence from Sluggan Bog, Northern Ireland (Irish Grid Reference: 

S 099 921; Lowe et al., 2004; Walker et al., 2012). The latter exercise also allowed the replicability 

of the charcoal data and thus the representativeness of the sample volume to be assessed. Finally, 

we provide recommendations for choosing the best chemical treatment based on the various 

sediment types encountered in our experiment. The implications of using different chemicals on 

fossil material, especially in regard to the comparability of published findings, is also discussed. 

 

3.5 Methods 

 

3.5.1 Modern charcoal 

 

Area (e.g., mm³, cm¯³) is currently regarded as the best metric for the quantification of charcoal (Ali 

et al., 2009; Leys et al., 2013; Crawford and Belcher, 2016), especially when estimated via image 

analysis (Conedera et al., 2009; Leys et al., 2013; Halsall et al., 2018). As such, here we 

predominantly focus on how chemical treatments influence charcoal area but support this with 
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data on the number of charcoal fragments as discerned by image analysis. Standardized charcoal 

samples produced in laboratory conditions were used to determine how chemicals commonly used 

to extract macroscopic charcoal affect charcoal area or numbers. Charcoal was produced from a 

softwood (Pinus sylvestris) and a hardwood (Quercus robur) and heated to either 400°C and 800°C 

and from grass, common cat’s tail (Phleum pratense), heated to 400°C. These five charcoal types 

were used to mimic the variability that is typically present in sedimentary archives. The source 

materials were placed in bespoke steel tubes designed to exclude oxygen yet allow the release of 

volatile gases from heated organic material. The steel tubes were placed in a preheated 

Nabertherm muffle furnace, left for 60 minutes, and then removed and allowed to cool. The 

charring method and equipment follows that of McParland and colleagues (2007, 2009, 2010) and 

Scott and Glasspool (2005, 2007). 

The resulting charcoal was smashed with mortar and pestle and wet sieved in order to isolate the 

125–250 μm fraction, as this fraction is the dominant fraction in typical sedimentary archives 

(Halsall et al., 2018). Furthermore, using a specific size fraction is likely to produce more consistent 

results. The charcoal was then placed in a beaker, submerged in H2O, and left for a minimum of 30 

days to ensure it was waterlogged. The beaker was covered with tin foil to avoid evaporation. After 

reviewing the literature (see Table A3.1), the chemicals tested were sodium hexametaphosphate 

(NaPO3)6 20%, potassium hydroxide (KOH) 10%, nitric acid (HNO3) 50%, sodium hypochlorite 

(NaClO) 2.5% and 12.5%, and hydrogen peroxide (H2O2) 8% and 33% (Table 3.1). The concentrations 

were typically at the high end of the range reported in the literature (e.g., H2O2 33%) or exceeded 

reported concentrations (e.g., NaClO 12.5%). This was to ensure that they would successfully 

disaggregate even highly organic sediments. Lower concentrations of H2O2 8% and NaClO 2.5% 

were also used, to assess whether the lower concentrations resulted in less damage to charcoal. All 

chemicals were laboratory grade and from freshly opened bottles, as suggested by Schlachter and 

Horn (2010). For each chemical treatment, 10 replicates were tested. For each replicate, 

approximately five pieces of each of the five types of charcoal were placed in a small gridded petri 

dish, the test chemical was added, and a lid was placed on top to avoid evaporation. The charcoal 

was exposed to the test chemical for either 24 or 48 hours (see Table 3.1), based on published 

studies (see Table A3.1). These cut-off points were the most common treatment times used and 

relatively time efficient. For each of these time periods, a separate control set of 10 replicate 

samples (set up as above but with distilled water [H2O]) was used.  

Samples were photographed under the microscope as a series of overlapping squares (Crawford 

and Belcher, 2014) immediately after the addition of the chemical or H2O and then at pre-

https://www.sciencedirect.com/topics/social-sciences/oxygen
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determined time steps. The overlapping pictures were reconstructed in Photoshop to form each 

original petri dish exactly as it was at the time it was photographed. All 50 pictures for each chemical 

or H2O (5 time steps * 10 replicates) were then imported into ImageJ (Abràmoff et al., 2004; 

Schneider et al., 2012), where they were batch processed with a macro that turned them all into 8-

bit greyscale and a threshold of 160 greyscale was applied before analysing the remaining particles. 

The comma-separated values (CSV) output recorded information for all fragments and was 

imported into R (R core team, 2018) to obtain sums of the area and numbers of the charcoal 

fragments and organize these results into time steps. 

 

Table 3.1: Treatments, their chemical type and concentrations used in this study. Mean standardized area across all time 
steps, standard deviation and overall timespan for each treatment also given. 

 Treatment Chemical 
Type 

Concentration Mean 
Area 

Standard Deviation 

4
8

 h
 

Sodium 
Hexametophosphate 

(NaPO3)6 20% 1.95 1.11 

Potassium Hydroxide KOH 10% 1.65 1.08 
Nitric Acid HNO3 50% 1.38 0.81 

Hydrogen Peroxide H2O2 8% 0.99 0.57 
Hydrogen Peroxide H2O2 33% 2.05 1.19 

Water Control H2O n/a 0.72 0.41 

2
4

 h
 Sodium Hypochlorite NaClO 2.5% 0.06 0.62 

Sodium Hypochlorite NaClO 12.5% -1.27 0.94 
Water Control H2O n/a 0.24 0.26 

 

 

3.5.2 Fossil charcoal 

 

To evaluate the results of the modern experiment in a real-world context, we sampled a monolith 

from Sluggan Bog, Northern Ireland (Lowe et al., 2004; Walker et al., 2012). We identified three 

time periods of interest and sampled in contiguous 1 cm depth intervals centred around previously 

identified charcoal peaks. Nine samples were collected from each depth interval using a 3 × 3-cm 

grid pattern, which was used to systematically assign the samples to the three chemical treatments 

(Figure 3.1). Levels 1–9 span the early Holocene (EH: post-11.65 ka cal. BP), Levels 10–18 span the 

Younger Dryas (YD/GS-1: 12.85–11.65 ka cal. BP), and Levels 19–27 span the late-glacial interstadial 

(LGI/GI-1: 14.65–12.85 ka cal. BP) (Rasmussen et al., 2014). Although limited charcoal had been 

retrieved from the Younger Dryas levels as compared to the late-glacial interstadial and early 
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Holocene levels in the study of Walker and colleagues (2012), these levels were included here 

because they provided the opportunity to evaluate the effect and efficiency of the chemical 

treatments for charcoal extraction from clay/lacustrine matrices (see Figure 3.1). 

Three sequences were analysed with NaClO 12.5%, H2O2 33%, and HNO3 50% (see Figure 3.1). These 

chemicals were selected from those tested in the modern experiment because they all have both 

bleaching and disaggregating effects yet had markedly different effects on charcoal area.                 

Additionally, preliminary tests on material from Sluggan Bog suggested these treatments might  be 

capable of adequately breaking down the sample matrix such that minimal physical pressure was 

needed for the remaining lumps of material to be disaggregated within the desired time frame. The 

samples were submerged in these chemicals for the total duration of modern charcoal experiments 

(24 hours for NaClO 12.5% and 48 hours for H2O2 33% and HNO3 50%), then wet sieved. 

A selection marquee provided by the software of the microscope camera was used to isolate and 

photograph the charcoal fragments encountered under the microscope rather than photographing 

the grid squares of the petri dish (as with the modern experiment). This was because the early 

Holocene and late-glacial sediments were highly organic, with high amounts of dark material. It was 

thus likely that very low thresholds would have to be used in ImageJ (Abràmoff et al., 2004; 

Schneider et al., 2012), which could potentially have led to not accurately capturing all charcoal 

fragments. Also, because the different chemicals used had varying success in bleaching the 

sediments, different thresholds were needed among the sequences, which could potentially hinder 

the direct comparability of results among samples. Therefore, the selection marquee enabled the 

same threshold to be used with the modern charcoal and the nine adjacent sequences. The pictures 

of the individual charcoal fragments photographed for each sample were imported into ImageJ 

(Abràmoff et al., 2004; Schneider et al., 2012) and batch processed with the same macro as in the 

modern experiment (i.e., they were turned into 8-bit greyscale and a threshold of 160 greyscale 

units was applied before analysing the remaining particles); a CSV output was then created for each 

sample. All CSVs were imported into R (R core team, 2018) to obtain sums of the area and numbers 

of charcoal fragments and organize these results into samples. 
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Figure 3.1: (A) Sluggan Bog monolith indicating lithological matrices and the levels (n = 27) with charcoal sampled from 
the nine adjacent fossil sequences. (B) Above view of the monolith indicating the spatial arrangement of the nine 
adjacent sequences. The chemical treatments applied to the sequences in a linear fashion in sets of three are also 

indicated. 

 

3.5.3 Statistical analyses 

 

3.5.3.1 Modern charcoal 

 

The data were normalized by subtracting the mean and then dividing by the standard deviation of 

the 10 replicates in the first time step within each chemical. To quantify the significance of the 

change among treatments within the various time steps, mixed between-within subjects analyses 

of variance (ANOVAs) were implemented in SPSS. The analyses were implemented separately for 

the 6 h batch (both concentrations of NaClO and a H2O control set) and the 12 h batch ((NaPO3)6, 

KOH, HNO3, both concentrations of H2O2, and the second H2O control set). We then used one-way 

repeated measures ANOVAs to disentangle the effects of the chemical and the duration of exposure 

by assessing: 

1. whether the chemical used had a significant effect at different time steps, or 
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2. whether the chemical used had a significant effect among the time steps within each 

treatment. 

We were particularly interested when significant differences between the water and chemical used 

occurred. Our null hypothesis was that no significant differences in area would be observed. The 

alternative hypothesis stated that charcoal area would differ between the chemical treatments, the 

time steps, or any combination of these. 

 

3.5.3.2 Fossil charcoal 

 

To test the effect of treatment on charcoal area and to account for the nested design in the fossil 

experiment and the non-normal data obtained, a Generalized Linear Mixed Model was fitted on 

log-transformed data (log(x+1)) using R-package lme4 (Bates et al., 2014). The nested design was 

used as the random factor. To explore the representativeness of the 1 cm3 samples, we tested 

whether increasing volume (i.e., a 2 cm3 sample) would yield charcoal data comparable to the 

results obtained from the 1 cm3 sample. For this reason, Spearman’s rank correlation was 

implemented for the 1 cm3 samples and the composite (i.e., sum) area of charcoal in the two 

horizontally adjacent samples analysed with the same chemical. To avoid inflation of correlation 

coefficients due to the presence of zero values (Pimentel, 2009), when a sample lacked any charcoal 

(and thus had a zero value), samples from the same depth that had been treated with the same 

chemical were not included in the correlation analysis. 

 

3.6 Results 

 

3.6.1 Modern charcoal 

 

The area of charcoal differed significantly depending on which chemical and time step were 

considered (Figures 3.2 and 3.3). An increase in charcoal area was evident between the first and 

final time step (Tables A3.2–A3.3) for the majority of the chemical treatments used in this study 

((NaPO3)6 20% ca. 49% increase, HNO3 50% ca. 46% increase, KOH 10% ca. 39% increase, H2O2 8% 

ca. 29% increase, and H2O2 33% ca. 62% increase), and to a lesser extent for the 12-h H2O control 
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(ca. 14% increase). The increase in area is most pronounced between T0 and T1, with a significant 

difference observed for all chemicals in the 12-h batch. After the initial increase, the area of the 

samples is relatively  constant in the remaining time steps. A marked decrease in charcoal area 

occurred in the NaClO treatments between the first and final time steps (2.5% ca. −28%; 12.5% ca. 

−51%), particularly in the 12.5% concentration, where high charcoal numbers suggest 

fragmentation (Figure A3.1, Table A3.1). The number of charcoal fragments also increased between 

T0 and T1 for most treatments (H2O2 8% ca. 2% and 33% ca. 17%; (NaPO3)6 20% ca. 2%; NaClO 2.5% 

ca. 17%, and 12.5% ca. 16%), albeit generally by a smaller magnitude than area (see Figure A3.2). 

Numbers remained relatively constant for KOH 20% and HNO3 50%, both between T0 and T1 (ca. 

3% and 0.5% respectively) and throughout the experiment (ca. 3% and 1% respectively). Both 

controls showed consistent decreases between T0 and T1, but numbers increased from T2 to T4 

resulting in final numbers that were similar to start values. 

Significant interactions were observed between treatment and time in both the 12-h and 6-h 

batches. In the 12-h batch (see Figure 3.2, Tables A3.2, A3.4), no significant differences were 

observed until T2, when H2O2 33% and (NaPO3)6 20% became significantly different from the H2O 

control. In T3, H2O2 33%, (NaPO3)6, and KOH were different from the H2O control, and in T4, H2O2 

33% and KOH were different from the H2O control. In T4, H2O2 8% became significantly different 

from H2O2 33% and HNO3 50%. In the 6-h batch (see Figure 3.3, Tables A3.3, A3.5), NaClO 12.5% 

had significantly smaller charcoal areas in T2, T3, and T4 relative to NaClO 2.5% and H2O. In T4, the 

charcoal area observed in NaClO 2.5% also became significantly less than that of the control. For 

NaClO 2.5%, the final time step (T4) was significantly different from the preceding time steps with 

the exception of T0 (due to the large variation seen in the latter). A significant difference with time 

was also seen within NaClO 12.5%, with the first two time steps having significantly higher charcoal 

area than the later time steps (T2–T4). 
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Figure 3.2: Charcoal area changes over 12–h time steps when subjected to widely used chemicals in charcoal analysis. 
Samples constitute a known mixture of modern charcoal types produced in the lab. For every chemical treatment and 

H2O control set n = 10. Color codes indicate the time steps at which significant differences between the chemicals tested 
were observed. Compact letter display indicates when a time step becomes significantly different from previous ones, 

thus suggesting at which time step there was a significant effect within each chemical. For example, time steps marked 
with an ‘a’ show significantly different results to those with a ‘b’, ’c’ or ’d’ whilst the label ’ab’ indicates that the results 

for that time step were not significantly different to the results seen at the time steps marked ’a’ or ’b’. 

 

 

Figure 3.3: Charcoal area changes over 6-h time step when subjected to widely used chemicals in charcoal analysis. 
Samples constitute a known mixture of modern charcoal types produced in the lab. For every chemical treatment and 

H2O control set n = 10. Color codes indicate the time steps at which significant differences between the chemicals tested 
were observed. Compact letter display indicates when a time step becomes significantly different from previous ones, 

thus suggesting at which time step there was a significant effect within each chemical. For example, time steps marked 
with an ‘a’ show significantly different results to those with a ‘b’, ’c’ or ’d’ whilst the label ’ab’ indicates that the results 

for that time step were not significantly different to the results seen at the time steps marked ’a’ or ’b’. 
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3.6.2 Fossil charcoal  

 

The nine sequences followed broadly similar patterns (Figure 3.4); however, the charcoal area 

visually differs among individual layers. The chemicals tested did not result in significantly different 

areas of charcoal (Type II Wald chi-square test: χ2 = 0.1312, df = 2, pr (>χ2) = 0.9365), most likely 

due to high variability observed within each treatment. The GI-1 charcoal peak was found at the 

same depth in all sequences (Level 23), but it varied in magnitude among and within the chemical 

treatments (see Figure 3.4). Although charcoal areas were slightly elevated above background, no 

consistent pattern among treatments or sequences can be discerned for the Younger Dryas interval. 

Similarly, although some values were slightly above background, no distinctive peak was seen 

within the early Holocene for the three sequences analysed with NaClO 12.5%. In contrast, an early 

Holocene peak was observed within the H2O2 33% and HNO3 50% sequences, but it varied in 

magnitude and depth (see Figure 3.4). This peak was observed at Level 5 in four sequences (see 

Figure 3.4 A, C, D, and G) but at Level 4 in two of the sequences from the right-hand side of the 

monolith (see Figure 3.1 F, I). The three sequences treated with HNO3 50% showed slightly higher 

charcoal area values in the GI-1 than the sequences treated with H2O2 33%; however, the reverse 

was true in the early Holocene.  

Despite these discrepancies, significant positive correlations were observed within each chemical 

treatment between the 1 cm3 and the composite 2 cm3 samples (Table 3.2; H2O2 33% mean 0.54, 

NaClO 12.5% mean 0.716, HNO3 50% mean 0.73). Two of the sequences analysed with H2O2 33% 

(A, D) were not significantly correlated with the associated 2 cm3 composite (p = 0.47 and p = 0.40, 

respectively). The three individual 1 cm3 samples within each treatment were also significantly and 

positively correlated (Supplementary Table A3.6; H2O2 33% mean 0.43, NaClO 12.5% mean 0.64, 

HNO3 50% mean 0.70), with the exception of sequences A vs. D and B vs. E, which were not 

significantly correlated. Overall, correlations were stronger between the samples and the 

composite area of the adjacent samples rather than between the individual 1 cm3 samples within 

each treatment. 
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Table 3.2: Spearman Correlation Coefficients between each sequence and the sum of the two adjacent analysed with the 
same chemical treatment. For all cores n=27. 

Treatment Sequence Adjacent sequences  Spearman Correlation Coefficient 

H2O2 33% A D+G 0.468 

H2O2 33%, D A+G 0.404 

H2O2 33%, G A+D 0.755** 

NaClO 

12.5% 

B E+H 0.622* 

NaClO 

12.5% 

E B+H 0.675** 

NaClO 

12.5% 

H B+E 0.851** 

HNO3 C F+I 0.765** 

HNO3 F C+I 0.821** 

HNO3 I C+F 0.609* 

**Correlation significant at the 0.01 level *Correlation significant at the 0.05 level 
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Figure 3.4: Charcoal data obtained from the nine adjacent sequences (A–I) from Sluggan Bog (black line) and average 
area of the two adjacent sequences analyzed with the same chemical (grey dotted line indicating the average of the 

sequences shown in the top right corner of each panel). Note spatial arrangement of the sequences (same as in Figure 
3.1) and the application of chemical treatments in a linear fashion in sets of three. Levels 1–9: early Holocene (EH), 10–

18: Younger Dryas (YD: GS-1), 19–27: late-glacial interglacial (LGI: GI-1). 

 

3.7 Discussion 

 

3.7.1 Effectiveness of chemical treatments on different sediment types 

 

In the context of macroscopic charcoal analysis, the effectiveness of a chemical treatment on a 

sediment type can be measured by the success of the chemical in adequately disaggregating the 

sediment while leaving the charcoal particles intact. In our fossil experiment, clay-rich samples 

broke down easily with all chemical treatments, but organic-rich sediments were much harder to 

break down (Table 3.3). For the organic-rich sediments, H2O2 33% was the most successful chemical 

treatment. In HNO3 50%, conglomerates of organic matter existed, and in NaClO 12.5% small lumps 

of material sometimes remained; these were very carefully opened up under the microscope with 

a pair of tweezers within the petri dish to look for charcoal. Charcoal was present in the lumps. 

Another important factor is the success of a chemical in bleaching the sediment, especially if it 
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contains many organics that tend to appear dark and thus may be confused with charcoal. In our 

fossil experiment, bleaching of the material was also easier in clay sediments rather than organics, 

where the treatments used had varying success in bleaching the organic material. Overall, NaClO 

12.5% was the most successful bleaching agent for both organic and clay-rich sediments. In H2O2 

33% and HNO3 50%, relatively dark material still existed. Especially in HNO3 50%, dark, angular 

conglomerates of organic material were frequently observed. These conglomerates visually 

resembled charcoal but turned to red dust when crushed. Eliminating such fragments made 

counting the charcoal more time consuming.  

These facts combined imply that use of NaClO 12.5% provided the easiest samples for counting 

charcoal, while HNO3 provided the hardest. Nevertheless, we do not recommend NaClO 12.5% 

given the marked decrease in particle size observed in both modern and fossil experiments. 

Similarly, we do not recommend HNO3 50% as it did not adequately bleach or digest our highly 

organic sediments, and it is a highly caustic chemical. Although H2O2 33% is also caustic, it was the 

most effective treatment for digesting and bleaching resistant highly organic sediments. 

 

Table 3.3: Subjective scores assigned to the various chemicals in the following parameters. 

 

 NaClO 12.5% H2O2 33% HNO3 50% 

Digestion of sediment    

Organic * *** * 
Clay *** *** *** 

Bleaching of sediment    
Organic *** ** * 

Clay *** ** * 

Ease of counting 
charcoal 

   

Organic *** ** * 
Clay *** ** * 

Danger * ** *** 

Charcoal area obtained * ** ** 

***high *low 

 

3.7.2 The effect of chemical treatments on the charcoal 
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3.7.2.1 Modern charcoal 

 

Subjecting a mixture of modern charcoal types to widely used chemical treatments revealed that 

profound differences in area occurred within and among the treatments, depending on the 

duration of exposure. Significant deviations from the H2O controls were observed; additionally, the 

exposed samples were typically different from their starting point. Examining the number and area 

of charcoal (Table 3.4) suggests that the observed effects probably resulted from three processes: 

digestion, fragmentation, and expansion. Chemicals that digest the charcoal may operate initially 

on weaker particles, thus causing fragmentation and subsequent creation of new pieces. This would 

explain the increase in both charcoal area and number. In the NaClO treatments, fragmentation 

clearly took place (see Supplementary Figure A3.1) but, as time passed, digestion probably became 

more prevalent as eventually both areas and numbers decreased. Thus, fragmentation and 

expansion were interconnected, with the final effect depending on which process became more 

prevalent. When the expansion of charcoal became the most dominant process, there was an 

increase in charcoal area but a decrease in charcoal numbers. We attribute this to expansion of the 

charcoal becoming the most dominant process. It has been shown that charcoal becomes 

waterlogged (Nichols et al., 2000), and that compounds similar to wood still exist in the charcoal 

(Marynowski et al., 2014), which indicates that the mechanisms responsible for shrinkage/swelling 

of wood can still be at play in charcoal. Furthermore, in pilot studies conducted by the authors, 

individual charcoal pieces submerged in H2O2 33% expanded, which is in agreement with the overall 

increase seen in the charcoal area. The decrease in numbers was unexpected but suggests some 

digestion, especially of smaller pieces, is also taking place. Of note, this pattern is seen in the least-

potent chemicals used in this study ((NaPO3)6 20% and H2O 12 h).  

Our intention was to assess mixtures of heterogeneous charcoal types produced in various 

temperatures that would be representative of “natural” mixtures found in the fossil record. The 

study design created certain limitations with regard to the experimental results presented here. For 

example, existing differences in charcoal type and temperature formation may have been partly 

responsible for the variability observed, as it is well documented that charcoal resistance depends 

on the type of wood and temperature formation of the charcoal (Belcher et al., 2018). How different 

treatments affect charcoal created from different wood types or formed under various 

temperatures could be an area of further research. However, this would be less applicable to 

palaeoenvironmental studies where such information is unknown prior to charcoal analysis. We 

also suggest caution in interpreting the number of fragments counted via image analysis, as in some 

cases when fragments touch each other the software cannot deduce that they are separate 
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fragments. Also, small pieces may not be captured; thus, the number of fragments counted via 

image analysis may lead to erroneous results (see Figure A3.1). However, most fire history studies 

based on charcoal numbers are done by manual counting of sieved fractions. 

In our experiment, all pieces were monitored in the petri dish for the duration of all time steps. This 

is very different from palaeoenvironmental reconstructions where the sediments containing the 

charcoal are wet sieved after the addition of the chemical. It is thus important to note what the 

effect of these chemical treatments would be on the “true” charcoal content of sediments. When 

fragmentation-inducing chemicals are used, more charcoal would be expected to be lost during the 

wet-sieving process, leading to lower area and number. Expansion-inducing chemicals would be 

expected to produce higher charcoal area and perhaps the same or comparable charcoal numbers. 

Digestion-inducing chemicals would be expected to produce lower charcoal area and numbers, 

again with increased losses during sieving.  

These considerations aside, our study clearly shows that chemicals widely used for deflocculating 

and/or bleaching sediments have an effect on modern lab-produced charcoal. This finding is 

important because lab-produced charcoal has been found to be more resistant to degradation than 

wildfire-produced charcoal (Santin et al., 2017). Thus, in the context of palaeofire reconstructions, 

the chemical treatments could be expected to have even more profound effects. Differential effects 

on charcoal are likely to influence the loss or retention of fragments during the sieving process. 

These would create biases when comparing absolute charcoal metrics or charcoal trends between 

studies, thus emphasizing the need for a standardized method to be adopted. 

 

Table 3.4: Area and Number trajectories from T0 to T4 for each chemical and possible dominant process explanation. 

Chemical Area Numbers Explanation 

NaClO 12.5% down down Fragmentation & digestion 

NaClO 2.5% down down Fragmentation & digestion 

KOH up up Fragmentation 

HNO3 up up Fragmentation 

(NaPO3)6 up down Expansion 

H2O 12h up down Expansion 

H2O 6h up up Fragmentation 

H2O2 8% up up Fragmentation 

H2O2 33% up up Fragmentation 
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3.7.2.2 Fossil charcoal 

 

Area and charcoal numbers are for all nine sequences were positively and significantly correlated 

(Supplementary Table A3.7). The Sluggan Bog results largely replicate the results obtained from the 

modern experiment, implying that the results of our modern experiment have validity when 

considering fossil charcoal.  

Sequences B, E, and H, analyzed with NaClO 12.5%, have the lowest charcoal area values. This is 

consistent with the findings of the modern experiment—that this chemical led to a significant 

decrease in area over the duration of the experiment. We thus attribute this finding to the 

enhanced digestion and/or fragmentation of the pieces, which perhaps led to a large amount of 

charcoal being lost during the wet-sieving process. Furthermore, an early Holocene peak, typically 

evident in all remaining six sequences, is consistently missing from all three NaClO 12.5% samples. 

The specificity of this signal to the early Holocene samples subjected to NaClO 12.5% suggests a 

difference in charcoal type within the early Holocene (relative to earlier periods) that was more 

susceptible to NaClO 12.5%. The reasons for this cannot be established using currently available 

information but it may relate to differences in the pyrolisation degree (i.e., temperature formation 

of the charcoal).  

The results obtained from HNO3 50% and H2O2 33% were relatively comparable. However, for two 

out of the three sequences analyzed with HNO3 50%, the early Holocene peak was evident at 

adjacent depths (Level 4 instead of Level 5). This is attributed to lateral variability in the distribution 

of charcoal as opposed to a variation produced by the treatment (HNO3). Lateral variability may 

also have contributed to the finding that there were no statistically significant differences among 

the treatment types, despite the profound differences in charcoal area, when applied to the fossil 

data. 

 

3.7.3 Lateral variability and sample volume 

 

Lateral variability within sedimentary archives in charcoal content has implications for the 

replicability of charcoal data and the representative sample volume needed to achieve consistent 

results from sediments. Only a few studies have looked at the consistency between charcoal series 

collected from the same lake. High variability has been reported for both microscopic and 

macroscopic charcoal (Edwards and Whittington, 2000; Schlachter and Horn, 2010).  Intensive 
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coring regimes from within a single lake have revealed that although charcoal profiles can vary 

markedly between sampling locations (see Figure 2 in Whitlock and Anderson, 2003), multiple cores 

taken from a single sample location were much more consistent (Whitlock and Millspaugh, 1996, 

cited in Whitlock and Anderson, 2003). The latter situation resembles our sampling design, and 

indeed only minor variations were observed during the Younger Dryas, even in sequences analyzed 

with different chemicals. However, in our case, this may be the result of the relatively low values of 

charcoal with the signal representing possibly only background noise. 

Within peat bogs,  the amount of charcoal decreases from the margins toward the center of the 

peat deposit (Pitkänen et al., 2001; Halsall et al., 2018). To the best of our knowledge, however, 

there have been no previous studies that assess the variability between horizontally adjacent 

samples in peat bogs. Within the current study, comparisons of the peat sequences found that the 

charcoal peaks sometimes occurred at different depths. This was particularly noticeable for the 

early Holocene peak; in contrast, the GI-1 peak was present at the same depth in all sequences. We 

hypothesize that this is a result of lateral variability and the unevenness of the local surface of the 

bog at the time of growth. For example, the presence of hollows or hummocks toward the right-

hand side of our monolith (i.e., sequences C and F) could explain the horizontal distribution of the 

lower charcoal peak. This      variability was unlikely to apply to the sequences treated with NaClO 

12.5%, as these were located in the middle of our samples (see Figures 3.1 and 3.3 for spatial 

arrangement of the sequences). Another possibility that could explain the observed pattern is the 

ignition and smouldering of the peat itself, which could have propagated horizontally and vertically. 

However, when the peat matrix ignites, it typically consumes any charcoal it produces (Rein, 2013), 

although some charcoal may have been left behind when the smouldering front met a barrier such 

as a surface edge or changes to the bulk density or moisture content of the peat  (Rein, 2013; Prat-

Guitart et al., 2016a, 2016b). This may have been the case with the early Holocene peak, thus 

explaining why the peak is evident is some sequences only. New and colleagues (2016) showed that 

evidence of smouldering fires can be preserved in the palaeorecord; however, charcoal produced 

by smouldering and surface fires can be identical. A low-temperature fire that propagated vertically 

could explain the susceptibility of the early Holocene charcoal to NaClO 12.5%, as low-temperature 

charcoals are generally shown to have lower resistance (Belcher et al., 2018); however, as charred 

peat aggregates were not present in any of the levels analyzed this suggestion remains speculative. 

Both the 1 cm3 and 2 cm3 sample volumes provide consistent charcoal profiles within each chemical 

treatment (see Tables 3.2 and A3.6). Thus, the 1 cm3 volume can be considered reliable when 

constructing profiles; however, the differences in absolute area (and numbers) suggests that direct 
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comparisons of these metrics should not be undertaken between samples analyzed with different 

treatments. For lake sediments, it is possible that increasing the volume sampled from a single 

stratigraphic interval may result in more consistent charcoal profiles or fewer differences in 

absolute area, as suggested by Schlachter and Horn (2012). With regards to peat this cannot be 

supported by our findings and remains to be tested further. 

 

3.7.4 Methodological implications  

 

The results of our modern experiment and their validity for fossil sequences clearly shows that 

chemicals used in charcoal extraction have a significant effect on charcoal area and may also change 

charcoal numbers. It is expected that those effects impact other charcoal metrics as well, such as 

morphotypes, aspect ratio, and circularity, which are often employed in charcoal studies (e.g., 

Crawford and Belcher, 2014; Marriner et al., 2019; Rehn et al., 2019).  

Our findings have important implications regarding what chemicals should be used within individual 

fire reconstructions. They demonstrate that the same chemical should be used throughout a 

sequence, as suggested by Schlachter and Horn (2010); however, differences in fire regimes 

through time and the degree of pyrolisation of the resulting charcoals can still mean that the 

charcoal metrics measured may be varyingly influenced by the chosen chemical throughout a core.       

Based on our fossil experiment, and especially for highly organic sediments, we recommend the 

use of H2O2 at 33%. The modern experiment showed a significant increase in charcoal area by 12 h 

with relatively minor changes after 24 h. Some authors may argue against the use of H2O2 33% 

based on the findings of Schlachter and Horn (2010), who found varying resistance of charcoal 

fragments to varying concentrations of H2O2. However, in that experiment, as the authors also 

suggest, the varying resistance may have been the result of sieving, which can induce fragmentation 

and loss of fragments. This is supported by our finding of increased charcoal area and number 

where samples were kept in the petri dishes rather than sieved. We also observed a greater 

increase in the stronger concentration (i.e., 33%). This suggests a greater effect with increasing 

chemical strength. Thus, taking into account the charcoal loss evident for NaClO 12.5%, we consider 

H2O2 33% the best option, especially for highly organic sediments. It should be noted that H2O2 33% 

should only be used with due caution, after consulting the relevant material safety data sheet and 

while wearing appropriate personal protective equipment, as the caustic nature of this chemical 

means strong concentrations can be extremely harmful. 



Chapter 3 – Paper II 

73 
 

NaClO 12.5% was possibly the most aggressive of the treatments, eliminating the organics and 

making the charcoal easier to identify but at the expense of reducing the amount of charcoal      

found. Long exposures (24–48 hours), especially in high concentrations, could hamper or even 

result in erroneous results due to the significant loss of charcoal observed in our fossil experiment. 

No statistically significant differences in charcoal area were observed in the NaClO 2.5% treatments, 

although a non-significant decreasing trend was observed over time. However, because NaClO 2.5%      

is not able to break down highly organic sediments, pretreatment in KOH is recommended for 

resistant, highly organic sediments. Based on the results of the modern experiment the 

pretreatment should not exceed 36 h.  

Such a two-part  process, where deflocculation is performed separately from bleaching,      would 

also necessitate a second sieving step. The effect of this additional sieving step on charcoal would 

need to be quantified as it may exacerbate charcoal loss (Schlachter and Horn, 2010).      

Furthermore, the effect of heating of samples (employed by some workers to maximize efficiency 

of chemical treatments) should also be systematically assessed. Quantifying the effects of such 

methodological variations on charcoal could potentially result in a more refined method  for 

standardized charcoal analysis. Until such work has been undertaken, we recommend that H2O2 

33% be used for all sediment types.  

The fossil results further underscore the necessity of developing a standard method to enable 

comparison of charcoal records. The sieving process is likely to amplify differences between 

chemical treatments and thus induce biases when comparing absolute numbers or areas between 

studies. This is especially important for studies that incorporate multiple charcoal records analyzed 

with different chemicals to create regional or global fire histories (e.g., Marlon et al., 2006; Power 

et al., 2008). These biases are very likely propagated in the various techniques used to standardize 

and transform to Z-scores. There is a pressing need to develop a standardized method to facilitate 

and enhance such research. 

 

3.8 Conclusion 

 

Our study systematically assesses the effect of a variety of chemical treatments on charcoal area, 

which has important implications for fire history reconstructions. The results of our modern 

experiment may be applicable to other sediment types as well (e.g., not exclusively lacustrine/peat 

records). 
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The use of modern charcoals allowed us to monitor and quantify the progressive effect of the 

chemicals on the charcoal. Although the results obtained were largely replicated in our fossil 

experiment, especially for NaClO 12.5%, the large variability among horizontally adjacent levels in 

peat samples complicated the interpretation of the results obtained. Discrepancies in the 

conditions of fossil and modern charcoals were observed, as oven-produced charcoal is more 

resistant than charcoal produced during a wildfire, which is the case with our fossil sequences. 

Aside from these limitations, based on the results presented in this study we draw five main 

conclusions: (1) The adoption of common chemical treatments in charcoal analysis should be 

encouraged; (2) High concentrations of NaClO, in particular, were found to cause marked decreases 

in charcoal area and number, and thus its use is not recommended for palaeofire studies or other 

studies that require the high-resolution quantification of charcoal; (3) We do not recommend the 

use of HNO3 50% for highly organic sediments because it is much more time consuming to quantify 

charcoal effectively; (4) H2O2 33% was found to be the preferred choice among the chemical 

treatments tested for determining charcoal concentrations, especially in highly organic sediments.  

We note, however, that due caution must be taken when handling this chemical due to its highly 

corrosive nature; (5) Adjacent macroscopic charcoal sequences in peat sediments showed some 

variability; however, 1 cm3 typically provided replicable charcoal profiles. 
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Chapter 4 

 

Paper III 

 

4.1 Introduction to Paper III 
 

Pre-existing cores were sampled from seven sites across the British Isles that spanned the LGIT. The 

material was used to test the findings of Paper I by examining the relationship between climate and 

wildfire during the LGIT. It was very important that all material was treated in a way that resulted 

in the most accurate charcoal content and would thus enable robust comparisons between the 

sites. Therefore, all cores were contiguously sub-sampled, so that no charcoal peaks could be 

missed, and treated based on the findings of Paper II. The data obtained were treated statistically 

with algorithms that reconstructed wildfire events and wildfire frequency. This allowed direct 

comparisons of the fire regimes with the climatic intervals of the LGIT as well as comparisons of the 

timing of the events between the sites. However, the algorithms require a selection of parameters, 

which greatly alter the reconstructions obtained (Higuera et al., 2010). Therefore, the algorithms 

were modified in a way that no parameter setting was required. Although some limitations exist, 

and these are discussed, the findings are overall based on the most cutting-edge techniques 

currently available. 

The paper will be submitted to Quaternary Science Reviews, as previous similar work has been 

published (see Hawthorne and Mitchell, 2016). Second target journal will be the Journal of 

Quaternary Science. 
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The role of climate on wildfire during the 

Last Glacial-Interglacial Transition in the 

British Isles 
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3ZH, UK 
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4.3 Abstract and Keywords 
 

There is increasing interest in better understanding wildfire expression on centennial-to-millennial 

timescales in the past, in part because of uncertainty surrounding its future expression in a changing 

climate. However, translating fire proxies, such as charcoal records, to wildfire events is not 

straightforward. Despite charcoal evidence in the British Isles spanning the Last Glacial-Interglacial 

Transition (LGIT; ~16-8 ka cal. BP), a period of multiple and abrupt climatic events, the relationship 

between wildfire and climate in this region is still little understood. To address this, we present 

seven new high-resolution contiguous charcoal records that span the LGIT. Using a modified 

approach that significantly reduces human parameter selection within the advanced algorithms 

used in the field, we delineate Robust Fire Events (RFEs) and reconstruct Fire Frequency (FF), in 

order to examine the relationship between wildfire expression and climate. Because it is the first 

time these algorithms are applied in this context, we discuss the methodological implications of this 

approach. RFEs are identified within all climatic intervals of the LGIT. The identification of 

concurrent RFEs across the region and in relation to some documented climatic oscillations 
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indicate, at least in part, a climatic control. Furthermore, increases in the charcoal composite 

curves, which imply increases in biomass burning, are noted at periods of abrupt climate change, 

namely GI-1d, GI-1b, and the beginning of the Early Holocene. The results of this study indicate that 

wildfires were a constant feature during the entirety of the LGIT, with the landscape likely being 

more susceptible to wildfires during periods of abrupt climate change, and therefore has 

implications for our understanding of future wildfire risk. 

Keywords: Fire; Charcoal; Fire History Reconstruction; Last Glacial-Interglacial Transition; British 

Isles 

 

4.4 Introduction 
 

Fire is a key earth system process (Bowman et al., 2009) that influences the global carbon cycle 

(Prentice et al., 2011) and can have significant social and economic impacts on human society 

(Bowman et al., 2017). Wildfire regimes (i.e., the frequency and intensity of the wildfires; Conedera 

et al., 2009) are expected to be altered by climate change (Krawchuk et al., 2009). This has caused 

an increasing interest in how wildfire expression has changed in the past, in order to be able to 

better understand potential future patterns (Hantson et al., 2016; Williams and Abatzoglou, 2016).  

The most common way to better understand palaeofire regimes is by delineating what drove 

landscape fire expression. Over centennial-to-millennial scales, climate, vegetation, or humans 

drive fire regimes; however, delineating which driver is primarily dominant on a regional scale is a 

not a straightforward task because of the interlinked nature and complex interplays between the 

drivers (e.g., vegetation is influenced by humans and climate). Despite the complexities, using 

charcoal records as a proxy of wildfire activity is now a common place in palaeo research. This is 

achieved as charcoal is preserved in stratified sediments and quantifying it through time can give 

insights into past wildfire expression (Whitlock and Larsen, 2001; Conedera et al., 2009). The 

technique is now well established in Quaternary science, with information from past wildfire 

expression now, for example, having been used to inform future wildfire behaviour based on the 

current vegetation trajectory (e.g., Clear et al., 2013) and also to establish links between wildfire 

expression and abrupt climatic changes (e.g., Marlon et al., 2009). 

Researchers tend to categorize sedimentary charcoal based on its size, as this is believed to have 

implications on its potential source area. Microscopic charcoal fragments (<125μm; hereafter 

microcharcoal), usually counted on pollen slides, are generally considered to reflect regional 

wildfire activity (Whitlock and Larsen, 2001). On the other hand, macroscopic charcoal fragments 

(>125μm; hereafter ‘macrocharcoal’), usually extracted through wet-sieving, are generally 

considered to reflect more local fire events (Vachula et al., 2018). Interpreting the charcoal record, 

however, is complex. This is because of the complex taphonomic processes in play through which 

charcoal accumulates in a deposit. Background processes, for example charcoal input from extra-

local fires, often vary over time (Higuera et al., 2010), and thus result in non-stationary background 

charcoal (Higuera et al., 2009). Secondary deposition and reworking (Whitlock and Larsen, 2001) 

may also occur. Overall, the quantity of charcoal deposited cannot be directly related to fire size 

and can be influenced by factors such as fire intensity (temperature), fuel source (type of vegetation 
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burned), and the physical setting of the fire (Scott, 2010; Scott et al., 2017). Despite these 

limitations, sophisticated algorithms can be employed, which, by incorporating time-series analysis 

methods, enable the translation of a charcoal record into Robust Fire Events (hereafter ‘RFEs’). This 

is achieved by the removal of the background component, and the subsequent statistical 

decomposition of the series in a charcoal noise population (Charnoise) and a charcoal peak (Charpeak) 

component. The latter represents the RFEs, whose timing can be used to reconstruct Fire Frequency 

(hereafter FF), usually through a kernel density function (Higuera et al., 2009). 

Surprisingly, these techniques for investigating palaeofires have rarely been applied in the British 

Isles, especially in relation to the Last Glacial-Interglacial Transition (LGIT; c. 16-8 ka cal. BP), with 

the one exception of Hawthorne and Mitchell (2016; see below). On the contrary, wildfire signal 

from that period is either not interpreted in multi-proxy reconstructions or has often been 

attributed to human presence on the basis that the region does not support natural wildfire 

regimes. The LGIT is a well-studied period in the UK, due to an abundance of high-resolution 

palaeoenvironmental archives spanning this period allowing a very detailed understanding of: 1) 

the abrupt environmental and climatic events of this period; and 2) high-resolution chronologies 

being developed using tephrochronology (e.g., Brooks et al., 2012; Brooks et al., 2014; Timms et al., 

2019; Abrook et al., 2020). The climatic events registered in the British Isles are likely broadly 

synchronous (van Ash et al., 2012) and proportional in magnitude (Brooks and Langdon, 2014) with 

the major events registered in the Greenland ice-cores (Rasmussen et al., 2014), namely: i) the cold 

Greenland Stadial GS-2.1a (pre - 14,650 cal. BP); ii) the warm Greenland Interstadial GI-1 (c. 14,650 

– 12,850 cal. BP); iii) the again cold GS-1, commonly referred to as the ‘Younger Dryas’ (YD; c. 12,850 

– 11,650 cal. BP); and iv) the beginning of our current interglacial or Early Holocene (recently also 

termed Greenlandian Stage, c. 11,650 – 8,276 cal. BP).  Shorter events, consisting of decadal-to-

centennial scale climatic oscillations, are also evident in palaeorecords of the British Isles (e.g., 

Abrook et al., 2020; Lincoln et al., 2020). Evidence has recently been put forward by Lincoln et al. 

(2020) demonstrating that abrupt changes in the hydroclimate occurred besides rapid temperature 

change in the British Isles during the LGIT. Therefore, these multiple and abrupt climatic events 

offer a unique opportunity to study the role of climate in driving wildfire during the LGIT in the 

British Isles.  

However, as stated above, wildfire may be driven by humans or vegetation, besides climate. With 

regards to humans, there is limited evidence for persistent human occupation throughout the 

region up until the beginning of the Early Holocene (Conneller, 2012). With regards to vegetation, 

this is largely determined by climate; however, reconstructions of past vegetation and comparisons 

between the vegetation record (i.e., certain species) and wildfire activity can help understand if 

vegetation could have acted as a wildfire driver. Taken together, these facts imply that the LGIT can 

serve as an excellent analogue for examining the relationship between wildfire and climate, and 

especially climatic change, in the British Isles. This is because, as noted by the IPCC (2013), the 

warming experienced during the LGIT is the closest available analogue to the currently predicted 

warming. Although vegetation and human impact on the landscape are largely different, 

understanding wildfire responses to the abrupt climatic changes of the LGIT is of direct relevance 

to current concerns about climate change and future wildfire risk. 

The existence of charcoal in sediments that span the YD has been highlighted in the literature 

(Edwards et al., 2000), while more recently the widespread occurrence of charcoal in sediments 
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that span the LGIT has been collated and reviewed (Tsakiridou et al., 2020). Abrook et al. (2020), 

through their recent multi-proxy paired reconstruction in Scotland that encompassed both climatic 

and environmental variables, identified increased wildfire frequency as an integral response 

mechanism to the abrupt climatic events of the LGIT. Perhaps the best wildfire evidence comes 

from Hawthorne and Mitchell (2016) who, by reconstructing RFEs, together with applying further 

algorithms that statistically screen the identified charcoal peaks (Kelly et al., 2011; Finsinger et al., 

2014), identified robust fire events in two out of five of their sites in Ireland that spanned the LGIT. 

However, despite the plethora of palaeoecological research carried out in the last 100 years and of 

charcoal evidence in particular, the relationship between wildfire expression and climate has not 

been examined across wider regions and multiple sites and remains largely unknown in the British 

Isles for the LGIT. 

To address this issue, we present seven new high-resolution contiguous macrocharcoal records 

with robust chronologies. We investigate patterns in charcoal accumulation and reconstruct RFEs 

and FF to examine relationships amongst the records and with the LGIT climatic events. As it is the 

first time these algorithms have been applied in this context, we look closely at the relationship 

between charcoal and FF and make suggestions for future use of these algorithms. Finally, we also 

discuss the implications of our findings for current and future landscape management in the UK. 

4.5 Methods 
 

4.5.1 Site selection 
 

For this study, seven pre-existing study sites were selected that span all or parts of the LGIT. Sites 

were selected based upon available sediment cores and suitability to produce (or use existing), 

robust chronological information (Figure 4.1). The final sites selected were influenced primarily 

from recently undertaken research investigations and where cores were stored under appropriate 

conditions. The distribution of the sites has a northern bias; this is due to preservation factors 

relating to past glaciation patterns. A range of sites were used in this study, such as infilled lakes 

and bogs. A summary of key information for the sites is presented in Table 4.1. Information for the 

cores’ lithostratigraphies is presented in Table 4.2. 

 

Table 4.1: Summary of study site characteristics 

ID Site Name Latitude Longitude Location Site Type 

1 Loch Aschik 57.24106 -5.82843 Isle of Skye Partially infilled lochan 

2 Loch an t’Suidhe 56.30278 -6.24083 Isle of Mull Partially infilled lochan 

3 Tynaspirit West 56.54012 -4.1759 Highlands Partially infilled lochan 

4 Sluggan Bog 52.97982 -7.85332 N. Ireland Raised bog 

5 Wykeham 54.24719 -0.52821 York Palaeolake 
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6 Area 240 52.598 1.871812 
Offshore Great 

Yarmouth 
Palaeochannel 

7 Kitridding Mire 54.25 -2.63688 Lancaster Mire 

 

 

Figure 4.1: Sites included in this paper: 1. Loch Ashik, 2. Loch an t’Suidhe, 3. Tynaspirit, 4. Sluggan Bog, 5. Wykeham, 6. 
Area 240, 7. Kitridding Mire 
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Table 4.2: Lithological description of the cores included in this chapter. 

ID Site Name 
Core 

Name 

Core 
Length 

analysed 
(cm) 

Units’ Length 
relative to OD 

(cm) 
Unit Description 

1 Loch Ashik LA Basin B 100 
275 - 345 Gyttja 

345 - 375 Silty clay 

2 
Loch an 
t’Suidhe 

LAS-C 100 

970 - 1016 Gyttja 

1016 - 1026 Silty clay 

1026 - 1032 Silty clay with organic matter 

1032 - 1070 Clay with sand 

3 Tynaspirit CTcore 100 

690 - 705 Organic muds and gyttja 

705 - 744 Clays and/or silt 

744 - 777 Organic muds and gyttja 

777 – 790 Clays and/or silt 

4 
Sluggan 

Bog 

 

72 

-19-0 Wood peat 

MonolithB 0 - 24 Silty clay 

 24 - 74 Sedge-rich peat 

5 Wykeham WYKNE15 218 

112 – 200 Sedge-rich peat 

200 – 276 Sands and silts 

276 – 367 Carbonate-rich sandy silts 

367 – 417 Sedge-rich peat 

417 - 448 Carbonate-rich sandy silts 

448 – 472 Carbonate-rich sands and silts 

472 - 641 Carbonate-rich sandy silts 

6 Area 240 VC13 76 65-141 
Well compacted, humified 

peat 
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7 
Kitridding 

Mire 
KM 60 130-188 

Degraded peat with some 
woody fragments 

 

 

4.5.2 Age-Depth Models 
 

All cores had dating control information available, either as radiocarbon dates or from known 

cryptotephra layers (Table 4.3; see also Table A4.1). Dates for the cryptotephra layers were 

obtained from Timms et al. (2019). Three further samples were submitted for radiocarbon dating 

from Area 240 (Site 6). To further ensure consistency, new age-depth models were constructed for 

all sites using BChron (Haslett & Parnell, 2008; Parnell et al., 2011) using the IntCal20 radiocarbon 

calibration curve (Reimer et al., 2020).  

Table 4.3: Available dating control and reference publication in each study site. 

 

 

  

ID Site Name Dating Control Reference 

1 Loch Ashik 3 tephra layers Pyne-O’Donnell 2007 
2 Loch an t’Suidhe 3 tephra layers Pyne-O’Donnell 2007 

3 Tynaspirit 
2 tephra layers & Early 

Holocene lithostratigraphic 
tie point 

Pyne-O’Donnell 2007; 
Rasmussen et al., 2014 

4 Sluggan Bog 67 14C dates 
Lowe et al., 2004; Walker et 

al., 2012 
5 Wykeham 15 14C dates Lincoln et al., 2020 

6 Area 240 514C dates 
Tizzard et al., 2011;  

this paper 

7 Kitridding Mire 514C dates 
Historic England, unpublished 

data 
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4.5.3 Laboratory Analyses 
 

Samples were chemically deflocculated (Table 4.4), with the method adapted, in order to minimize 

loss of charcoal, to suite the sediment type following the recommendations of Tsakiridou et al., 

(2020). All deflocculated samples were wet-sieved using a 125 μm mesh sieve.  

For samples from Sluggan Bog (Site 4) Wykeham (Site 5) and Kitridding Mire (Site 7), charcoal 

quantification was undertaken using photographs and the image analysis software ImageJ 

(Abràmoff et al., 2004; Schneider et al., 2012). The software enables the selection of a threshold 

based on the exposure of a black and white photograph and allows automated particle analysis. 

However, after the wet sieving the samples had varying degree of organic matter, as well as dark 

minerals. To overcome this issue, where dark non-charcoal particles could be erroneously identified 

as charcoal, rather than photographing the whole of the petri dish, a selection marquee provided 

by the software of the microscope camera was used to isolate and photograph individual charcoal 

fragments. Digital pictures of the individual charcoal fragments were then imported into ImageJ 

(Abràmoff et al., 2004; Schneider et al., 2012). Once imported the images were batch processed 

with a macro that turned them all into 8-bit greyscale and threshold of 160 greyscale units was 

applied before analysing the remaining particle. A comma-separated values (CSV) output was then 

created for each sample. All CSVs were imported into R (R core team, 2018) to obtain the numbers 

of charcoal fragments and organize the results into cores. 

For Loch Ashik (Site 1), Loch an t’Suidhe (Site 2), Tynaspirit (Site 3) and  Area 240 (Site 4), the 

retained material was manually counted under the microscope. This was because of difficulties with 

the selection-marquee-method in samples that had very high values of charcoal and subsequent 

time implications. The results obtained with this manual tallying method are comparable to the 

results obtained via the selection-marque method as the latter is semi-manual.  

 

Table 4.4: Sampling information for the cores and subsequent chemical procedure for the deflocculation of the samples 
prior to wet-sieving 

ID Name Sampling 
Interval 

Sampling 
Volume 

Chemical Analysis 

1 Loch Ashik 1 cm 1 cm3 48h 10% (NaPO3)6 + 5 min 3% NaClO  
2 Loch an t’Suidhe 1 cm 1 cm3 48h 10% (NaPO3)6 + 5 mins 3% NaClO 
3 Tynaspirit 1 cm 1 cm3 48h 10 %(NaPO3)6 + 5 mins 3% NaClO 
4 Sluggan Bog 1 cm 1 cm3 24h H2O2 33% 
5 Wykeham 2-5 cm 2-5 cm3 24h HCl + 5 mins 3% NaClO 
6 Area 240 1-3 cm 1-3 cm3 24h H2O2 33% 
7 Kitridding Mire 2 cm 2 cm3 24h H2O2 33% 

 

 

4.5.4 Data Analyses 
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4.5.4.1 Charcoal Accumulation 

 

The resulting datasets were imported into R and manipulated with the R package Paleofire 

(Blarquez et al., 2014). The data were firstly transformed into Charcoal Accumulation Rates (CHAR; 

fragments cm-2 yrs-1) by dividing the charcoal concentration (fragments cm-3) with the 

sedimentation rates (yrs cm-1); this is beneficial as it can guard against charcoal peaks that arise due 

to increases in the sedimentation rates (Whitlock and Larsen, 2001). The data were subsequently 

interpolated to the median sampling resolution of each record (function originally from Higuera et 

al., 2009). Finally, a min-max normalization was applied in order to standardize the data and 

facilitate comparisons between the records. 

 

4.5.4.2 Fire Reconstructions 

 

An algorithm capable of reconstructing RFEs and FF, based on macrocharcoal series, has been 

presented in Higuera et al. (2009). It has four main steps:  

i. In pre-treatment, CHAR are calculated by dividing the concentration of charcoal fragments 

with the sedimentation rate and then the records are re-sampled to the median sampling 

resolution. This is very similar to the procedure described in Section 2.4.1.  

ii. In smoothing, the re-sampled records are decomposed in their background and peak 

components through the selection of a smoothing technique (five available: locally 

weighted scatterplot smoother (LOWESS), robust LOWESS, moving average, moving 

median and moving mode) and a smoothing window in years. 

iii. In peak analysis, the peak components are statistically decomposed in their Charnoise and 

Charpeak components (RFE) modelling as Charnoise the 95th percentile of a Gaussian mixture 

model.  

iv. For the final step, a period is selected to reconstruct FF with a Kernel Density Procedure. 

However, there is currently no consensus for a universally accepted technique for selecting 

parameters for step (ii). The two user-defined parameters, i.e., the smoothing technique and the 

smoothing window have been shown to induce bias (Higuera et al., 2010; Blarquez et al., 2013; 

Hawthorne and Mitchell, 2016).  

Therefore, we used the Ensemble-Member Strategy algorithm of Blarquez et al. (2013) which 

utilizes and builds upon the algorithm for reconstructing FFs presented in Higuera et al. (2009). This 

strategy-algorithm is set up to reconstruct FF for all 5 smoothing methods available and for 467 

smoothing windows spanning from 100 to 1500 years. We applied this algorithm to the five longer 

records included in this paper, i.e., Loch Ashik, Loch an t’Suidhe, Tynaspirit, Sluggan Bog and 

Wykeham, using as depth the mid-point predicted from the age-depth models. This resulted in 

2,335 reconstructions or ‘members’. The algorithm is then set up to select the ~1,000 members 

with the best highest SNI (signal-to-noise index) and GOF (goodness-of-fit) and indicates to the user 

which smoothing method and windows would result in a reconstruction with the high SNI and GOF. 
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The procedure described is the optimal and intended use of the Ensemble-Member Strategy, as 

described in Blarquez et al. (2013). However, here, instead of picking one unique good 

reconstruction to identify fire events, we identified as fire events those RFEs that were common, 

i.e., were identified for the same depth, among at least more than 75% of the members (hereafter 

RFE75; see also Figure S1 in Blarquez et al., 2013; Carcaillet and Blarquez, 2017). However, FF was 

then estimated as the median FF of all the 1000 members selected (hereafter FFMedian) using as a 

smoothing window a 500-year period (step IV). 

 

4.5.4.3 Charcoal composites 

 

We produced three charcoal composite curves via the R package Paleofire (Blarquez et al., 2014) 

for: i) the records presented in this paper; ii) the records available in the Global Charcoal Database 

Version 3 (GCD; Marlon et al., 2016) for the same period in the British Isles; and iii) for a combination 

of those two. The data were firstly transformed with a series of Min-max, Box-cox, and Z-Score 

transformations. This was to control for the fact that the quantity of charcoal between and within 

records across their timespan may differ as it can be influenced by a plethora of factors. The period 

spanning the minimum and maximum ages for the new records presented in this paper was used 

as a base period for the transformations of all three curves. 

A function from the Paleofire package that uses a robust LOWESS was employed to produce the 

composite series. This used a halfwidth of 50 years, i.e, produced smoothing lines for each data 

point by looking at the 50 closest data points in each side. The new acquired charcoal values were 

pre-binned in 250-year-bins prior to bootstrap resampling. Ninety-five percent confidence intervals 

were obtained after 1000 bootstraps. This procedure is equivalent to Daniau et al. (2012).   

 

4.6 Results 
 

4.6.1 Chronology 
 

The three new 14C dates for Area 240 (Site 6) are presented in table 4.5. The resulting age-depth 

models for all the sites are shown in Figure 4.2 and the chronological age information used is 

available in Table A4.1.  For Sluggan Bog (Site 4) we used the accepted dates presented in Walker 

et al. (2012); however, as that model did not include any Holocene ages, we also added Holocene 

dates from Lowe et al., (2004), which were later obtained for the same site. After several runs it 

was found that excluding the most likely outliers produced very similar results to pooling all dates 

together; it was thus decided to use all 13 Holocene dates of Lowe et al. (2004) in addition to the 

54 dates in Table 3 of Walker et al. (2012). Sluggan Bog (Site 4) had the most dates (67 14C dates; 

Table 3), followed by Wykaham (Site 5; 15 14C dates) and Area 240 (Site 6) and Kitridding Mire (Site 

7), both of which had five dates. Although in Kitridding Mire (Site 7) one of the available dates was  

younger than the LGIT (SUERC-65771: 5844±30; Table S1), it was included in order to constrain the 
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model (see Figure 2). Finally, Loch an t’Suidhe (Site 2) had 5 cryptotephra layers, Loch Ashik (Site 1) 

had three cryptotephra layers; however, as Tynaspirit (Site 3) only had 2 cryptotephra layers, we 

used the lithostratigraphic point marking the beginning of the Holocene as a tie-point for the age-

depth model. 

 

Table 4.5: New Radiocarbon dates obtained for Area 240, calibrated via BChron (Haslett & Parnell, 2008) with IntCal20 
radiocarbon calibration curve (Reimer et al., 2020). 

Laboratory 
Code 

Sample Depth 
(cm) 

14C Date (radiocarbon 
BP) 

Calibrated date (cal. yrs 
BP) 2σ range 

SUERC-88714 85 8920 ± 24 9,910 – 10,187 
SUERC-88713 92 9181 ± 24 10,246 – 10,483 
SUERC-88709 101 9344 ± 25 10,438 – 10,653 
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Figure 4.2: Age-Depth Models of the sites included in this paper constructed with BChron (Haslett and Parnell, 2008; 
Parnell et al., 2011) using the Intcal20 calibration curve (Reimer et al., 2020). Dated positions and the 50% midpoint 

estimate are shown in black. Gray shaded area indicates 95% confidence intervals. 

 

 

4.6.2 Charcoal Trends 
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The normalized CHAR trends are shown in Figure 4.3. Charcoal exists in all cores and across all 

periods. Even Loch an t’Suidhe (Site 2) where CHAR appears to be very low during GS-1, has some 

charcoal (see also Figure 4 below); the constant near-0 values during GS-1 are derived from the 

resampling interpolation (see Sections 2.4.1 and 2.4.2 Step i) during a period of very low 

sedimentation rate (see Figure 2), which spreads charcoal concentration into many years. The 

number of charcoal fragments is, overall, more elevated in the interstadials and subdued in the GS-

1 stadial. Most records exhibit their maximum values in the Early Holocene. The only exception to 

this is Wykeham (Site 5) which exhibits its maximum at around 14 ka cal. BP. The raw CHAR values 

(i.e., not transformed) are plotted in Figure S1. 
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Figure 4.3: Transformed Charcoal Accumulation Rates (CHAR) resampled to the median sampling resolution for each site 
(black line). Gray boxes indicate stadial conditions. FFMedian obtained as the median FF of the 1000 best fire 

reconstructions reconstructed from the algorithm of Blarquez et al. (2013) (grey line). RFEs75 were obtained for the ages 
where more than 75% of the reconstructions identified a RFE. For further explanation on the data analysis see text. 

 

4.6.2.1 Synchronicity 

 

When the transformed charcoal records from the sites are compared, a series of common charcoal 

peaks can be identified (Figure 4.3). For example, a distinct charcoal peak can be located around 14 

ka cal. BP in all records that extend to this period except Loch Ashik (Site 1) and Sluggan Bog (Site 

4). The latter core exhibits a distinct peak a little later, at around 13.5 ka cal. BP. During the YD, only 

Tynaspirit (Site 3) exhibits some distinct peaks, although values are spikey in the most other records, 

except Loch an t’Suidhe (Site 2). In the Early Holocene, all records exhibit higher charcoal values 

compared to the YD. However, the time of this increase in charcoal values varies greatly between 

the sites. For example, in Tynaspirit (Site 3) charcoal values reach their maxima right after the 

beginning of the Holocene at about 11.5 ka cal. BP. A peak can be discerned also for Wykeham (Site 

5) at around the same time. In Loch Ashik (Site 1) and Sluggan Bog (Site 4) the inception of higher 

charcoal values is placed at around 11 ka cal. BP, and finally for Loch an t’Suidhe (Site 2) and also 

Area 240 (Site 6) their inception is placed at around 10.5 ka cal. BP. The maximum at Kitridding Mire 

(Site 7) is also placed at the same time, however, it should be noted that this record only spans a 

relatively short time period.  

Figure 4.4 shows the raw charcoal concentration for the three Scottish records plotted against 

depth and marked with where the peaks of the four common tephra layers occur. Tephra layer 

comparisons allow robust time parallel comparisons of charcoal content because they can be used 

as stratigraphic markers between multiple sites (Pyne-O’Donnell, 2007). When Borrobol tephra was 

deposited, both Loch an t’Suidhe (Site 2) and Tynaspirit (Site 3) were in a low-charcoal-deposition-

regime. By contrast when the Penifiler tephra was deposited, both these records exhibit charcoal 

peaks. At Loch Ashik (Site 1), however, there appears to be no big charcoal peak where the Penifiler 

tephra layer is found. When Vedde Ash was deposited, both Loch Ashik (Site 1) and Loch an t’Suidhe 

(Site 2) are at a very low charcoal deposition regime. Finally, when the Ashik tephra was deposited 

at Loch Ashik (Site 1), the record exhibits its greatest charcoal peak, whereas Loch an t’Suidhe (Site 

2) has very low charcoal numbers. 
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Figure 4.4: Charcoal fragments and loss on ignition plotted against depth for the three Scottish Sites with the common 
cryptotephra isochrones indicated. 

 

4.6.2.2 Median Fire Frequencies and Fire Events 

 

The FFsMedian and RFEs75 are superimposed in Figure 4.3 only for sites 1 and 3-5, while further 

information on the reconstructions is also presented in Table 6. In Loch an t’Suidhe (Site 2) there 

were too few suitable reconstructions (302 versus c. 1000 for all other records; See table 6), 

therefore no further analysis was undertaken for this record. This is probably the result of the very 

low sedimentation rate that resulted in few reconstructions with high enough SNI and GOF.  

There are two main findings in relation to the FFMedian of the remaining records. The first is that 

FFMedian does not vary greatly overall among sites for the entirety of the LGIT. Loch Ashik (Site 1) has 

the lowest fire frequency, with an average of 2.1 fires/1000 years, Tynaspirit (Site 3) is at 2.6 

fires/1000 years, while Sluggan Bog (Site 4) is at 2.7 fires/1000 years. Wykeham (Site 5) has the 

highest average with 3.4 fires/1000 years.  

The second finding is that FFMedian does not seem to be influenced or vary greatly in relation to the 

climatic intervals, as there is limited consensus in the pattern followed among the records. For 

example, in Tynaspirit (Site 3) and Sluggan Bog (Site 4) FFMedian increases right into the YD. In Loch 

Ashik (Site 1) and Wykeham (Site 5) FFMedian does not change in response to YD; instead, it stays at 

its overall lowest in Loch Ashik (Site 1) and its overall highest in Wykeham (Site 5). However, it is 

interesting to note, that for all the sites, FFMedian decreases during GI-1, with a slight increase prior 
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to the commencement of GS-1. However, the onset of this increase occurs much earlier in 

Wykeham (Site 5).  

RFEs75 are identified within all climatic intervals, while all records exhibit RFEs75 within the YD. It is 

also of interest to note that a RFE75 is identified for Wykeham (Site 5) during GS-2.1a at around 14.9 

ka cal. BP and that RFEs75 are identified with YD for all sites where analysis was undertaken (in Loch 

Ashik (Site 1) the RFE75 is placed at 11,904 cal. BP. 

 

Table 4.6: Key information for the sites imported in the fire reconstruction algorithms (Higuera et al., 2009; Blarquez et 
al., 2013). The minimum and maximum 50% mid-point age estimates were obtained from BChron (Haslett & Parnell, 
2008). The median sampling resolution was estimated during the transformation to Charcoal Accumulation Rates (CHAR; 
fragments cm-3 y-1) via the Paleofire Package in R. Number of reconstructions are the reconstructions with the best SNI 
and GOF that were used to obtain the FFmedian. RFEs75 are the number of ages for which more than 75% of the 
reconstructions identified a fire event. In Loch an t’Suidhe (Site 2) there were too few suitable reconstructions, therefore 
no RFEs75 nor FFmedian was obtained. For more information see text. 

ID Site Name 
Min Age 
(cal. yrs 

BP) 

Max Age 
(cal. yrs 

BP) 

Median 
Sampling 

Resolution (yrs) 

Reconstructions 
# 

RFEs75 

1 Loch Aschik 8964 14392 42 1,032 9 
2 Loch an t’Suidhe 9996 14283 16 302 n/a 
3 Tynaspirit 11499.5 14535 33 1,000 7 
4 Sluggan Bog 10815 14107 40 1,055 6 
5 Wykeham 10993 14978 22 1,000 14 

 

 

4.6.3 Regional Composite 
 

The findings of the composite curves are presented in Figure 4.5. The composite curve for the 

records presented in this paper shows high values of charcoal during GS-2.1a that sharply decline 

with the beginning of the GI-1 before reaching a peak at c. 14 ka BP. There is another peak just 

before 13 ka BP, after which values sharply decline into the YD. Nevertheless, an increase is noted 

within YD right before the beginning of the Holocene. Another increase is noted slightly after 11.4 

ka. Values sharply rise after 11 ka BP and continue to rise up until 9 ka BP. 

Until c. 12 ka BP the GCD data curve is largely unconstrained as demonstrated by the confidence 

intervals, probably due to a limited number of records available (for information on the 15 records 

obtained from the GCD see Table S2). For the remaining part, some of the trends from this paper’s 

data curve are similar to the GCD curve. For example, an increase is evident at the beginning of the 

Holocene and after 11 ka BP.  

Combining both curves results in a curve that is largely driven by the data presented in this study 

until 12 ka BP but influenced by both curves thereafter. Therefore, peaks are placed at c. 14 ka cal. 

BP and 13.1 ka cal. BP. Values overall decline in the YD and there is a peak at the beginning of the 

Holocene. This peak, which is a dominant feature in all curves produced, has a bin centre in 11750, 

which, based on the 250 year bin widths that we used, corresponds to increased charcoal influx 
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within the period 11,875 -11,625 cal. BP. A subsequent increase is placed at c. 11 ka BP, with values 

staying relatively steady but high, up until 9 ka BP. 
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Figure 4.5: Charcoal composites for the sites included in this paper (i), for the sites available in the GCD (ii) and both (iii). 
Number of records contributing to each 500-year bin noted (a) for GCD and (b) for this paper (iv). Area encompassed by 

both (a) and (b) notes the total for the composite in iii. Gray shaded areas indicate cooling, with names of the major 
climatic intervals and oscillations also noted 

 

4.7 Discussion 
 

4.7.1 The complex relationship between charcoal accumulation and fire frequency 
 

Of interest in this study is the relationship between charcoal accumulation and FFMedian. Figure 4.3 

shows that not all periods with high charcoal values are associated with frequent RFEs75. Periods 

with low charcoal values can often be associated with RFEs75. This is because of the complex 

relationship between wildfire expression and charcoal production, whereby more charcoal does 

not mean more fire (see also Figure A4.2). For example, one component of any charcoal series is 

the background component, which is the charcoal delivered to the deposit due to various 

taphonomic processes, but it is only partly related to contemporaneous wildfire events. This 

component of the record is non-stationary with time (Higuera et al., 2009), thus it might result in 

long-term trends within the record that are not related to changes in the fire regime. The fire 

reconstruction algorithms employed in this study guard against this by isolating the background 

component with a locally defined threshold in the second stage of the analysis (Higuera et al., 2009; 

see also section 2.4.2). With regards to the charcoal values per se, these currently cannot be directly 

correlated with any known feature of fire, such as size, severity, area burned etc., or, in other words, 

the relationship between charcoal and wildfire is non-linear. Instead, charcoal values within a 

deposit are known to be influenced by a plethora of factors, such as basin size and type, distance 

of the fire from the deposit, fire regime characteristics (temperature, type of fire), and the available 

fuel (Scott, 2010). All these have serious implications on how CHAR records are interpreted and 

suggest that charcoal records should be converted to RFEs prior to interpretations. 

There are limitations to this approach and the fire reconstructions presented in this paper. The 

architects of the algorithms (e.g., Higuera et al., 2009) suggest that only long sequences with high 

sedimentation rates should be used. The sediments that span the LGIT in the British Isles usually 

follow a so-called tripartite pattern (see Walker and Lowe, 2017) that involves abrupt lithological 

changes. This might be problematic for two reasons. Firstly, changes in lithology indicate, in most 

cases, abrupt changes in the sedimentation rate, which affect the fire history reconstructions as 

highlighted by Higuera et al. (2010). Secondly, charcoal accumulation will differ depending on the 

depositional environment (Rius et al., 2011). This means that the charcoal records are likely to have 

been affected by non-isotaphonomic processes between and within sites, which will impact the fire 

reconstruction algorithms. However, the first step of the analysis undertaken, i.e., the interpolation 

of the charcoal values to the median sampling resolution can guard against this effect. Furthermore, 

for periods within records where charcoal accumulation follows very irregular patterns, such as in 

our case for Loch an t’Suidhe, these can be identified and omitted from the analysis. 

Another limitation that should be taken into account is the chronology and, in particular, the way 

that it is incorporated in the algorithms. The mid-age for each depth is used without taking into 
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account the age uncertainty, although it is obvious that the position of the midpoint is influenced 

by how constrained the chronology at each level might be. This is especially important because it is 

well known that Lateglacial radiocarbon dates usually present large error margins. Eventually, the 

reconstruction of the RFEs is an output of ages where a RFE is identified, without a quantified 

uncertainty of the age for those levels. This precludes further analysis, e.g., phase models that 

would allow to statistically assess synchronicity. This is also one of the reasons why, here, 

synchronicity is only broadly assessed, except in the case of the well dated common tephra layers 

(see section 4.6.2.1). 

A final limitation is charcoal incorporated in the records that is not a result of contemporaneous 

wildfire. For example, charcoal may originate from episodes of enhanced sediment input, which 

may cause reworking of the charcoal and its re-deposition, especially during colder intervals 

(Walker and Lowe 1990; Busfield et al., 2015). The calculation of charcoal accumulation rates where 

charcoal values are divided by the sedimentation rate ensures that charcoal peaks are not a result 

of enhanced sediment input. However, it is not known if any of the charcoal found was redeposited 

from a much older wildfire. Some techniques have been put forward to guard against this (e.g., 

statistical screening of charcoal peaks: Finsinger et al, 2014; Hawthorne and Mitchell, 2016); 

however, it was not possible to employ these in this study due to the problems encountered with 

the image analysis method for charcoal quantification.   

Taking these limitations into account, our study underlines that the relationship between charcoal 

accumulation and FF is a very complex one, with higher charcoal values not directly related to more 

fire events, and thus higher fire frequencies. This was a finding also reached by Marlon et al. (2006). 

We thus caution, along with these authors, that more charcoal cannot be interpreted as more 

frequent fire, and advocate that were possible, charcoal accumulation to be translated to FFs, albeit 

with the caveats outlined above acknowledged.   

 

4.7.2 Methodological Implications for Fire History Reconstructions 
 

We have employed a methodology that allows us to overcome potential human biases in fire 

reconstruction algorithms. We significantly reduced the human element from the analyses; instead 

of choosing arbitrary parameters to run the CharAnalysis (Higuera et al., 2009; Blarquez et al., 

2013), we identified as RFEs those CharPeaks identified as RFEs by at least 75% of the selected 

members (RFEs75) and used as FF the median FF (FFMedian) reconstructed by the c. 1000 selected 

members.  

Albeit a more conservative approach because of these strict criteria, it offered three advantages. 

Firstly, it assured the rigorousness of our results, in the sense that we can be confident that our 

findings and interpretations are not due to the reconstruction picked. This is because FF is normally 

calculated based on a kernel density estimation procedure applied to the RFEs of a single 

reconstruction. This is problematic because, in order to obtain the RFEs, a suite of arbitrary 

parameters needs to be set (see section 2.4.2). Inevitably, any bias induced due to parameter 

selection is, in turn, influencing the RFEs obtained, and then also propagated in the FF. With the 

procedure described above there was no human selection of parameters. Perhaps the rigour of the 
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approach is best demonstrated by the case of Loch an t’Suidhe (Site 2), where there were too few 

suitable reconstructions (302). Any of these 302 reconstructions would have offered a set of ages 

for wildfire events which could then be used to reconstruct FF. However, the approach followed 

here indicated that for this record too few reconstructions were considered good enough and 

therefore, an FF median would likely be biased. Secondly, the approach allowed comparisons for 

the reasons described above. Should this approach not had been followed, comparisons between 

fire reconstructions using different parameters would perhaps not be as robust.  

Thirdly, the approach allowed insights into the representativeness of the fire history 

reconstructions obtained. As mentioned above, in single reconstructions RFEs are identified and 

based on these RFEs, FF is calculated. However, here, the approach was different. We defined as 

RFES75 those RFEs identified by 75% of the ~1000 reconstructions; and, as FF the median FF of all 

suitable reconstructions (FFmedian). This exercise enabled parallel assessment of the results obtained. 

For example, in our study, FFMedian and RFEs75 overall appear to be in good agreement. An exception 

could be the charcoal peak noted at c. 12.5 ka BP in Loch Ashik (Site 1). Although no RFE75 is 

reconstructed there, FFmedian slightly increases. This is because less than 75% of the reconstructions 

identified that peak as a fire event (thus is not an RFE75); however, a number very close to 75% did, 

for example 74%, which eventually shows in the median of all reconstructions (FFmedian). A very 

similar example is found at the beginning and end of the Sluggan Bog (Site 4) record. FFmedian is 

higher in the beginning and slightly increases towards the end, with no RFE75 identified in either 

case. However, in both cases a RFE was identified by many reconstructions (c. 700). Therefore, 

these two metrics (RFEs75 & FFmedian) combined can better indicate the quality of the results 

obtained. 

We think that the implications of the approach followed here are important because normally a 

single reconstruction is presented, with the parameters or rationale for their selection not 

explained, nor the metrics of their performance (SNI or GOF) published. This can lead to serious 

concerns regarding the validity of the results and their interpretations. We do not suggest that 

everyone should follow the conservative procedures used in this study but recommend caution in 

using and interpreting the results of those algorithms. For example, it would be advisable to utilize 

parameters that result in high performance indicators (SNI and GOF) and publish these metrics, as 

well as to make sure that the overall number of fire events obtained is reasonable for the record 

analysed.  

 

 

4.7.3 Wildfire and climate during the LGIT in the British Isles 
 

Recent evidence presented by Tsakiridou et al. (2020) and Abrook et al. (2020) indicated the 

presence of charcoal in LGIT sediments of the British Isles. Both papers suggested that wildfire was 

likely a common component of the British palaeolandscape. The charcoal data presented here, 

supported by the extensive suite of wildfire reconstructions, provides further evidence to these 

studies. 
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Regarding the role of climate, there are two ways to examine this relationship. The first is to 

investigate the association between patterns in wildfire expression and the timing of the climatic 

change. The second is to investigate whether the events are broadly synchronous, because this 

would indicate a driver operating on a regional rather than local scale. The data presented in this 

paper allow the identification of patterns in wildfire expression to be both observed and related to 

climatic changes across many records.  

From a FFmedian perspective most of the records follow a different pattern (Section 4.6.2.2). These 

complex patterns suggest that wildfire has perhaps not been driven solely by climate across all sites 

and for the entirety of the LGIT, and has likely been influenced by other, possibly site-specific 

controls. The finding could also be due to the 500-year smoothing window used for the construction 

of the FFs, which may not allow for changes in FFmedian to be discerned. This is especially because 

most climatic changes during the LGIT occurred on 500-1000 year intervals. Therefore, although 

valuable to study overall FFmedian during the LGIT, the FF approach may not perhaps be suitable for 

delineating the effect of climate in driving wildfire frequency. Narrowing the window too much (i.e., 

shorter than 500 years) leads to FF curves overinfluenced by individual fire events, which would 

thus not be very informative. 

It is therefore more interesting to study the effect of climate via the individual fire events. From a 

RFE75 perspective, there are some interesting patterns when wildfire is considered in the context of 

the LGIT climatic intervals. For example, the charcoal and RFE75 identified for Wykeham (Site 5) at 

around 14.8 ka cal. BP. This predates the onset of the initial warming in Greenland (the beginning 

of GI-1). Based on macrofossil data, Lincoln et al. (2020), suggest that the landscape was an open 

steppe, with limited shrub cover (Betula nana, Salix sp. and Empetrum nigrum). Humans were most 

likely absent; however, it might have been a period with rising summer temperatures (Denton, 

2010). Two RFEs were also identified by Hawthorne and Mitchell (2016) in Ireland, while Tsakiridou 

et al., (2020) collated evidence of four more sites exhibiting a consistent pattern, i.e., high charcoal 

values that sharply drop in the beginning of the interstadial. Our understanding of wildfire in glacial 

environments is incomplete (see also Carcaillet and Blarquez, 2017).  

In GI-1, there is a distinct charcoal peak around 14 ka cal. BP noted in almost all sites, except Sluggan 

Bog (Site 4), where a smaller peak is evident at ~14 ka BP prior to a much larger at ~13.6 ka BP. At 

Sluggan Bog (Walker et al., 2012), Betula pollen declines at around the same time; however, as 

noted by Walker et al. (2012), the nearest charcoal peak does not occur until ~13.5 ka cal. BP, as in 

our study. Albeit smaller, the charcoal peak around 14 ka cal. BP was identified as a fire event by 

some members (674 members,. i.e., less than the 1048 that was the cut off value for this site; see 

Section 4.7.1). In all the remaining sites that the peak is identified and fire reconstructions were 

undertaken, it is translated into a RFE75 and could be broadly contemporaneous. Evidence for 

contemporaneous burning at ~14 ka cal. BP is also supported by the concurrent charcoal peaks 

identified with the use of the common stratigraphic layers, namely the Penifiler and Borrobol 

crypotephras, which were deposited within that time frame and were found in the three Scottish 

sites (see Figure 4.3). The broadness of this signal suggests a climatic control. Moreover, around 

this time the well-documented cooling during the GI-1d climatic oscillation occurred, registered 

both in the Greenland ice cores (Figure A4.3; Rasmussen et al., 2014) and more recently also in the 

British Isles (Abrook et al., 2020), further supporting a likely climatic control. Recently it has been 

postulated that Britain became increasingly arid during the Lateglacial Oscillations (Lincoln et al., 
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2020), through a direct link between cooling intervals and reconstructed phases of enhanced aridity 

in NE England. This could imply that burning occurred in response to this change in hydroclimatic 

conditions. 

Increased aridity could be one of the drivers for wildfire to occur not only during GI-1d but more 

broadly during the interstadial, as there were more short, abrupt, cold events (Rasmussen et al., 

2014; Abrook et al., 2020). No direct relationship between the timings of the cold events of GI-1 

and of RFE75 can be clearly discerned across all the studied sites; however, some broad associations 

amongst records, and in relation to cold events, do exist (see also Figure A4.3). For example, besides 

the easily discernible c. 14 ka charcoal peak, a cluster of events could be broadly identified between 

14.5 to 13.9 ka BP in all records (Loch Ashik (Site 1): 1 RFE75; Tyna Spirit (Site 3): 2 RFEs75; Wykeham 

(Site 5): 1 RFE75), except Sluggan Bog (Site 4), where, however, the record does not commence until 

14 ka BP. In Sluggan Bog (Site 4) burning appears contemporaneous with the GI-1c cooling at c. 13.6 

ka cal. BP. A second cluster of events may be broadly located in the later part of GI-1 between 13.1 

and the beginning of the YD. Albeit likely not contemporaneous, RFEs75 were registered in all 

records (Loch Ashik (Site 1): 1 RFE75; Tyna Spirit (Site 3): 1 RFE75; Sluggan Bog (Site 4): 1 RFE75; 1 

Wykeham (Site 5): 1 RFEs75) within that time period. At Wykeham (Site 5), however, burning 

appears to have commenced much earlier, with evidence for multiple repeated RFEs75 from 13.3 ka 

cal. BP. Otherwise, the records overall display very similar trends in the timing of the RFEs75, which 

could be broadly related to some well-documented GI-1 climatic oscillations (e.g., GI-1d, GI-1c2, GI-

1b).  

A similar finding is indicated with the construction of the composite charcoal curves, albeit driven 

largely by the data presented in this paper. Increases in charcoal fluxes are identified for ~14 ka cal. 

BP and ~13 ka cal. BP. The increases are supported by seven and 10 available sites in each case from 

data available in the GCD and data presented in this paper (see Figure 4.5iv). Unlike individual 

records that may be subject to considerable noise, the increase shown in the composite charcoal 

curves indicates increases in regional biomass burning and thus reflect regional trends in wildfire 

(Marlon et al., 2006; Hawthorne and Mitchell, 2018). 

Abrook et al. (2020) identified wildfire occurrence as an environmental response to the LGIT 

climatic oscillations and the data presented here suggests that it is likely to have occurred at our 

sites also. Overall, therefore, we argue that an at least in part, climatic control on GI-1 wildfire is 

indicated. This is further supported by the fact that there is little evidence that humans were 

geographically spread across most of Britain especially during the earlier parts of the interstadial 

when the first cluster of events is identified, and absent in Ireland during GI-1. Nevertheless, the 

exceptionally frequent burning in Wykeham during the second cluster of events, commencing at c. 

13.3 ka cal. BP is likely to be a result of humans, as evidence of occupation has been put forward 

(Day, 1996). On the other hand, a vegetation control cannot be excluded. During GI-1, woody 

vegetation was developing in most sites in Britain, with species expanding from their refugia (Birks 

and Birks, 2014). This could mean that the RFEs75 may seem offset but may have happened within 

the same vegetation zones. This could be, for example, the case for the second cluster of events 

that are not contemporaneous between 13.1 and the beginning of the YD. However, comparisons 

with the pollen records for each site would be needed to develop this point any further. 

Unfortunately, pollen profiles do not exist for two sites (Area 240 and Kittriding Mire), while for 

four sites (Loch Ashik, Loch an t’Suidhe, Tynaspirit and Sluggan Bog), although pollen records exist. 



Chapter 4 – Paper III 

100 
 

These, however, were not obtained from the same core that was used to produce the charcoal 

records presented in this paper. Therefore, stratigraphically or chronologically matching the pollen 

records with the charcoal records from different cores will not help with identifying leads and lags 

between burning and vegetation change. In summary, only for one core, Wykeham, a macrofossil 

profile obtained from the same core exists. This will be examined in the future to better investigate 

site-specific controls of burning; however, for the purposes of this paper it cannot help with 

identifying the relationship between burning and vegetation on a regional scale.  

Almost all records that span the YD contain some charcoal. This is of special interest as the presence 

of charcoal in deposits of this date has been previously discussed in the literature for the British 

Isles (Tsakiridou et al., 2020) and for Scotland in particular (Edwards et al., 2000). Our findings here 

further add to this ‘paradox’.  As discussed above, the charcoal records presented here have been 

transformed to charcoal accumulation rates, thus the values are not influenced by enhanced 

sediment input, which is likely to occur with abrupt cooling due to enhanced erosion (e.g., Walker 

and Lowe 1990; Bushfiled et al., 2015). However, we do not know that extent to which charcoal is 

being reworked and redeposited during this period. Some records do exhibit a RFE75 at the 

beginning of the stadial, e.g., Tynaspirit (Site 3), Sluggan Bog (Site 4) and Wykaham (Site 5). This 

could be a result of the well-documented abrupt onset of the climatic reversal (Lane et al., 2013). 

However, all records exhibit further events well within the stadial, broadly at concurrent periods at 

the later part of the YD. One example is around 12 ka cal. BP, where a cluster of RFEs75 is recorded 

at all records. The geographical broadness of this signal (i.e., RFEs75 registering within the YD across 

Britain at likely concurrent times) points to a climatic control. This is probable, as it has been shown 

that the onset of the YD led to a change in the hydroclimate and more arid conditions (Rach et al., 

2014), while recently it has been found that short summers with relatively high temperatures would 

have been the norm (Schenk et al., 2018). There is no evidence for persistent year-long human 

presence in Britain or Ireland through the YD, therefore, unlikely to have influenced the regimes. 

Nevertheless, both macroscopic and microscopic charcoal is found in sediments, with macroscopic 

charcoal in particular pointing to the occurrence of local wildfires. The available evidence suggests 

a clear regression of vegetation from woodland to open grassland habitats, as a result of the onset 

of abrupt cooling at the beginning of the YD. Pollen assemblages are dominated by arctic shrub-

tundra and open-ground taxa such as Poaceae, Artemisia and Cyperaceae (e.g., Walker and Lowe, 

2017; Walker et al., 2017). The possibility of wildfire occurring within this cold YD landscape is 

strengthened by observations of the modern environment. In February 2021, wildfire on 

Benbecaula and Skye in the Outer Hebrides occurred in freezing conditions, driven by high and dry 

cold winds, while other parts of Scotland experience very low winter temperatures. 

Almost all records exhibit their maximum values of charcoal after the transition into the early 

Holocene. The pattern varies between sites, especially with regards to the timing of the 

commencement of the increase (see Section 3.2.1). However, the binning and standardization of 

charcoal values resulted in all three curves displaying a very abrupt increase in biomass burning 

right at the transitioning to the Holocene. The broadness of the signal at the time of the transition 

indicates that the increased wildfire trends could be a result of the abrupt climate warming that 

took place at the onset of the Holocene. The progressive migration of woody thermophilic species 

to Britain, with high Corylus values that are typically followed by increases in Ulmus, Quercus and 

Alnus (Bennett, 1988; Tallantire, 1992) very likely provided increased fuel for the wildfires; and can 

thus help explain the increase in regional biomass burning noted in the composite charcoal curves. 
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In Area 240 (Site 6), a peak during the Holocene has values that are almost two orders of magnitude 

higher than all the remaining sites (see also Figure A4.2). This charcoal-rich layer, which most likely 

represents an in-situ wildfire, has been dated to 10,483± 119 cal. years BP. The two other sites 

that span the same time frame also exhibit evidence of burning, in Loch Ashik (Site 1) two RFEs75 

are identified at ~10.5 ka cal. BP, while in Loch an t’Suidhe (Site 2) charcoal values sharply increase 

during the same time. Kittriding Mire (Site 7) also exhibits a charcoal peak slightly before, thus not 

concurrent with this event, although the discrepancy noted could be an artifact of chronology. A 

peak can also be identified in the composite charcoal curves for the bin centered at 10.75 ka cal. 

BP. However, as the bin width used was 250 years, the increased charcoal influx corresponds to the 

period 10,785 – 10,625 ka cal BP rather than 10.75 ka cal. BP in particular. Therefore, although not 

necessarily synchronous events, the broadness of this signal likely indicates a phase of enhanced 

burning, which points to a climatic control on a regional scale. Evidence from Hawes water, England 

suggest an Early Holocene Warm Period from ~11.5 untill 10 ka cal. BP interrupted by a climatic 

oscillation centered at ~10.7 ka cal. BP (see Figures 5 and 6 in Lang et al., 2010), although no 

evidence exists in the Greenland Ice-cores (Rasmussen et al., 2007).  

Given that so far, enhanced burning has been linked to climatic oscillations, it is interesting to 

examine charcoal patterns in the context of other known Early-Holocene oscillations. It should here 

be noted that, even with previously identified patterns, it is not exactly clear if burning occurs in 

response to cooling or warming surrounding these events. However, evidence from other sites 

(Abrook, 2020) suggest that increased wildfire frequency may be a response to abrupt cooling. With 

these in mind, very limited evidence exists in relation to the 11.4 ka event, also known as the 

Preboreal Oscillation (PBO). Only Wykeham (Site 5), exhibits a RFE75. It is also interesting to note 

that the PBO is not evident in the temperature reconstructions of Lang et al. (2010), Finally, two 

RFEs75 are identified in Loch Ashik (Site 1) likely in association to the 9.3 ka event, which 

unfortunately is the only site that spans this cooling event. Nevertheless, it further adds to the 

evidence put forward by Tsakiridou et al. (2020) for regional contemporaneous burning in response 

to the 9.3 ka event. The regional composites also indicate an increase around this time. 

In the early Holocene, the insolation values were high with summer temperatures likely to have 

been slightly higher than today, while vegetation started becoming woody, albeit still relatively 

open (Fyfe et al., 2013; Brooks and Langdon, 2014). The progressive expansion of species within 

Britain and Ireland meant that there was variation in regional vegetation (Fyfe et al., 2013). It thus 

appears that burning occurs contemporaneously across a broad geographic area at 10.5 ka cal. BP 

and 9.3 ka cal. BP despite this variation in vegetation. This finding, in conjunction with the 

unsuccessful efforts to tie the occurrence of species such as Pinus, Corylus and Calluna with wildfire 

(Smith, 1970; Edwards, 1990, Edwards et al., 1995; Froyd 2006; Grant et al., 2014) suggests that 

vegetation composition did not act as a wildfire driver. On the contrary, it seems more likely that 

climate conditioned the condition of vegetation, e.g., through aridity, leading to enhanced wildfire 

expression. However, the limited evidence included here for the entirety of the early Holocene, as 

well as the constantly changing vegetation, and humans very likely setting fires in the landscape 

does not allow clear interpretations in the context of delineating a dominant wildfire driver. 

However, the broadness of the signal, even if driven by human-set fires, indicates a landscape 

conducive burning during the periods of abrupt climate changes. 
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The patterns identified for the entirety of the LGIT seem very likely to have been partly controlled 

by climate due to the concurrent timings of burning across sites as well as well as their close 

association to documented climatic oscillations. This is further strengthened by the general 

charcoal composite curve, which exhibits peaks concurrent with the timings of some of the most 

well-documented climate oscillations (Figure 4.5iii). For example, distinct peaks are exhibited at c. 

14.1 ka cal. BP (GI-1d) and 13.1 ka cal. BP (GI-1b), while a closely constrained (i.e., good agreement 

between all sites included in that 250-year-bin) very sharp increase is noted at the beginning of the 

early Holocene and at c. 11 ka cal. BP. 

 

4.7.4 Implications for modern management 
 

Our findings clearly show that the landscape of the British Isles has been subject to wildfire during 

periods when humans were both present and absent, and when abrupt climate changes occurred. 

This is important for two reasons. Firstly, the increase in biomass burning noted for the beginning 

of the Holocene indicates future increases in burning as the abrupt transition to the Holocene is 

considered the best analogue for the current anthropogenic climate change (IPCC, 2013). Secondly, 

in the probable case of a climatic tipping point, e.g., an abrupt cooling, due the shutdown of the 

Atlantic Meridian Overturning Circulation (Ritchie et al., 2020), the associated atmospheric and 

hydroclimatic feedbacks (e.g., Rach et al., 2014; Lincoln et al., 2020), could also enhance wildfire 

risk, as our research shows a connection between RFEs75 and the documented oscillations of the 

LGIT. However, this association needs to be further studied in relation to the vegetation 

composition and structure, as the vegetation of the LGT, present day and future are largely 

different.  

A connection between enhanced wildfire expression and aridity has also been suggested in more 

recent wildfire statistics (1975-2001: Broadmeadow and Ray, 2002; 2009-2017: Forestry 

Commission, 2017), while under the most recent climate change scenarios, there will be a greater 

chance of hotter, drier summers and warmer, wetter winters (Met Office; UKCP18). All these factors 

taken together, and combined with our findings here, suggest that decisions concerning landscape 

management in the British Isles could account for wildfire likelihood becoming more common.  

 

4.8 Key Findings 
 

In this paper we present new high-resolution and contiguously sampled charcoal records that span 

the LGIT in the British Isles. We find: 

i. Macroscopic charcoal is prominent in sediments that span the LGIT in the British Isles. 

ii. Charcoal accumulation is subdued during stadial periods and enhanced during interstadial 

periods. 

iii. Wildfires were a constant feature, i.e., occurred, for the entirety of the LGIT in the British 

Isles. 



Chapter 4 – Paper III 

103 
 

iv. The concurrent timing of wildfire events across the region and in relation to documented 

climatic oscillations suggests wildfire could have been driven by climate in the British Isles 

during the LGIT, although the relationship with vegetation remains to be tested.  

v. A new fire composite presented here further constrains the information available in the 

GCD and suggests increased charcoal influx during documented periods of abrupt climatic 

changes (GI-1d, GI-1b, beginning of the Early Holocene). This is not seen in the individual 

sites, however, as these are likely to be influenced by site-specific controls. 
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Chapter 5 

 

Paper IV 

 

5.1 Introduction to Paper IV 
 

This paper is very different from all the previous in many regards. Firstly, it does not deal with the 

palaeoenvironments of the British Isles, instead, its primary focus is a modern-day UK landscape 

management tool. Secondly, it is not a paper prepared for a peer-review scientific journal, 

employing scientific data and complex analyses, as the previous ones. Instead, it collates the views 

of various types of stakeholders (possibly all types) and outlines problems and possible steps for 

the future.  

The paper resulted after a placement with Forest Research during the summer of 2018. The 

placement was possible thanks to funding from the Faculty of Science of the University of 

Portsmouth and after meeting Mr Rob Gazzard at the UK Wildfires conference (see Appendix 5 – 

Research Dissemination), who eventually came up with the idea. 

Wildfire danger prediction tools are a major issue for the various UK fire stakeholders, because of 

its direct implications for fire management (e.g., any form of controlled burning, allocation of fire 

and rescue resources, policy decisions). However, it was overall widely accepted that the current 

platform did not serve the needs of many or did not work well, with many meetings and discussions 

already held prior to the commencement of this placement. During the placement most 

stakeholders reiterated that view. After consultation with Dr Martin Alexander (co-architect of the 

Canadian system) and Dr G. Matt Davies (expert in UK fire environment), the views of the 

stakeholders were used as a basis for options to enhance the platform, either through 

implementing a new system or funding a new one, properly calibrated for the UK environment.        

The paper was sent to key stakeholders of the UK, was presented in a stakeholder meeting, and 

was used as a basis for policy discussions. In 2020, a NERC highlight topic awarded £2.6 million to a 

consortium of scientists from various universities for the project “Toward a UK Fire Danger Rating 

System”, which is currently underway. This thesis’ 1st supervisor is involved and will produce fire 

histories of the last 2000 years based on charcoal records in order to provide baselines for UK 

wildfire trends. 

Contributions of named authors: 

M. Tsakiridou – wrote the paper 

Dr J. Morrison – offered guidance, acted as a reviewer 

Mr R. Gazzard – offered guidance, acted as a reviewer  
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5.2 Paper IV Title and Authorship 
 

Next steps for Wildfire Danger Assessment 

in the UK 

 

 
  

 

Margarita Tsakiridou (Department of Geography, University of Portsmouth), James Morison 

(Forest Research) & Rob Gazzard (Forestry Commission England) 

Correspondence to: Rob.Gazzard@forestry.gsi.gov.uk 

2nd October 2018 

 

5.3 Executive Summary 

 

Wildfires are expected to increase in magnitude and frequency in the UK because of climate change 

with warmer and drier summers. This calls for a wildfire prediction tool that will contribute to 

effective wildfire management, both for long term planning and short-term response. Fire Danger 

Rating Systems (FDRSs) have been developed and adapted for many parts of the world while an 

implementation of the Canadian Fire Weather Index (FWI) has been used for the past 15 years in 

England and Wales in the Met Office Fire Severity Index (‘MOFSI’). In this short project fire 

stakeholders across the UK were asked about their needs for a wildfire danger assessment tool in 

the UK as recent research and comment has shown that the current MOFSI does not correspond 

well with recently collected fire statistics. The origins and purpose of the current MOFSI are 

summarised, as well as the scientific background and options to better adapt the MOFSI for the UK 

fire environment and move towards a more complete FDRS for the UK. The next steps will depend 

on the interest from the wildfire community, land managers and other stakeholders and the extent 

of funding available. 

 

mailto:Rob.Gazzard@forestry.gsi.gov.uk
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5.4 Introduction 

 

Change in rainfall seasonality as well as elevated temperatures are expected to significantly 

increase the magnitude and frequency of wildfires in the UK. Wildfire risks to Farming, Forestry, 

Wildlife, and Heritage have been included in the UK Climate Change Risk Assessment (2017), as well 

as the National Adaptation Program (2018). In the latter, the enhancement of wildfire prediction 

tools is considered a ‘key action and progress milestone’. Wildfire danger prediction tools such as 

Fire Danger Rating Systems (FDRSs) offer a way to quantify fire danger, or in other words “the ease 

of ignition, rate of spread, difficulty of control, and fire impact” (Merrill & Alexander, 1987). 

Therefore, they provide essential information for cost effective and efficient wildfire management 

because the output of such systems can be used for the imposition of fire restrictions, identification 

of days suitable for controlled burning, and sophisticated resource allocation by the Fire and Rescue 

Services (FRS). In addition, they could be used for analysis of future fire risk, which will help with 

longer-term planning, e.g., adaptation strategies, landscape and forest design and land use 

management. 

 

5.5 Background 

 

A number of FDRSs have been developed around the world, e.g., the Canadian Forest Fire Danger 

System (CFFDRS), the National Fire Danger Rating System (NFDRS) in the USA, the McArthur Forest 

Fire Danger Index (FFDI) in Australia. Other countries have chosen to adopt readily available FDRSs 

and in some cases adapt them to their local fire environment, as this can contribute to significantly 

lower costs (Fogarty et al., 1998). The most popular and widely applied is the Canadian Forest Fire 

Weather Index (FWI) System (Van Wagner 1987; Figure. 5.1A) which is a major subsystem of the 

Canadian Forest Fire Danger Rating System (CFFDRS) (Taylor and Alexander 2006; Figure 5.1B). 

Other major components of the CFFDRS are the Canadian Forest Fire Occurrence Prediction (FOP) 

System, which assesses risk of ignition based on lighting or anthropogenic factors, and the Canadian 

Forest Fire Behaviour Prediction (FBP) System, which, based on fuel type, slope, aspect etc., 

provides quantitative estimates of head fire spread rate, fuel consumption and fire intensity. The 

CFFDRS or parts of it have been adopted by many countries around the world (see Figure 5.1C); the 

FWI in particular is incorporated in the European Forest Fire Information System (EFFIS), and it is 
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the basis of the system currently available in the UK, namely the Met Office Fire Severity Index 

(MOFSI). 

The success of the FWI System’s adoption around the world is in part because its implementation 

is relatively simple. For its computation widely collected weather data at noon time only are 

necessary, namely temperature, relative humidity, wind speed, and cumulative 24h rainfall. It is 

composed of three moisture variables:  

• the Fine Fuel Moisture Code (FFMC): the moisture content of litter and fine fuel,  

• the Duff Moisture Code (DMC): the moisture content of moderately deep loosely 

compacted layers, and 

• the Drought Code (DC): the moisture content of deep organic layers. 

As shown in Figure 5.1A, these variables are then combined to give an indication of anticipated fire 

behaviour. FFMC combined with wind speed can provide the Initial Spread Index (ISI), while the 

DMC and DC provide the Buildup Index (BUI), or in other words information on the potential 

sustainability of the fire based on the fuel available for combustion. Based on the ISI and BUI, the 

FWI estimates the expected fire intensity. For the process known as ‘calibration’ (Van Wanger 1987, 

p. 29), the numeric ranges of the FWI are then assigned to 5 or more danger classes, e.g. nil, low, 

moderate, high, extreme. The development of the equations for each of the FWI System 

components is based on a mature stand of Jack pine or lodgepole pine, a common forest type that 

stretches from the east coast to the West Coast in Canada (Van Wagner 1987).  

The MOFSI was first implemented for England and Wales in 2003, as part of the response to the 

Countryside and Rights of Way Act (CRoW, 2000, 

https://www.legislation.gov.uk/ukpga/2000/37/contents), and in particular The “Avoidance of risk 

of fire or of danger to the public” (CRoW 2000, Chapter II, Section 25). It is based on the Canadian 

FWI component, applying its equations and calibrating it based on previous wildfire experience. A 

threshold to define potential exceptional fire severity (danger rating class number 5) was picked 

based on the extreme days during the so-called 1976 and 2003 ‘fire years’, and the remaining fire 

danger classes (1-4) were based upon a geometric progression. Weather information is taken from 

the Met Office operational forecast model to produce a 5-day MOFSI forecast. The output is a 1-5 

rating on a 10x10 km grid. The Met Office states that the MOFSI is “an assessment of how severe a 

wildfire could become if one were to start”. The numeric values of the output of MOFSI or of its 

various components (FFMC, DMC, DC, ISI, BUI) are not available. Instead the 1-5 rating is depicted 

on a colour coded map. It is hosted on the website of the Met Office 

(https://www.metoffice.gov.uk/public/weather/fire-severity-index/) and covers England and 

https://www.legislation.gov.uk/ukpga/2000/37/contents
https://www.metoffice.gov.uk/public/weather/fire-severity-index/


Chapter 5 – Paper IV 

108 
 

Wales. The MOFSI is also incorporated in the Daily Hazard Assessments of the National Hazard 

Partnership (NHP DHA). 

It should be noted that the present FWI, and resulting MOFSI has been mistakenly viewed as a 

wildfire warning system. Whilst the FWI is used to help inform the NHP DHA, use of the FSI as a 

warning system is not recommended (see why below in section 5.2). 

The desire to develop wildfire prediction has come from many stakeholders from across the land 

management community, Fire and Rescue Services, and researchers across the UK, and a mandate 

was sought from the members of the England and Wales Wildfire Forum. As a result of this direction 

several key end users met in August 2017, facilitated by Forestry Commission England, which helped 

define the present problem, requirement priorities and business case. Following this there was a 

meeting of the UK Wildfire Researchers group in January 2018, which helped define the research 

tasks for developing a FDRS.   

Figure 5.1: A. The structure of the Canadian Forest Fire Weather Index (FWI) System (Van Wagner, 
1987). B. The Canadian Forest Fire Danger Rating System (CFFDRS) and it components FWI = Fire 
Weather Index System, FOP = Fire Occurrence Prediction System, FBP = Fire Behaviour Prediction 

System (Stocks et al., 1989) C. CFFDRS and its components adopted or adapted by other 
countries/regions around the world (Simpson, 2017). 
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5.6 Aims, Objectives and Scope 

 

Building on from these two meetings in 2017 and 2018 this report aims to set out how the process 

can be moved forward. The objectives are to:  

• Show the need for the development of a fire danger prediction tool that encompasses the 

needs of the whole wildfire community  

• Clearly set out what options that should now be considered.  

• Explores alternative paths for its implementation and discusses the associated scale of costs 

and risks.  

The scope of this report encompasses the whole of the UK.  

 

5.7 Key Points 

 

5.7.1 Discussions with Stakeholders 

 

We contacted a range of wildfire stakeholders across the UK and asked if they need a wildfire 

danger prediction tool, whether MOFSI covers their needs, why they need such a tool, whether the 

UK should be looking at implementing a complete FDRS, and what ideally a wildfire danger 

prediction tool would offer to them. Finally, we asked for any advice or concerns they might have 

with regards to the implementation of such a tool. 

With regards to the question over whether a wildfire prediction tool is needed, land managers and 

FRS staff unanimously stated that they need one. Almost all the stakeholders asked recognize that 

MOFSI is a tool fit for the specific purpose that is imposed by the CRoW Act (2000) but expressed 

their wish for a new tool that offers more accurate and complete information that reflects their 

needs. This view was probably magnified at the time of the stakeholder discussions, which was after 

a prolonged combination of elevated temperatures and drought this past summer, during which 

MOFSI barely indicated ‘exceptional’, although wildfire activity has been clearly high (e.g. the 

extensive and long-lasting Saddleworth Moor fire near Manchester for example, as well as 

numerous other fires across the UK). 
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With regards to why a tool is needed, both land managers and FRS staff highlighted the importance 

of a ‘proactive instead of a reactive wildfire preparedness’ approach which could only be achieved 

if such a tool was available. According to the views expressed, land managers, particularly 

heathland & moorland managers, expressed their wish for a tool that informs them about suitable 

days to perform controlled burning. This is not only because burning on dangerous days might lead 

to a fire escape but also because resources might be wasted on days when vegetation/fuels are 

actually not suitable for burning. Furthermore, information on the expected ecological severity of 

a fire can be extracted from a wildfire prediction tool (e.g. Davies et al., 2016). FRS were not as 

unhappy with MOFSI’s forecast, as some of them stated that by combining MOFSI and knowledge 

gained from experience about which days are more dangerous (e.g. holidays), and where the most 

flammable vegetation lies, they can use it to help allocate resources. The strongest wish of this 

group, however, was a higher spatial resolution (i.e. more detail) in the tool, as well as a move 

towards a complete FDRS for the UK, with the development  of a FBP System component for the 

UK, so as to provide quantitative estimates of head fire spread rate, fuel consumption and fire 

intensity. Finally, this group particularly stressed the need for the tool to be available on a single 

platform, rather than both in the Met Office and NHP, and with clearer interpretations. 

In summary users have defined the following uses of wildfire prediction: 

1. To deliver the requirements of the Countryside and Rights of Way Act (CRoW) over access 

and public safety responsibilities. 

2. To provide accurate alerts of wildfire using the Daily Hazard Assessment:  GREEN, YELLOW, 

AMBER and RED criteria to Fire and Rescue Services, Government organisations and private 

or public land owners. 

3. To provide information to land managers when conditions are suitable for controlled and 

prescribed burning. 

4. To help determine wildfire adaption measures for future land use planning and policy. 

With regards to advice and concerns of the stakeholders it was striking that most of them described 

the potentially conflicting needs of ‘multiple players’ within the wildfire community, which would 

hinder the development of such a tool. There were concerns that a consensus over requirements 

could not be reached, as well as fears around problems with acquiring funding and that the quality 

of the end product will depend exclusively on it. Another concern that was repeatedly stressed 

during the interviews was the lack of awareness and failure to accept wildfire as a threat, especially 

by some sectors of government in England, which was characterized as a “blockage” by 

respondents. Finally, it was advised by the Met Office that if a product is implemented, there should 
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be caution in not sending out contrasting information to that from the MOFSI output that could 

lead to confusion. 

Wildfire researchers from universities in the UK and abroad, as well as fire scientists from Natural 

Resources Canada (past and present) and Scion in New Zealand were also contacted, and their 

views with regards to the special fire environment of the UK, and the science required for 

implementing an FDRSs at a given location are presented below, after a brief description of what 

the MOFSI is currently showing us and why.   

 

5.7.2 Scientific Background to fire weather indices 

 

For the initial implementation of the MOFSI in 2003 a comparative assessment of the Canadian 

Daily Severity Rating (DSR) (Harvey et al., 1986; Van Wagner. 1987) (DSR = 0.0272 * FWI1.77), the UK 

Forestry Commission Hazard Rating Index (HRI), and the Australian Forest Fire Index (FDI) was 

carried out. This exercise showed that the FWI was the best at discriminating the days that known 

wildfire events that occurred in a 30-year period. To identify which numeric values of the DSR would 

be assigned to the ‘exceptional’ risk danger class (5) the maximum values of DSR reached were 

investigated and then compared against known historic events. The remaining classes were 

assigned based on a geometric progression. 

This route is similar to that suggested by Van Wagner (1987) as a process for the ‘calibration of the 

FWI’, i.e. how to ‘assign’ numeric values to fire danger classes (i.e, low, moderate, high, very high, 

extreme). This approach has been implemented in many parts of the world in this way and is and is 

considered to be a sound scientific method.  

However, subsequent research based on wildfire statistics collected in the years following the initial 

implementation has shown that the MOFSI does not overall capture well the days of fire events in 

the UK (see De Jong et al., 2016; Davies and Legg, 2016). Although there is noise in the data used in 

these studies, they both clearly demonstrate that FWI values throughout the year do not correlate 

well with wildfire events. Also, different components of the FWI peak at different periods of the 

year. This is a result of the different fire environment of the UK and shows that the equations of the 

FWI need better calibration through experimental data, and/or modification or replacement. Based 

on available research within the UK as well as a rich literature in adapting the CFFDRS to other 

locations, there are now suggestions of how the FWI and its components could be interpreted so 
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as to better reflect the fire environment of the UK, and also how parts of the system could perhaps 

be modified and/or replaced in the future.  

 

There are some problems in the ability of the present FWI to predict fire risk in the UK’s three main 

wildfire types: spring grass fires, heathland and moorland fires, and peatland fires. Spring wildfires 

are a frequent problem in the UK caused by dry overwintered grass vegetation. Despite the low 

moisture content in this ‘dead fine fuel’, the limited influence of the DC and DMC components in 

the FWI value means that the FWI values are low, and fire risk consequently under-estimated.  

Therefore, the FFMC value is generally found to correlate best with historic fire events around this 

season. Estimation of grassland fire danger based on the FFMC and ISI components has been 

implemented in Indonesia and Malaysia (De Groot et al., 2007) and New Zealand (Alexander, 2008). 

Another promising way to calculate grassland fire danger can be implemented through remote 

sensing data such as Normalized Difference Vegetation Index (NDVI; Martin Alexander & G. Matt 

Davies, pers. comms.), although there has to be a calibration between the NVDI and the degree of 

grass ‘curing’ (drying-off).  

 

Heathland and moorland fire occurrence are also not well captured by the FWI value and its 

components, for two reasons. Firstly, the shrubby fuels exhibit an on-off switch for the relationship 

between ignition and sustainability of a fire, possibly because of their particular high fuel load and 

spatial arrangement (Davies and Legg, 2011). This in practice means that once a threshold in FFMC 

is reached then the ISI value gets very intense, which eventually is not reflected in the FWI value. 

Secondly, the dynamics of shrubland live fuel moisture content is not well understood. Live fuel 

moisture of especially Calluna has been shown to fluctuate greatly, particularly during spring, which 

may lead to extreme fire behaviour (Davies et al., 2010).  

 

Finally, peatland fire danger should be reflected by the DC component; however, it has been shown 

that the DC is the least predictive value (de Jong et al., 2016; Davies and Legg, 2016).  Research in 

Indonesia has successfully modified the DC component in order to predict peatland fires (e.g. Field 

et al., 2004), and if moisture content and drying of UK peat soils is better understood then a similar 

modification could be successfully applied here (Stefan Doerr, pers. comm.).    

 

The above shows that research has already indicated ways in which the current FWI and/or FBP 

Systems could be modified to reflect the UK wildfire environment better. For example, if the 

components and numeric values of the FWI System were available to stakeholders, they could make 
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informed decisions on either when to burn or when to allocate resources based on the areas and 

fuel type they are concerned about. This would be a short-term solution that may assist on an 

operational level. Alternatively, or additionally, this information could be used for implementing a 

better defined application of the CFFDRS in the longer term, through looking at historical fire data 

and comparing them against FWI and its component values, and also assessing experimental data. 

Subsequently, a better understanding of the above relationships in combination with fuel type 

maps in the UK will be able to provide a good indication of wildfire danger across the UK. However, 

other routes could be explored as well, such as looking at the U.S. NFDRS, which at the time of initial 

MOFSI implementation was not tested for the UK.  Another promising solution could be adopting 

the FBP System component of the CFFDRS as Alexander (2008) undertook for New Zealand. This 

exercise will then adjust the fire danger for each of the fuel types, without the need for modifying 

significantly the FWI for each fuel type. Another promising component that could be borrowed from 

the CFFDRS is the FOP System type of approach, as most ignitions in the UK are anthropogenic. 

Finally, research has shown that the FWI and its components can be investigated through satellite 

fire detection (e.g. Dymond et al., 2005), although this remains to be tested if feasible for the UK.  

 

5.8 Options for Implementation, Ownership and Communication 

 

There are steps that can be taken for improving the existing wildfire danger prediction in the UK, 

with short and long timescales, depending on the appetite, resource and funding possibilities. In 

the short-term (1-6 months), modifications to the existing MOFSI system could be made (one or 

more combinations possible), and on a longer time scale (1-3+ years) a new system could be 

developed for the UK, based upon other FDRSs in use. 

 

5.8.1 Short- term options for improving the existing FWI for the UK 

 

Table 5 1: Short-term options for modifications to the existing fire severity index system. Further explanation for each 
option is provided in the text. 

No. Option Cost Timescale Risk 

1. Extend MOFSI to the UK from 

present England & Wales only 

Low Months Exceptional rating still too 

infrequent; UK fuel types 
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(Met data 

and 

computation) 

and seasonality not 

considered appropriately. 

2. Option 1 + Use of percentile 

approach 

Low Months* UK fuel types and 

seasonality not considered 

appropriately. 

3. Option 1 + Release FWI 

component indices to enable 

users to factor in local 

conditions 

Low Now* Requires local 

interpretations to be of 

use. 

4. Option 1 + 

Improve/differentiate spring 

and summer predictions 

Low Months* UK fuel types not 

considered appropriately. 

5. Option 1 + Increase spatial 

resolution from present 10x10 

km to 2x2km 

Low Months* Exceptional rating still too 

infrequent; UK fuel types 

and seasonality not 

considered appropriately; 

risk of too complicated 

system. 

*does not take into account time required for the completion of Option 1. 

 

5.8.1.1 Option 1:  Extending the MOFSI to the UK from present England &Wales only 

 

Funding is required from the different countries to purchase the UK weather data from the Met 

Office to whichever organization hosts or implements the new extended system. If no further 

option is implemented besides this one, then fire stakeholders should perceive danger class number 

4 as indicative for severe wildfires. However, if this option is chosen individually, with the equations 

still not modified/replaced so as to reflect the fire environment in the UK, there is a high probability 

that surprises in certain fuel types and seasons are likely (see section 5.2). 

 

5.8.1.2 Option 2: Option 1 + Use of percentile approach 
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Research carried out by de Jong & colleagues (2016) and Davies and Legg (2016) clearly 

demonstrates that adopting the percentile approach could more accurately reflect the danger in 

the fire environment of the UK. This is equivalent to altering the danger classes (i.e. what threshold 

and above of the numeric value of the FWI is picked to represent danger class number 5). This 

option should involve adapting the percentile approach to reflect the climatic variations within the 

UK, and set it running (Mark de Jong, pers. comm.). If the equivalent recalibration of the FWI to 

new danger classes is preferred, then the same steps (i.e. adaptation to reflect the climatic 

variations within the UK) should be performed for the new classes. The option would probably take 

a few months for a researcher to write new codes and perform research on new 

thresholds/percentiles and there will be some costs involved with setting it up and running on a 

website. However, the risk with this approach is that the equations are still not modified/replaced 

so as to reflect the fire environment in the UK, therefore surprises in certain fuel types and seasons 

are likely (see chapter 5.2).    

 

5.8.1.3 Option 3: Option 1 + Release FWI component indices to enable users to factor in local 

conditions 

 

The existing research (de Jong et al., 2016; Davies and Legg, 2016) also showed that due to the 

special UK fire environment different components of the FWI system correlate better or worse for 

given fuel types. There are already clear indications on what those correlations are (see section 

5.2), thus involving stakeholders could use this information with regards to their fuel types. 

Information already known, and to be gained through knowledge exchange between stakeholders 

and through new research can be disseminated through professional streams. The timescale for 

this could be very short, as the data is already being produced, but it’s not clear if the Met Office 

would be able do this for free. Besides potential surprises for certain fuels (as with the above 

options), there is a risk that this option might be too complicated for some, especially in the 

beginning. However, it could be very useful for other users, and a better understanding of the 

system could be developed during subsequent use. 

 

5.8.1.4 Option 4: Option 1 + Improve/differentiate spring and summer predictions 
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As in 6.1.3 above, research has indicated that different components of the FWI System correlate 

better or worse at particular seasons. There are some indications what those correlations are (see 

section 5.2), thus the information could be incorporated into the new warning system or the 

involving stakeholders could use this information with regards to the contemporary season. 

5.8.1.5 Option 5: Option 1 + Increase spatial resolution from present 10x10 km to 2x2km 

 

It has been confirmed from the Met Office that 2x2 km square grid weather data are available, yet 

MOFSI is currently implemented on a 10x10 km grid. As stated above, one of the prevailing views 

among FRS was the need for implementation of an FDRS at a higher spatial resolution. The timescale 

for this will need to be checked and agreed with the Met Office, as it is possible that a 2x2 km 

implementation might cost more in processing power, server hosting etc. It is likely that the 

increased cost might not be worth the benefits, as it could lead to a too complicated system; 

especially if implemented without the FBP System component (see section 6.2.3). 

 

5.8.2 Longer-term (1-3 years) options for implementing a FDRS for the UK 

 

A holistic approach that includes information on fuels can provide more accurate predictions of 

wildfire danger rather than an exclusively weather-based approach such as the FWI/MOFSI system 

is seen as the ultimate approach. Moving towards a holistic FDRS requires information on fuel types 

in the form of fuel maps (section 6.2.1), while the direction towards implementing a FDRS after that 

step is completed is presented in sections 6.2.1 – 6.2.3.  

There has been a number of FDRSs (see section 2) that incorporate fuel types already implemented 

in many parts of the world; however, the options presented below are primarily based on the 

CFFDRS because i) the CFFDRS has already been partially implemented and studied in the UK 

through the implementation of the FWI/MOFSI, and ii) contacts with the Canadian researchers exist 

who have experience in adapting it to other countries, e.g. New Zealand.  Furthermore, they offer 

the opportunity to train and exchange knowledge about these options (Dr Mike Wotton; 

http://www.firelab.utoronto.ca/behaviour/).  

 

http://www.firelab.utoronto.ca/behaviour/
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Table 5.2: Longer-term options for modifications to the existing fire severity index system. Further explanation for each 
option is provided in the text. 

No. Option Cost Timescale Risk 

1. 

Research to map and 

characterise fuel types – 

needed for all approaches 

below 

High Years Securing sufficient funding 

2. 

Option 1 + Individual 

calibration of the FWI for UK 

fuel types 

Medium Years* 

Might still not accurately capture 

fire environment; components of 

the FWI need to be recalibrated 

for UK fuels 

3a. 

Option 1 + Incorporating the 

FBP from previous research 

in Canada 

Low Months* 

Might still not accurately capture 

environment; it needs to be 

tested 

3b. 

Option 1 + Creating & 

Incorporating a FBP for the 

UK fuels 

High Years* 

Will require a lot of funding & 

new fire behaviour experiments 

for all fuel types 

4. 

Extra: Adoption & 

modification of CFFDRS by 

NZ 

Low Years 

No associated risk – but it is 

highly advisable to learn from 

that exercise 

*does not take into account time required for the completion of Option 1. 

 

5.8.2.1 Option 1: Research to map and characterise fuel types 

 

For implementation, FDRS fuel maps are deemed necessary. Information on fuels could be sought 

through the UK Land Cover map 2015, National Forest Inventory, or the National Vegetation 

Classification System (NVC). Furthermore, use of satellite information such as Moderate Resolution 

Imaging Spectro-radiometer (MODIS)  for deriving fuel maps  has been examined in  many regions 

of the globe(e.g. Dymond et al. 2004) and new satellite data streams offer  much potential. 

 

5.8.2.2 Option 2: Option 1 + Individual Calibration of the FWI for the UK fuel types 

 



Chapter 5 – Paper IV 

118 
 

It is already known that the various UK fuel types are prone to burn at various numeric values of 

the FWI or of its components depending on fuel type and/or season (see section 5.2). Therefore, 

once fuel maps are produced, these can be coupled with FWI and/or its components to indicate 

wildfire danger.  

 

5.8.2.3 Option 3: Option 1 + Incorporating the FBP System from previous research in Canada / 

Creating & Adding a FBP element for UK fuels 

 

Combining the FWI System with a FBP component would give an indication of fire danger/fire 

potential based on weather, fuels and topography in absolute, quantitative terms. Option A 

describes borrowing the FBP System already developed by the Canadians. This involves 16 fuel 

types, and there is an approximate analogue for most of the UK vegetation types. There is a problem 

with shrublands but there is ongoing research in New Zealand and Canada to address such fuel 

types, which can be tested for shrubland fuels of the UK in the future. Option B refers to the creation 

of FBP components for the UK from the beginning; this option is not recommended unless 

significant discrepancies between fire behaviour in fuel types between Canada and the UK arise.  

 

5.8.2.4 Option 4: Extra: Adoption & modification of CFFDRS by NZ 

 

The New Zealand Fire Danger Rating System (NZFDRS) is a 26-year ongoing adoption of the CFFDRS, 

with both the FWI and FBP components now fully incorporated and adapted to reflect the NZ fire 

environment. Given that NZ is also an island and oceanic country, as well as the long-term 

experience gained from adapting the CFFDRS it is advisable to learn from that experience.   

 

5.8.3 Options for Ownership  

 

There is presently a lack of clarity over what system is required for providing a wildfire danger 

prediction system in the UK.  A simple model for an improved wildfire danger system could be:   

 Owner Provider Users Communicator 
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The system might have a central government department (e.g. Home Office or Defra) being 

‘Owners’ of the FDRS, with one or more collaborating ‘Providers’ (e.g. Met Office providing weather 

data, other agencies producing land cover and fuel maps), the ‘Communicator’ being an 

organisation responsible for warnings, and ‘Users’ being: FRS, NHP (to include in the DHA), Natural 

England (NE), Scottish Natural Heritage, Natural Resources Wales (NRW), Forestry Commission 

England, Forestry Commission Scotland, Crown Estates, MoD and other landowners, public or 

private. 

The present MOFSI system is for England and Wales only and has NE and NRW as both ‘Owners’ 

and main ‘Users’ with FRS and other landowners also using the output, and the ‘Provider’ and 

‘Communicator’ being the Met Office. 

Those involved in the Met Office have indicated that although the organisation is open to 

discussions regarding implementation of a new product, it could not take responsibility for giving 

out subsequent warnings. In addition, should a new product get implemented it would need care 

not to send contrasting messages to those related to the MOFSI. Depending on which, or which 

combination of the above options are picked, the ‘communicator’ role would need to be defined 

and resourced appropriately.  

 

5.8.4 Options for Communication  

 

Possible options for communicating wildfire danger prediction obviously depend on how a system 

is developed as outlined earlier, over the short and long term. Some options are: 

• Option 1 – Status Quo - Met Office website for Fire Severity Index in England and Wales and 

Natural Hazard Partnership’s Daily Hazard Assessments 

• Option 2 – Met Office website for Fire Severity Index in United Kingdom and Natural Hazard 

Partnership’s Daily Hazard Assessments 

• Option 3 - New website by an organisation with responsibility for giving out warnings as well 

as Natural Hazard Partnership’s Daily Hazard Assessments and meeting the requirements of 

Natural England and Natural Resources Wales under CRoW.  
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5.9 Conclusions and Recommendations 

 

This report set out to explore the needs of wildfire stakeholders in the UK and to explore paths to 

implementing the possible solutions identified. Discussions with FRS and land managers have 

demonstrated that there is a great demand for such a tool, although various, but – importantly - 

non conflicting, requirements were expressed from those interviewed. Therefore, we recommend: 

• Short term: One or a combination of the options presented in section 6.1 should be 

implemented, depending on the appetite and funding possibilities. The wildfire community 

as a whole should engage in thorough discussions with the Met Office and NE for extending 

daily MOFSI/FWI in Scotland and Northern Ireland, and also for the possibility of enhancing 

the spatial resolution of the tool. Then, either the percentile approach or a recalibration of 

the danger classes can be implemented, or a release of the numerical components of the 

MOFSI/FWI. If discussions do not end up in an agreement, setting up a new platform that 

will put out this data might be worth considering, through buying the weather data from 

the Met Office (£1500/year according to their website). Wildfire stakeholders can then 

develop through their local experience and knowledge of the expected fire behaviour in 

their locations and with their fuel types. Parallel research looking also to associate the 

indices and fire behaviour (such as in the form of MSc projects) can be disseminated 

through professional streams to the interested parties. 

 

• Medium term: An organization should take this report and the information gained from it 

one step further and set up a process and body that will interpret the FWI/MOFSI output 

into targeted warnings. At this point, warnings should start being disseminated through a 

joined-up platform.  

 

• Longer term: One or a combination of the options presented in section 6.2 should be 

implemented, depending on the appetite, resource and funding possibilities. Fuel maps 

should be developed for the UK, and then used for wildfire warnings either through the 

incorporation of an FBP System component (either by creating a uniquely UK one or 

borrowing from the Canadians, New Zealanders, Australians, etc.), or through individual 

calibration of the FWI System components for each fuel type. We also recommend a better 

calibration of the FWI System through a better calibration and perhaps the modification or 

replacement of the underlying equations, especially for the DC component (for peatland 
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fire danger). Incorporating more components of the CFFDRS such as the FOP could also be 

a promising option.   
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Chapter 6 

 

Discussion 

 

6.1 Development of robust charcoal methods 
 

Charcoal records are now widely used to interpret past wildfire expression with a suite of advanced 

tools now developed for this purpose (e.g., CharAnalysis algorithm: Higuera et al., 2009; R package 

Paleofire: Blarquez et al., 2014). There are two methodological innovations introduced in this thesis 

that utilize and build upon the available techniques to obtain and interpret charcoal records. Both 

innovations represent advances in the quality of the results obtained and, therefore, more robust 

interpretations. Moreover, both can have wide application, i.e., on studies not focused exclusively 

on the British Isles or the LGIT. 

The first one concerns the laboratory extraction of charcoal from sediments. In Chapter 2, the 

synthesis of paleoenvironmental archives from 238 sites in the British Isles that contained 

information on charcoal illustrated the plethora of methods used for analysing and reporting 

charcoal. This disparity rendered regional quantitative comparisons more fraught with uncertainty, 

thus demonstrating the need for a common approach in extracting charcoal. Table S3.1 further 

highlights the extent of the problem. This investigation into published literature showed that 

globally, even in studies focusing only on charcoal, a very large variation exists in the laboratory 

procedures followed.  

Therefore, Chapter 3 systematically assessed the most commonly used chemical treatments and 

concluded that a universal protocol should be adopted, as statistically significant deviations can 

arise when different chemicals are used. Importantly, the experimental design employed also 

helped to identify the least destructive methods, which were then followed where possible to 

produce the seven new high-resolution charcoal records presented in Chapter 4. Finally, the 

experiment also allowed assessment of sample volume representativeness, concluding that even 

small sample sizes, e.g., 1cm3 can provide consistent charcoal profiles and both peat and more 

minerogenic sediments. This is a useful finding as many core sequences recovered in Quaternary 

studies result in only limited material available being extracted at each stratigraphic level for proxy 

study (e.g., those obtained by hand driven Russian corers), thus efficient use of material is critical 

for allowing multiproxy investigations to be undertaken. That 1cm3 is shown to be efficient for peat 

is at the lower end of other published ranges (e.g., Vleeschouwer et al., 2010).       

Chapter 3 was reviewed by Dr Cathy Whitlock and an anonymous reviewer and is now fully 

published in a peer-reviewed journal. It recommends researchers to adopt a common procedure, 

or one employing the least destructive chemicals, when H2O2 33% (the most efficient and least 

destructive chemical) is not applicable. This was, for example, the case with some of the cores of 

Chapter 4; Sluggan Bog (Site 4), Area 240 (Site 6) and Kittridding Mire (Site 7) were analysed with 
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H2O2 33%. Loch Ashik (Site 1) had already been partly analysed by Dr Mark Hardiman. It was very 

important to enable as robust comparisons as possible between Loch Ashik (Site 1), Loch an t’Suidhe 

(Site 2) and Tynaspirit (Site 3) because these sites would be used to assess synchronicity of the 

charcoal peaks based on their common cryptotephra stratigraphic markers. Therefore, Loch an 

t’Suidhe (Site 2) and Tynaspirit (Site 3) were also analysed with the same procedure already 

followed for Loch Ashik (Site 1), while confident that the chemicals used would not induce 

statistically significant discrepancies.  

Another core where H2O2 33% was not used was Wykeham (Site 5), because of its high carbonate 

content. The owner of the core (Dr Paul Lincoln) advised that HCl should be used to remove the 

carbonates. Unfortunately, HCl had not been tested in Chapter 3, therefore its effects on charcoal 

were unknown. To ensure comparability, some testing was carried out in the lab prior to its use. 

Individual charcoal fragments were submerged in HCl and photographed in regular timesteps. This 

mimicked the procedure followed in the experiment of Chapter 3; as well as the pilot experiments 

that were carried out prior to the commencement of the ‘official’ experiments. There was a good 

agreement between the pilots and official experiment of Chapter 3. It was hence concluded that 

the HCl testing results, that showed minimal effect, could be trusted.  

For all these sites [Loch Ashik (Site 1), Loch an t’Suidhe (Site 2), Tynaspirit (Site 3) and Wykeham 

(Site 5)] a second step of bleaching was necessary to bleach dark organics and aid the rigorous 

identification of the charcoal. This was performed with very low concentration (3%) NaClO for a 

very limited amount of time (5 minutes), because Chapter 3 showed that high concentrations of 

NaClO for prolonged periods of time should be avoided. Therefore, although there were some 

variations in the chemicals used, the least destructive methods were followed. However, the effects 

of adding a second sieving step are, to date, unknown. In Chapter 3 it was speculated that the very 

contrasting results obtained by Schlacher and Horn (2012) concerning the effect of H2O2 on charcoal 

could be due to sieving, although it was not replicated in the fossil part of the experiment, and is 

therefore yet to be systematically tested.   

Aside from this possible limitation, it is very likely that the charcoal values obtained from the seven 

new cores to be a true reflection of the charcoal content of the deposits, largely unaffected by the 

methodologies followed. As shown in Chapter 3, this probably is not the case with many records 

produced by different labs employing different methodologies. By contrast, the rigorous 

assessment of methodologies carried out in Chapter 3 prior to the analyses of this thesis’ cores in 

Chapter 4, allows robust comparisons between sites and confidence in the values obtained. This 

outcome is also very important for the statistical analysis of the charcoal records carried out in 

Chapter 4. The algorithms employed for the reconstructions of the wildfire history use as a basis 

the fluctuation of the raw values to reconstruct wildfire events. Therefore, confidence that the 

charcoal values reflect as close to true charcoal content as possible in the deposits is paramount in 

producing robust final reconstructions.   

The second methodological innovation introduced in this thesis concerns the modified approach 

used within fire reconstruction algorithms of Blarquez et al. (2013; Chapter 4). The approach here 

demonstrated how to significantly reduce human parameter selection bias. This has not been the 

case with many of the similar analyses in the literature (Chapter 4). Arbitrary parameter selection 

is often undertaken resulting in a unique reconstruction. For example, significant bias has been 
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shown to arise with different parameters (Higuera et al., 2010; Figure 6.1), therefore the validity of 

those results is unknown; if other parameters had been used very different reconstructions could 

have been obtained. The modified approach used in Chapter 4, albeit somewhat more conservative, 

ensured robustness within the reconstructions obtained for individual sites, as well as it rendered 

comparisons between the sites as robust as possible. This was achieved by identifying robust fire 

events (RFEs) only for the ages where more than 75% of approx. 1000 best-suited reconstructions 

identified a RFE (RFE75).  

 

Figure 6.1: The different reconstructions that could have been obtained from the 1,032 selected members in Loch Ashik 
(Site 1) with different parameters’ input. Reconstructions have been turned into percentiles, i.e., scores below which a 

given percentage falls. The thicker black line signifies the FFmedian. The dark blue lines fall further away from the median, 
whereas warmer colours are closer to, and in certain periods hidden behind, the median. 

 

Furthermore, to obtain a more representative picture of all reconstructions the fire frequency (FF) 

was reconstructed for all the best-suited 1000 members and the median was obtained (FFmedian). 

Therefore, any fire events not crossing the 75% threshold, but appearing in a large proportion of 

the 25% remaining reconstructions, appear in the FFmedian (see examples of this in Section 4.8.2). 

Nevertheless, as a median it is a robust to outliers statistic. 

Combining the advantages highlighted above, i.e.: i) the robust laboratory procedures ensuring 

accurate reflection of the charcoal content; ii) the implications of using as an input the least affected 

charcoal content in the fire reconstruction algorithms; as well as iii) the modified approach 

employed for the algorithms ensuring representative wildfire reconstructions, suggests that the 

data presented here, and their interpretations are robust and rigorous. This is largely achieved due 
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to the two methodological advancements presented within this thesis, and both constitute 

methodological advancements in the development of robust charcoal methodologies within the 

field.  

 

6.2 LGIT Climate Change and Wildfire in NW Europe 
 

This thesis set out to explore wildfire expression during the LGIT in the British Isles. The data and 

analyses presented in Chapters 2 and 4 suggest that wildfire was a constant feature of the British 

Isles during the LGIT, likely modulated at least in part by climate. Previous state of knowledge is 

limited in the works of Edwards et al., (2000), Jones (2011), Marlon et al., (2013) and Hawthorne 

and Mitchell (2016; 2018), all of which is largely focused on the Holocene and do not allow 

investigations of drivers (see Chapter 1).  Therefore, this is the first time that wildfire is shown to 

be a common component of the British Landscape during the LGIT and, furthermore, drivers 

controlling its expression are investigated. 

Chapters 2 and 4 followed different approaches. In Chapter 2 evidence from published and grey 

literature was collated. Because of the variety in the charcoal reporting methods, the charcoal data 

were transformed into presence-absence data and assessed within the climatic intervals of the LGIT 

in relation to climate, vegetation, and human occupation. Though with some caveats, a climatic 

driver was postulated. In order to test this hypothesis in more detail, in Chapter 4, new high-

resolution contiguous charcoal records were produced and used to reconstruct wildfire history 

employing algorithms (see Section 6.1 above) and specifically examined the association between 

wildfire expression and climate. With both approaches no charcoal-free periods emerged, while the 

reconstruction of RFEs75 showed no wildfire-free periods. Therefore, it can be argued that the 

widespread occurrence of charcoal in the LGIT sediments demonstrated in Chapters 2 and 4, as well 

as the RFEs75 reconstructed across the region in Chapter 4 suggest that wildfire likely was a constant 

feature of the landscape of the British Isles throughout the LGIT. 

Importantly, the above findings involve periods during which human were likely absent from the 

British Isles, thus precluding humans as drivers of the regimes for those periods. For example, no 

archaeological evidence exists for the period before the initial warming (GS-2.1a). Nevertheless, 

charcoal is prominent in all available deposits across the region (see Chapter 4). Furthermore, a 

RFE75 was reconstructed in Wykeham (Site 5) at approx. 14.9 ka BP, as well as in the study of 

Hawthorne and Michell (2016) in Ireland earlier in GS-2.1a. Based on macrofossil data, Lincoln et 

al. (2020), suggest that the landscape was an open steppe, with limited shrub cover (Betula nana, 

Salix sp. and Empetrum nigrum), which probably acted as fuel for the fire. Findings suggest warming 

during the summer and extreme seasonality during GS-2.1a (Denton et al., 2010). It is therefore 

likely that wildfire during this period was driven by an interaction between vegetation and climate; 

however, it is not clear how much this interaction determined fire histories at the different sites. 

However, as highlighted both in chapters 2 and 4, the possibility that GS-2.1a charcoal is reworked 

charcoal from highly erosive cold climate landscapes rather than evidence of contemporaneous 

burning cannot be excluded. Perhaps the best evidence of wildfire occurring comes from 

Hawthorne and Mitchell (2016) and their screen peak validation (techniques obtained from Kelly et 
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al., 2011; Finsinger et al., 2014) of the RFEs identified in Cuckoo Lough, Ireland. Another line of 

evidence testing to that regard are the findings of Blarquez and Carcaillet (2017), who identified 

evidence of wildfire on a nunatak in the Western French Alps, and Daniau et al., (2010) who showed 

wildfires responding to Heinrich and D-O events during the Last Glacial. Finally, recent exceeding 

warming in the Arctic, Russia and Greenland also sparked unprecedented fires in arctic vegetation; 

further attesting to the likelihood of arctic wildfires under suitable weather conditions. Log et al. 

(2017) demonstrated that the severe sub-zero temperature wildfires in Norway in January 2014, 

were a result of how rapidly Calluna vegetation can dry under in 0oC within two days of low relative 

humidity. In the UK a useful case study is the February 2021 wildfires on Benbecaula and Skye, 

islands in the Outer Hebrides (Figure 6.2), which occurred in freezing conditions (as other parts of 

Scotland experienced temperatures as low as -22.9°C). The wildfires were driven by high and dry 

cold winds. 

 

 

Figure 6. 2: Figure obtained by a recent Tweet of Dr Thomas Smith showing wildfires burning on 11th Feb 2021 in Skye 
and the Western Isles (https://twitter.com/DrTELS/status/1359790423112310784/photo/1) 

 

Another period during which human occupation was likely absent in Britain, although possibly 

present in Ireland, was GS-1. There is amble evidence of wildfire presented both in chapters 2 and 

4, while a series of RFEs75 have been reconstructed for all available sites in Chapter 4. Perhaps the 

best evidence of burning comes from directly dated charcoal material from Sluggan Bog (Site 4) 

placing the burning within GS-1. Furthermore, some of the RFEs75 concur at approx. 12 ka cal. BP, 

for all sites, including Sluggan Bog (Site 4). Therefore, despite no evidence for human occupation in 

mainland Britain and only likely presence in Ireland, all sites exhibit similar patterns. Although 

absence of evidence does not necessarily signify the absence of humans, the broadness of the signal 

suggests burning, likely climatically controlled. The timing of this burning could coincide with 

findings for increasingly warm summers (Shenk et al., 2018) and mid-YD THC resumption (Lane et 

al., 2013).  

The question of what was burning remains unknown and precludes a robust assessment of a 

possible vegetation driver. Pollen evidence suggests a regression from woodland to open 

grasslands. As also discussed in relation to the GS-2.1a above, wildfires can occur in cold and dry 

conditions. If grassland was the main fuel, it means that there would be less available biomass to 

burn. The data presented in this thesis support this hypothesis. Grassland was likely burning, hence 

https://twitter.com/DrTELS/status/1359790423112310784/photo/1
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the RFEs75; however, the limited available biomass for burning is reflected in the decrease in 

charcoal influx shown in the composite charcoal curves.  

For periods where humans are known to be present, the interpretation of the charcoal record is 

more complex. This is primarily because the presence of humans in LGIT landscapes very likely 

enhances ignition probabilities, for example through fire escapes, i.e, when wildfires accidentally 

start from domestic fire use. Nevertheless, whether a domestic fire would turn to an uncontrolled 

one and, thus, lead to widespread burning would have very likely been dictated by climate, in 

particular by the weather conditions and the condition of the vegetation at the moment of the 

escape (i.e., the landscape conditioning). For the climatic intervals that humans are present in the 

landscape, namely GI-1 and the Early Holocene, wildfire expression is interpreted acknowledging 

enhanced likelihood of ignition due to human activity.  

GI-1 represents perhaps the most interesting period of this thesis, due to the abrupt climatic events 

and the limited presence of humans. Due to chronological issues the synthesis in Chapter 2 was not 

able to pinpoint common patterns of burning, although it placed evidence of widespread burning, 

namely the charcoal dates retrieved from the Pitstone soil, towards the latter part of the GI-1. 

Chapter 4 showed two phases of likely widespread burning across the region that could be related 

to widespread cooling: i) at approx. 14 ka cal. BP, thus likely in relation to the climatic oscillation GI-

1d; as well as ii) during the latter part of GI-1, possibly related to the GI-1b climatic oscillation, and 

likely concurrent with the Pitstone soil charcoal evidence.  

A RFE75 is identified at approx. 14 ka cal. BP in almost all available sites and an increase in biomass 

burning at approx. 14 ka cal. BP is also noted at the composite charcoal curve. The signal is thus 

widespread across the region, while humans are not (Jacobi and Higham, 2011) and vegetation is 

non-uniform (Birks and Birks, 2012), therefore inevitably leaving only climate as a possible regional 

control. The widespread burning could be the result of the onset of enhanced aridity, which Lincoln 

et al. (2020) have recently shown to have occurred during the GI-1d oscillation.  

A RFE75 was noted in Sluggan Bog that could likely coincide with the GI-1c oscillation, the pattern 

did not repeat in any other site nor the composites. A cluster of RFEs75 is then placed at approx. 13 

ka cal. BP. This coincides with the findings from the Pitstone Soil in Chapter 1, as well as the increase 

noted in the composite. The evidence therefore suggests another period during which climatically 

driven burning likely occurred across the region. This phase of burning could coincide with the GI-

1b event; however, the association is not clear. This is because multiple RFEs75 were reconstructed 

in some sites a little before or little after 13 ka cal. BP. This could be a result of chronological 

uncertainties or it could indicate the influence of other non-climate factors. For example, humans, 

who at the later part of GI-1 were likely more widespread, could likely set some of these fires, thus 

overprinting climatic controls. On the other hand, burning may seem slightly offset, nevertheless 

happening within similar vegetation zones, as vegetation was adjusting to the repeated climate 

changes before, during and after the cooling. Finally, the GI-1b oscillation was followed by abrupt 

warming (GI-1a event; Rasmussen et al., 2014); therefore, some of the wildfires possibly occurred 

then. Robust chronological and paired charcoal-climate palaeorecords are critical in further 

finessing our temporal-spatial understanding of GI-1. 

The data presented in this thesis do however suggest likely prolonged burning centred at approx. 

13 ka cal. BP but do not allow for confident attribution of a dominant driver. This complex pattern 



Chapter 6 - Discussion 

128 
 

can also be seen in the composite charcoal curves. In this paper’s composite curve, the burning is 

placed at 13 ka cal. BP (bin width: 12, 875 – 13, 125 a cal. BP); while in the GCD data, albeit largely 

unconstrained, is placed at 13.25 ka cal. BP (bin width: 13, 125 – 13, 375 a cal. BP). That this curve 

is so unconstrained, however, is very interesting, because plenty reasonable number of sites are 

available. The wide confidence intervals possibly suggest different patterns among the sites. 

Nevertheless, the broadness of the signal for that extended period centred at approx. 13 ka cal. BP, 

across at least the whole of Britain, as well as possible associations with the Allerod soil in Europe, 

suggest an, at least in part, control operating in a very large regional scale, such as climate. 

Therefore, it can be argued that the data for GI-1 overall show evidence of increased burning at 

concurrent timings, thus indicating a possibly climatic control. The burning is likely associated with 

the abrupt cooling events of the GI-1 in the British Isles, as it coincides with GI-1d, and possibly GI-

1c and GI-1b. It is not, however, known if the burning was a result of the abrupt cooling or of the 

warming that followed the cooling. For example, it is likely that the burning occurred as a response 

to the dry conditions prevailing during the abrupt cooling events. As shown by Lincoln et al. (2020), 

the timing of these cold events was directly linked with phases of enhanced aridity. Furthermore, 

it has been noted in the modern environment that in February 2021, a wildfire on Benbecaula and 

Skye in the Outer Hebrides occurred during freezing conditions, driven by high and dry cold winds, 

while other parts of Scotland experience temperatures as low as -22.9 oC. However, on the other 

hand, chronological limitations do not pinpoint the exact timing of the events. This means that the 

burning may have taken place after the cooling interval, as a response to the warming. 

The possibility of a connection between abrupt climate change and wildfire expression in the British 

Isles during the LGIT is further corroborated by the remarkable spike in the transition from GS-1 to 

the Early Holocene. The peak is a dominant feature of all three composites and implies increases in 

biomass burning in all available sites. The width of the time bin (11,875 -11,625 a cal. BP) places the 

spike exactly at the beginning of the Holocene as identified in the Greenland Ice Cores (11,650 ± 99 

a cal. BP), which has been found to largely coincide for the North Atlantic region (Walker et al., 

2012). The composites’ peak probably indicates increased biomass burning noted in all sites, with 

RFEs75 also noted close to the transition.  

However, there are some open questions with regards to this finding. For example, after approx. 

1000 years of cold and dry conditions during the YD what amount of biomass could have been left 

to burn that could drive such an increase in charcoal influx? Could it be possible that soils and 

woodland developed extremely fast with the onset of the warming and also burnt as fast? Could it 

perhaps be that the landscape was developing during the very latter parts of the LGIT due to 

speculated amelioration (Lane et al., 2013; Shenk et al., 2018); however, the very abrupt 

temperature increase drove the likely exceptional burning? As with GI-1b, the burning in the 

beginning of the Holocene was very likely climatically driven, nevertheless a series of open 

questions remains that merit further research to better understand the burning. 

Hypotheses regarding burning during the Holocene are made complex due to the known wider, 

now permanent presence of humans in the landscape, as well as the development of technologies, 

which were more likely used to deliberately manipulate fire, rather than, for example, simply having 

it escape. Nevertheless, evidence for widespread burning does occur. The first episode is at approx. 

10.4 - 10.7 ka cal. BP, with local burning evident in Area 240 (Site 6), likely burning in Kittriding Mire 

(Site 7) and a concurrent RFE75 identified in Loch Ashik (Site 1), therefore indicating wide burning 
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across the region. Furthermore, the composite charcoal curve exhibits a peak at 10,750 a cal. BP. 

Evidence for a climatic event does not exist for that period in the Greenland ice cores (Rasmussen 

et al., 2007), although C-IT reconstructions indicate a short cold interval within a warming trend 

(Lang et al., 2010). The other period of possibly wide burning within the Holocene is in relation to 

the 9.3 ka cal. BP. In Chapter 2, evidence from 10 sites across the British Isles show distinct charcoal 

peaks that likely overlap within error with the 9.3 ka cal. BP event. The only site in Chapter 4 

spanning this cooling also exhibits an RFE75 at approx. 9.3 ka cal. BP further attesting to evidence 

for widespread burning in relation to the 9.3 ka cal. BP cooling event. As with the GI-1 burning 

phases, it is not known if the burning associated with the 9.3 ka cal. BP cooling event was a result 

of the abrupt cooling or the warming prior to or after the cooling event. Similar to the previous 

patterns explored in this thesis so far, it is likely that the burning occurred as a result of the abrupt 

cooling conditions, which likely conditioned the vegetation by making it more susceptible to 

burning. The increased aridity most likely resulted from the reorganization of the North Atlantic 

atmospheric pattern as reconstructed for previous climatic events (Wolff et al., 2010; Lincoln et al., 

2020), which could have enhanced wildfire expression and thus explain the trends noted.  

Therefore, the available evidence indicates enhanced burning during abrupt climatic changes for 

the entirety of the LGIT. Wildfire probably acted as a response to environmental change following 

climatic changes, as recently shown by Abrook et al. (2020). Within this thesis there is evidence 

strongly suggesting that wildfire responded to abrupt cooling (e.g., GI-1d: 14 ka cal. BP and 9.3 ka 

cal. BP), as well as abrupt warming (e.g., the beginning of the Holocene) on a regional scale. On the 

other hand, regional burning noted at approx. 13 ka cal. BP cannot confidently be attributed to GI-

1b or could be a result of subsequent warming. For example, a period known as Pre-Younger Dryas 

Warming has been registered in the British Isles (O’Connell et al., 1999; Jeffers et al., 2011). Finally, 

widespread burning at approx. 10.5 ka cal. BP cannot be attributed to any known climatic forcing.  

These findings are important for three reasons. Firstly, the raw data and site metadata will be added 

to new charcoal databases being developed and will inform regional to global wildfire modelling 

with much needed high-quality observational palaeodata (Hantson et al., 2016; Williams and 

Abatzoglou 2016; Kloster and Lasslop, 2017). Secondly, the findings can be used as a proof of 

concept and stir future, perhaps more site-specific and multi-proxy research to further test 

mechanisms of wildfire response to abrupt climate change. Although this thesis has noted a likely 

association between wildfire and the abrupt climatic events of the LGIT, the exact nature of this 

relationship is not very well understood. Therefore, future studies could more closely examine this 

relationship through parallel reconstructions of wildfire and environment (e.g., climate, 

vegetation). Although the findings from such research could help better understand the 

relationship between wildfire and climate, limitations with applying this knowledge for predicting 

future trends (e.g., different vegetation, rate of warming, human impact) should be taken into 

consideration. Thirdly, as shown in Chapter 2, a plethora of studies have investigated charcoal signal 

in cores, often with false prior assumptions. Many have neglected discussing what the charcoal 

might mean, while others have used it as an indirect proxy for human presence. The findings of this 

thesis, i.e., the extent of charcoal presence in sites across the British Isles, as well as the RFEs75, 

suggest that this latter approach is deeply suspect. Instead, studies should examine charcoal as a 

natural mechanism that may respond or exacerbate environmental changes. For example, it is 

hoped that future studies will further adopt the approach of Abrook et al. (2020), where charcoal 

is examined as a mechanism that responds to climate cooling. This would be especially interesting 
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to further constrain the findings of especially GI-1b and the Early Holocene transition regional 

burning. Finally, but also very importantly, the findings can be used to stir climate change mitigation 

and adaptation strategies within landscape management practices. The potential value as well as 

the challenges in achieving this are described in the next Section. 

 

6.3 Implications for the future 
 

6.3.1 UK landscape management 
 

The application of the knowledge gained through paleoecological studies in modern and future 

management has become a very hot topic in recent years, with many researchers trying to bridge 

the gap between palaeocology, ecology and management. The main rationale for such efforts is 

that for some species the knowledge of 50-100 years is simply not enough when compared to their 

lifespan (Willis et al., 2005); this is especially the case for forest processes, which operate on longer 

timescales (Gillson and Marchant, 2014). Furthermore, predictions for future global warming 

indicate a quick and abrupt climate change outside of present day ‘envelopes’ is possible, the 

consequences of which are relatively unknown for landscapes and communities (Brooker et al., 

2007; Williams et al., 2007; IPCC, 2013).   

Palaeodata can be of help to both modern ecological scientists and, by extension, management 

decisions in a two-fold way. Firstly, they can provide information on the baseline conditions (Willis 

et al., 2005), by providing long-term information which could otherwise not be obtained. This is 

important because in today’s heavily managed landscapes legacies have completely changed the 

composition and rendered the natural vegetation dynamics unknown. This has resulted in 

ecologists often challenged with the task to restore a landscape to an unknown natural state. To 

this end, the wildfire information presented in this thesis show for the first time that wildfire is most 

likely a natural component of the environment of the British Isles, as wildfire is shown to occur 

across the region throughout the LGIT and during periods that humans were likely absent (Chapters 

2 and 4).   

The second way that palaeodata can inform ecology is with understanding previous responses to 

past climate change (Willis et al., 2005) with the scope of better anticipating future responses. 

However, it is “notoriously” difficult to demonstrate a causal relationship by looking at patterns of 

change in the past, which is also often a problem in ecological science (Davies et al., 2018 and 

references therein). This is also an issue encountered within this thesis. Despite the associations 

shown for enhanced wildfire expression during abrupt climate change, the finding is not validated 

for all sites across the entirety of the LGIT timespan. Firstly, RFEs75 were often registered not only 

during known times of abrupt climate change or in isolated sites. Secondly, with the exception 

perhaps of GI-1d and 9.3 ka event, all the remaining climatic changes are not broadly registered 

through burning across all the sites (though albeit in many); this indicates that more factors 

contributed to whether wildfire occurred, possibly site-specific. Therefore, it cannot be clearly 

argued that wildfire occurred everywhere in response to climate change or that it only happened 

in response to climate change; there are more factors contributing to whether wildfire occurred, 
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for example vegetation, ignition, amongst many others. Therefore, in this regard, application of this 

knowledge to future climate change has some limitations. 

However, this is not to say that these data do not add value in the face of current climate change. 

These data and associated interpretations clearly suggest a possible link between wildfire 

expression and abrupt climate change. This can be used in two ways. Firstly, if this link is placed 

within today’s context, it cannot, on its own, predict future responses of wildfire to climate change, 

nor does it guarantee future increases in wildfire in the British Isles. However, it can help to 

constrain prediction regarding future wildfire expression via sophisticated quantitative modelling. 

This is especially important because of the many different climate change scenarios (see below), 

different vegetation mosaics of the present, as well as the very elevated ignition probabilities due 

to today’s dense presence of humans in the landscape. The latter, however, is inhibiting reliable 

future fire projections because of complexities in modelling the relationship between humans and 

fire. Examples of this complexity include the relationship not being constant in time, as well as 

cultural and technological shifts that may have an effect on ignitions (Williams and Abatzoglou, 

2016)  

The second, perhaps more relevant within the scope of this thesis, interpretation of this link, is that 

it shows an increase in wildfire risk in relation to climate change. There are two scenarios regarding 

the impact of anticipated climate change in the British Isles. Recently, Ritchie et al. (2020) named 

them as the ‘smooth’ and the ‘abrupt’ scenarios, and the same nomenclature will be followed here. 

In the smooth climate change scenario, temperatures will overall continue to increase. Although 

the extent of the change will depend on the future emissions scenarios, the Early Holocene 

transition is probably the closest available analogue to the anticipated climate change (IPCC, 2013). 

It should, however, be noted that the projected climate change will more likely be at least one order 

of magnitude greater than the Early Holocene transition (IPCC, 2013). This suggests that non-

analogue climates (William et al., 2007) and communities will emerge as there is no available 

evidence to suggest what the impact of such abrupt warming will be on the ecosystems, or how 

wildfire may respond to such change. Nolan et al. (2018) speculate that major changes will occur in 

the composition and structure of vegetation. The same authors also suggest that novel ecosystems 

will emerge that will be “ephemeral under sustained climate change; equilibrium states may not be 

attained until the 22nd century or beyond”. 

The second abrupt scenario speculates on the possible collapse of the AMOC. Recently it has been 

shown that the current is at its weakest for any point over the last millennium (Caesar et al., 2021). 

Future shutdown of the AMOC has the potential to lead to freezing temperatures for NW Europe. 

This is because the shutdown of the AMOC has been proposed as a mechanism responsible for the 

onset of the YD (Shenk et al., 2018) as well as the 9.3 ka event (Marshall et al., 2007); in fact, 

Marshall et al. suggest the 9.3 event is perhaps the best analogue for any future impact on the 

British Isles. Furthermore, the AMOC is also included in the conceptual model of Lincoln et al. (2020) 

explaining the reorganization of the North Atlantic region during the GI-1 cooling events, with 

westerlies being pushed to the south of the UK, causing extended droughts. As a result, a likely 

mechanism between wildfire expression and drought can be seen in the British Isles for GI-1d, but 

this mechanism of increased aridity and increased wildfire expression may be responsible for more 

widespread burning phases noted within the LGIT. Therefore, if the AMOC stops, the direction of 

change noted in the British Isles will likely be similar to that which the region experienced during 
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the LGIT. This is important, because, as shown in this thesis, wildfire may act as an important 

component of the environmental response to abrupt cooling. Furthermore, a similar link with 

increased drought is even evident within recently collected wildfire statistics (Chapter 1).  Taken 

together, the data presented in this thesis placed in the context of the various future scenarios of 

climate change suggest that enhanced wildfire risk is very likely with anticipated climate change. 

 

6.3.2 From academia to policy 
 

The UK government has made significant efforts in preparing for climate change. For example, 

within the forestresearch.gov.uk website, a range of tools designed to help with decisions in 

relation to climate change are available. These include the ‘Climate Matching Tool’, which provides 

easily accessible projections of how the climate will change, and the ‘Ecological Site Classification 

Decision Support System (ESC-DSS)’, which suggests what trees would be suitable for a site based 

on the soil type and grid reference. However, there is relatively limited information on wildfire.  

Within the forestresearch.gov.uk website, it is mentioned that the ESC-DSS tool considers how the 

different species will be affected by climate change; however, it does not specify whether wildfire 

is taken into account for this decision. Pest and diseases are only mentioned. Within the UK Forestry 

Standard (UKFS; FC, 2017) the possibility of wildfires in the context of climate change is repeatedly 

acknowledged; however, this is approached by the contingency planning angle rather than a forest 

planning angle. Some vague information exists, which however, suggests that planning in relation 

to all climate change risks should try to diversify species and ages (e.g., pg. 31 & 73) but without 

clear guidance on how the risk of wildfire could be mitigated. The same is advised on FC’s guide on 

how to manage England’s woodlands in a climate emergency (FC, 2020). Finally, within Defra’s Tree 

Health resilience strategy, wildfire is not mentioned (Defra 2018a).  

Wildfires are, however, mentioned within the National Adaptation Programme (NAP; DEFRA 

2018b). There, wildfire is acknowledged as a risk to forestry and future priorities are set. These 

include collecting statistics, building wildfire resilience within forests, creating wildfire risk and fuel 

maps, and enhancing wildfire prediction systems. Finally, a complete practice guide exists, albeit it 

is somewhat stand-alone, named ‘Building wildfire resilience into Forest management planning’ 

(FC, 2014), which details extensive management techniques to implement at the forest planning 

stage. However, at no stage it is discussed what species should be chosen. As mentioned above, the 

question of the wildfire and species selection is also not addressed on the ESC-DSS, while the tree 

species database should ultimately include information on how prone to burning the various 

species are.  Eventually, a tool such as the Forest Gales, but concerning wildfire will be needed, i.e., 

a decision support tool that will enable forest managers to estimate the probability of wildfire 

within the stands they manage. Ultimately, the possibility of wildfire should be moved from the 

contingency planning to the management planning, with information on how species or 

communities of species may burn should be included in the tree database. 

Therefore, there are gaps within the available information, and importantly in the subsequent 

communication of the risk to the public. Clear, long term plans on how the UK landscape will adapt 

to the new normal and mitigate the risk are missing. This can be a problem, especially since wildfire 
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will likely evolve from an intermittent issue to a much more persistent one. It is also a problem 

because it is widely known that within the forestry sector, decisions of today will have an impact 

for at least fifty or more years into the future, when climate change and, likely, wildfire will most 

probably be a serious issue. One very notable example of this problem lies within the recently 

published woodland survey (Hemery et al., 2020). Scotland has seen an increase in fire (see Figures 

7 and 8 in Hemery et al., 2020), where “respondents reported marked increases in damage from 

fire”.  However, according to the survey, very few respondents nationwide alter their management 

practices in relation to the wildfire threat or do minor changes (Figure 12 in Hemery et al., 2020). If 

wildfire is to become as big a risk as postulated from this thesis, more actionable guidance will 

become an urgent priority.  

However, this can be difficult for a variety of reasons. Firstly, as mentioned above, even scientists 

can still not very accurately predict exactly how wildfire will respond. Coupled wildfire models are 

still not at this level of development (see Chapter 1). Nevertheless, management scenarios for 

future climate change scenarios and tipping points should be prepared. These will need to be rightly 

informed employing all information that is available, rather than extrapolating present trends 

(Gillson and Marchant, 2014). Holistic, cross-cutting frameworks that employ information from 

various sources should be adopted, including information on long-term data and anticipated 

changes. For example, a recent policy brief from the Global Paleofire Working Group (Colombaroli 

et al., 2019), makes policy recommendations on how to manage wildfire effectively by 

incorporating long-term data. Another pioneer within this subject is Future Earth, whose focus is to 

provide ‘evidence-based policies and strategies’ (futureearth.org/about/our-work/). In a recent 

issue brief concerning wildfires they advise that, to manage the changing fire regimes, “new 

stakeholder groups that include scientists, park managers, citizens, and policy makers will need to 

come together to develop fire policy”.  

Moving toward this direction will likely be quite challenging for the UK. This is because, there is no 

specific organization overlooking fire, instead, the fire landscape policy of the UK is, in the main, 

composed of people from various organizations whose job focus is not exclusively wildfire. For 

example, the Forestry Commission, Forest Research, Natural England, The Met Office, Fire and 

Rescue Services and private woodland managers are only a subset of the interested parties that 

were briefly involved in this thesis for Chapter 5. Inevitably, conflicting interests among all these 

parties often arise. The existence of miscommunications and some resistance to change is 

commonly discussed among peers within this policy landscape. This means that it will be quite 

difficult to adopt a coherent holistic landscape management framework. There is limited interest, 

primarily due to the nature of their job roles and subsequently due to their not so curious nature, 

although exceptions exist. However, the interest needs to come from stakeholders from wider 

interest groups, i.e., wider landscape management and/or climate change focused individuals, 

rather than groups united by a common job interest in wildfire. Finally, the relatively long-term 

return of such an ‘investment’ is not enough to encourage change. 

A perhaps quite representative example of the current UK fire policy landscape can be ‘read 

between the lines’ of chapter 5. Despite the implementation of a wildfire prediction tool since 2003, 

the current tool is not fit for purpose, and has not been fit-for-purpose for almost 15 years. Multiple 

discussions and efforts to change it have been made, with stakeholders often expressing very strong 

opinions during the interviews carried out for Chapter 5. Nevertheless, it was not until 2019 that 
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academic researchers were successfully awarded a highlight topic to the National Research 

Environment Council (NERC) of £2.6 million to a cohort of universities to develop a bespoke FDRS 

for the UK. This represents some excellent news for the field and all those involved. This was after 

a wide and inclusive network of academics, policymakers and practitioners was formed that often 

met (pre-Covid-19). Meetings were usually organized by Mr Rob Gazzard (Forester, author of the 

‘Building Wildfire Resilience in into Forest Management Planning’ practice-guide and co-author of 

Chapter 5). It also perhaps indicates how, according to Future-Earth, new policy needs to be 

implemented and what perhaps can be achieved if new set of stakeholder’s groups come together.  

The current development of a robust wildfire prediction tool is exceptionally good news for the UK, 

especially in the light of this thesis’s findings. Here, it has been suggested that the landscape of the 

UK will most likely be exposed to increased wildfire risk. Therefore, a robust, properly calibrated 

tool for the UK landscape will significantly contribute to managing and mitigating the enhanced risk. 

There is also scope for the new developed tool to be used as a planning tool (see Chapter 5); 

however, as the new project is currently ongoing, this can only be speculated here. With or without 

this tool, new cross-cutting holistic frameworks will need to be adopted and outcomes will need to 

properly be communicated to the public. Much of the work involved with adapting and mitigating 

climate change and the hazards it will bring, including wildfire, is about forestry and cannot solely 

rely on contingency planning, as currently is the case. Forestry planning decisions need by default 

to be taken with at least 50-100 years’ time depth in mind and, therefore, within a climate change 

context, it is more important than ever to plan and plant ahead. 

 

6.4 Wider Impacts 
 

More widely, this thesis ties to ongoing research on three different fronts. Firstly, it addresses 

previous claims for an extra-terrestrial impact that may have happened at 12.9 ka cal. BP (Firestone 

et al., 2007). The impact was allegedly followed by widespread wildfires and resulted in the Younger 

Dryas cooling. The evidence presented in this thesis does not support this hypothesis, as no 

concurrent wildfires have been identified for all sites across the study area at the GI-1/YD boundary. 

Only in Sluggan Bog (Site 4) and Wykeham (Site 5), RFEs75 are identified temporally close to the 

onset of the YD (12,994 and 12,907 respectively). The same finding was reached by Marlon et al. 

(2009), who did not find evidence in North America for continent-wide wildfires occurring at the 

hypothesized time of the impact. Therefore, the thesis further adds to ongoing research that 

suggests that YD was not the result of an impact (see Pinter et al., 2007, Renssen et al., 2015). 

Secondly, the thesis highlights a potential association of wildfire occurrence with periods of rapid 

climate change, as regional biomass burning is here shown to have increased during periods of LGIT 

climate change. This association noted is directly relevant to the present and future, because of the 

weather patterns observed today and the expected climate patterns of the near and likely longer-

term future. For further information on how the findings of this thesis may be relevant to the 

present and future landscape management, see section 6.3.1. 

Thirdly, the findings of this thesis have implications in the context of future climate change 

scenarios. Whilst an association between wildfire occurrence and climate change is evident, it is 
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not clear whether wildfire may be more closely related with the cooling phase of the events or with 

the warmings usually observed before or after the cooling. Nevertheless, the overall pattern noted 

can be placed in a future context across the three predicted climate scenarios. In the case of 

continuing warming, and with the constant supply of ignition sources from humans in the 

landscape, wildfire risk would likely increase. Under stable climate conditions wildfire may remain 

similar to today’s trend, where increases are noted during dry and hot years (e.g., 1976, 2013, 2018; 

see Chapter 1). Under a potential shutdown of the AMOC and likely cooling of the North Atlantic 

Region, wildfire risk would most likely increase by analogy with the 9.3 ka event. For a more detailed 

description of how the patterns noted during the LGIT may relate to future climate change 

scenarios, see Chapter 6.3.1. 

 

6.5 Wider Significance 
 

This is the first study that demonstrates that: 

1. Wildfire is likely a component of the British Isles’ landscape. This contrasts with previous 

widely held beliefs that the region does not support natural burning regimes. For 

example, in the synthesis of records from 238 sites containing information on charcoal 

(Chapter 2), only a limited number of studies discussed the possibility of charcoal 

corresponding to wildfires occurring. The majority omitted charcoal from their discussion 

and interpretations or attributed its presence to human burning. However, the ubiquity of 

charcoal in the LGIT deposits as demonstrated in Chapter 2 and 4, as well as the fire events 

reconstructed in Chapter 4, suggest that wildfire was a frequent feature on landscapes. 

Therefore, future work in the British Isles should consider evidence of wildfire within a 

broader palaeoenvironmental context. For example, in the recently published work of 

Abrook et al. (2020) evidence of wildfire was assessed as a possible response to the abrupt 

climatic events of the LGIT.   

 

2. Wildfire in the British Isles is likely to be primarily driven by climate. This has implications 

for understanding future wildfire risk in the region. Chapters 2 and 4 demonstrate 

concurrent patterns in charcoal peaks and wildfire occurrence evident in sites across the 

entire region, thus indicating a climatic control. Furthermore, these coincide and could thus 

be related to widely registered events of abrupt warming (e.g., Early Holocene Transition: 

11.7 ka cal. BP) or abrupt cooling (GI-1d: 14 ka cal. BP; 9.3 event: 9.3 ka cal. BP). The abrupt 

warming during the transition to the early Holocene is the closest available analogue to 

anticipated global warming (cf. smooth climate change; IPCC, 2013; Ritchie et al., 2020); 

albeit a future shutdown of the AMOC that will cause abrupt cooling (cf. abrupt climate 

change; Ritchie et al., 2020) has also been predicted. Such a scenario’s impact will resemble 

the environmental conditions prevalent during the GI-1d (increased aridity) or the 9.3 ka 

BP event (Marshall et al., 2007). Therefore, the data, when placed in the various future 

climate change scenarios, suggests that wildfire risk will increase. The risk will likely be 

exacerbated by today’s dense presence of humans in the landscape who supply year-long 

ignition sources. 
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3. Charcoal-based wildfire reconstructions should employ a common laboratory extraction 

procedure; prolonged NAClO should be avoided, while the adoption of H2O2 33% is highly 

encouraged. This contrasts with previous beliefs that H2O2 digests charcoal. The 

systematic assessment of the effects of commonly used chemicals in Chapter 3 suggested 

that statistically significant differences arise on charcoal area when different chemicals are 

used. This is the first time that this finding is highlighted in the literature. It suggests that a 

common protocol should be adopted and that comparisons of charcoal records obtained 

with varying methods should be treated with caution. High concentration of NaClO for 

prolonged periods of time was found to have a largely destructive effect, despite its 

relatively wide use. On the other hand, the most efficient but least destructive chemical 

was H2O2 33%; therefore, its use is highly recommended, despite previous suggestions 

(Schlachter and Horn, 2012) that it should be avoided. 

 

4. Charcoal records should, if possible and suitable, be converted into robust fire events. 

This contrasts with frequent interpretations of raw charcoal records in the context of 

wildfire expression. Although it is widely accepted that more charcoal does not mean more 

fire, charcoal records are often interpreted in this regard. The records presented in Chapter 

4, as well as their conversion into robust fire events with cutting-edge statistical techniques, 

further demonstrates the complicated relationship between wildfire expression and 

charcoal accumulation. Fire events were reconstructed for periods of relatively low 

charcoal accumulation, while periods with high charcoal accumulation did not result in 

more frequent wildfire occurrence. This is because the reconstruction algorithms remove 

the constantly varying background signal as well as noise that can be influenced by 

taphonomic- among other- processes rather than wildfire occurrence. Therefore, only after 

this process a perhaps more accurate picture of wildfire occurrence can be obtained. 

Where not possible, e.g., in the case of non-contiguous records, it is recommended that 

major changes in patterns of charcoal accumulation are interpreted as a shift in the fire 

regime, which is the approach followed in Chapter 2.  

 

6.6 Future Research 
 

Future research should aim to further refine the role of climate in driving wildfires in the British 

Isles during the LGIT, especially in relation to the burning related to GI-1b and the beginning of the 

Holocene. It should also look to obtain records that extend further to the past (i.e., entirety of GS-

2.1a) and towards the present (i.e., to encompass the 8.2 ka BP cooling event and the Historic Era) 

that were not covered here. Finally, it should examine the influence of vegetation and humans in 

driving the regimes. These could be achieved in the following three ways: 

1. Reconstructing further aspects of the fire regimes (see also Table 1.1), for example fire 

intensity (by employing FTIR or charcoal reflectance to reconstruct combustion 

temperatures) or type of fire (by employing SEM to reconstruct type of vegetation burnt). 

A possible limitation, however, may be the acquirement of large enough charcoal 

fragments to enable these techniques.  Nevertheless, this information could provide 

valuable insight in relation to wildfire behaviour and its relation to climate changes and 
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vegetation types. 

 

2. Paired multiproxy reconstructions including charcoal, to better understand leads and lags 

between the various environmental variables and wildfire, as well as the role of climate, 

vegetation and humans in driving wildfire occurrence (and behaviour if applicable; see 

above point). Should this be implemented on a regional scale and during periods of human 

occupation it could allow the identification of site-specific controls such as humans (e.g., 

differentiated wildfire expression in sites were human occupation is identified via 

archaeological evidence or via anthropogenic pollen and other non-pollen palynomorph 

indicators in more recent periods) or vegetation (e.g., differentiated wildfire expression in 

sites where certain vegetation types prevail identified via pollen or macrofossil analyses). 

 

3. Incorporation of modelling to test hypotheses on the drivers of wildfire occurrence 

alongside climate simulations. 

Future work focussing on the evolution of a UKFDRS is not described here, because, as mentioned 

above, a £2.6M project funded by NERC is currently in progress. 
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Chapter 7  
 

Conclusions 

 

This thesis set out to explore four principle aims (see Chapter 1). Based on the findings presented 

in Chapters 2-5, the following conclusions can be drawn: 

 

1. Charcoal evidence of wildfire are widespread during the LGIT in the British Isles, suggesting 

that wildfire was a common component of the landscape, while the assessment of potential 

drivers indicates that it was likely driven, at least in part, by climate. 

The thesis has collated evidence coming from published or gray literature that indicate widespread 

burning during the LGIT in the British Isles. Paleoenvironmental records that spanned all or part of 

the LGIT from 238 sites contained charcoal, with no charcoal-free areas nor timeframes emerging. 

Instead, charcoal remained ubiquitous during periods that humans were absent and vegetation was 

scarce; therefore indicating a climatic control. Further investigations on the timing of burning 

during the periods that humans were present indicated that climate was still most likely to have 

controlled the burning. For example, during GI-1 charcoal was present across the British Isles 

although human occupation was focused towards the south of Britain and absent from Ireland. 

During the Holocene, hypotheses are hampered by the presence of humans; however, concurrent 

charcoal peaks across Britain, likely contemporaneous with the 9.3 ka climatic event, indicate a 

climatic control. Taken together, the findings suggest a possibly conducive to burning landscape for 

the entirety of the LGIT, very likely to have been controlled, at least in part, by climate.   

 

2. A standardized methodology for the extraction of macrocharcoal from sedimentary archives 

should be encouraged; H2O2 33% for 24 h was the least destructive method, while high 

concentrations of NAClO for prolonged periods of time should be avoided. 

The thesis presented a systematic assessment of the effect of commonly used chemicals on 

charcoal area. Using modern charcoal, significant discrepancies from the control were observed. 

The application of a selection of these chemicals on three triplicate stratigraphically adjacent 

sequences produced similar results, thus demonstrating the validity of the modern charcoal results 

on fossil charcoal. The findings therefore suggest that a common protocol should be adopted to 

enable robust comparisons of charcoal records analysed by different labs. High concentrations of 

NaClO for prolonged periods of time was found to eliminate both modern and fossil charcoal and 

thus should be avoided. The most efficient chemical in breaking down the sediment while having 

minimal effect on charcoal was H2O2 33% for 24 hours; it was, therefore, found to be the preferred 

chemical for extracting charcoal from sedimentary archives. The fossil experimental design allowed 

to also assess sample representativeness; although the profiles differed in charcoal values per se, 1 

cm3 was found to provide typically similar profiles. Taken together, the recommendations on 
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sample volume and chemical treatment constitute a step towards a standardized procedure in 

charcoal analysis.      

 

3. Wildfire was very likely to have controlled occurrence of wildfire within all climate intervals 

of the LGIT, as phases of concurrent burning across the region as well as increases in biomass 

burning coincide with well-documented abrupt climatic changes of the LGIT. 

The thesis presented seven new high-resolution contiguous macrocharcoal records from the British 

Isles that span the LGIT. To reconstruct Robust Fire Events (RFEs) and, thus facilitate comparisons 

in burning patterns across the sites, cutting-edge algorithms were employed. These were tuned to 

significantly reduce human bias in parameter selection. The results suggest phases of concurrent 

burning registered across the entire region, likely coinciding with periods of abrupt climate changes, 

such as GI-1d, the transition to the Early Holocene, and possibly the GI-1b oscillation. These findings 

are further corroborated by the construction of composite charcoal curves that incorporate 

information for further sites from the GCD. Taken together, this data further suggests that wildfire 

was a constant feature of the landscape of the British Isles for the entirety of the LGIT, likely largely 

modulated by climate, which has direct implications for understanding future wildfire risk. 

 

4. Stakeholders unanimously suggested that the wildfire prediction tool is not fit-for-purpose 

and a series of short-, medium-, and longer-term options are presented to enhance the 

current tool or implement a new one.  

An implementation of the Canadian Wildfire Danger Rating system exists in the UK; however, it has 

been shown to not capture very well recent fire incidents. A brief review of the current system and 

the science behind its implementation was undertaken and various stakeholders were 

subsequently interviewed in order to better understand their needs and problems. It was shown 

that the current tool is not fit-for purpose; probably because it constitutes a crude implementation 

of the Canadian system that has not been calibrated for the special fire environment of the UK. 

Consequently, international experts were consulted for assessing options for bettering or 

implementing a new wildfire prediction system that will address the needs of the stakeholders. 

Although a series of options exists, the next steps will depend on funding available and on the 

wildfire community. 
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Table A1.1: The 245 charcoal records included in the charcoal synthesis of Chapter 2. 190 refer to pollen-slide charcoal and 55 to sieved charcoal (36 sites have both types available). 
Assignment of charcoal presence within the climatic intervals of the LGIT also given (1 = present, 0 = absent, x = info/sediment not available). “?” indicates that the age of the deposit is 
estimated. 

Reco
rd # 

Site Name NGR Deposiitional environment Method CHARCOAL 
G
S-
2 

GI
-1 

G
S-
1 

Early 
Holoce

ne 

1 Gunister Water HU 330774 lake 
pollen-

slide 
YES x x x 1 

2 Dallican Water HU 498674 lake 
pollen-

slide 
YES x x x 1 

3 Gruna Water HU 458548 Lochside mire 
pollen-

slide 
YES x 1 1 1 

4 Loch of Brunatwatt HU 252512 lake 
pollen-

slide 
YES x x x 1 

5 Quoyloo Meadow HY 250207 Watermeadow 
pollen-

slide 
YES x 1 1 1 

6 Crudale Meadow HY 251151 Valley mire 
pollen-

slide 
YES x 1 1 1 

7 Aukhorn peat mounds ND 326 636 blanket peat sieving YES x x x 1 

8 Aukhorn peat mounds ND 326 636 blanket peat 
pollen-

slide 
YES x x x 1 

9 Cross Loch Site A NC 877467 mire sieving YES x x x 1 

10 Loch Mer NC 703600 loch sieving YES x x x 1 

11 Lochan by Rosail NC 721463 blanket peat covered plateau sieving YES x x x 1 

12 Reidh-lochnan NC 742071 lake sieving YES x x x 1 
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13 Reidh-lochnan NC 742071 lake 
pollen-

slide 
YES x x x 1 

14 Loch Farlary 
NC 78005 

04923 
blanket peat 

pollen-
slide 

YES x x x 1 

15 Lochan na h-Inghinn NC 189334 lake sieving YES  x 1 0 1 

16 Lochan na h-Inghinn NC 189334 lake 
pollen-

slide 
YES x 0 0 1 

17 Loch Buailaval Beag NB 203406 lake 
pollen-

slide 
YES x x 0 1 

18 Callanish - core CN-3 
NB 21032 

33307 
peat 

pollen-
slide 

YES x x x 1 

19 Loch Olabhat NF 747754 lake 
pollen-

slide 
YES x 1 1 1 

20 Borve 3 NF 769498 organic deposits 
pollen-

slide 
NO x x x 0 

21 Loch a'Phunnid NF 832413 lake 
pollen-

slide 
YES x 0 0 1 

22 Loch Airigh na h-Achlais NF808388 lake 
pollen-

slide 
YES x x x 1 

23 Peninerine NF737353 inter-tidal site 
pollen-

slide 
YES x x x 1 

24 Loch Hellisdale NF 828310 lake (upland 50m) 
pollen-

slide 
YES x 0 1 1 

25 Loch Lang NF 806295 lake 
pollen-

slide 
YES x x x 1 

26 Loch a'Chabhain NF753293 lake 
pollen-

slide 
YES x x x 1 

27 Kildonan Glen NF 746283 peat-filled basin 
pollen-

slide 
YES x x x 1 
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28 Loch Airigh na h-Aon Oidhele NF 796257 Lochside mire 
pollen-

slide 
YES x 0 0 0 

29 Frobost NF753254 lake 
pollen-

slide 
YES x x x 1 

30 Reineval NF 759 257 
lochnan in the center of an infilled 

peat basin 
pollen-

slide 
YES x x x 1 

31 Loch an t-Sil NF 736235 Infilled kettle hole 
pollen-

slide 
YES x 0 0 1 

32 Lochnan na Cartach NF 695027 infilled lake 
pollen-

slide 
YES x x 1 1 

33 Port Caol NF 646022 Intertidal deposit 
pollen-

slide 
YES x 1 1 1 

34 Kinloch  NM 401999 mire 
pollen-

slide 
YES x x x 1 

35 Loch an t’Suidhe 
NM 37763 

20346 
lake 

pollen-
slide 

YES x x x 1 

36 Gruinart Flats 14 NR 280667 Raised estuarine mire 
pollen-

slide 
YES x 1 1 1 

37 Loch a'Bhogaidh NR 225576 Valley mire 
pollen-

slide 
YES x x 1 1 

38 Loch a'Mhuilinn NR 940496 lake 
pollen-

slide 
YES x x x 1 

39 Machrie Moor NR 905 315 basin mire 
pollen-

slide 
YES x x x 1 

40 Loch an Amair NH 264261 lake sieving YES  x x x 1 

41 Loch an Amair NH 264261 lake 
pollen-

slide 
YES x x x 1 

42 Dubh-Lochan NH 531246 lake sieving YES  x x x 1 

43 Dubh-Lochan NH 531246 lake 
pollen-

slide 
YES x x x 1 
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44 Morvich NG 965209 peat 
pollen-

slide 
YES x x x 1 

45 Carnach Mor NH 097206 palaeochannel 
pollen-

slide 
YES x x x 1 

46 Torran Beithe NH 130210 lacustrine then peat 
pollen-

slide 
YES x x x 1 

47 Rannoch Moor NN 275543 ombrotrophic mire sieving YES x x x 1 

48 Carn Dubh NN985607 upland peat (350m)  
pollen-

slide 
YES x x x 1 

49 Braeroddach Loch NJ 482002 lake 
pollen-

slide 
YES x x 1 1 

50 Loch Davan 
NJ 44167 

00762 
lake 

pollen-
slide 

YES x x 1 1 

51 Den of Boddam NK 113412 mire 
pollen-

slide 
YES x x x 1 

52 Black Loch II NO 261149 lake 
pollen-

slide 
YES x 1 1 1 

53 West Lomond NO 203067 Upland mire (500m) 
pollen-

slide 
YES x 1 1 1 

54 Rotten Bottom NT 146144 peat 
pollen-

slide 
YES x x x 1 

55 Catharine Hill NY 106993 kettle-hole 
pollen-

slide 
YES x x x 1 

56 Burnfoothill Moss NY 263737 peat 
pollen-

slide 
YES x x x 1 

57 Pict's Knowe NX 953721 peat (valley floor) 
pollen-

slide 
YES x x x 1 

58 Walton Moss NY504667 peatland sieving YES x x x 1 

59 Bolton Fell Moss - core L NY 495695 peat sieving YES x x x 1 
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60 Lhen Trench NX39300020 channel 
pollen-

slide 
YES x x x 1 

61 Mill House SE 27458410 marshy basin (used to be a lake) 
pollen-

slide 
YES x 1 1 1 

62 The Flasks - core 69 
SE 2845 

8080 
allouvial sand and gravel fan? 

pollen-
slide 

YES x 1 1 1 

184 Snape Mires TG2 
SE 2855 

8445 
Valley mire 

pollen-
slide 

YES x x x 1 

194 Snape Mires IL12 
SE 2830 

8495 
Valley mire sieving YES x x x 1 

195 Snape Mires IL12 
SE 2830 

8495 
Valley mire 

pollen-
slide 

YES x x x 1 

63 River Ure SE333702 floodplain 
pollen-

slide 
YES x x x 1 

64 Star Carr 
TA 

03258108 
lake sieving YES x 1 0 1 

65 Star Carr 
TA 

03258108 
lake 

pollen-
slide 

YES x 1 0 1 

66 Willow Garth TA 126676 peat sieving NO x 0 0 0 

67 Willow Garth TA 126676 peat 
pollen-

slide 
NO x 0 0 0 

68 Cess Dell TA 259378 infilled basin 
pollen-

slide 
YES x x x 1 

69 Sproatley Bog TA 205344 infilled basin 
pollen-

slide 
YES x x 1 1 

70 Gilderson Marr TA 299331 infilled basin 
pollen-

slide 
YES x x x 1 

71 The bog at Roos TA 273288 infilled basin 
pollen-

slide 
YES x x x 1 

72 Llyn Cororion SH 597688 lake sieving YES x x x 1 
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73 Llyn Cororion SH 597688 lake 
pollen-

slide 
YES x x x 1 

74 Bryn Y Castell - core BYC 2 SH 728429 lake 
pollen-

slide 
YES x x x 1 

75 Bryniau Pica SN 802659 peat 
pollen-

slide 
YES x x x 1 

76 Hockam Mere TL 933937 lake 
pollen-

slide 
YES & NO x 0 0 1 

77 Quidenham Mere TM 040876 lake 
pollen-

slide 
YES x x 1 1 

78 Quidenham Mere TM 040876 lake 
pollen-

slide 
YES x x x 1 

79 Enfield Lock TQ365985 Floodplain - organic muds 
pollen-

slide 
YES x x x 1 

80 William King Flour Mill Area A 
TQ 05091 

84895 
Floodplain 

pollen-
slide 

YES x x x? 1 

81 William King Flour Mill Area B 
TQ 05091 

84895 
Floodplain 

pollen-
slide 

YES x x x? 1 

82 Sidlings Copse SP 556096 wooded valley 
pollen-

slide 
YES  x x x 1 

83 Cothill Fen SU 461998 calcareous valley 
pollen-

slide 
YES  x x x 1 

84 Ufton Green SU 618686 Valley sieving YES x x x 1 

85 Ufton Green SU 618686 Valley 
pollen-

slide 
YES x x x 1 

86 Woolhampton SU 571662 Valley sieving YES x x x 1 

87 Woolhampton SU 571662 Valley 
pollen-

slide 
YES x x x 1 

88 Thatcham Reedbeds SU 508665 Floodplain 
pollen-

slide 
YES x x x 1 
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89 Thatcham Reedbeds SU 508665 Floodplain sieving YES x x x 1 

90 Midgham Member#A SU56356632 floodplain 
pollen-

slide 
YES x x 0 0 

91 Midgham Member#B SU56136594 organic fill deposits channel 
pollen-

slide 
NO x x 1 1 

92 Bagshot SU92246376 some peat 
pollen-

slide 
YES x x 1 1 

93 Crabble Paper Mill TR 29984311 valley 
pollen-

slide 
YES x x x 1 

94 Pannel Bridge TQ 882152 alluvial 
pollen-

slide 
YES  x x x 1 

95 Conford SU818333 it's a valley 
pollen-

slide 
YES x x x 1 

96 Winchester SU48602991 peat sieving YES x x x 1 

97 Cranes Moor SU 194028 peat sieving YES x x x 1 

98 Cranes Moor SU 194028 peat 
pollen-

slide 
YES x x x 1 

99 Rimsmore SY 81429218 peat sieving YES x x x 1 

100 Kingswood SZ00578222 peat sieving YES x x x 1 

101 Black Ridge Brook SX 579842 peat 
pollen-

slide 
YES x x 1 1 

102 Rough Tor South 
SX14340807

57 
peat 

pollen-
slide 

YES x x x 1 

103 Sluggan Bog J 099921 peatbog sieving YES x 1 1 1 

104 Sluggan Bog J 099921 peatbog 
pollen-

slide 
YES x 1 1 1 

105 Lough Nadourcan 
C 06440 
22496 

lake 
pollen-

slide 
YES 1 1 1 1 
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106 Altar Lough B751190 lake 
pollen-

slide 
YES x 0 1 1 

107 Lough Nabraddan B777195 lake 
pollen-

slide 
YES x 0 0 1 

108 Lough Mullaghlahan G699920 lake 
pollen-

slide 
YES x 1 0 1 

109 Lough Dargan 
G 72360 
28174 

lake sieving YES x x x 1 

110 Lough Dargan 
G 72360 
28174 

lake 
pollen-

slide 
YES x x x 1 

111 Lough Sheeauns L625582 lake 
pollen-

slide 
YES x x x 1 

112 Lough Maumeen 
L 90529 
49389 

lake sieving YES x x x 1 

113 Lough Maumeen 
L 90529 
49389 

lake 
pollen-

slide 
YES x x x 1 

114 Cornaher Lough 
N 39101 
34897 

lake sediment sieving YES x x x 1 

115 Kelly's Lough 
T 05670 
90830 

lake sediment sieving YES x x x 1 

116 Tory Hill R 537433 basin? sieving YES 0 1 1 0 

117 Tory Hill R 537433 basin? 
pollen-

slide 
YES 1 1 1 1 

118 Borheen 
R 21584 
25108 

lake sediment sieving NO x x 0 0 

119 Sheheree 
V 98492 
88647 

lake sediment sieving YES x x x 1 

120 Cuckoo 
V 92965 
84496 

lake sediment sieving YES 1 1 1 1 
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121 Lough Camclaun 
Q 51906 
07226 

lake 
pollen-

slide 
YES x x x 1 

122 
Wykeham Quarry Southern Extension 

WYKSE14 
SE 990 818 Floodplain 

pollen-
slide 

YES x 1 1 1 

123 Kebister Column A HU 463 459 Blanket bog 
pollen-

slide 
YES x x x 1 

124 Hawes Water - HWD SD 478 767 Lake 
pollen-

slide 
YES x x x 1 

125 Dozmary Pool 2 SX 192 744 Lakeside mire sieving YES x x x 1 

126 Dozmary Pool 2 SX 192 744 Lakeside mire 
pollen-

slide 
YES x x x 1 

127 Rhos Goch Common - RGC04/2 SO 195 484 Raised bog sieving YES x x x 1 

128 Carn a'Phris-Ghiubhais NH 936 032 Blanket bog 
pollen-

slide 
YES x x x 1 

129 Loch of Gards HU 387 096 Lake 
pollen-

slide 
YES x x x 1 

130 Alt a'Phris-Ghiubhais NH 930 031 Blanket bog 
pollen-

slide 
YES x x x 1 

131 Methvern NO 011 237 Valley mire 
pollen-

slide 
YES x x x 1 

132 Winney's Down 
SX 6268 

8213 
Blanket bog 

pollen-
slide 

YES x x x 1 

133 Lochan a’Bhuilg Bhith NM 893 289 Lake 
pollen-

slide 
YES x x x 1 

134 Brighouse Bay - T(4)2 
NX 63755 

45982 
Coastal peat 

pollen-
slide 

YES x x x 1 

135 Howgill Castle 
NY 6771 

2990 
Valley mire 

pollen-
slide 

YES x x x 1 

136 Pillings Lock Quarry, Quorn SK 562 184 Palaeochannel 
pollen-

slide 
YES x x x 1 
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137 Pitbladdo NO 361 175 Valley mire 
pollen-

slide 
YES x x x 1 

138 Blows Moss ND 455 860 Moss 
pollen-

slide 
NO x x x 0 

139 Broadclyst Moor 
SX 9775 

9785 
Infilled basin 

pollen-
slide 

YES x x x 1 

140 Lochan Odhar NH 947 034 Blanket bog 
pollen-

slide 
NO x x x 0 

141 Moel Llys y Coed SJ 1471 6493 Basin mire 
pollen-

slide 
YES x x x 1 

142 Bellever A SX 579 842 Blanket bog 
pollen-

slide 
YES x x x 1 

143 Nant Helen, Mynydd y Drum - NHP SN 826 112 Infilled basin 
pollen-

slide 
YES x x x 1 

144 Loch Droma 2 NH 255 766 Blanket bog 
pollen-

slide 
YES x x x 1 

145 Esklets 1 
NZ 6634 

0095 
Blanket bog 

pollen-
slide 

YES x x x 1 

146 Dubh Lochan, Nr Loch Lomond NS 377 963 Lake sieving NO x x x 0 

147 Bole Ings SK 811 875 Floodplain peat 
pollen-

slide 
NO x x x 0 

149 Dirrie More NH 251 754 Blanket bog 
pollen-

slide 
YES x x x 1 

150 Thwaite Tarn 
SD 75920 

69480 
Infilled lake 

pollen-
slide 

YES x 1 1 1 

151 Higher Brockholes SD 589 306 Palaeochannel 
pollen-

slide 
YES x x x 1 

152 Loch Cleat 2 
NG 41662 

74287 
Lake 

pollen-
slide 

YES x x x 1 
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153 Lochnagar - NAG30 NO 252 859 Lake 
pollen-

slide 
YES x x x 1 

154 Achany Glen Site 2 NC 567 013 Small hollow 
pollen-

slide 
YES x x x 1 

155 Area 240 - VC8C1 
TG 6388 

0389 
Submerged peat 

pollen-
slide 

YES x? x? x? 1 

156 Loch Coir’ an t-Seasgaich 
NG 4801 

5797 
Talus deposit 

pollen-
slide 

YES x x x 1 

157 A'Chrannag basin - AC1 NM 432 391 Peat-filled basin 
pollen-

slide 
YES x x x 1 

158 Doire Bhraghad NO 064 906 Floodplain 
pollen-

slide 
YES x x x 1 

159 Gors Fawr Bog 
SN 1346 

2937 
Pingo 

pollen-
slide 

YES x x x 1 

160 Esgyrn Bottom SM 976 238 Valley mire 
pollen-

slide 
YES x x x 1 

161 Snail Channel, Fordham TL 271 563 Palaeochannel 
pollen-

slide 
YES x x x 1 

162 Loch Dee Peninsula Bog II 
NX 4716 

7900 
Blanket bog 

pollen-
slide 

YES x x x 1 

163 Colemere SJ 423 334 Infilled basin sieving YES x x x 1 

164 Colemere SJ 423 334 Infilled basin 
pollen-

slide 
YES x x x 1 

165 Allt Dail an Dubh-asaidh 
NM 6714 

9054 
Lakeside mire 

pollen-
slide 

YES x x x 1 

166 Robinson's Moss SE 045 001 Infilled basin sieving YES x x x 1 

167 Robinson's Moss SE 045 001 Infilled basin 
pollen-

slide 
YES x x x 1 

168 Torne Site One - TS1 
 SE 6855 

0410 
Palaeochannel 

pollen-
slide 

YES x x x 1 
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169 Suarbie 
NG 48224 

65822 
Blanket bog 

pollen-
slide 

YES x x x 1 

170 Torbhlaren - BH9 NR 864 943 Palaeochannel 
pollen-

slide 
YES x x x 1 

171 Digg 
NG 47128 

69609 
Basin mire 

pollen-
slide 

YES x x x 1 

172 Smearset Tarn SD 800 676 Infilled lake 
pollen-

slide 
YES x x x 1 

173 Achany Glen Site 1 - Shore NC 592 023 Lake 
pollen-

slide 
YES x x x 1 

175 Red Loch NS 004 722 Infilled lake 
pollen-

slide 
YES x x x 1 

177 Esgair Ffraith SN 650 480 Infilled basin 
pollen-

slide 
YES x x x 1 

178 Lochan Cnoc Philip NM 942 242 Lake 
pollen-

slide 
YES x x x 1 

179 Ravelrig Bog 
NT 1434 

6696 
Raised Bog 

pollen-
slide 

YES x x x 1 

181 Walker's Heath SJ 866 875 Valley mire sieving YES x x x 1 

182 Walker's Heath SJ 866 875 Valley mire 
pollen-

slide 
YES x x x 1 

183 Lambwath Mere TA 210 395 Infilled lake 
pollen-

slide 
YES x x x 1 

186 Loch Doon IV 
NX 4825 

9300 
Lakeside mire 

pollen-
slide 

YES x x x 1 

188 Loch na Muilne NB 210 307 Lake 
pollen-

slide 
YES x x x 1 

189 Thwaite House Moss SD 497 689 Basin mire sieving 
carbonized 

material 
x x x 1 
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190 Loch Bharabhat 2 NB 098 353 Lake 
pollen-

slide 
YES x x x 1 

192 Attermire Mire 
SD 84195 

63780 
Mire 

pollen-
slide 

YES x x x 1 

193 Bolham 
ST 1625 

1205 
Floodplain peat 

pollen-
slide 

YES x x x 1 

196 Temple Mills - 4042TT 
TQ 3714 

8645 
Floodplain 

pollen-
slide 

YES x x 1 1 

197 Buiston Loch - BHB NS 416 433 Infilled lake 
pollen-

slide 
YES x x x 1 

198 Loch na Beinne Bige NB 223 353 Lake 
pollen-

slide 
YES x x x 1 

199 Elstead Bog B 
SU 89804 

42172 
Former pingo 

pollen-
slide 

YES x x 1 1 

200 Sparrowmire Farm SD 512 943 Mire 
pollen-

slide 
YES x x 1 1 

201 Rispain Mire  NX 429 395 Marsh / fen 
pollen-

slide 
YES x x x 1 

202 Langshot Bog 
SU 97699 

63475 
Valley mire 

pollen-
slide 

YES x x 1 1 

203 Nosterfield F69 
SE 2845 

8080 
Floodplain peat 

pollen-
slide 

YES x 1 1 1 

204 Livingstone's Cave mire - LC1 NM 431 386 Peat-filled basin 
pollen-

slide 
YES x x x 1 

205 White Moss T3.75 SJ 775 500 Raised bog 
pollen-

slide 
YES x 1 1 1 

206 Newby Wiske NW1 
SE 3690 

8650 
Valley mire sieving YES x x 1 1 

207 Newby Wiske NW1 
SE 3690 

8650 
Valley mire 

pollen-
slide 

YES x x 1 1 
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208 Thursley Bog 
SU 90798 

41432 
Valley mire 

pollen-
slide 

YES x 1 1 1 

209 Cruvie NO 418 228 Infilled kettle hole 
pollen-

slide 
YES x x x 1 

210 Withern 
TF 4222 

8200 
Floodplain 

pollen-
slide 

YES x x x 1 

211 Church Moss SJ 6635 7135 Infilled basin sieving YES x 1 0 1 

212 Church Moss SJ 6635 7135 Infilled basin 
pollen-

slide 
YES x 1 1 0 

213 Oakley Bog 
SU 91007 

41160 
Valley mire 

pollen-
slide 

YES 1 1 1 1 

214 Sellafield - BH 10 NY 00 04 Marsh / fen 
pollen-

slide 
YES x 1 x 1 

215 Urswick Tarn 
SD 27010 

74626 
Lake 

pollen-
slide 

NO x x x 0 

216 Stannon Down Site 86 
SX 1382 

8092 
Blanket bog 

pollen-
slide 

YES x x x 1 

217 Star Carr Clark site 
TA 02798 

80997 
Lake sieving YES x x x 1 

218 Star Carr Clark site 
TA 02798 

80997 
Lake 

pollen-
slide 

YES x x x 1 

219 Star Carr - Trench A, Mono 1 
TA 02826 

80994 
Lake sieving YES x x x 1 

220 Star Carr - Trench A, Mono 1 
TA 02826 

80994 
Lake 

pollen-
slide 

YES x x x 1 

221 Graig Fawr 
SN 62336 

06988 
Basin mire 

pollen-
slide 

YES x x x 1 

222 Clogwynygarreg 2 
SH 55913 

32977 
Basin mire 

pollen-
slide 

YES x x x 1 

223 Llyn Hendref SH 398 765 Lake sieving NO x x x 0 
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224 Llyn Hendref SH 398 765 Lake 
pollen-

slide 
YES x x x 1 

225 Regional Profile - D3 TA 049 809 Lake sieving YES x 1 1 1 

226 Regional Profile - D3 TA 049 809 Lake 
pollen-

slide 
YES x 1 1 1 

227 No Name Hill - NAZ 
TA 0397 

8146 
Lake sieving YES x x x 1 

228 No Name Hill - NAZ 
TA 0397 

8146 
Lake 

pollen-
slide 

YES x x x 1 

229 No Name Hill - NAQ 
TA 0400 

8150 
Lake sieving YES x x x 1 

230 No Name Hill - NAQ 
TA 0400 

8150 
Lake 

pollen-
slide 

YES x x x 1 

231 No Name Hill - NM 
TA 0400 

8140 
Lake sieving YES x x x 1 

232 No Name Hill - NM 
TA 0400 

8140 
Lake 

pollen-
slide 

YES x x x 1 

233 Flixton School 
TA 0485 

8013 
Lake sieving YES x 1 1 1 

234 Flixton School 
TA 0485 

8013 
Lake 

pollen-
slide 

YES x 1 1 1 

235 Barry's Island - LAP 
TA 0613 

8042 
Lake sieving YES x 1 1 x 

236 Barry's Island - LAP 
TA 0613 

8042 
Lake 

pollen-
slide 

YES x 1 1 x 

237 North Locheynort NF 777 294 Coastal peat 
pollen-

slide 
YES x x x 1 

238 Church Moor - 2 SU 248 068 Valley mire sieving YES x x x 1 

239 Church Moor - 2 SU 248 068 Valley mire 
pollen-

slide 
YES x x x 1 
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240 Loch of Torness ND 253 886 Lake 
pollen-

slide 
YES x x x 1 

241 The Noads Bog SU 398 062 Valley mire sieving YES x x x 1 

242 The Noads Bog SU 398 062 Valley mire 
pollen-

slide 
YES x x x 1 

243 
Great English Island Neck (Nornour 

Channel)  SA11-3 
SV 94202 

15095 
Submerged peat 

pollen-
slide 

YES x x x 1 

244 St Mary’s Roads SA2-5/2 
SV 90431 

12817 
Submerged peat 

pollen-
slide 

YES x 1 x 1 

245 St Mary’s Roads SA2-5/5 
SV 

9037312886 
Submerged peat 

pollen-
slide 

YES x x x 1 

246 Cors Goch SH 497 813 Infilled lake sieving YES 1 1 0 x 

247 Cors Goch SH 497 813 Infilled lake 
pollen-

slide 
YES x 1 1 x 

248 Cors Erddreiniog SH 470 820 Infilled lake sieving YES x 0 0 1 

249 Cors Y Farl SH 490 779 Infilled lake sieving YES x 0 1 1 

250 Morden B  SY 924 892 Valley mire sieving YES x x x 1 

251 Rubha Port an t-Seilich 
NR 43035 

67449 
Lake 

pollen-
slide 

YES x x 1 1 

252 Lochnagar (cores Nag27&Nag30) NO 252 859 Lake 
pollen-

slide 
YES x x x 1 
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Table A1.2: The 33 bands included in the synthesis of chapter 2. Assignment of charcoal presence within the climatic intervals of the LGIT also given (1 = present, 0 = absent, x = info/sediment 
not available). “?” indicates that the age of the deposit is estimated. 

Band 
# 

Site Name NGR Depositional 
environment 

Method Charcoal GS-2 GI-1 GS-1 Early 
Holocene 

1 Clettnadal HU 358299 was a lake band YES x x x 1 

2 Northton NF 975 912  machair band YES x x x 1 

3 Glen Avon NJ 175 086 tufa band YES x x x 1 

4 Kildale Hall NZ 609097 was a lake band YES x x x 1 

5 King's Pool SJ 926234 organic deposits band YES x x x 1 

6 Waun-Fignen-Felen SN 825179 bog band YES x x x 1 

7 Pitstone SP 9447514142 quarry band YES x 1 x x 

8 Oxtend TQ 380544 subarial deposits band YES x 1 x x 

9 Upper Halling - Section A TQ 688635 subarial deposits band YES x 1 x x 

10 Upper Halling - Section B TQ 692635 subarial deposits band YES x 1 x x 

11 Holborough TQ 702626 subarial deposits band YES x 1 x x 

12 Devil's Kneidingtrough TR 07816 45526 subarial deposits band YES x x x 1 

13 Dover Hill TR 235376 subarial deposits band YES x 1 x x 

14 Holywell Coombe TR 220379 subarial deposits band YES x 1 x x 

15 Castle Hill TR 212375 subarial deposits band YES x 1 x x 

16 Cow Gap TV 595957 subarial deposits band YES x 1 x x 

17 Chalk Escarpment Northern Lobe Pit A TQ 06264495 colluvial? band YES x 1 x x 

18 Chalk Escarpment Southern Lobe Borehole III TQ 06454450 subarial deposits? band YES x 1 x x 

19 River Test SU 337308 tufa deposits band YES x x x 1 

20 Watcombe Bottom SZ 544773 colluvial deposits band YES x 1 x x 

21 Parsons Park SX195708 lake and mire band YES x 1 x 1 
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22 Dozmary Pool SX 192744 lake and mire band YES x x x 1 

23 Hawk Tor SX152747 lake and mire band YES 0? 1 0? 1 

24 Rubha Port an t-Seilich NR 43035 67449 lake band YES x x x 1 

25 Grain Power Station - BH120 TQ 88819 74886 n/a band YES x x x 1 

26 Pillings Lock Quarry, Quorn SK 562 184 n/a band YES x x x 1 

27 Sellafield - BH 10 NY 00 04 n/a band YES x 1 x 1 

28 Mingies Ditch Floodplain - Sample W SP 3844 0612 n/a band YES x x x 1 

29 Faraday Road SU 476 673 n/a band YES x x x 1 

30 Torbhlaren - BH16 NR 865 944 n/a band YES x x x 1 

31 Esgair Ffraith SN 650 480 n/a band YES x x x 1 

32 Westhampnett SU883062 n/a band YES 1 x x x 

33 Priory Road, Dartford QBH1 TQ 5391 7492 n/a band YES x x x 1 
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Table A1.3: Area measurement in mm2 for the modern charcoal experiment in Chapter 3. Rows within each chemical 
represent the 10 replicates used. Columns represent the 5 timesteps (T0-T4). 

 
H2O 12 h 

1 0.009725 0.011161 0.010485 0.010435 0.00961 

2 0.005994 0.008189 0.007503 0.008681 0.007154 

3 0.005576 0.007619 0.007001 0.007098 0.007879 

4 0.007923 0.008769 0.008613 0.008665 0.00824 

5 0.009345 0.008816 0.010029 0.009069 0.009688 

6 0.008127 0.008652 0.009578 0.007907 0.008459 

7 0.007946 0.00898 0.009661 0.00974 0.010259 

8 0.007157 0.008565 0.009736 0.007803 0.008725 

9 0.008242 0.009578 0.010272 0.009756 0.009749 

10 0.007983 0.008674 0.00867 0.009774 0.009587  
H2O 6h 

1 0.008 0.010789 0.008515 0.008026 0.009764 

2 0.012306 0.013484 0.013493 0.015424 0.011032 

3 0.012675 0.01227 0.012727 0.011218 0.012157 

4 0.009229 0.011669 0.008952 0.015178 0.011899 

5 0.011738 0.011324 0.007155 0.009548 0.008854 

6 0.010141 0.011961 0.011628 0.012715 0.012372 

7 0.011129 0.010638 0.010817 0.010512 0.010667 

8 0.01334 0.012643 0.013079 0.013275 0.012982 

9 0.007743 0.009896 0.010035 0.008134 0.010333 

10 0.010019 0.011263 0.008634 0.011429 0.012082  
H2O2 33% 

1 0.006091 0.009976 0.010784 0.009624 0.010631 

2 0.008286 0.009481 0.009781 0.009866 0.00957 

3 0.006431 0.008234 0.008326 0.008511 0.008922 

4 0.006042 0.009693 0.009878 0.009407 0.01042 

5 0.003837 0.006168 0.008347 0.007158 0.009189 

6 0.007053 0.010674 0.011375 0.009988 0.010142 

7 0.004126 0.008652 0.010239 0.009345 0.009181 

8 0.005083 0.00765 0.009452 0.009854 0.010403 

9 0.006154 0.007577 0.008896 0.010151 0.007932 

10 0.00612 0.007499 0.00882 0.009734 0.009751  
H2O2 8% 

1 0.005453 0.007898 0.009456 0.008312 0.009059 

2 0.005742 0.008999 0.009324 0.010148 0.009386 

3 0.005881 0.009403 0.010196 0.009343 0.009337 

4 0.008328 0.010576 0.011143 0.010461 0.01123 

5 0.010484 0.011259 0.011956 0.011909 0.0103 

6 0.006587 0.009075 0.009184 0.008554 0.010021 

7 0.00737 0.010239 0.009065 0.008877 0.009761 

8 0.010311 0.010215 0.011376 0.011009 0.010279 
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9 0.008199 0.009654 0.010072 0.01006 0.008872 

10 0.007169 0.007035 0.009413 0.009453 0.008859  
HNO3 50% 

1 0.006142 0.008523 0.008643 0.009383 0.009313 

2 0.007472 0.010997 0.011036 0.011506 0.012483 

3 0.009115 0.011399 0.011264 0.010721 0.012674 

4 0.011129 0.012034 0.012533 0.013079 0.014219 

5 0.006301 0.008746 0.009971 0.010329 0.010719 

6 0.010661 0.012566 0.013164 0.013426 0.012661 

7 0.006702 0.012237 0.012185 0.012942 0.013124 

8 0.010646 0.013186 0.013712 0.014715 0.014315 

9 0.008078 0.010245 0.01084 0.011422 0.011234 

10 0.007438 0.010626 0.010753 0.011238 0.011728  
KOH 10% 

1 0.009421 0.010829 0.011685 0.011813 0.012875 

2 0.007813 0.007965 0.009436 0.010228 0.009794 

3 0.006741 0.008455 0.008428 0.008413 0.010022 

4 0.008445 0.009213 0.009256 0.010231 0.010513 

5 0.007076 0.007805 0.00909 0.009665 0.009823 

6 0.007654 0.007494 0.009108 0.009344 0.009664 

7 0.006541 0.008871 0.011025 0.011003 0.011071 

8 0.008638 0.010377 0.009746 0.01089 0.010929 

9 0.006036 0.007967 0.009136 0.00954 0.008884 

10 0.00885 0.011275 0.012553 0.01272 0.01338  
Na6PO18 20% 

1 0.006258 0.008775 0.009977 0.009515 0.008727 

2 0.007935 0.007238 0.008233 0.007596 0.0081 

3 0.00462 0.009096 0.008926 0.008945 0.00948 

4 0.005267 0.00752 0.007309 0.007197 0.006091 

5 0.006296 0.009365 0.01003 0.01011 0.009175 

6 0.00422 0.008078 0.008356 0.008958 0.008477 

7 0.00504 0.007911 0.00882 0.008866 0.009648 

8 0.005702 0.009463 0.009192 0.008954 0.009789 

9 0.004161 0.004992 0.00669 0.006355 0.005344 

10 0.006114 0.007921 0.008983 0.008622 0.008309  
NaClO 12.5 % 

1 0.007712 0.007245 0.005191 0.004618 0.004075 

2 0.010997 0.010212 0.007253 0.006335 0.007797 

3 0.012254 0.010682 0.006767 0.005881 0.004831 

4 0.011362 0.00934 0.00815 0.006974 0.005355 

5 0.015236 0.00793 0.00654 0.005786 0.005357 

6 0.00941 0.009293 0.006684 0.00521 0.003968 

7 0.010055 0.009811 0.007067 0.006458 0.004942 

8 0.010196 0.008345 0.004593 0.004893 0.004514 
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9 0.006253 0.007882 0.005638 0.004547 0.00446 

10 0.010323 0.008763 0.005388 0.005645 0.00522  
NaClO 2 % 

1 0.005584 0.00934 0.007014 0.007247 0.00546 

2 0.006279 0.009353 0.005239 0.005502 0.003852 

3 0.007874 0.01082 0.010691 0.008969 0.007176 

4 0.005603 0.0077 0.007566 0.006835 0.00594 

5 0.00527 0.010797 0.009706 0.00821 0.005636 

6 0.005804 0.01062 0.009672 0.008754 0.005453 

7 0.005453 0.008152 0.006795 0.005728 0.003571 

8 0.00627 0.009138 0.007014 0.005022 0.005184 

9 0.012707 0.009327 0.007365 0.004667 0.003409 

10 0.010382 0.009091 0.007539 0.00736 0.005725 
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Table A1.4: Number of charcoal fragments measurement for the modern charcoal experiment in Chapter 3. Rows within 
each chemical represent the 10 replicates used. Columns represent the 5 timesteps (T0-T4). 

 
H2O 12 h 

1 26 23 22 25 29 

2 22 24 19 29 24 

3 18 22 20 24 29 

4 26 24 23 23 19 

5 24 22 23 21 24 

6 24 23 17 20 24 

7 28 19 21 24 26 

8 30 19 22 21 24 

9 22 20 19 22 15 

10 26 21 22 21 25  
H2O 6h 

1 35 24 20 24 23 

2 28 26 27 27 24 

3 28 39 36 31 30 

4 23 29 30 32 29 

5 28 26 24 26 26 

6 31 35 25 27 36 

7 32 32 44 31 33 

8 31 26 28 30 36 

9 26 35 34 34 36 

10 28 27 21 26 29  
H2O2 33% 

1 24 24 24 24 27 

2 26 29 27 25 32 

3 21 27 25 29 29 

4 20 29 30 23 22 

5 17 21 21 29 29 

6 19 24 21 19 22 

7 22 22 31 25 26 

8 15 17 19 21 20 

9 20 23 24 27 26 

10 17 20 24 23 20  
H2O2 8% 

1 21 20 25 31 29 

2 22 27 26 25 28 

3 26 24 29 24 30 

4 23 25 28 28 27 

5 31 24 28 23 28 

6 18 22 21 20 24 

7 21 25 26 24 26 

8 23 21 27 26 26 
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9 22 22 22 23 22 

10 20 22 23 21 27  
HNO3 50% 

1 25 25 26 24 27 

2 24 24 28 23 26 

3 25 28 27 27 25 

4 25 20 23 26 26 

5 22 25 22 26 24 

6 26 25 25 25 23 

7 21 25 27 30 24 

8 28 26 24 23 25 

9 25 22 24 23 23 

10 25 27 25 27 25  
KOH 10% 

1 27 29 28 27 26 

2 30 23 28 23 25 

3 33 40 31 39 33 

4 28 27 26 26 26 

5 23 24 24 24 25 

6 23 25 25 25 25 

7 26 28 37 29 29 

8 27 25 28 26 31 

9 22 26 25 25 26 

10 28 29 26 30 28  
Na6PO18 20% 

1 17 23 20 23 20 

2 26 22 22 23 17 

3 24 19 18 21 15 

4 19 21 21 18 16 

5 15 18 22 20 19 

6 17 24 23 18 19 

7 20 14 16 20 15 

8 19 25 25 24 21 

9 28 17 24 25 18 

10 19 25 20 14 14  
NaClO 12.5 % 

1 32 25 20 20 31 

2 26 24 23 27 69 

3 24 42 16 14 15 

4 26 33 33 21 16 

5 32 29 27 17 21 

6 21 22 23 17 13 

7 28 32 21 17 19 

8 28 28 18 17 18 
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9 18 28 16 16 13 

10 22 34 21 18 18  
NaClO 2 % 

1 23 28 23 22 18 

2 21 36 21 14 12 

3 26 25 23 32 23 

4 19 31 23 19 14 

5 36 26 21 16 20 

6 24 31 22 24 14 

7 21 47 19 25 22 

8 19 27 18 12 18 

9 47 31 23 22 10 

10 25 24 16 18 20 
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Table A1.5: Area charcoal measurement in mm2 of the 27 levels of the nine stratigraphically adjacent sequences (A-K) from Sluggan Bog, presented in Chapter 3. 

 
A B C F G H I J K 

Level1 0.001884 0 0 0 0 0.00031 8.76E-05 0 0.002406 

Level2 0.005191 0 0.000561 0.001775 0.00343 0.001898 0.000995 0.000159 0.002259 

Level3 0.000825 0 0 0.000425 0.000185 0.000971 4.38E-06 0 0 

Level4 0.000475 2.77E-05 0.013774 0.011349 0 0.003145 0.000852 0.000181 0.035824 

Level5 0.08223 0.001805 0.071843 0.004196 0.000309 0.054574 0.109334 0.00127 0.003251 

Level6 0.001932 0.000733 0.001545 0.000988 0.00048 0.000499 0.001962 0.000625 0.000586 

Level7 0.001295 0 0.005971 0.005991 0 0.000549 4.73E-05 0.00038 0.001001 

Level8 0 0 0.000201 0.000858 0.000445 0.000503 0 0.003026 0.001515 

Level9 0.002026 0.000127 0.00014 0.000667 8.03E-05 0.000107 0.004298 5.14E-05 9.31E-05 

Level10 0.000623 0.000422 0.001058 0.000834 0.000368 0.000915 0.000422 0.00011 0.000692 

Level11 0.000822 0.000181 0.000126 0 0.000298 0 0 0 3.8E-05 

Level12 0.000681 0.000396 0.002017 0 0.001449 0 0.000806 0.000728 0.00106 

Level13 0.000355 0.000574 0.002671 0.002182 0.000859 0.001045 0.000401 0.000263 0.000613 

Level14 0.000168 0.000903 0.001338 0.001877 0.00115 0.000999 8.15E-05 0.000166 0.000171 

Level15 0.001182 0.001058 0.001571 0.001715 0.002099 0.000158 4.26E-05 0.000816 0.000597 

Level16 0 0 0.001598 0.00106 5.43E-05 0.000575 0.001475 0.001696 0.001423 

Level17 0.001152 0.001188 0.001426 0.000482 0.000138 0.003909 0.001001 0 0.000354 

Level18 0.000312 0.000416 0.003728 0 0.000175 0.000381 1.14E-05 0.000309 0.00046 

Level19 0 1.81E-05 0 0 0.000267 0.000417 0 6.34E-05 0 

Level20 0 4.26E-05 0 0 0 1.75E-05 0 1.66E-05 0.000495 

Level21 0 0.000121 0 0.000415 0 0.000111 0 0 0.000289 

Level22 0 0 0 0.000515 0.000411 0 0.000126 0 0 

Level23 0.009795 0.005636 0.029428 0.027426 0.01729 0.02962 0.014723 0.015608 0.032083 

Level24 0.00041 0.000899 0.005198 0.002474 0.003576 0.003166 0.002341 0.001805 0.012355 
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Level25 0.000224 0.000206 0.001261 0.000868 3.68E-05 9.93E-06 0.000271 0.000123 0.00048 

Level26 0.000813 0 4.79E-05 4.38E-05 3.47E-05 2.74E-05 0 0.000283 0 

Level27 0.000205 0.001138 0.000631 0.000407 0.000163 0 0.00056 0.000112 0 
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Table A1.6: Number of fragments in samples within all seven cores analysed in Chapter 5. Cm top, bottom, age (as 
obtained from BChron R Package; Haslett & Parnell, 2008) top, bottom, as well as volume of the sample also given. 

1. Loch Ashik 

Cm top Cm bottom age top age bottom volume # 

277 278 8964 8995.5 1 20 

278 279 8995.5 9044 1 6 

279 280 9044 9067 1 15 

280 281 9067 9107 1 36 

281 282 9107 9150 1 13 

282 283 9150 9189 1 7 

283 284 9189 9229 1 10 

284 285 9229 9256 1 18 

285 286 9256 9297.5 1 1 

286 287 9297.5 9343.5 1 55 

287 288 9343.5 9385 1 48 

288 289 9385 9420.5 1 32 

289 290 9420.5 9454 1 11 

290 291 9454 9501.5 1 0 

291 292 9501.5 9537.5 1 3 

292 293 9537.5 9575 1 4 

293 294 9575 9621.5 1 7 

294 295 9621.5 9672.5 1 1 

295 296 9672.5 9718 1 2 

296 297 9718 9767.5 1 1 

297 298 9767.5 9812 1 5 

298 299 9812 9858 1 5 

299 300 9858 9901 1 10 

300 301 9901 9950 1 8 

301 302 9950 9997 1 6 

302 303 9997 10038.5 1 7 

303 304 10038.5 10078 1 10 

304 305 10078 10127.5 1 11 

305 306 10127.5 10168 1 4 

306 307 10168 10211 1 6 

307 308 10211 10253.5 1 7 

308 309 10253.5 10295.5 1 5 

309 310 10295.5 10338 1 6 

310 311 10338 10387 1 39 

311 312 10387 10430.5 1 24 

312 313 10430.5 10478.5 1 12 

313 314 10478.5 10527 1 41 

314 315 10527 10578 1 8 

315 316 10578 10628.5 1 3 

316 317 10628.5 10704 1 6 
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317 318 10704 10766 1 16 

318 319 10766 10807.5 1 82 

319 320 10807.5 10843 1 45 

320 321 10843 10880 1 4 

321 322 10880 10917 1 0 

322 323 10917 10952 1 2 

323 324 10952 10987 1 1 

324 325 10987 11024 1 1 

325 326 11024 11060 1 2 

326 327 11060 11097 1 2 

327 328 11097 11133 1 5 

328 329 11133 11171 1 0 

329 330 11171 11207.5 1 0 

330 331 11207.5 11243 1 1 

331 332 11243 11281 1 1 

332 333 11281 11318 1 0 

333 334 11318 11354.5 1 4 

334 335 11354.5 11391.5 1 2 

335 336 11391.5 11429 1 0 

336 337 11429 11466 1 1 

337 338 11466 11503 1 2 

338 339 11503 11540 1 0 

339 340 11540 11577 1 1 

340 341 11577 11615 1 0 

341 342 11615 11652 1 0 

342 343 11652 11688 1 0 

343 344 11688 11724 1 1 

344 345 11724 11761 1 6 

345 346 11761 11798 1 7 

346 347 11798 11834 1 4 

347 348 11834 11871 1 4 

348 349 11871 11907 1 7 

349 350 11907 11943 1 5 

350 351 11943 11980 1 3 

351 352 11980 12034 1 2 

352 353 12034 12156 1 2 

353 354 12156 12293 1 3 

354 355 12293 12429 1 5 

355 356 12429 12566.5 1 26 

356 357 12566.5 12703.5 1 8 

357 358 12703.5 12840 1 4 

358 359 12840 12974 1 4 

359 360 12974 13110.5 1 17 

360 361 13110.5 13248 1 4 
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361 362 13248 13386 1 5 

362 363 13386 13521.5 1 7 

363 364 13521.5 13659 1 3 

364 365 13659 13793 1 5 

365 366 13793 13924 1 3 

366 367 13924 13999 1 2 

367 368 13999 14053 1 4 

368 369 14053 14103.5 1 0 

369 370 14103.5 14150.5 1 3 

370 371 14150.5 14197.5 1 2 

371 372 14197.5 14244 1 5 

372 373 14244 14291 1 5 

373 374 14291 14341 1 6 

374 375 14341 14392 1 7 

2. Loch an t'Suidhe 

970 971 9996 10008.5 1 37 

971 972 10008.5 10022.5 1 76 

972 973 10022.5 10034.5 1 70 

973 974 10034.5 10047 1 36 

974 975 10047 10057 1 43 

975 976 10057 10070 1 71 

976 977 10070 10081 1 7 

977 978 10081 10091 1 22 

978 979 10091 10103 1 49 

979 980 10103 10112 1 72 

980 981 10112 10123 1 13 

981 982 10123 10135 1 23 

982 983 10135 10145 1 3 

983 984 10145 10157 1 52 

984 985 10157 10169.5 1 5 

985 986 10169.5 10185.5 1 5 

986 987 10185.5 10207 1 24 

987 988 10207 10237 1 4 

988 989 10237 10262 1 22 

989 990 10262 10287 1 3 

990 991 10287 10313.5 1 0 

991 992 10313.5 10339 1 14 

992 993 10339 10364 1 5 

993 994 10364 10391 1 16 

994 995 10391 10418 1 3 

995 996 10418 10443.5 1 20 

996 997 10443.5 10470 1 5 

997 998 10470 10494.5 1 26 

998 999 10494.5 10520 1 3 
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999 1000 10520 10546 1 16 

1000 1001 10546 10570 1 9 

1001 1002 10570 10594 1 1 

1002 1003 10594 10618 1 7 

1003 1004 10618 10641.5 1 0 

1004 1005 10641.5 10668 1 10 

1005 1006 10668 10693 1 6 

1006 1007 10693 10721 1 0 

1007 1008 10721 10768 1 2 

1008 1009 10768 10872 1 0 

1009 1010 10872 10976 1 2 

1010 1011 10976 11078 1 0 

1011 1012 11078 11181 1 12 

1012 1013 11181 11286 1 3 

1013 1014 11286 11391 1 0 

1014 1015 11391 11496 1 0 

1015 1016 11496 11603 1 2 

1016 1017 11603 11709 1 2 

1017 1018 11709 11813 1 1 

1018 1019 11813 11917 1 4 

1019 1020 11917 12029 1 0 

1020 1021 12029 12180 1 
 

1021 1022 12180 12335 1 0 

1022 1023 12335 12490.5 1 2 

1023 1024 12490.5 12643.5 1 0 

1024 1025 12643.5 12800 1 1 

1025 1026 12800 12956 1 3 

1026 1027 12956 13110 1 9 

1027 1028 13110 13265.5 1 2 

1028 1029 13265.5 13422 1 6 

1029 1030 13422 13576 1 5 

1030 1031 13576 13730 1 1 

1031 1032 13730 13870.5 1 0 

1032 1033 13870.5 13902 1 15 

1033 1034 13902 13912 1 0 

1034 1035 13912 13921 1 5 

1035 1036 13921 13930 1 0 

1036 1037 13930 13939 1 2 

1037 1038 13939 13948 1 0 

1038 1039 13948 13956.5 1 2 

1039 1040 13956.5 13965 1 0 

1040 1041 13965 13972.5 1 1 

1041 1042 13972.5 13980 1 4 

1042 1043 13980 13989 1 1 
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1043 1044 13989 13997 1 4 

1044 1045 13997 14004 1 3 

1045 1046 14004 14013 1 12 

1046 1047 14013 14022 1 6 

1047 1048 14022 14030 1 2 

1048 1049 14030 14038 1 0 

1049 1050 14038 14046.5 1 0 

1050 1051 14046.5 14055 1 0 

1051 1052 14055 14063 1 0 

1052 1053 14063 14072 1 0 

1053 1054 14072 14081 1 0 

1054 1055 14081 14091 1 0 

1055 1056 14091 14100 1 1 

1056 1057 14100 14109 1 2 

1057 1058 14109 14124 1 0 

1058 1059 14124 14149 1 0 

1059 1060 14149 14165.5 1 0 

1060 1061 14165.5 14176 1 0 

1061 1062 14176 14187.5 1 0 

1062 1063 14187.5 14196.5 1 3 

1063 1064 14196.5 14207 1 
 

1064 1065 14207 14220.5 1 3 

1065 1066 14220.5 14231 1 6 

1066 1067 14231 14243 1 0 

1067 1068 14243 14257.5 1 0 

1068 1069 14257.5 14269.5 1 0 

1069 1070 14269.5 14283.5 1 1 

3. Tynaspirit 

690 691 11499.5 11526 1 12 

691 692 11526 11551 1 43 

692 693 11551 11582.5 1 6 

693 694 11582.5 11617 1 16 

694 695 11617 11665 1 4 

695 696 11665 11723 1 24 

696 697 11723 11766 1 5 

697 698 11766 11799 1 5 

698 699 11799 11837 1 9 

699 700 11837 11875 1 6 

700 701 11875 11911 1 2 

701 702 11911 11945 1 6 

702 703 11945 11980 1 11 

703 704 11980 12012 1 18 

704 705 12012 12051 1 9 

705 706 12051 12084 1 3 
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706 707 12084 12117 1 15 

707 708 12117 12148.5 1 1 

708 709 12148.5 12183 1 0 

709 710 12183 12218 1 3 

710 711 12218 12253.5 1 1 

711 712 12253.5 12291 1 0 

712 713 12291 12326 1 0 

713 714 12326 12362 1 2 

714 715 12362 12396 1 0 

715 716 12396 12430 1 1 

716 717 12430 12466 1 2 

717 718 12466 12498.5 1 1 

718 719 12498.5 12532 1 5 

719 720 12532 12566.5 1 3 

720 721 12566.5 12600.5 1 2 

721 722 12600.5 12632.5 1 0 

722 723 12632.5 12662.5 1 1 

723 724 12662.5 12699 1 0 

724 725 12699 12733 1 3 

725 726 12733 12764.5 1 2 

726 727 12764.5 12795.5 1 0 

727 728 12795.5 12827.5 1 6 

728 729 12827.5 12863.5 1 2 

729 730 12863.5 12896.5 1 2 

730 731 12896.5 12924.5 1 2 

731 732 12924.5 12959 1 0 

732 733 12959 12993 1 0 

733 734 12993 13028.5 1 0 

734 735 13028.5 13063.5 1 2 

735 736 13063.5 13096.5 1 3 

736 737 13096.5 13128.5 1 3 

737 738 13128.5 13157.5 1 1 

738 739 13157.5 13189 1 0 

739 740 13189 13225.5 1 2 

740 741 13225.5 13259.5 1 4 

741 742 13259.5 13295 1 4 

742 743 13295 13331 1 2 

743 744 13331 13366 1 8 

744 745 13366 13400 1 8 

745 746 13400 13433.5 1 7 

746 747 13433.5 13466 1 6 

747 748 13466 13501 1 8 

748 749 13501 13533 1 1 

749 750 13533 13566 1 0 
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750 751 13566 13600.5 1 0 

751 752 13600.5 13635.5 1 0 

752 753 13635.5 13667 1 6 

753 754 13667 13703 1 4 

754 755 13703 13737 1 0 

755 756 13737 13775 1 0 

756 757 13775 13810 1 10 

757 758 13810 13848 1 6 

758 759 13848 13895.5 1 18 

759 760 13895.5 13921 1 1 

760 761 13921 13936 1 14 

761 762 13936 13948 1 12 

762 763 13948 13962 1 16 

763 764 13962 13975 1 1 

764 765 13975 13986 1 4 

765 766 13986 13997 1 0 

766 767 13997 14009 1 3 

767 768 14009 14021 1 0 

768 769 14021 14034 1 2 

769 770 14034 14045 1 1 

770 771 14045 14057 1 0 

771 772 14057 14070 1 0 

772 773 14070 14082 1 1 

773 774 14082 14094 1 3 

774 775 14094 14118 1 0 

775 776 14118 14156 1 
 

776 777 14156 14186 1 
 

777 778 14186 14210 1 
 

778 779 14210 14240.5 1 1 

779 780 14240.5 14269 1 1 

780 781 14269 14298 1 1 

781 782 14298 14328 1 1 

782 783 14328 14353.5 1 0 

783 784 14353.5 14377 1 1 

784 785 14377 14401 1 5 

785 786 14401 14430 1 4 

786 787 14430 14454.5 1 3 

787 788 14454.5 14482 1 2 

788 789 14482 14510 1 1 

789 790 14510 14535.5 1 1 

4. Sluggan Bog 

-19 -18 10815 10845 1 4 

-18 -17 10845 10874 1 35 

-17 -16 10874 10907 1 7 
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-16 -15 10907 10941 1 4 

-15 -14 10941 10974 1 66 

-14 -13 10974 11008 1 6 

-13 -12 11008 11043 1 25 

-12 -11 11043 11073 1 3 

-11 -10 11073 11106 1 3 

-10 -9 11106 11146 1 0 

-9 -8 11146 11185 1 5 

-8 -7 11185 11211 1 11 

-7 -6 11211 11247 1 4 

-6 -5 11247 11306 1 0 

-5 -4 11306 11353 1 6 

-4 -3 11353 11393 1 3 

-3 -2 11393 11442 1 2 

-2 -1 11442 11483 1 2 

-1 0 11483 11523 1 0 

0 1 11523 11554 1 0 

1 2 11554 11587 1 0 

2 3 11587 11621 1 2 

3 4 11621 11701 1 0 

4 5 11701 11752 1 7 

5 6 11752 11807 1 0 

6 7 11807 11856 1 0 

7 8 11856 11909 1 2 

8 9 11909 11962 1 2 

9 10 11962 12012 1 8 

10 11 12012 12127 1 0 

11 12 12127 12181 1 0 

12 13 12181 12230 1 2 

13 14 12230 12280 1 7 

14 15 12280 12328 1 2 

15 16 12328 12371 1 7 

16 17 12371 12407 1 6 

17 18 12407 12528 1 5 

18 19 12528 12612.5 1 4 

19 20 12612.5 12670 1 0 

20 21 12670 12730 1 2 

21 22 12730 12790 1 6 

22 23 12790 12848.5 1 19 

23 24 12848.5 12907.5 1 11 

24 25 12907.5 12971 1 40 

25 26 12971 13017 1 0 

26 27 13017 13089 1 1 

27 28 13089 13128 1 1 
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28 29 13128 13162 1 1 

29 30 13162 13188 1 0 

30 31 13188 13228 1 0 

31 32 13228 13263 1 0 

32 33 13263 13299 1 0 

33 34 13299 13354 1 0 

34 35 13354 13403 1 3 

35 36 13403 13459.5 1 1 

36 37 13459.5 13493.5 1 1 

37 38 13493.5 13513 1 4 

38 39 13513 13539 1 1 

39 40 13539 13557 1 27 

40 41 13557 13592 1 94 

41 42 13592 13625 1 3 

42 43 13625 13661 1 0 

43 44 13661 13695 1 0 

44 45 13695 13718 1 1 

45 46 13718 13740 1 0 

46 47 13740 13775 1 4 

47 48 13775 13840 1 6 

48 49 13840 13880 1 16 

49 50 13880 13918 1 11 

50 51 13918 13982.5 1 1 

51 52 13982.5 14031 1 6 

52 53 14031 14063.5 1 4 

53 54 14063.5 14107 1 3 

5. Wykeham 

111.9 115.3 10993 11014 2 0 

115.3 118.6 11014 11035 2 1 

118.6 122 11035 11050 2 0 

122 125.4 11050 11066 2 12 

125.4 128.8 11066 11079 2 0 

128.8 132.2 11079 11093.5 2 3 

132.2 135.6 11093.5 11106 2 2 

135.6 139 11106 11120 2 6 

139 142.4 11120 11135.5 2 27 

142.4 145.8 11135.5 11148.5 2 3 

145.8 149.2 11148.5 11163 2 9 

149.2 152.5 11163 11176 2 1 

152.5 155.9 11176 11190.5 2 0 

155.9 159.3 11190.5 11207 2 2 

159.3 162.7 11207 11224 2 20 

162.7 166.1 11224 11242 2 3 

166.1 169.5 11242 11258 2 3 
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169.5 172.9 11258 11271 2 9 

172.9 176.3 11271 11287.5 2 19 

176.3 179.7 11287.5 11303 2 77 

179.7 183.1 11303 11319 2 16 

183.1 186.4 11319 11336.5 2 10 

186.4 189.8 11336.5 11354 2 8 

189.8 193.2 11354 11368.5 2 9 

193.2 196.6 11368.5 11390 2 1 

196.6 200 11390 11461.5 2 13 

200 202.6 11461.5 11503.5 2 5 

202.6 205.2 11503.5 11538.5 2 6 

205.2 207.8 11538.5 11573.5 2 0 

207.8 210.4 11573.5 11601.5 2 4 

210.4 213 11601.5 11631 2 9 

213 215.6 11631 11657.5 2 4 

215.6 218.2 11657.5 11687 2 7 

218.2 220.8 11687 11717 2 21 

220.8 223.4 11717 11746 2 13 

223.4 226 11746 11775 2 6 

226 228.6 11775 11807 2 11 

228.6 231.2 11807 11845 2 18 

231.2 233.8 11845 11895 2 6 

233.8 236.4 11895 11932 2 3 

236.4 239 11932 11961 2 9 

239 241.6 11961 11987 2 7 

241.6 248.1 11987 12054 5 0 

248.1 254.5 12054 12115 5 7 

254.5 261 12115 12179 5 4 

261 267.5 12179 12250 5 1 

267.5 274 12250 12321 5 2 

274 280.5 12321 12382 5 8 

280.5 287 12382 12452 5 14 

287 293.5 12452 12521 5 35 

293.5 300 12521 12603 5 31 

300 306 12603 12723 5 21 

306 308.4 12723 12781 2 25 

308.4 310.8 12781 12833 2 15 

310.8 313.2 12833 12862.5 2 25 

313.2 315.6 12862.5 12880 2 32 

315.6 318 12880 12898 2 6 

318 320.4 12898 12913 2 8 

320.4 322.9 12913 12930 2 46 

322.9 325.3 12930 12946 2 22 

325.3 327.7 12946 12961.5 2 36 
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327.7 330.1 12961.5 12974 2 52 

330.1 332.5 12974 12990 2 34 

332.5 334.9 12990 13006 2 47 

334.9 337.3 13006 13029 2 42 

337.3 339.7 13029 13047 2 26 

339.7 342.1 13047 13072.5 2 36 

342.1 344.5 13072.5 13102 2 32 

344.5 346.9 13102 13133 2 10 

346.9 349.3 13133 13144 2 28 

349.3 351.7 13144 13156 2 13 

351.7 354.1 13156 13161 2 17 

354.1 356.5 13161 13167.5 2 19 

356.5 358.9 13167.5 13174.5 2 18 

358.9 361.3 13174.5 13181 2 42 

361.3 363.7 13181 13187 2 53 

363.7 366.1 13187 13193.5 2 31 

366.1 368.5 13193.5 13199 2 18 

368.5 370.9 13199 13206 2 19 

370.9 376.9 13206 13229 5 104 

376.9 383 13229 13260.5 5 49 

383 389 13260.5 13283 5 21 

389 395 13283 13307.5 5 66 

395 401 13307.5 13343 5 19 

401 407 13343 13369 5 25 

407 413 13369 13396 5 14 

413 415 13396 13413 2 7 

415 417 13413 13435 2 0 

417 419 13435 13458 2 3 

419 421 13458 13479 2 4 

421 423 13479 13498 2 11 

423 425 13498 13518 2 29 

425 437.5 13518 13640 12 16 

437.5 438.5 13640 13651 1 3 

438.5 440.5 13651 13673 2 3 

440.5 442.5 13673 13699 2 5 

442.5 444.5 13699 13736 2 2 

444.5 446.5 13736 13774 2 1 

446.5 448.5 13774 13803 2 7 

448.5 450.5 13803 13827.5 2 26 

450.5 452.5 13827.5 13855 2 5 

452.5 454.5 13855 13879 2 7 

454.5 456.5 13879 13902 2 5 

456.5 458.5 13902 13925.5 2 15 

458.5 460.5 13925.5 13947 2 3 



Appendix 1 - Datasets 

220 
 

460.5 462.5 13947 13972 2 6 

462.5 464.5 13972 13994 2 9 

464.5 466.5 13994 14017 2 6 

466.5 468.5 14017 14039 2 11 

468.5 470.5 14039 14063 2 18 

470.5 472.5 14063 14087 2 6 

472.5 474.5 14087 14110 2 1 

474.5 476.5 14110 14137 2 485 

476.5 478.5 14137 14172.5 2 44 

478.5 480.5 14172.5 14275 2 8 

480.5 482.5 14275 14302 2 4 

482.5 484.5 14302 14313 2 4 

484.5 486.5 14313 14324 2 1 

486.5 488.5 14324 14332 2 1 

488.5 490.5 14332 14342 2 10 

490.5 492.5 14342 14350 5 45 

492.5 494.5 14350 14358.5 5 8 

494.5 496.5 14358.5 14366 5 0 

496.5 498.5 14366 14375 5 6 

498.5 500.5 14375 14383 5 3 

500.5 502.5 14383 14391.5 5 8 

502.5 504.5 14391.5 14399.5 5 3 

504.5 506.5 14399.5 14410 5 0 

506.5 508.5 14410 14419 5 0 

508.5 510.5 14419 14425 5 11 

510.5 515 14425 14442 5 22 

515 520 14442 14460.5 5 19 

520 525 14460.5 14480 5 30 

525 530 14480 14499 5 12 

530 535 14499 14517 5 14 

535 540 14517 14537 5 3 

540 545 14537 14559 5 0 

545 550 14559 14586 5 1 

550 551.4 14586 14597 1 0 

551.4 558.7 14597 14627.5 5 1 

558.7 565.9 14627.5 14644 5 0 

565.9 573.2 14644 14659 5 0 

573.2 580.4 14659 14674 5 0 

580.4 587.7 14674 14694 5 2 

587.7 594.9 14694 14731 5 3 

594.9 602.2 14731 14761 5 0 

602.2 609.4 14761 14787 5 5 

609.4 616.7 14787 14810 5 8 

616.7 623.9 14810 14833 5 13 
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623.9 631.2 14833 14856.5 5 41 

631.2 638.4 14856.5 14948 5 46 

638.4 641.3 14948 14978 2 18 

6. Area 240 

65 67 9355 9458 2 1143 

67 69 9458 9516 2 918 

69 71 9516 9580.5 2 966 

71 73 9580.5 9648 2 567 

73 75 9648 9713 2 804 

75 79 9713 9832.5 2 5438 

79 81 9832.5 9894 2 1008 

81 83 9894 9953.5 2 838 

83 85 9953.5 10036 2 3798 

85 87 10036 10123 2 6593 

87 89 10123 10200.5 2 17225 

89 91 10200.5 10271 2 15881 

91 93 10271 10353.5 2 22026 

93 96 10353.5 10433 3 7277 

96 98 10433 10481 2 14042 

98 99 10481 10503 1 13308 

99 101 10503 10564.5 2 7267 

101 103 10564.5 10678 2 79 

103 105 10678 10769.5 2 771 

105 107 10769.5 10866 2 422 

107 109 10866 10966 2 411 

109 111 10966 11070 2 279 

111 113 11070 11166.5 2 25 

113 115 11166.5 11259 2 362 

115 117 11259 11347 2 1143 

117 119 11347 11447 2 281 

119 121 11447 11538 2 26 

121 123 11538 11643 2 22 

123 125 11643 11728.5 2 228 

125 127 11728.5 11825.5 2 1541 

127 129 11825.5 11920 2 4 

129 131 11920 12021 2 33 

131 133 12021 12109 2 2 

133 135 12109 12204 2 1 

135 137 12204 12319 2 0 

137 139 12319 12503 2 0 

139 141 12503 12580 2 0 

7. Kitridding Mire 

130 132 9605.5 9681.5 2 117 

132 134 9681.5 9758 2 30 
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134 136 9758 9841.5 2 46 

136 138 9841.5 9930 2 16 

138 140 9930 10013 2 52 

140 142 10013 10115 2 141 

142 144 10115 10220.5 2 66 

144 146 10220.5 10362 2 
 

146 148 10362 10377.5 2 61 

148 150 10377.5 10391 2 30 

150 152 10391 10403 2 9 

152 154 10403 10416 2 25 

154 156 10416 10429 2 27 

156 158 10429 10440 2 54 

158 160 10440 10451 2 7 

160 162 10451 10463 2 4 

162 164 10463 10474.5 2 55 

164 166 10474.5 10486 2 87 

166 168 10486 10496.5 2 108 

168 170 10496.5 10507.5 2 30 

170 172 10507.5 10519 2 17 

172 174 10519 10530 2 16 

174 176 10530 10541 2 28 

176 178 10541 10551 2 5 

178 180 10551 10563 2 10 

180 182 10563 10574 2 14 

182 184 10574 10586 2 251 

184 186 10586 10601 2 518 

186 188 10601 10616 2 3 
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Table A2.1: List of sites included in the charcoal synthesis presented in Chapter 2. 

Site 
ID 

Site Name Latitude Longitude Reference 

1 Gunister Water 60.478965 -1.401505 

Bennett, K. D., Boreham, S., Hill, K., Packman, S., Sharp, M. J., & Switsur, V. R. (1993). 
Holocene environmental history at Gunnister, north Mainland, Shetland. The 

Quaternary of Shetland: Field Guide. Cambridge: Quaternary Research Association, 
83-98. 

2 Dallican Water 60.387472 -1.0984128 
Bennett, K. D., Boreham, S., Sharp, M. J., & Switsur, V. R. (1992). Holocene history of 

environment, vegetation and human settlement on Catta Ness, Lunnasting, 
Shetland. Journal of Ecology, 241-273. 

3 Gruna Water 60.274825 -1.1738292 
Edwards, K. J., Moss, A. G., & Whittington, G. (1993). A late-glacial pollen site from 

Grunna Water, Nesting. Quaternary Research Association: Cambridge, 99-102. 

4 Loch of Brunatwatt 60.244296 -1.5466689 
Edwards, K. J., & Moss, A. G. (1993). Pollen data from the Loch of Brunatwatt, west 

Mainland. In The Quaternary of Shetland: Field Guide (pp. 126-129). Quaternary 
Research Association Cambridge. 

5 Kebister Column A 60.194867 -1.1668215 

Owen O. and Lowe, C. (1998). The 4,000 year old story of one Shetland township. 
Society of Antiquaries of Scotland. 

Butler, S. (1993). Kebister. In Birnie, J., Gordon, J., Bennett, K. and Hall, A. (eds) The 
Quaternary of Shetland: Field Guide, Cambridge (appendix). 

6 Clettnadal 60.052269 -1.3589635 

Whittington, G., Buckland, P., Edwards, K. J., Greenwood, M., Hall, A. M., & Robinson, 
M. (2003). Multiproxy Devensian Late‐glacial and Holocene environmental records at 
an Atlantic coastal site in Shetland. Journal of Quaternary Science: Published for the 

Quaternary Research Association, 18(2), 151-168. 

7 Loch of Gards 59.869745 -1.3106892 

Edwards, K.J., Schofield, J.E., Whittington, G. and Melton, N.D. (2009). Palynology ‘On 
the Edge’ and the archaeological vindication of a Mesolithic presence? The case of 

Shetland. In Finlay, N., McCartan, S., Milner, N. & Wickham-Jones, C. (eds) From Bann 
Flakes to Bushmills. Prehistoric Society Research Paper, 1, 113–123. 

8 Quoyloo Meadow 59.066634 -3.3097137 
Bunting, M. J. (1994). Vegetation history of Orkney, Scotland; pollen records from two 

small basins in west Mainland. New Phytologist, 128(4), 771-792. 
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9 Crudale Meadow 59.016375 -3.306061 
Bunting, M. J. (1994). Vegetation history of Orkney, Scotland; pollen records from two 

small basins in west Mainland. New Phytologist, 128(4), 771-792. 

10 Loch of Torness 58.778487 -3.2936569 
Bunting, M.J. (1996). The development of heathland in Orkney, Scotland: pollen 

records from Loch of Knitchen (Rousay) and Loch of Torness (Hoy). The Holocene  6 
(2), 193-212. 

11 Blows Moss 58.758171 -2.9437302 

Farrell, M. (2009) The environmental context of later prehistoric human activity in 
Orkney, Scotland. Unpublished PhD Thesis, University of Hull 

Farrell M. (2015) Later prehistoric vegetation dynamics and Bronze Age agriculture at 
Hobbister, Orkney, Scotland. Vegetation History and Archaeobotany 24: 467-486. 

12 Aukhorn peat mounds 58.555217 -3.1599576 
Robinson, D. (1987). Investigations into the Aukhorn peat mounds, Keiss, Caithness: 
pollen, plant macrofossil and charcoal analyses. New Phytologist, 106(1), 185-200. 

13 Loch Mer 58.508789 -4.2278019 
Gear, A. J. (1989). Holocene vegetation history and the palaeoecology of Pinns 

Sylvestris in North Scotland (Doctoral dissertation, Durham University). 

14 Cross Loch Site A 58.394241 -3.9228403 
Charman, D. J. (1990). Origins and development of the Flow Country blanket mire, 

Northern Scotland, with particular reference to patterned fens (Doctoral dissertation, 
University of Southampton). 

15 Lochan by Rosail 58.38637 -4.1892794 
Gear, A. J. (1989). Holocene vegetation history and the palaeoecology of Pinns 

Sylvestris in North Scotland (Doctoral dissertation, Durham University). 

16 Loch Buailaval Beag 58.264811 -6.7711831 
Fossitt, J. A. (1996). Late Quaternary vegetation history of the Western Isles of 

Scotland. New Phytologist, 132(1), 171-196. 

17 Lochan na h-Inghinn 58.251911 -5.0877893 
Froyd, C. A. (2006). Holocene fire in the Scottish Highlands: evidence from 

macroscopic charcoal records. The Holocene, 16(2), 235-249. 

18 Loch na Beinne Bige 58.218638 -6.730878 
Lomax, T.M. (1997). Holocene Vegetation History and Human Impact in Western 

Lewis, Scotland. Unpublished PhD, University of Birmingham. 

19 Loch Bharabhat 2 58.210591 -6.942861 
Lomax, T.M. (1997). Holocene Vegetation History and Human Impact in Western 

Lewis, Scotland. Unpublished PhD, University of Birmingham. 

20 Callanish - core CN-3 58.199999 -6.749999 
Bohncke, S. J. P. (1988). Vegetation and habitation history of the Callanish area, Isle of 

Lewis, Scotland. The Cultural Landscape: Past, Present and Future. Cambridge 
University Press, Cambridge, 445-461. 
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21 Loch na Muilne 58.176645 -6.747422 
Lomax, T.M. (1997). Holocene Vegetation History and Human Impact in Western 

Lewis, Scotland. Unpublished PhD, University of Birmingham. 

22 Reidh-lochnan 58.03515 -4.1321872 
Froyd, C. A. (2006). Holocene fire in the Scottish Highlands: evidence from 

macroscopic charcoal records. The Holocene, 16(2), 235-249. 

23 Loch Farlary 58.016672 -4.066668 

Tipping, R., Ashmore, P., Davies, A. L., Haggart, B. A., Moir, A., Newton, A., ... & Tisdall, 
E. (2008). Prehistoric Pinus woodland dynamics in an upland landscape in northern 

Scotland: the roles of climate change and human impact. Vegetation history and 
archaeobotany, 17(3), 251-267. 

24 
Achany Glen Site 1 - 

Shore 
57.987569 -4.3831162 

Smith, M.A. (1996). The role of vegetation dynamics and human activity in landscape 
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cultivation to the British Isles: early palaeoecological evidence from the Isle of 
Man. Journal of Quaternary Science, 18(7), 603-613. 

109 Sparrowmire Farm 54.341903 -2.7521282 

Heawood, R. and Huckerby, E. (2002). Excavation of a burnt mound at Sparrowmire 
Farm, Kendal. Transactions of the Cumberland and Westmorland Antiquarian and 

Archaeological Society 2, 3 
rd series, 29-49 

110 Newby Wiske NW1 54.272826 -1.4348705 
Bridgland, D., Innes, J., Long, A. and Mitchell, W. (2009). Late Quaternary Landscape 

Evolution of the Swale-Ure Washlands, North Yorkshire. Oxford: Oxbow. 

111 Snape Mires IL12 54.259442 -1.5670719 
Bridgland, D., Innes, J., Long, A. and Mitchell, W. (2009). Late Quaternary Landscape 

Evolution of the Swale-Ure Washlands, North Yorkshire. Oxford: Oxbow. 

112 Snape Mires TG2 54.254935 -1.5632818 
Bridgland, D., Innes, J., Long, A. and Mitchell, W. (2009). Late Quaternary Landscape 

Evolution of the Swale-Ure Washlands, North Yorkshire. Oxford: Oxbow. 
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113 Mill House 54.251849 -1.5801973 

Innes, J. B., Rutherford, M. M., O’Brien, C. E., Bridgland, D. R., Mitchell, W. A., & Long, 
A. J. (2009). Late Devensian environments in the Vale of Mowbray, North Yorkshire, 
UK: evidence from palynology. Proceedings of the Geologists' Association, 120(4), 

199-208. 

114 
Wykeham Quarry 

Southern Extension 
WYKSE14 

54.222365 -0.48307656 

Lincoln, P., Matthews, I., Palmer, A. and Blockley, S. (2017). Palaeoenvironmental 
reconstructions from the Southern Extension of Wykeham Quarry. In Lincoln, P., 

Eddey, L., Palmer, A., Matthews, I. and Bateman, M. (eds) The Quaternary of the Vale 
of Pickering: Field Guide. Quaternary Research Association, London, 95-105 

115 The Flasks - core 69 54.222137 -1.5651614 

Innes, J. B., Rutherford, M. M., O’Brien, C. E., Bridgland, D. R., Mitchell, W. A., & Long, 
A. J. (2009). Late Devensian environments in the Vale of Mowbray, North Yorkshire, 
UK: evidence from palynology. Proceedings of the Geologists' Association, 120(4), 

199-208. 

116 Nosterfield F69 54.222137 -1.5651614 

Bridgland, D., Innes, J., Long, A. and Mitchell, W. (2009). Late Quaternary Landscape 
Evolution of the Swale-Ure Washlands, North Yorkshire. Oxford: Oxbow. 

Innes, J.B., Rutherford, M.M., O'Brien, C.E., Bridgland, D.R., Mitchell, W.A. and Long, 
A.J. (2009). Late Devensian environments in the Vale of Mowbray, North Yorkshire, 

UK: 
evidence from palynology. Proceedings of the Geologists’ Association 120, 199–208, 

DOI: 10.1016/j.pgeola.2009.08.007 

117 No Name Hill - NAQ 54.21868 -0.40652433 
Cummins, G.E. (2003). Impacts of hunter-gatherers on the vegetation history of the 

eastern vale of pickering, Yorkshire. Unpublished PhD Thesis, Durham University. 

118 No Name Hill - NAZ 54.218327 -0.40699806 
Cummins, G.E. (2003). Impacts of hunter-gatherers on the vegetation history of the 

eastern vale of pickering, Yorkshire. Unpublished PhD Thesis, Durham University. 

119 No Name Hill - NM 54.217782 -0.40655892 
Cummins, G.E. (2003). Impacts of hunter-gatherers on the vegetation history of the 

eastern vale of pickering, Yorkshire. Unpublished PhD Thesis, Durham University. 

120 Star Carr 54.21443 -0.42509109 
Day, P. (1996). Devensian Late‐glacial and early Flandrian environmental history of 

the Vale of Pickering, Yorkshire, England. Journal of Quaternary Science: Published for 
the Quaternary Research Association, 11(1), 9-24. 

121 Star Carr Clark site 54.214404 -0.42512277 
Mellars, P. and Dark, P. (1998). Star Carr in context. McDonald Institute Monograph, 

Cambridge 



Appendix 2 – Paper I 

237 
 

122 
Star Carr - Trench A, 

Mono 1 
54.214371 -0.4246946 

Mellars, P. and Dark, P. (1998). Star Carr in context. McDonald Institute Monograph, 
Cambridge 

123 Regional Profile - D3 54.213107 -0.39293695 
Cummins, G.E. (2003). Impacts of hunter-gatherers on the vegetation history of the 

eastern vale of pickering, Yorkshire. Unpublished PhD Thesis, Durham University. 

124 Barry's Island - LAP 54.208542 -0.37425353 
Cummins, G.E. (2003). Impacts of hunter-gatherers on the vegetation history of the 

eastern vale of pickering, Yorkshire. Unpublished PhD Thesis, Durham University. 

125 Flixton School 54.206199 -0.3939717 
Cummins, G.E. (2003). Impacts of hunter-gatherers on the vegetation history of the 

eastern vale of pickering, Yorkshire. Unpublished PhD Thesis, Durham University. 

126 Lough Dargan 54.201884 -8.4243427 
Ghilardi, B., & O'connell, M. (2013). Fine‐resolution pollen‐analytical study of H 

olocene woodland dynamics and land use in north S ligo, I reland. Boreas, 42(3), 623-
649. 

127 Hawes Water - HWD 54.183406 -2.8013461 
Jones, R.T.,  Marshall, J.D., Fisher, E., Hatton, J., Patrick, C., Anderson, K., Lang, B., 

Bedford, A. and Oldfield, F. (2011). Controls on lake level in the early to mid Holocene, 
Hawes Water, Lancashire, UK. The Holocene 21(7), 1061-1072. 

128 Urswick Tarn 54.162229 -3.1193454 

Grosvenor, M.J. (2014). Human-environment interactions during the mid-Holocene in 
Cumbria. Unpublished PhD Thesis, University of Exeter. 

Grosvenor, M.J., Jones, R.T., Turney, C.S.M., Charman, D.J., Hogg, A., Coward, D. and 
Wilson, R. (2017). Human activity was a major driver of the mid-Holocene vegetation 

change in southern Cumbria: implications for the elm decline in the British Isles. 
Journal of Quaternary Science, DOI: 10.1002/jqs.2967 

129 River Ure 54.126584 -1.4919482 
Howard, A. J., Keen, D. H., Mighall, T. M., Field, M. H., Coope, G. R., Griffiths, H. I., & 

Macklin, M. G. (2000). Early Holocene environments of the River Ure near Ripon, 
North Yorkshire, UK. Proceedings of the Yorkshire Geological Society, 53(1), 31-41. 

130 Thwaite Tarn 54.120615 -2.3699062 
Rushworth, G. (2010). Late Quaternary vegetation history of Craven, Yorkshire Dales. 

Unpublished PhD Thesis, University of Bradford. 

131 Thwaite House Moss 54.1135 -2.770932 
Middleton, R., Wells, C.E. and Huckerby, E. (1995). The wetlands of North Lancashire, 

North West Wetlands Survey 3. Lancaster Imprints 10, Lancaster University 
Archaeological Unit 

132 Smearset Tarn 54.103894 -2.3073603 
Rushworth, G. (2010). Late Quaternary vegetation history of Craven, Yorkshire Dales. 

Unpublished PhD Thesis, University of Bradford. 
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133 Willow Garth 54.091996 -0.27988148 
Bush, M. B. (1993). An 11400 year paleoecological history of a British chalk 

grassland. Journal of Vegetation Science, 4(1), 47-66. 

134 Attermire Mire 54.069709 -2.2430047 
Rushworth, G. (2010). Late Quaternary vegetation history of Craven, Yorkshire Dales. 

Unpublished PhD Thesis, University of Bradford. 

135 Lambwath Mere 53.837669 -0.16265641 

Schofield, J.E. (2001). Vegetation Succession in the Humber Wetlands. Unpublished 
PhD Thesis, University of Hull 

Schofield, J.E. and Bunting, M.J. (2005). Mid-Holocene presence of water chestnut 
(Trapa natans L.) in the meres of Holderness, East Yorkshire, UK. The Holocene 15, 

687-697 

136 Cess Dell 53.821235 -0.088931637 

Tweddle, J. C. (2000). A high resolution palynological study of the Holocene 
vegetational development of central Holderness, eastern Yorkshire, with particular 

emphasis on the detection of prehistoric human activity (Doctoral dissertation, 
University of Sheffield). 

137 Sproatley Bog 53.79197 -0.17224538 

Tweddle, J. C. (2000). A high resolution palynological study of the Holocene 
vegetational development of central Holderness, eastern Yorkshire, with particular 

emphasis on the detection of prehistoric human activity (Doctoral dissertation, 
University of Sheffield). 

138 Gilderson Marr 53.778034 -0.030186489 

Tweddle, J. C. (2000). A high resolution palynological study of the Holocene 
vegetational development of central Holderness, eastern Yorkshire, with particular 

emphasis on the detection of prehistoric human activity (Doctoral dissertation, 
University of Sheffield). 

139 Higher Brockholes 53.77011 -2.6250413 
Chiti, B. (2004). Holocene fluvial and marine influences and settlement interactions in 
the lower Ribble valley, Lancashire, UK. Unpublished PhD Thesis, University of Stirling 

140 The bog at Roos 53.740048 -0.071388733 

Tweddle, J. C. (2000). A high resolution palynological study of the Holocene 
vegetational development of central Holderness, eastern Yorkshire, with particular 

emphasis on the detection of prehistoric human activity (Doctoral dissertation, 
University of Sheffield). 

141 Lough Sheeauns 53.555879 -10.075865 
Molloy, K., & O'Connell, M. (1991). Palaeoecological investigations towards the 

reconstruction of woodland and land-use history at Lough Sheeauns, Connemara, 
western Ireland. Review of Palaeobotany and Palynology, 67(1-2), 75-113. 
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142 Torne Site One - TS1 53.529097 -0.96734634 
Mansell, L.J., Whitehouse, N.J., Gearey, B.R., Barratt, P. and Roe, H.M. (2014). 

Holocene floodplain palaeoecology of the Humberhead Levels; implications for 
regional wetland development. Quaternary International 341, 91-109. 

143 Robinson's Moss 53.497582 -1.9336347 
Tallis, J.H. and Switsur, V.R. (1990). Forest and moorland in the South Pennine 

Uplands in the mid-Flandrian period: II. The hillslope forests. Journal of Ecology 78: 
857-883. 

144 Lough Maumeen 53.48333 -9.6499958 
Huang, C. C. (2002). Holocene landscape development and human impact in the 
Connemara Uplands, Western Ireland. Journal of Biogeography, 29(2), 153-165. 

145 Walker's Heath 53.384173 -2.2029223 
Leah, M., Wells, C.E., Huckerby, E. and Appleby, C. (1997). The Wetlands of Cheshire, 

North West Wetlands Survey 4. Lancashire Imprints 5, Lancaster University 
Archaeological Unit Lancashire. 

146 Bole Ings 53.378138 -0.7823386 
Brayshay, B.A. and Dinnin, M. (1999). Integrated Palaeoecological Evidence for 

Biodiversity at the Floodplain-Forest Margin. Journal of Biogeography 26, (1), 115-
131. 

147 Cornaher Lough 53.363053 -7.413333 
Hawthorne, D., & Mitchell, F. J. (2016). Identifying past fire regimes throughout the 

Holocene in Ireland using new and established methods of charcoal 
analysis. Quaternary Science Reviews, 137, 45-53. 

148 Withern 53.315836 0.13342269 
Schofield, J.E. (2001). Vegetation Succession in the Humber Wetlands. Unpublished 

PhD Thesis, University of Hull 

149 Cors Erddreiniog 53.312768 -4.2980256 
Huggins, T.S. (2008). The Late-Pleistocene, Lateglacial and Holocene palaeoecological 

records of hydroseral development in rich-fen plant communities, Anglesey, North 
Wales. Unpublished PhD Thesis, University of Birmingham. 

150 Cors Goch 53.307254 -4.2572009 
Huggins, T.S. (2008). The Late-Pleistocene, Lateglacial and Holocene palaeoecological 

records of hydroseral development in rich-fen plant communities, Anglesey, North 
Wales. Unpublished PhD Thesis, University of Birmingham. 

151 Cors Y Farl 53.276517 -4.2660801 
Huggins, T.S. (2008). The Late-Pleistocene, Lateglacial and Holocene palaeoecological 

records of hydroseral development in rich-fen plant communities, Anglesey, North 
Wales. Unpublished PhD Thesis, University of Birmingham. 

152 Llyn Hendref 53.261243 -4.4032221 
Watkins, R. (1991). Postglacial vegetational dynamics in lowland North Wales. 

Unpublished PhD Thesis, University of Wales. 
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153 Church Moss 53.238105 -2.5056363 

Hughes, P.D.M., Kenward, H.K., Hall, A.R. and Large, F.D. (2000). A high-resolution 
record of mire-development and climatic change spanning the Late Glacial-Holocene 

boundary at Church Moss, Davenham (Cheshire, England). Journal of Quaternary 
Science 15: 697-724. 

154 Llyn Cororion 53.197715 -4.10172 
Watkins, R., Scourse, J. D., & Allen, J. R. (2007). The Holocene vegetation history of 

the Arfon Platform, North Wales, UK. Boreas, 36(2), 170-181. 

155 Moel Llys y Coed 53.174617 -3.2774935 

Grant, F. (2008). Human impact and landscape change at Moel Llys Coed in the 
Clwydian hills, North Wales: the Mesolithic – present day. Archaeology in Wales 48, 3-

16 
Grant, F.R. (2009). Analysis of a peat core from the Clwydian Hills, North Wales. 

Unpublished Report for Royal Commission on the Ancient and Historical Monument 
of Wales. 

156 White Moss T3.75 53.046786 -2.3370729 

Lageard, J.G.A. (1992). Vegetational History and Palaeo forest Reconstruction at 
White Moss, South Cheshire, UK. Unpublished PhD Thesis,, Keele University. 

Lageard, J.G., Chambers, F.M. and Thomas, P. (1999). Climatic significance of the 
marginalization of Scots pine (Pinus sylvestris L.) c. 2500 BC at White Moss, south 

Cheshire, UK. The Holocene 9: 321-331. 

157 
Bryn Y Castell - core 

BYC 2 
52.968324 -3.8954856 

Mighall, T. M., & Chambers, F. M. (1995). Holocene vegetation history and human 
impact at Bryn y Castell, Snowdonia, north Wales. New Phytologist, 130(2), 299-321. 

158 Kelly's Lough 52.958098 -6.4281033 
Hawthorne, D., & Mitchell, F. J. (2016). Identifying past fire regimes throughout the 

Holocene in Ireland using new and established methods of charcoal 
analysis. Quaternary Science Reviews, 137, 45-53. 

159 Colemere 52.894935 -2.8591252 
Kneen, S. and Lageard, G. (2015). COMM2 : Vegetation history from Colemere and 

Clarepool Moss , Shropshire. Report prepared for The Meres and Mosses Landscape 
Partnership Scheme. 

160 Clogwynygarreg 2 52.874912 -4.1423491 
Grant, F.R. (2012). Assessment of a Peat Core from Clogwynygarreg, Snowdonia, 

North Wales. Unpublished Report for Royal Commission on the Ancient and Historical 
Monument of Wales. 

161 King's Pool 52.808097 -2.1112181 
Bartley, D. D., & Morgan, A. V. (1990). The palynological record of the King's Pool, 

Stafford, England. New Phytologist, 116(1), 177-194. 
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162 
Pillings Lock Quarry, 

Quorn 
52.760291 -1.168635 

Wheeler, J. (2008). Palynological assessment of two monoliths from a palaeochannel 
at Pillings Lock Quarry, Quorn, Leicestershire (SK 562184), UK. Unpublished Report, 

https://www.researchgate.net/publication/260188260_Palynological_assessment_of
_two_monoliths_from_a_palaeochannel_at_Pillings_Lock_Quarry_Quorn_Leicestersh

ire_SK_562184_UK?enrichId=rgreq-9ffd8104-0640-4c79-a38a-
d24f98826f3d&enrichSource=Y292ZXJQYWdlOzI2MDE4ODI2MDtBUzo5OTU4MzQxNz

kxMzM0N0AxNDAwNzUzOTQ1Mjc4&el=1_x_2 

163 Area 240 - VC8C1 52.568763 1.8925838 
Grant, M.J. (2011). Pollen Analysis. In Russell, J.and Tizzard, L. Seabed Prehistory: Site 

Evaluation Techniques (Area 240) Synthesis 

164 Tory Hill 52.539369 -8.683185 

O'Connell, M., Huang, C. C., & Eicher, U. (1999). Multidisciplinary investigations, 
including stable-isotope studies, of thick Late-glacial sediments from Tory Hill, Co. 

Limerick, western Ireland. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 147(3-4), 169-208. 

165 Hockam Mere 52.506915 0.84677942 
Bennett, K. D. (1983). DEVENSIAN LATE‐GLACIAL AND FLANDRIAN VEGETATIONAL 
HISTORY AT HOCKHAM MERE, NORFOLK, ENGLAND: I. POLLEN PERCENTAGES AND 

CONCENTRATIONS. New Phytologist, 95(3), 457-487. 

166 Quidenham Mere 52.448257 1.0004807 
Jeffers, E. S., Bonsall, M. B., Brooks, S. J., & Willis, K. J. (2011). Abrupt environmental 

changes drive shifts in tree–grass interaction outcomes. Journal of Ecology, 99(4), 
1063-1070. 

167 Borheen 52.372224 -9.1522172 
Hawthorne, D., & Mitchell, F. J. (2016). Identifying past fire regimes throughout the 

Holocene in Ireland using new and established methods of charcoal 
analysis. Quaternary Science Reviews, 137, 45-53. 

168 Bryniau Pica 52.278151 -3.7574123 
Buckley, S. L., & Walker, M. J. C. (2001). The Flandrian vegetation history of upland 

mid-Wales: Bryniau Pica. The Quaternary of West Wales Field Guide, 93-102. 

169 Lough Camclaun 52.197224 -10.166939 
Dodson, J. R. (1990, January). The Holocene vegetation of a prehistorically inhabited 

valley, Dingle peninsula, Co. Kerry. In Proceedings of the Royal Irish Academy. Section 
B: Biological, Geological, and Chemical Science (pp. 151-174). Royal Irish Academy. 

170 
Snail Channel, 

Fordham 
52.190302 -0.14209181 

Gdaniec, K., Edmonds, M. and Wiltshire, P. (2007). A Line Across Land: Fieldwork on 
the Isleham–Ely Pipeline. East Anglian Archaeology 121 

Hedges. R.E.M., Pettitt, P.B., Bronk Ramsey, C and Van Klinken, G.J. (1997). 
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Radiocarbon dates from theOxford AMS system: Archaeometry Datelist 24, 
Archaeometry 39, 2, 445-471. 

171 
Rhos Goch Common - 

RGC04/2 
52.128022 -3.1773639 

Hughes, P. D. M., Lomas-Clarke, S. H., Schultz, J. and Jones, P. (2007). The declining 
quality of late-Holocene ombrotrophic communities and the loss of Sphagnum austinii 

(Sull. ex Aust.) on raised bogs in Wales. Holocene 17, 613-625 

172 Esgair Ffraith 52.113794 -3.9729361 
Walker, M., Jones, S., Hussey, R. and Buckley, S. (2006): Mesolithic burning in the 

uplands of Wales: evidence from Esgair Ffraith, near Lampeter, west Wales. 
Archaeology in Wales, 46, 3-10. 

173 Sheheree 52.040837 -9.4802723 
Hawthorne, D., & Mitchell, F. J. (2016). Identifying past fire regimes throughout the 

Holocene in Ireland using new and established methods of charcoal 
analysis. Quaternary Science Reviews, 137, 45-53. 

174 Cuckoo 52.002502 -9.5595032 
Hawthorne, D., & Mitchell, F. J. (2016). Identifying past fire regimes throughout the 

Holocene in Ireland using new and established methods of charcoal 
analysis. Quaternary Science Reviews, 137, 45-53. 

175 Gors Fawr Bog 51.931498 -4.7146715 
Fyfe, R.M. (2007). The importance of local-scale openness within regions dominated 

by closed woodland. Journal of Quaternary Science 22(6), 571-578 

176 Esgyrn Bottom 51.875943 -4.9417705 
Fyfe, R.M. (2007). The importance of local-scale openness within regions dominated 

by closed woodland. Journal of Quaternary Science 22(6), 571-578 

177 Waun-Fignen-Felen 51.847293 -3.7071831 
Smith, A. G., & Cloutman, E. W. (1988). Reconstruction of Holocene vegetation history 
in three dimensions at Waun-Fignen-Felen, an upland site in South Wales. Phil. Trans. 

R. Soc. Lond. B, 322(1209), 159-219. 

178 Pitstone 51.81793 -0.63079431 
Evans, J. G. (1966). Late-glacial and post-glacial subaerial deposits at Pitstone, 
Buckinghamshire. Proceedings of the Geologists' Association, 77(3), 347-IN12. 

179 
Nant Helen, Mynydd y 

Drum - NHP 
51.787102 -3.7034591 

Chambers, F.M., Lageard, J.G.A., and Elliot, L. (1990). Post glacial environmental 
history of the Mynydd y Drum opencast site. Bulletin of the Board of Celtic Studies 37, 

234-246 
Chambers, F.M., Lageard, J.G.A. and Elliott, L. (1990). Post Glacial History of the Nant 

Helen Opencast Site, South Wales: Implications for Land Restoration, University of 
Keele Department Geography Occasional Paper No. 15 
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180 Sidlings Copse 51.782309 -1.1954247 
Day, S. P. (1991). Post‐glacial vegetational history of the Oxford region. New 

Phytologist, 119(3), 445-470. 

181 
Mingies Ditch 

Floodplain - Sample W 
51.75246 -1.4445446 

Allen, T. G., and Robinson. M. A. (1993). The prehistoric landscape and lron Age 
enclosed settlement at Mingies Ditch, Hardwick-with- Yelford, Oxon. Oxford: Oxford 

University Committee for Archaeology. 

182 Graig Fawr 51.744632 -3.9953966 
Grant, F.R. (2011). Assessment of a Peat Core from the Graig Fawr Uplands, South 

Wales. Unpublished Report for Royal Commission on the Ancient and Historical 
Monument of Wales. 

183 Cothill Fen 51.695064 -1.3344209 
Day, S. P. (1991). Post‐glacial vegetational history of the Oxford region. New 

Phytologist, 119(3), 445-470. 

184 Enfield Lock 51.668701 -0.027573126 
Chambers, F. M., Mighall, T. M., & Keen, D. H. (1996). Early Holocene pollen and 

molluscan records from Enfield Lock, Middlesex, UK. Proceedings of the Geologists' 
Association, 107(1), 1-14. 

185 Temple Mills - 4042TT 51.560265 -0.023035405 
Barnett, C., Grant, M.J., Bates, M. (2013). The Lea Valley. In Bates, M. and Stafford, E. 

(eds.) A geoarchaeological approach to the investigation of the river floodplain for 
High Speed I, 1994-20035. Oxford-Wessex Archaeology Monograph, 9-72. 

186 
William King Flour Mill 

Area A 
51.553164 -0.48563288 

Grant, M. J., Stevens, C. J., Whitehouse, N. J., Norcott, D., Macphail, R. I., Langdon, C., 
... & Mulhall, N. (2014). A palaeoenvironmental context for Terminal Upper 

Palaeolithic and Mesolithic activity in the Colne Valley: Offsite records contemporary 
with occupation at Three Ways Wharf, Uxbridge. Environmental Archaeology, 19(2), 

131-152. 

187 
William King Flour Mill 

Area B 
51.553164 -0.48563288 

Grant, M. J., Stevens, C. J., Whitehouse, N. J., Norcott, D., Macphail, R. I., Langdon, C., 
... & Mulhall, N. (2014). A palaeoenvironmental context for Terminal Upper 

Palaeolithic and Mesolithic activity in the Colne Valley: Offsite records contemporary 
with occupation at Three Ways Wharf, Uxbridge. Environmental Archaeology, 19(2), 

131-152. 

188 
Priory Road, Dartford 

QBH1 
51.452349 0.21367432 

Batchelor, C.R. and Young, D.S. (2015). Priory Road, Dartford, Kent: Environmental 
Archaeological Asessment Report. Unpublished Report, Quaternary Scientific 

(QUEST), 
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189 
Grain Power Station - 

BH120 
51.441489 0.7155143 

Russell, J., Barnett, C., Booth, F., Cameron, N., Godwin, M., Scaife, R., Stevens, C.J. and 
Wyles, S.F. (2011). Holocene geoarchaeologicla and palaeoenvironmental studies at 

Grain, Queenborough, Motney Hill and Gravesend, Kent. Quaternary Newsletter 125, 
1-19 

Russell, J. (2009) Britned Interconnector Isle of Grain: Stage 4 Analysis. Salisbury: 
Wessex Archaeology, WA 64495.01. https://doi.org/10.5284/1020815 

190 Ufton Green 51.413061 -1.1127704 
Chisham, C. (2004). Early Mesolithic Human Activity and Environmental Change: A 

Case Study of the Kennet Valley. PhD thesis. University of Reading, UK. 

191 Faraday Road 51.40274 -1.3171075 

Ellis, C., Allen, M. and Gardiner, J. (2000). An Early Mesolithic Seasonal Hunting Sites 
in the Kennet Valley, Southern England. [Unpublished document / SWB12782] 

The Prehistoric Society. 2003. Proceedings of the Prehistoric Society 2003 69. Volume 
69. p107-135. [Article in serial / SWB14016] 

192 Thatcham Reedbeds 51.39527 -1.2712236 
Chisham, C. (2004). Early Mesolithic Human Activity and Environmental Change: A 

Case Study of the Kennet Valley. PhD thesis. University of Reading, UK. 

193 Midgham Member#A 51.393129 -1.1914883 

Collins, P. E., Worsley, P., Keith-Lucas, D. M., & Fenwick, I. M. (2006). Floodplain 
environmental change during the Younger Dryas and Holocene in Northwest Europe: 

Insights from the lower Kennet Valley, south central England. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 233(1-2), 113-133. 

194 Woolhampton 51.391975 -1.1807292 
Chisham, C. (2004). Early Mesolithic Human Activity and Environmental Change: A 

Case Study of the Kennet Valley. PhD thesis. University of Reading, UK. 

195 Midgham Member#B 51.389734 -1.1947099 

Collins, P. E., Worsley, P., Keith-Lucas, D. M., & Fenwick, I. M. (2006). Floodplain 
environmental change during the Younger Dryas and Holocene in Northwest Europe: 

Insights from the lower Kennet Valley, south central England. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 233(1-2), 113-133. 

196 Bagshot 51.365424 -1.35287218 
Groves, J.A. (2008). Late Quaternary vegetation history of the acidic lithologies of 

south east England. PhD Thesis. Kingston University, UK 

197 Langshot Bog 51.361951 -0.59812479 
Simmonds, M. (2016). Examining the relationship between environmental change and 
human activities at the dryland-wetland interface during the Late Upper Palaeolithic 
and Mesolithic in Southeast England. Unpublished PhD Thesis, University of Reading 
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198 
Upper Halling - 

Section A 
51.345517 0.42234558 

Kerney, M. P. (1963). Late-glacial deposits on the Chalk of south-east England. Phil. 
Trans. R. Soc. Lond. B, 246(730), 203-254. 

199 
Upper Halling - 

Section B 
51.345398 0.42808349 

Kerney, M. P. (1963). Late-glacial deposits on the Chalk of south-east England. Phil. 
Trans. R. Soc. Lond. B, 246(730), 203-254. 

200 Holborough 51.337015 0.44199822 
Kerney, M. P. (1963). Late-glacial deposits on the Chalk of south-east England. Phil. 

Trans. R. Soc. Lond. B, 246(730), 203-254. 

201 Oxtend 51.272048 -0.023102387 
Kerney, M. P. (1963). Late-glacial deposits on the Chalk of south-east England. Phil. 

Trans. R. Soc. Lond. B, 246(730), 203-254. 

202 
Chalk Escarpment 

Northern Lobe Pit A 
51.193901 -0.48070958 

Kerney, M. P., Brown, E. H., & Chandler, T. J. (1964). Late-glacial and Post-glacial 
history of the Chalk escarpment near Brook, Kent. Phil. Trans. R. Soc. Lond. 

B, 248(745), 135-204. 

203 
Chalk Escarpment 

Southern Lobe 
Borehole III 

51.189821 -0.47812479 
Kerney, M. P., Brown, E. H., & Chandler, T. J. (1964). Late-glacial and Post-glacial 

history of the Chalk escarpment near Brook, Kent. Phil. Trans. R. Soc. Lond. 
B, 248(745), 135-204. 

204 Elstead Bog B 51.171748 -0.71683339 
Simmonds, M. (2016). Examining the relationship between environmental change and 
human activities at the dryland-wetland interface during the Late Upper Palaeolithic 
and Mesolithic in Southeast England. Unpublished PhD Thesis, University of Reading 

205 Devil's Kneidingtrough 51.171203 0.97139363 
Kerney, M. P., Brown, E. H., & Chandler, T. J. (1964). Late-glacial and Post-glacial 

history of the Chalk escarpment near Brook, Kent. Phil. Trans. R. Soc. Lond. 
B, 248(745), 135-204. 

206 Thursley Bog 51.164939 -0.70280582 
Simmonds, M. (2016). Examining the relationship between environmental change and 
human activities at the dryland-wetland interface during the Late Upper Palaeolithic 
and Mesolithic in Southeast England. Unpublished PhD Thesis, University of Reading 

207 Oakley Bog 51.16246 -0.69988631 
Simmonds, M. (2016). Examining the relationship between environmental change and 
human activities at the dryland-wetland interface during the Late Upper Palaeolithic 
and Mesolithic in Southeast England. Unpublished PhD Thesis, University of Reading 

208 Crabble Paper Mill 51.141039 1.2863711 

Bates, M. R., Barham, A. J., Jones, S., Parfitt, K., Parfitt, S., Pedley, M., ... & Whittaker, 
J. E. (2008). Holocene sequences and archaeology from the Crabble Paper Mill site, 

Dover, UK and their regional significance. Proceedings of the Geologists' 
Association, 119(3-4), 299-327. 
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209 Holywell Coombe 51.097409 1.1692762 
Preece, R. C., & Bridgland, D. R. (1999). Holywell Coombe, Folkestone: a 13,000 year 

history of an English chalkland valley. Quaternary Science Reviews, 18(8-9), 1075-
1125. 

210 Dover Hill 51.094134 1.1904785 
Kerney, M. P. (1963). Late-glacial deposits on the Chalk of south-east England. Phil. 

Trans. R. Soc. Lond. B, 246(730), 203-254. 

211 Castle Hill 51.094127 1.1576241 
Kerney, M. P. (1963). Late-glacial deposits on the Chalk of south-east England. Phil. 

Trans. R. Soc. Lond. B, 246(730), 203-254. 

212 Conford 51.093186 -0.83330638 
Groves, J.A. (2008). Late Quaternary vegetation history of the acidic lithologies of 

south east England. PhD Thesis. Kingston University, UK 

213 River Test 51.075542 -1.5203432 
Davies, P., & Griffiths, H. I. (2005). Molluscan and ostracod biostrati graphy of 

Holocene tufa in the Test valley at Bossington, Hampshire, UK. The Holocene, 15(1), 
97-110. 

214 Winchester 51.066474 -1.3077941 
Waton, P.V. (1983). A palynological study of the impact of man on the landscapee of 

Central Southern England, with special reference to chalklands. PhD Thesis. University 
of Southampton, UK. 

215 Pannel Bridge 50.905592 0.67539402 
Grant, M.J., Waller, M., 2010. Holocene Fire Histories from the Edge of Romney 

Marsh, in: Romney Marsh: Persistence and Change in a Coastal Lowland. pp. 53–73. 

216 Bolham 50.901828 -3.1923786 

Hawkins, C. (2005). Vegetation history and land use change over the past 10,000 
years in three study areas of lowland Devon: the Blackdown Hills, the Clyst valley and 

the Hartland Peninsula. Unpublished PhD Thesis, University of Exeter. 
Brown, A.G., Hawkins, C., Ryder, L., Hawken, S., Griffith,, F. and Hatton, J. (2014). 

Palaeoecological, archaeological and historical data and the making of Devon 
landscapes. I. The Blackdown Hills. Boreas 43, 834-855, DOI 10.1111/bor.12074 

217 Church Moor - 2 50.860183 -1.6490077 

Grant, M.J. (2005). The Palaeoecology of Human Impact in the New Forest. 
Unpublished PhD Thesis, University of Southampton 

Grant, M.J., Barber, K.E. and Hughes, P.D.M. (2009). True Ancient Woodland? 10,000 
years of continuous woodland cover at Mark Ash Wood, New Forest. In The 

Quaternary of the Solent Basin and West Sussex Raised Beaches, Briant B, Bates M, 
Hosfield RT, Wenban-Smith FF (eds). Quaternary Research Association: London; 215-

233 
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218 The Noads Bog 50.853953 -1.4359598 
Grant, M.J. (2005). The Palaeoecology of Human Impact in the New Forest. 

Unpublished PhD Thesis, University of Southampton 

219 Westhampnett 50.84888 -0.74691 

Allen, M.J., (2008) Late Upper Palaeolithic (Area 3): Environmnental Evidence for the 
Former Environment and Possible Human Activity, in: Fitzpatrick, A.P., Powell, A.B., 
Allen, M.J. (eds) Archaeological Excavations on the Route of the A27 Westhampnett 

Bypass, West Sussex. 

220 Cranes Moor 50.824419 -1.7259411 

Grant, M. J., Hughes, P. D., & Barber, K. E. (2014). Climatic influence upon early to 
mid‐Holocene fire regimes within temperate woodlands: a multi‐proxy reconstruction 

from the New Forest, southern England. Journal of Quaternary Science, 29(2), 175-
188. 

221 Broadclyst Moor 50.771192 -3.4514182 
Hawkins, C. (2005). Vegetation history and land use change over the past 10,000 

years in three study areas of lowland Devon: the Blackdown Hills, the Clyst valley and 
the Hartland Peninsula. Unpublished PhD Thesis, University of Exeter. 

222 Cow Gap 50.739012 0.25909158 
Kerney, M. P. (1963). Late-glacial deposits on the Chalk of south-east England. Phil. 

Trans. R. Soc. Lond. B, 246(730), 203-254. 

223 Rimsmore 50.728938 -2.2646133 
Waton, P.V. (1983). A palynological study of the impact of man on the landscapee of 

Central Southern England, with special reference to chalklands. PhD Thesis. University 
of Southampton, UK. 

224 Morden B 50.702389 -2.1089826 
Haskins, L.E. (1978). The Vegetational History of South-East Dorset. Unpublished PhD 

Thesis, University of Southampton 

225 Black Ridge Brook 50.640118 -4.0109711 
Caseldine, C. J., & Maguire, D. J. (1986). Lateglacial/early Flandrian vegetation change 

on northern Dartmoor, south-west England. Journal of Biogeography, 255-264. 

226 Bellever A 50.640118 -4.0109711 
Caseldine, C. J., & Maguire, D. J. (1986). Lateglacial/early Flandrian vegetation change 

on northern Dartmoor, south-west England. Journal of Biogeography, 255-264. 

227 Kingswood 50.639671 -1.9933009 
Waton, P.V. (1983). A palynological study of the impact of man on the landscapee of 

Central Southern England, with special reference to chalklands. PhD Thesis. University 
of Southampton, UK. 

228 Winney's Down 50.622661 -3.9426462 
Fyfe, R.M. and Woodbridge, J. (2012). Differences in time and space in upland 

vegetation patterning: analysis of pollen data from Dartmoor, UK. Lanscape Ecology 
27(5), 745-760 
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229 Stannon Down Site 86 50.598233 -4.632095 

Jones, A.M. (2004-5). Settlement and ceremony: archaeological investigations at 
Stannon Down, St Breward, Cornwall. Cornish Archaeology 43-44, 1-140. 

Tinsley, H. (2000). Assessment of pollen samples. In Jones, A.M. (ed) Stannon Down, 
St Breward, Cornwall 1998–2000. Assessment and updated project design for analysis 

and dissemination. Cornwall Archaeological Unit, Truro. 

230 Rough Tor South 50.596935 -4.6246741 

Geary, B. R., Charman, D. J., & Kent, M. (2000). Palaeoecological evidence for the 
prehistoric settlement of Bodmin Moor, Cornwall, southwest England. Part I: The 

status of woodland and early human impacts. Journal of Archaeological Science, 27, 
423-438. 

231 Watcombe Bottom 50.592902 -1.2328194 
Preece, R.C. (2009). Late-glacial slope deposits at Watcombe Bottom near Ventnor, in: 
Briant, R.M., Bates, M.R., Hosfield, R.T., Wenban-Smith, F.F. (Eds.), The Quaternary of 

the Solent Basin and West Sussex Raised Beaches. pp. 138–144. 

232 Hawk Tor 50.542794 -4.6095263 
Brown, A. P. (1977). Late-devensian and flandrian vegetational history of Bodmin 

Moor, Cornwall. Phil. Trans. R. Soc. Lond. B, 276(946), 251-320 

233 Dozmary Pool 2 50.54135 -4.5529872 

Rand, J.J. (1986). An analysis of two upland organic profiles from the later mesolithic. 
Unpublished PhD Thesis, Durham University. 

Simmons, I.G., Rand, J.I. and Crabtree, K. (1987). Dozmary Pool, Bodmin Moor, 
Cornwall: a new radiocarbon dated pollen profile.  In Balaam, N.D., Levitan, B. and 

Straker, V. (eds.) Studies in Palaeoeconomy and Environment in South West England, 
BAR British Series 181, 125-133. 

234 Dozmary Pool 50.54135 -4.5529872 
Brown, A. P. (1977). Late-devensian and flandrian vegetational history of Bodmin 

Moor, Cornwall. Phil. Trans. R. Soc. Lond. B, 276(946), 251-320 

235 Parsons Park 50.5091 -4.5470149 
Brown, A. P. (1977). Late-devensian and flandrian vegetational history of Bodmin 

Moor, Cornwall. Phil. Trans. R. Soc. Lond. B, 276(946), 251-320 

236 
Great English Island 

Neck (Nornour 
Channel)  SA11-3 

50 -6 

Charman, D., Bayliss, A., Camidge, K., Fyfe, R., Johns, C., Meadows, J., Mills, S., 
Mulville, J., Roberts, H.M. and Stevens, T. (2012). The Lyonesse Project: evolution of 
the coastal and marine environment of Scilly, Draft Final Report, Truro (HE Projects, 

Cornwall Council) 

237 
St Mary’s Roads SA2-

5/5 
50 -6 

Charman, D., Bayliss, A., Camidge, K., Fyfe, R., Johns, C., Meadows, J., Mills, S., 
Mulville, J., Roberts, H.M. and Stevens, T. (2012). The Lyonesse Project: evolution of 
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the coastal and marine environment of Scilly, Draft Final Report, Truro (HE Projects, 
Cornwall Council) 

238 
St Mary’s Roads SA2-

5/2 
50 -6 

Charman, D., Bayliss, A., Camidge, K., Fyfe, R., Johns, C., Meadows, J., Mills, S., 
Mulville, J., Roberts, H.M. and Stevens, T. (2012). The Lyonesse Project: evolution of 
the coastal and marine environment of Scilly, Draft Final Report, Truro (HE Projects, 

Cornwall Council) 
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Figure A3.1: Reconstructed petri dish of NaClO 12.5% at the final time step (T4) and automated identification of charcoal 
fragments in ImageJ. 
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Figure A3.2: Charcoal number of fragments change over 12h and 6h time steps when subjected to widely used chemicals 
in charcoal analysis. Samples constitute a known mixture of modern charcoal types produced in the lab. For every 

chemical treatment and two H2O control sets n = 10. Mixed ANOVAs were not possible for this data set due to violations 
on the assumption of sphericity. Colour boxes are the same used as in Figures 3.2 and 3.3 to indicate the same 

treatments.  
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Table A3.1: Chemicals, concentrations, and exposure times used for the extraction of charcoal for fire studies around the world. More than one chemical usually indicates a second bleaching 
step. For full names of the chemicals see text. n/a = not available information in the referenced publication. Note this is not an exhaustive list. Studies were chosen on the basis that they were 
from all around the world and using different chemicals or combinations thereof. 

Reference Chemical Conc. Time 
Sediment 

type 
Country Notes 

Blarquez et al., 2018 NaClO 8% 24 h Peat Canada  
Hawthorne and Mitchell, 

2016 
(NaPO3)6 

H2O2 

15% 
diluted 

24 h 
n/a 

Lacustrine Ireland  

Crawford and Belcher, 
2016 

NaClO 8% 20 h Peat UK  

Fletcher et al., 2018 NaClO n/a n/a Lacustrine Tasmania  
Mariani and Fletcher, 

2017 
NaClO 5% <2 weeks Multiple Australia  

Walsh et al., 2017 
(NaPO3)6 

NaClO 

5% 
weak 

>24 h 
1h 

Lacustrine USA  

Finsinger et al., 2017 
NaOH 
NaClO 

10% 
2% 

n/a 
n/a 

Lacustrine Romania  

Anderson and Wahl, 2016 
(NaPO3)6 

NaClO 
3% 
6% 

>24 h 
n/a 

Lacustrine Guatemala  

Pérez -Obiol et al., 2016 
KOH 

NaClO 
n/a 
15% 

1.5 h 
1.5 h 

Peat Spain samples heated to 70°C 

Chipman et al., 2015 
NaO3P 
NaClO 

10% 
n/a 

20h 
20h 

Lacustrine Alaska, USA freeze-dried overnight / chemicals possibly mixed 

Robin et al., 2013 NaClO 13% 24 h Peat Germany  

Genries et al., 2012 
NaP2O4 
NaClO 

3% 
10% 

n/a 
n/a 

Lacustrine Canada  

Olsson et al., 2010 NaClO 5% 24 h Lacustrine Sweden  
Gardner and Whitlock, 

2001 
(NaPO3)6 

NaClO 
1% 
5% 

24 h 
5min 

Lacustrine 
Northwest 

USA 
heated at low temperature to remove excessive 

invertebrate faeces 
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Glais et al., 2017 
NaOH 
H2O2 

10% 
6% 

24 h 
24 h 

Peat Greece  

Finsinger et al., 2017 H2O2 15% overnight Peat Serbia  
Spencer et al., 2017 H2O2 3% n/a Lacustrine USA  

Pillai et al., 2017 
NaO3P 
H2O2 

5% 
8% 

n/a 
12h 

wetland 
cores 

India  

Colombaroli et al., 2018 
NaO3P 
H2O2 

5% 
8% 

n/a 
12h 

Lacustrine Kenya  

Rius et al., 2011 
NaOH 
H2O2 

10% 
6% 

24 h 
24 h 

Multiple France  

Mustaphi and Pisaric, 
2014 

NaO3P n/a 24 h Lacustrine Canada  

Miyabuchi et al., 2012 
(NaPO3)6 

KOH 
H2O2 

5% 
10% 
1% 

24 h 
24 h 
n/a 

Tephra Japan  

Olsson et al., 2010 NaOH 10% 24 h Lacustrine Sweden  

Thevenon et al., 2003 
HCL 

HNO3 

H2O2 

3M 
conc. 
33% 

n/a 
n/a 
n/a 

Lacustrine Tanzania  
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Table A3.2: Mean and standard deviation of normalized replicates within each time step for the 12 h batch. Results of 
repeated measures ANOVA for the 12h batch—significance of the effect of treatment noted. 

Overall H2O2 33% 2.05±1.19     

 H2O2 8% 0.99±0.57 0.99±0.57    

 HNO3 50% 1.38±0.81 1.38±0.81 1.38±0.81   

 KOH 10% 1.65±1.08 1.65±1.08 1.65±1.08 1.65±1.08  

 (NaPO3)6 20% 1.95±1.11 1.95±1.11 1.95±1.11 1.95±1.11 1.95±1.11 

T0 H2O2 33% 0±1     

 H2O2 8% 0±1 0±1    

 HNO3 50% 0±1 0±1 0±1   

 KOH 10% 0±1 0±1 0±1 0±1  

 (NaPO3)6 20% 0±1 0±1 0±1 0±1 0±1 

T1 H2O2 33% 2.01±1.06     

 H2O2 8% 1.05±0.71 1.05±0.71    

 HNO3 50% 1.42±0.82 1.42±0.82 1.42±0.82   

 KOH 10% 1.17±1.22 1.17±1.22 1.17±1.22 1.17±1.22  

 (NaPO3)6 20% 2.14±1.14 2.14±1.14 2.14±1.14 2.14±1.14 2.14±1.14 

T2 H2O2 33% 2.79±0.78     

 H2O2 8% 1.43±0.58 1.43±0.58    

 HNO3 50% 1.60±0.80 1.60±0.80 1.60±0.80   

 KOH 10% 2.00±1.20 2.00±1.20 2.00±1.20 2.00±1.20  

 (NaPO3)6 20% 2.68±0.92 2.68±0.92 2.68±0.92 2.68±0.92 2.68±0.92 

T3 H2O2 33% 2.62±0.69     

 H2O2 8% 1.26±0.63 1.26±0.63    

 HNO3 50% 1.85±0.86 1.85±0.86 1.85±0.86   

 KOH 10% 2.39±1.14 2.39±1.14 2.39±1.14 2.39±1.14  

 (NaPO3)6 20% 2.56±0.98 2.56±0.98 2.56±0.98 2.56±0.98 2.56±0.98 

T4 H2O2 33% 2.81±0.64     

 H2O2 8% 1.21±0.42 1.21±0.42    

 HNO3 50% 2.04±0.82 2.04±0.82 2.04±0.82   

 KOH 10% 2.67±1.29 2.67±1.29 2.67±1.29 2.67±1.29  

 (NaPO3)6 20% 2.39±1.29 2.39±1.29 2.39±1.29 2.39±1.29 2.39±1.29 

  H2O 12h H2O2 33% H2O2 8% HNO3 50% KOH 10% 
 

p>0.5; p<0.05; p<0.01; p<0.001 

  



Appendix 3 – Paper II 

255 
 

Table A3.3: Mean and standard deviation of normalized replicates within each time step for the 6 h batch. Results of 
repeated measures ANOVA for the 6h batch—significance of the effect of treatment noted. 

 

Overall NaClO 2.5% 0.06±0.62  

 H2O 0.24±0.26 0.24±0.26 

T0 NaClO 2.5% 0±1  

 H2O 0±1 0±1 

T1 NaClO 2.5% 0.920±0.42  

 H2O 0.500±0.54 0.500±0.54 

T2 NaClO 2.5% 0.29±0.66  

 H2O −0.66±1.13 −0.66±1.13 

T3 NaClO 2.5% −0.12±0.62  

 H2O 0.47±1.36 0.47±1.36 

T4 NaClO 2.5% −0.79±0.47  

 H2O 0.30±0.68 0.30±0.68 

  NaClO 12.5% NaClO 2.5% 
 

p>0.5; p<0.05; p<0.01; p<0.001 
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Table A3.4: Mean and standard deviation of normalized replicates within each chemical for the 12 h batch. Results of 
repeated measures ANOVA for the 12 h batch—significance of the effect of time noted. 

 

Overall T1 
1.44±0.2

2    

 T2 
1.92±0.2

1 
1.92±0.2

1   

 T3 
1.92±0.1

9 
1.92±0.1

9 
1.92±0.1

9  

 T4 
1.20±0.3

5 
1.20±0.3

5 
1.20±0.3

5 
1.20±0.3

5 

H2O 12h T1 
0.85±0.7

3    

 T2 
1.05±0.9

1 
1.05±0.9

1   

 T3 
0.84±0.8

2 
0.84±0.8

2 
0.84±0.8

2  

 T4 
0.88±0.7

7 
0.88±0.7

7 
0.88±0.7

7 
0.88±0.7

7 

H2O2 33% T1 
2.01±1.0

6    

 T2 
2.79±0.7

8 
2.79±0.7

8   

 T3 
2.62±0.6

9 
2.62±0.6

9 
2.62±0.6

9  

 T4 
2.81±0.6

4 
2.81±0.6

4 
2.81±0.6

4 
2.81±0.6

4 

H2O2 8% T1 
1.05±0.7

1    

 T2 
1.43±0.5

7 
1.43±0.5

7   

 T3 
1.26±0.6

3 
1.26±0.6

3 
1.26±0.6

3  

 T4 
1.21±0.4

2 
1.21±0.4

2 
1.21±0.4

2 
1.21±0.4

2 

HNO3 50% T1 
1.42±0.8

2    

 T2 
1.60±0.8

0 
1.60±0.8

0   

 T3 
1.85±0.8

6 
1.85±0.8

6 
1.85±0.8

6  

 T4 
2.04±0.8

2 
2.04±0.8

2 
2.04±0.8

2 
2.04±0.8

2 

KOH 10% T1 
1.17±1.2

2    

 T2 
2.00±1.2

0 
2.00±1.2

0   

 T3 
2.39±1.1

4 
2.39±1.1

4 
2.39±1.1

4  
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 T4 
2.67±1.2

9 
2.67±1.2

9 
2.67±1.2

9 
2.67±1.2

9 

(NaPO3)6 20% T1 
2.14±1.1

4    

 T2 
2.68±0.9

2 
2.68±0.9

2   

 T3 
2.56±0.9

8 
2.56±0.9

8 
2.56±0.9

8  

 T4 
2.38±1.2

9 
2.38±1.2

9 
2.38±1.2

9 
2.38±1.2

9 

  T0 T1 T2 T3 
 

p>0.5; p<0.05; p<0.01; p<0.001 
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Table A3.5: Mean and standard deviation of normalized replicates within each chemical for the 6 h batch. Results of 
repeated measures ANOVA for the 6h batch—significance of the effect of time noted. 

 

Overall T1 0.28±0.06    

 T2 −0.48±0.35 −0.48±0.35   

 T3 −0.53±0.53 −0.53±0.53 −0.53±0.53  

 T4 −0.83±0.13 −0.83±0.13 −0.83±0.13 −0.83±0.13 

NaClO 12.5% T1 −0.59±0.45    

 T2 −1.65±0.45 −1.65±0.45   

 T3 −1.94±0.33 −1.94±0.33 −1.94±0.33  

 T4 −2.18±0.44 −2.18±0.44 −2.18±0.44 −2.18±0.44 

NaClO 2.5% T1 0.92±0.42    

 T2 0.29±0.66 0.29±0.66   

 T3 −0.11±0.62 −0.11±0.62 −0.11±0.62  

 T4 0.30±0.68 0.30±0.68 0.30±0.68 0.30±0.68 

H2O 6h T1 0.50±0.54    

 T2 −0.67±1.13 −0.67±1.13   

 T3 0.47±1.36 0.47±1.36 0.47±1.36  

 T4 0.30±0.68 0.30±0.68 0.30±0.68 0.30±0.68 

  T0 T1 T2 T3 
 

p>0.5; p<0.05; p<0.01; p<0.001 
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Table A3.6: Spearman Correlation coefficients between sequences analysed with the same chemicals. 

 

Chemical Treatment Sequences Spearman Correlation 

H2O2 33% 
A vs D 0.223 
A vs G 0.549* 
D vs G 0.517* 

NaClO 12.5% 
B vs E 0.512 
B vs H 0.653* 
E vs H 0.741** 

HNO3 50% 
C vs F 0.824** 
C vs I 0.591* 
F vs I 0.685** 

**Correlation significant at the 0.01 level *Correlation significant at the 0.05 level 
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Table A3.7: Spearman Correlation coefficients between numbers (# cm¯³) and area (mm³ cm¯³) of fragments for the nine 
fossil sequences. Chemical treatment used to analyse each sequence also given. 

 

 
Treatment 

Spearman 
Correlation 

SeqA H2O2 33% 0.898** 

SeqB NaClO 12.5% 0.897** 

SeqC HNO3 50% 0.937** 

SeqD H2O2 33% 0.951** 

SeqE NaClO 12.5% 0.833** 

SeqF HNO3 50% 0.923** 

SeqG H2O2 33% 0.936** 

SeqH NaClO 12.5% 0.916** 

SeqI HNO3 50% 0.962** 

**Correlation significant at the 0.01 level 
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Figure A4.1: Raw Charcoal Accumulation Rates (CHAR) for all sites included in this paper (grey bars). The black line notes 
CHAR resampled to median sampling resolution. 
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Figure A4.2: Boxplots of Charcoal Fragments and FFMedian for the 5 sites of this paper where algorithms to reconstruct 
RFE and FF were applied. It underlines the relationship between Charcoal and FF, or that more charcoal does not mean 

more fire. 
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Figure A4.3: Synchronicity between FFmedian RFES75 identified in the 4 sites of this paper where our modified approach of 
the fire reconstruction algorithms was applied, plotted against time. δ18Ο, which indicate air temperature from the three 

Greenland Ice-Cores also given: red in the GRIP core, green is the GISP2 core and blue is the NGRIP core, redrawn after 
Rasmussen et al., 2014. Gray shaded areas indicated stadial conditions or cooling events. 
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Table A4.1: Dates used in the construction of the age-depth models. The format follows the input parameters for the 
BChron package in R (Haslett & Parnell, 2008; Parnell et al., 2011). CalCurvers refers to the calibration curve used, 
intcal20 radiocarbon calibration curve (Reimer et al., 2020) for 14C dates or normal for calibrated dates. 

Site 
ID 

Site Name id ages 
ageS

d 
positio

n 
thicknes

s 
calCurves 

1 Loch Ashik 

Ashik Ash 
1071

6 
115 317 1 normal 

Vedde Ash 
1202

3 
43 352 1 normal 

Penifiler 
1393

9 
66 366 1 normal 

2 Loch an t'Suidhe 

Saksunarvatn 
Ash 

1021
0 

35 987 1 normal 

Ashik Ash 
1071

6 
115 1008 1 normal 

Vedde Ash 
1202

3 
43 1020 1 normal 

Penifiler Tephra 
1393

9 
66 1032 1 normal 

Borrobol 
Tephra 

1409
8 

47 1058 1 normal 

3 Tynaspirit 

Early Holocene 
1165

0 
99 695 1 normal 

Penifiler Tephra 
1393

9 
66 759 1 normal 

Borrobol 
Tephra 

1409
8 

47 775 1 normal 

4 Sluggan Bog 

SRR-6401 9765 45 -9 2 intcal20 

CAMS-64370 
1008

0 
40 -9 2 intcal20 

AA-34259 9570 80 -9 2 intcal20 

CAMS-64371 9770 40 -9 2 intcal20 

SRR-6402 9755 45 -7 2 intcal20 

AA-34260 9095 95 -7 2 intcal20 

AA-35111 9940 95 -6.5 1 intcal20 

AA-35110 9945 95 -5.5 1 intcal20 

CAMS-64369 9960 40 -5 2 intcal20 

SRR-6403 9850 45 -5 2 intcal20 

AA-34258 9430 80 -5 2 intcal20 

CAMS-64367 9980 40 -5 2 intcal20 

CAMS-64368 9660 50 -5 2 intcal20 

AA-34266 9080 75 -3 2 intcal20 

CAMS-63308 
1001

0 
50 -3 2 intcal20 

SRR-6404 9765 45 -3 2 intcal20 

SRR-6405 9645 45 -1 2 intcal20 

CAMS-63307 
1048

0 
60 -1 2 intcal20 
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SUERC-12335 
1005

8 
43 3.52 0.1 intcal20 

SUERC-12331 9919 42 3.52 0.1 intcal20 

SUERC-12332 
1019

5 
44 10.57 0.1 intcal20 

SUERC-12337 
1046

5 
44 10.57 0.1 intcal20 

SUERC-12342 9767 42 10.57 0.1 intcal20 

SUERC-12333 
1139

8 
47 17.62 0.1 intcal20 

SUERC-12345 
1023

8 
43 17.62 0.1 intcal20 

SUERC-12343 
1127

4 
50 17.62 0.1 intcal20 

AA-35108 
1120

0 
80 24.5 1 intcal20 

AA-35107 
1121

0 
75 26.5 1 intcal20 

SRR-6407 
1132

5 
55 27 2 intcal20 

SRR-6406 
1110

5 
50 27 2 intcal20 

AA-35106 
1122

5 
85 27.5 1 intcal20 

AA-35105 
1142

0 
110 28.5 1 intcal20 

SRR-6408 
1122

0 
45 29 2 intcal20 

AA-34262 
1135

0 
90 31 2 intcal20 

SRR-6410 
1136

5 
45 31 2 intcal20 

SRR-6412 
1151

5 
85 33 2 intcal20 

SRR-6411 
1134

5 
50 33 2 intcal20 

AA-35103 
1147

5 
80 33.5 1 intcal20 

AA-34263 
1147

0 
80 35 2 intcal20 

SRR-6413 
1158

5 
45 35 2 intcal20 

AA-35102 
1169

0 
80 35.5 1 intcal20 

CAMS-63305 
1178

0 
60 37 2 intcal20 

SRR-6414 
1174

0 
50 37 2 intcal20 

AA-35100 
1170

5 
80 38.5 1 intcal20 
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SRR-6416 
1155

5 
80 39 2 intcal20 

SRR-6415 
1167

0 
45 39 2 intcal20 

AA-35099 
1159

5 
85 40.5 1 intcal20 

CAMS-36304 
1196

0 
60 41 2 intcal20 

CAMS-63298 
1158

0 
60 41 2 intcal20 

SRR-6418 
1189

5 
85 41 2 intcal20 

SRR-6417 
1166

5 
45 41 2 intcal20 

AA-35097 
1178

5 
80 42.5 1 intcal20 

AA-34264 
1172

5 
90 43 2 intcal20 

SRR-6419 
1182

5 
45 43 2 intcal20 

AA-35096 
1194

0 
100 43.5 1 intcal20 

SRR-6420 
1194

0 
45 45 2 intcal20 

CAMS-63302 
1162

0 
60 47 2 intcal20 

AA-34261 
1193

0 
85 47 2 intcal20 

SRR-6421 
1187

5 
45 47 2 intcal20 

AA-35094 
1195

0 
110 47.5 1 intcal20 

SRR-6422 
1209

5 
50 49 2 intcal20 

CAMS-64372 
1220

0 
50 51 2 intcal20 

CAMS-64373 
1202

0 
50 51 2 intcal20 

SRR-6424 
1213

0 
45 51 2 intcal20 

SRR-6425 
1209

0 
45 53 2 intcal20 

AA-34265 
1243

0 
85 55 2 intcal20 

SRR-6427 
1229

5 
50 55 2 intcal20 

5 Wykeham 

OxA-32343 9925 50 199 2 intcal20 

OxA-32397 
1020

5 
45 232.5 3 intcal20 

SUERC-84464 
1059

4 
43 303 4 intcal20 
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SUERC-84459 
1096

3 
44 310.5 5 intcal20 

OxA-32434 
1152

0 
45 346 2 intcal20 

OxA-30541 
1121

0 
140 378 2 intcal20 

OxA-30030 
1147

5 
45 399 2 intcal20 

OxA-32401 
1142

0 
50 415 4 intcal20 

OxA-32436 
1189

5 
50 445 2 intcal20 

OxA-32437 
1232

0 
55 479 2 intcal20 

OxA-32435 
1234

0 
50 480.5 1 intcal20 

SUERC-84458 
1260

3 
48 552 4 intcal20 

SUERC-84457 
1256

0 
50 589 6 intcal20 

SUERC-84456 
1250

9 
47 634.5 3 intcal20 

UCIAMS-
216468 

1250
0 

40 638.5 5 intcal20 

6 Area 240 

SUERC-11975 8370 25 65.5 1 intcal20 

SUERC-88714* 8920 24 85 1 intcal20 

SUERC-88713* 9181 24 92 1 intcal20 

SUERC-88709* 9344 25 101 1 intcal20 

SUERC-11977 
1047

0 
35 138.5 1 intcal20 

7 Kitridding Mire 

SUERC-65771 5844 30 58.5 1 intcal20 

SUERC-65772 5976 30 58.5 1 intcal20 

SUERC-65780 9157 30 144.5 1 intcal20 

UBA-31256 9086 45 144.5 1 intcal20 

SUERC-65781 9391 31 189.5 1 intcal20 
*date first published in this paper. 
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Table A4.2: List of Sites included in the construction of the regional composite charcoal curve, obtained via the paleofire package (Blarquez et al., 2014). GCD_ID is the key used 
for each site within the GCD. Num_dating is the number of available dates, num_samp is the number of samples. In methods, SIEV = sieving and POLS = Pollen slides. NA = Not 
available. Note: GDC_ ID 648 is the same site as the one used in this paper, but here is a different charcoal record, and micro. GCD_ID 882 is NA. 

# GCD_ID Site Name lat long min_est_age max_est_age num_dating num_samp methods Publication 

1 163 Loch an Amair 57.28 -4.89 136.82 10943.78 7 71 SIEV Froyd, 2006 

2 164 Dubh-Lochan 57.29 -4.43 274.62 11110.55 7 72 SIEV Froyd, 2006 

3 165 Lochan na h-Inghinn 58.25 -5.09 -4.98 14100.48 7 62 SIEV Froyd, 2006 

4 242 Black Loch 56 -3 -45 10760.27 NA 56 POLS Whittington et al., 1991* 

5 479 Ballachrink 54.37 -4.47 6596 9379 5 52 POLS Innes et al., 2003 

6 557 Lough Mullaghlahan 54.76 -8.46 -4.1 12557.81 7 117 POLS Fossit, 1994 

7 558 Lough Nabraddan 55.01 -8.35 -6.71 12631.71 6 87 POLS Fossit, 1994 

8 559 Altar Lough 55.01 -8.4 -15.2 12419.07 6 75 POLS Fossit, 1994 

9 568 Quoyloo Meadow 59.06 -3.31 728.84 13196.69 4 92 POLS Bunting, 1994* 

10 643 Lough Maumeen 53.48 -9.65 465.94 11862.52 7 69 SIEV Huang, 2002 

11 648 Loch an t'Suidhe 56.3 -6.24 7285.93 10748.18 5 36 POLS Edwards et al., 2006 

12 649 Loch Buailaval Beag 58.26 -6.76 306.07 13329.93 5 79 POLS Fossit, 1996 

13 650 Loch a'Phuinnd 57.36 -7.26 26.75 13316.02 5 104 POLS Fossit, 1996* 

14 652 Dallican Water 60.39 -1.1 -42.9 11173.19 7 80 POLS Bennett et al., 1992 

15 653 Loch a'Bhogaidh 55.72 -6.4 19.94 14829.7 NA 103 POLS Edwards et al., 1994 

16 654 Cothill Fen 51.68 -1.32 3986.61 11139.69 4 49 POLS Day, 1991 

17 656 Bolton Fell Moss 55.02 -2.85 6008.19 9780.65 10 87 POLS Barber et al., 1998* 

18 959 Derragh Lough 53.76 -7.4 -50 11136 NA 16 NA Brown et al., 2005* 

19 969 West Lomond 56.25 -3.28 494 10012 NA 66 NA Edwards et al., 2000 
*Publication not available in the GCD, added here. 
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