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Abstract 11 

Charcoal records are now widely used to reconstruct past burning activity as there is an increasing 12 

global interest in understanding the complex interactions between fire, climate, vegetation and 13 

human activity. However, this topic has been relatively overlooked in the British Isles, as the region 14 

is generally thought to not support natural burning regimes. Here, for the first time, we present a 15 

synthesis of previously published charcoal data for 238 sites and demonstrate the widespread 16 

occurrence of charcoal in sediments that span the Last Glacial-Interglacial Transition (LGIT; c. 17-8.3 17 

ka cal. BP) in the British Isles. Analysis is based upon a semi-quantitative analysis of the assembled 18 

dataset; the common patterns are identified and are considered in relation to independent 19 



reconstructions of climate, vegetation and anthropogenic activity. No causal relationships with 20 

vegetation are identified, while charcoal is also prominent during periods when archaeological 21 

evidence for human occupation of the British Isles is absent or scarce. Climate is very likely to have 22 

controlled the fire regimes during the LGIT. We conclude with ten research priorities to further 23 

advance our understanding palaeofire drivers during the Lateglacial-Early Holocene. 24 
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1. Introduction29 

Wildfire is a key component of the Earth System and operates on a plethora of spatiotemporal scales 30 

(Falk et al., 2007; Whitlock et al., 2010). There is a variety of wildfire proxies preserved in the 31 

sedimentary record (Conedera et al., 2009; Hawthorne et al., 2017), but the most widely used for 32 

understanding past wildfire occurrence is charcoal (see Brown and Power, 2013; Aleman et al., 33 

2018), which is the relatively chemically inert product of the incomplete combustion of organic 34 

matter (Scott, 2010).  35 

Charcoal records have been in recent decades widely used to reconstruct wildfire activity on 36 

centennial to millennial temporal scales, and from local (e.g. Florescu et al., 2018) to global (e.g. 37 

Power et al., 2008) spatial scales. The primary goal of such research is to understand what drove 38 

wildfire in the past and there is an increasing interest in applying the knowledge gained from long 39 

term data into present and future fire and ecosystem management (see Aleman et al., 2018). 40 

On centennial to millennial timescales, for example, wildfire is controlled by a complex interplay 41 

between vegetation, humans, and climate (Whitlock et al., 2010). Climate is the dominant top-down 42 

wildfire driver worldwide (Power et al., 2008; Bowman et al., 2009). It determines wildfire 43 



expression by directly controlling fire-weather (i.e. weather conductive to burning) and indirectly, 44 

through conditioning the composition and moisture content of the vegetation (Marlon et al., 2009; 45 

Whitlock et al., 2010). Vegetation composition on the other hand can act as bottom-up determinant 46 

for wildfire to occur (Whitlock et al., 2010). On centennial to millennial timescales, however, 47 

vegetation composition is to a large extent affected by climate, thus highlighting the interlinked 48 

effect climate and vegetation have on the wildfire regimes. Finally, humans can influence fire 49 

regimes through manipulating the fuels and altering ignition probabilities through setting fires 50 

deliberately, managing fuels or through escapes (i.e. wildfires starting accidentally, for example, 51 

from hearths). The effect they can have, however, on a certain environment is largely determined by 52 

the climate and vegetation (Whitlock et al., 2010). Albeit challenging and highly complex, long term 53 

data can thus significantly aid in disentangling the effect of these drivers and thus help us gain a 54 

thorough understanding of the mechanisms controlling wildfire for the future. 55 

Studies exploring the underlying drivers of wildfire drivers in the British Isles are scant, which is in 56 

sharp contrast to the long history of paleoecological analyses that has been undertaken in the 57 

region. Charcoal has most often been argued to have been a result of anthropogenic ignition (e.g. 58 

Bennett, Simonson and Peglar, 1990; Day, 1996; though notably some have also implicated climate: 59 

Moore, 1996; Tipping, 1996; 2004) as the region is not thought to support natural burning regimes; 60 

at least not in modern day woodland ecosystems (e.g. Rackham, 1986). 61 

One particularly interesting period to test this long held idea is the Last Glacial-Interglacial Transition 62 

(LGIT; c. 17-8.3 ka BP). This is because the LGIT was a period of limited human occupation and thus 63 

disentangling fire drivers can be relatively straightforward. Furthermore, because the LGIT was a 64 

period of multiple abrupt climatic shifts (Hoek, 2008; Lowe et al., 2008) it is very interesting to test if 65 

particular climates/shifts in aridity/temperature promoted wildfire. Charcoal records spanning the 66 

LGIT do exist in the British Isles but no extensive synthesis has been undertaken to collate these 67 

data. Edwards et al. (2000) considered patterns of charcoal deposition in Scotland in Lateglacial 68 



deposits, concluding that more charcoal records from in and beyond Scotland are required if an 69 

improved understanding of charcoal distributions, and thus regional occurrence of fire, is to be 70 

gained for this period. Recently, Hawthorne and Mitchell (2018) investigated wildfire patterns in 71 

Ireland and their relation to regional trends from c. 17.5 ka BP onwards utilising their data along with 72 

data deposited within the Global Charcoal Database (GCD), but this only included six sequences for 73 

Britain. While the general trends in charcoal activity mirrored those of the European record for this 74 

period, there were too few sites drawn on to investigate regional heterogeneity. 75 

Here we have compiled charcoal data from 238 sites whose records span all, or parts, of the LGIT in 76 

the British Isles. Analyses are based upon semi-quantitative analysis (presence-absence 77 

categorization) and quantitative chronological modelling of the assembled dataset. While this 78 

combination of methods limits the ability to undertake any quantitative analysis (e.g. Hawthorne 79 

and Mitchell, 2018), it has the advantage of allowing the identification of patterns over a wider area 80 

utilising a much larger number of sites. Furthermore, the charcoal data have been assessed using 81 

independent regional climate records, associated pollen records and palaeodemographic modelling, 82 

which has allowed us to examine potential drivers of fire regimes on a regional scale. Finally, by 83 

reviewing the corpus of previous studies, it has permitted us to identify 10 research priorities for 84 

advancing our understanding of both the drivers and potential role of past wildfires. 85 

2. Methods and definitions86 

2.1 Collection and assignment of charcoal data 87 

88 

89 

90 

91 

92 

93 

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, 



a “bottom-up” search strategy 94 

95 

96 

97 

98 

99 

100 

Where charcoal had been systematically quantified at regular intervals (hereafter termed charcoal 101 

records), these records were further classified by their extraction method [pollen-slide (microscopic 102 

charcoal; usually <125 μm) vs sieved (macroscopic charcoal; usually >125 μm) charcoal]. Where 103 

charcoal had been reported exclusively for one or limited strata, for example distinct macroscopic 104 

charcoal horizons, and usually not quantified, these were recorded and are described here as 105 

charcoal bands. 106 

107 

108 

area (mm2 109 

110 

accumulation rate (CHAR; concentration yr¯¹) are also reported. 111 

In this paper, however, focus has largely been given to the presence or absence of charcoal over 112 

time and space. This was because the scope of this research was not to produce an amalgamated 113 

charcoal curve, but rather investigate the spatiotemporal occurrence of charcoal including as many 114 

charcoal data as possible, examine it in relation to patterns in climate, vegetation, and humans, and 115 

highlight how it can be better understood.  This specific approach was also preferred because of the 116 

following considerations: 117 

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), 

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 

archaeological and/or stratigraphical investigations. Consequently, 

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). 



i. The wide range of diverse sedimentary contexts represented (e.g. lacustrine, peat bog and118 

fluvial sedimentary systems) means detailed intercomparison between charcoal records is119 

highly complex (Florescu et al., 2018). This is because differential charcoal sedimentation120 

and accumulation between bogs and lakes has been repeatedly documented in the121 

literature (see Conedera et al., 2009, Rius et al., 2011, Feurdean et al., 2012; Remy et al.,122 

2018);123 

ii. The regionallity and timespan covered by this synthesis introduces taphonomic factors124 

which might affect charcoal content. For example, the “tripartite sequence” (see Walker and125 

Lowe, 2017), indicative of different sedimentological regimes, is a classic feature of LGIT126 

sequences in the British Isles. These abrupt lithological changes indicate non-isotaphonomic127 

(i.e. non-equal taphonomic probabilities for charcoal to be transported and accumulated)128 

processes within individual deposits.129 

iii. Vegetation shifts throughout the LGIT reflect changes in the availability of fuel, vegetation130 

structure (e.g. vegetation coming in and acting as a barrier for charcoal transport) and fire131 

regime characteristics (e.g. crown fires versus surface fires) (Lynch et al., 2004; Scott, 2010);132 

iv. Geochronological controls vary between sites, with some having no secure dating controls.133 

Some sites, without direct dating, can be [Bio-]stratigraphically associated with a given134 

climatic stage permitting their inclusion; and135 

v. Where chronological information is available, these are primarily derived from radiocarbon136 

dates which may have been produced using different pre-treatments procedures, sample137 

types (e.g. bulk sediment vs short-lived macrofossils), and levels of precision (e.g. age errors)138 

making correlation of individual ‘events’ between sequences, at fine-resolution,139 

unattainable across a wide number of studies.140 

Accepting these limitations of the available dataset, it is possible to still identify broad patterns in 141 

the charcoal records; these are described and investigated, and in the case of records with good 142 

chronological control, new modelled ages for levels of interest (i.e. where peaks in charcoal 143 



are obtained (see below). We believe 144 

that the combination of these methods can lead to a more rigorous qualitative assessment, without 145 

the limitations of amalgamated charcoal records, especially in a study region where the primary 146 

concern is whether natural wildfire regimes even existed (Rackham, 1986). 147 

The data were transformed into presence / absence charcoal data and each study was assigned to 148 

one or more of the major climatic intervals of the LGIT that they spanned. Within the range of 149 

research reviewed (published 1963 - 2017) many LGIT stratigraphic schema have been utilised. For 150 

the purposes of this synthesis the LGIT was divided into four intervals (Table 1), as defined by the 151 

INTIMATE event stratigraphy, based upon the oxygen isotope signal in the Greenland ice cores, 152 

underpinned by the GICC05 timescale (Rasmussen et al., 2014). It is important to note that we do 153 

not assume that the climatic transitions occurred synchronously between Greenland and the British 154 

Isles, and indeed evidence exists for asynchronous responses, particularly during the early stages of 155 

156 

157 

158 

considered a ‘presence’ point. 159 

160 

161 

162 

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 

Table 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) 

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 

concentration have been identified by the original authors) 



1Cohen et al., 2013; (updated); 163 

It is also important to note that we do not assume that all charcoal represents contemporary fire 164 

events, as the relationship between wildfire and charcoal content in a deposit is not necessarily 165 

straightforward. The possibility of reworking of older charcoal due to landscape instability and 166 

enhanced erosion, especially during cold intervals, cannot be excluded, while charcoal deposition 167 

following a wildfire is influenced by many factors, including fire type (e.g. crown versus surface fire), 168 

intensity, type of fuel, and taphonomic processes (Scott, 2010). 169 

2.2 Assessing the role of humans 170 

In order to understand and explore the role of humans as an explanatory factor of fire through the 171 

LGIT we have assessed changes in past human population intensity and demographic trends in the 172 

British Isles for the intervals during which associated archaeology has been found. To do this we 173 

utilise the ‘dates as data’ approach (Rick, 1987), where the frequency and distribution of 174 

radiocarbon dates relating to archaeological activity are used as a demographic proxy. Commonly 175 

cumulative probability functions (CPFs) have been employed, which involve calibrating a large 176 

number of radiocarbon dates and then computing the dates’ summed probability distribution; often 177 

this is done using the Sum function in OxCal (Bronk Ramsey, 2001).  178 

There are certain caveats with this approach, and many researchers are sceptical of using this 179 

method to understand palaeodemography (particularly in older time periods like the Palaeolithic) 180 

considering it ‘rarely reliable’ (Dogandžić and McPherron, 2013) and even a ‘black art’ (Kuhn, 2012). 181 

14.65-12.85 

Pre-14.65 Greenland 

Stadial-2.1a 

(GS-2.1a) 2 

Dimlington 

Stadial 

Glenavy Stadial Pleniglacial/Oldest Dryas 

Bølling–Allerød 

Interstadial 

Woodgrange 

Interstadial 

Windermere 

Interstadial 

Greenland 

Interstadial 1 

(GI-1) 2 

2Rasmussen et al., 2014 



Chiverrell et al. (2011) point out that the use of CPFs for analysis of radiocarbon ages can also be 182 

problematic due to the impact of scatter, non-contemporaneity and directional lags, as well as the 183 

‘suck in and smear’ issues in radiocarbon calibration. For example, CPFs contain noisy fluctuations 184 

which can be caused by the ‘wiggles’ or shape of the ¹⁴C calibration curve. A recent method put 185 

forward to help deal with this issue and also avoid the opposite problem of failing to detect real 186 

patterns (e.g. over smoothing) is that of kernel density estimation (KDE) plots (KDE_Plot & 187 

KDE_Model functions in OxCal) which can help retain signal whilst also suppressing noise (Bronk 188 

Ramsey, 2017); this is the approach used in this paper. The second limitation of using CPFs involves 189 

changing archaeological preservation potential over time (e.g. taphonomic factors and datable 190 

material preservation) and the focus of archaeological research on ‘favoured’ time periods or 191 

important sites. With these points in mind we view our plots as a coarse guide to understanding 192 

intensity and demographic trends in the British Isles.   193 

It is beyond the scope of this study to produce a bespoke radiocarbon database for Britain and 194 

Ireland (and indeed this may produce unconscious biases) so instead we use the PACEA Geo-195 

Referenced Radiocarbon Database (D’Errico et al., 2011) for GI-1 and GS-1 and the newer Holocene 196 

dataset collated from various sources by Bevan et al. (2017). All radiocarbon ages have been 197 

calibrated using the IntCal13 calibration curve (Reimer et al., 2013). 198 

2.3 Disentangling the effect of humans or climate as drivers of the regimes 199 

We tested the relative phasing of charcoal peaks (i.e. abrupt shifts in charcoal deposition that 200 

probably signify a change in the wildfire regime) in order to assess the role of climate in driving the 201 

changes in fire regimes, as well as their association with trends in past human population intensity 202 

and demographic trends on a regional scale. To do this, we have produced new age-depth models 203 

using OxCal 4.2 (Bronk Ramsey, 2001; 2008) calibrated with IntCal13 (Reimer et al., 2013) for 204 

charcoal records with good chronological control, defined as having at least three radiocarbon dates 205 

for ±3 ka years from the period or event of interest (average here: 4.2) and a radiocarbon date every 206 



~1000 years (Min: 260, Max: 1100, Average: 615 years) alongside distinct charcoal peaks in GI-1 and 207 

Early Holocene. To assess synchronicity of age estimates across different records a Bayesian 208 

modelling approach was used adopted constructing simple ‘Phase’ models within OxCal (Bronk 209 

Ramsey and Lee, 2013). The results for both intervals were then compared against the 210 

archaeological and climatic events. 211 

3. The temporal and spatial distribution of sedimentary charcoal212 

and palaeoenvironment of the British Isles during the LGIT213 

The presence / absence of charcoal in sediments spanning the LGIT in Britain and Ireland was 214 

investigated based on published charcoal data from 238 sites (Figure 1; Supplementary Material for 215 

site names and the list of publications). Distribution of studies is uneven, with Scotland, NE and SE 216 

England having the highest density of records. Charcoal bands were reported for 33 sites, while 217 

charcoal records were published for 205 sites. In these 205 sites, 245 charcoal records are available 218 

altogether, as 190 of these refer to pollen-slide charcoal and 55 to sieved charcoal. Records with 219 

paired micro- and macro-charcoal records were available for 36 sites.  220 

The assignment of the presence / absence charcoal data into the major climatic intervals of the LGIT 221 

is presented in Figure 2. There is a limited number of studies spanning the early intervals of the LGIT 222 

(GS-2.1a: n = 6; GI-1: n = 55; GS-1: n = 56); this is in sharp contrast with the plethora of available sites 223 

spanning the Early Holocene (n = 218). Despite the uneven temporal and spatial distribution of the 224 

available sites, Figure 2 illustrates the widespread occurrence of charcoal in records spanning the 225 

LGIT. Figure 2 also highlights the limited availability of macroscopic charcoal records against the 226 

much more frequent microscopic records for the entirety of the LGIT. 227 



228 

Figure 1: Site included in this synthesis. For all site names and list of publications see Supplementary 229 

Material 1. 230 



231 

Figure 2: Presence-absence of charcoal depicted on time slices map for the available sediments that 232 

span the LGIT in the British Isles. Palaeoshoreline drawn after Ward et al. (2016). Ice limits drawn 233 

after Hughes et al. (2016). The ice extents roughly correspond for each timeslice: GS-2.1a = 18 ka BP, 234 

GI-1 = 14 ka BP, GS-1 = 12 ka BP, in each of which the solid line represents the maximum extent and 235 



the dotted line represents the minimum extent of the ice. d18O of the GRIP ice core re-drawn after 236 

Rasmussen et al. (2014).  237 

3.1 GS-2.1a (c.17,430 – 14,650 cal. BP) 238 

3.1.1. Vegetation 239 

The ice-free areas are believed to have been covered in a treeless steppe-tundra, although cryptic 240 

refugia may have persisted in SW England (Kelly et al., 2010).  241 

3.1.2 Archaeological Record 242 

Currently there is no strong evidence for human occupation of the British Isles during the Dimlington 243 

Stadial (Pettitt and White 2012; Tallavaaraa et al., 2015), with the earliest evidence of recolonization 244 

occurring just before the onset of the Lateglacial Interstadial (Jacobi and Higham, 2011). 245 

3.1.3 Charcoal Record 246 

There are six charcoal records, originating from five sites in Ireland (sites 94, 164 and 174), Wales 247 

(site 150) and SE England (site 207). The microscopic records from sites 94 and 164, and the 248 

macroscopic charcoal from site 174, show high charcoal values during this period which drop around 249 

the end of this climatic interval (Figure 3). The same pattern, albeit less distinctive, can also be 250 

observed at sites 150 and 207.  At site 174, statistical decomposition techniques, which can identify 251 

robust fire events (see Higuera et al., 2009; Blarquez et al., 2013), have been used and identified two 252 

wildfire events taking place between 17.5 to 15.5 ka cal. BP (Hawthorne and Mitchell, 2016). This 253 

period of burning occurs broadly contemporaneously with the abrupt climatic changes associated 254 

with Heinrich Stadial 1 (HS1; see Daniau et al., 2010) and spans the so-called ‘Mystery Interval’ 255 

(Denton, 2006).  256 



257 

Figure 3: Concurrent high charcoal values that cease around the onset of interstadial warming. 258 

Charcoal data shown against the NGRIP oxygen isotope record, defined after the INTIMATE event 259 

stratigraphy (see Rasmussen et al., 2014). Note all data have been adjusted to a yrs BP (1950) 260 

timescale.  261 

Data from: (174) Hawthorne and Mitchell (2016), (164) O’Connell et al. (1999), (94) Jeffers et al. 262 

(2011) 263 

264 

3.2 GI-1 (c. 14,650 – 12,850 cal.  BP) 265 

3.2.1 Vegetation 266 

Following the initial warming, coupled with the connection still between Britain and mainland 267 

Europe, plant species were expanding from their refugia and migrating into Britain. Landscape 268 

responses lagged the initial climatic amelioration as vegetation continued to be dominated by open-269 

ground pioneer taxa such as Empetrum, Rumex, Artemisia, Poaceae and Salix until c. 14 ka BP (c. 700 270 

yrs after the initial amelioration; Walker et al., 1993; Birks and Birks 2014; Walker and Lowe 2017). 271 

During the latter part of GI-1 (after c. 14 ka BP) Betula woodland formed in southern Britain whereas 272 

in Scotland Juniperus became the dominant taxon (Birks and Birks, 2014; Walker and Lowe 2017), 273 



with ericaceous heath (Empetrum and Erica) and perhaps Betula nana or isolated patches of Betula 274 

pubescens dominating in the later Interstadial (Walker and Lowe, 2017). In Ireland, woodland 275 

probably did not form in the later parts of the Interstadial (see Birks and Birks, 2014). 276 

3.2.2 Archaeological evidence 277 

The earliest evidence for the re-colonization of the British Isles after the Last Glacial Maximum 278 

comes from Cheddar Gorge and the Wye Valley, marking the beginning of the Late Upper 279 

Palaeolithic. Here radiocarbon determinations have been made on human and cut-marked animal 280 

bones which suggest short-lived phases of occupation occurring closely to the abrupt warming of the 281 

Lateglacial Interstadial at c.14.7 ka yrs BP in Greenland (Jacobi and Higham, 2009; 2011). The 282 

associated stone tools from Goughs Cave have been interpreted as Creswellian (comparable to the 283 

Late Magdalenian in Europe), which is the first Late Upper Palaeolithic industry present in the British 284 

Isles. Creswellian stone tools are found across southern England and Wales, and as far north as 285 

Derbyshire (Barton et al., 2003) and, tentatively, southern Scotland (Saville, 2004).  286 

The use of Creswellian stone tools in the British Isles spans most of the early Lateglacial Interstadial 287 

(i.e. > 14 ka cal BP; Jacobi and Higham, 2011), before being replaced by Federmesser culture during 288 

the latter stages (Barton et al., 2009; Jacobi et al., 2009) up to the Interstadial-Stadial boundary 289 

(Smith et al., 2013). Federmesser technocomplexes have most commonly been found in southern 290 

England, but are also located in NE England, the Peak District, SW Wales, and southern and western 291 

Scotland (Saville and Ballin, 2009; Ballin et al., 2018). The comparative geography of Creswellian and 292 

Federmesser artefacts has led some to suggest that during the latter, human activity was more 293 

evenly spread across the British landscape, and less limited to upland areas (Barton et al., 2003), 294 

although in some locations both industries have been found stratigraphically superimposed on each 295 

other (e.g. Harding et al., 2014).  296 

The summed probability distribution of archaeology dates falls within the earlier stages of GI-1 while 297 

charcoal (only) dates from archaeological contexts fall within the latter stages of GI-1 (Figure 4). 298 



However, it should be noted that in these analyses the number of archaeological dates (all and 299 

charcoal only) are likely to be at least partly the result of research focus and also the shift from cave 300 

to predominantly open sites contexts. Open site contexts dominate during the latter Lateglacial 301 

Interstadial (< 14 ka cal BP) with Final Upper Palaeolithic open-air sites in Britain having proven 302 

difficult to derive conclusive chronologies (Barton et al., 2009).  303 

3.2.3 Charcoal Record 304 

Fifty published charcoal records span GI-1. These are mainly located towards the North of Britain 305 

and Ireland. Microscopic charcoal is present in Scotland in sites 3, 8, 9, 30, 62, 75, 77 and 84 but not 306 

in sites 17, 36, 41, 49 and 52. In England, microscopic charcoal was reported for sites 106, 113-116, 307 

120, 123, 124, 125, 130, 150 153, 156, 206 and 238, but was absent from sites 133 and 165. For 308 

Ireland, microscopic charcoal was present in sites 101, 102, 94 and 164 but not in sites 96 and 97. 309 

Microscopic charcoal was also present in Wales (site 150). Macroscopic charcoal was present in 310 

Ireland (sites 17 and 102), England (sites 120, 123, 124, 125, 153), Wales (site 150), and Ireland (sites 311 

164 and 174).  312 

Some common patterns can be discerned from the sites listed above. Of the records with charcoal 313 

present, the charcoal curves fall within two categories: 1) they contain one, two, or three clear 314 

charcoal peaks (e.g. sites 77 and 120); or 2) they are highly variable or ‘spikey’ (e.g. sites 30 and 115). 315 

There is currently too much uncertainty within the available dataset to undertake detailed analyses 316 

in relation to vegetation. This is primarily because the relative abundance of pollen at a particular 317 

site does not have a linear relationship to the pollen record (Fyfe et al., 2013) and therefore, within 318 

this paper, only broad comparisons with vegetation are made. Vegetation modelling based on pollen 319 

archives is a specialized field that is beyond the scope of the current paper. 320 

The presence/absence of charcoal does not seem to be associated with geographical distribution or 321 

with the geographical extent of human occupation (see Figures 11 and 12 in Jacobi and Higham, 322 

2009). Interestingly charcoal is widespread during the Interstadial, being found in Ireland, the 323 



Scottish mainland and Scottish isles (e.g. Orkneys, Hebrides, and Shetland), where no associated 324 

archaeology has been found. However, sites of this age have arguably a very high likelihood to have 325 

been destroyed or hidden, or in other words the absence of evidence does not necessarily imply 326 

absence of people. 327 

Charcoal is also very prominent in SW and SE England during this period, where human occupation 328 

at this timeframe has been recorded. Especially in SE England distinct charcoal bands in 329 

stratigraphical investigations of dry valleys have been associated with the widespread Pitstone 330 

palaeosol (e.g. Kerney, 1963; 1964; Preece and Bridgland, 1999; Allen, 2008).  331 

Very few records with distinct charcoal peaks were suitable for the construction of new age-depth 332 

models through the GI-1, thus precluding the formation of new modelled ages of the charcoal peaks, 333 

which would make pinpointing the timing in which burning occurred possible (see Figure 4 for the 334 

scale of the problem). However, radiocarbon dates retrieved from the Pitstone soil in SE England 335 

clearly show higher charcoal abundances during the latter stages of the Interstadial, with charcoal 336 

dates peaking around 13.5-12.9 ka cal. BP (Figure 4). The same finding is also observed in mainland 337 

Europe: very similar results were reached by Keiser et al. (2009) in their chronological investigations 338 

on charcoal fragments retrieved from the Usselo and Finow palaeosols in northern central Europe 339 

(Keiser et al., 2009; Fig. 8). This important because in the Usselo soils Pinus charcoal is abundant, 340 

along with smaller amounts of Betula sp., Populus tremula, Salix and Juniperus, whereas in the 341 

Pitstone soil, charcoal fragments consist mainly of Betula and Salix. Therefore, the very similar age 342 

distribution results reached in our analysis and by Keiser et al. (2009) imply contemporaneous 343 

burning on different woodland ecosystems across a broad geographical area. Based also on the 344 

findings of Figure 4 no direct link between human density and wildfire expression is evident. 345 



346 

Figure 4: KDE_Model for archaeology dates & charcoal dates (for full dataset see D’Errico et al., 347 

2011; a map of all modelled dates is available in the supplementary information), the NGRIP oxygen 348 

isotope record (Rasmussen et al., 2014) and radiocarbon dates on charcoal from the Pitstone soil 349 

(taken from: Allen (2008), (Kerney 1963; 1964), Evans (1986), Preece and Bridgeland (1999), Preece 350 

(2009) and Allen et al., (2006)). Age estimates for charcoal peaks in 1) Sluggan Bog (102) is taken 351 

from Walker et al. (2012) and 2) West Lomond (78; Edwards and Whittington, 1997) have been 352 

produced using OxCal age-depth model. Note all data have been adjusted to a yrs BP (1950) 353 

timescale. 354 

355 



3.3 GS-1 (c. 12,850 – 11,650 cal. BP) 356 

3.3.1 Vegetation 357 

Palynological records show that vegetation succession was interrupted, with the tree components 358 

present during the Interstadial replaced by grasslands comprised of arctic shrub tundra and open 359 

ground taxa such as Poaceae, Artemisia and Cyperaceae (e.g. Walker and Lowe 2017). In Ireland 360 

there was development of arctic shrub tundra as well, with plant communities associated with bare 361 

and unstable ground (Walker et al., 2012).  362 

3.3.2 Archaeological evidence  363 

Evidence for human occupation in the British Isles during GS-1 is sparse (Cook and Jacobi, 1994). 364 

Unlike GI-1 and the Early Holocene (sections 3.2.2 and 3.4.2 respectively) no human remains have 365 

been securely dated to this timeframe (Barton et al., 2003). However, some sites with long-blade 366 

and ‘bruised’ blades flint tools (Terminal Upper Palaeolithic artefacts) have been interpreted as 367 

fleeting phases of occupation during the final stages of the Stadial. The timing for the initiation of 368 

Terminal Upper Palaeolithic activity is poorly constrained (Conneller et al., 2016). The finding of 369 

bruised-edge ‘long blades’ in close proximity to dated horse remains at Three Ways Wharf, SE 370 

England, does potentially suggest a cold, Stadial climate during occupation (Lewis and Rackham, 371 

2011) if the bones and archaeology are coeval. 372 

Evidence of these tool types also exist in NE England (Conneller, 2007) and western Scotland (Mithen 373 

et al., 2015) suggesting that Terminal Upper Palaeolithic populations were mobile and migrated 374 

significant distances into the British Isles. The first evidence of human activity in Ireland during the 375 

LGIT occurs during GS-1 via a radiocarbon dated butchered brown bear bone (UBA-20194: 10,798 ± 376 

71BP; OxA-29358: 10,850 ± 50BP), from a cave site from County Clare, western Ireland (Dowd and 377 

Carden, 2016). These examples appear to represent outliers, with the vast majority of evidence 378 

coming from open air sites in East Anglia and SE England (Woodman, 2015). 379 



3.3.3 Charcoal Record 380 

Charcoal is present in the majority of the 67 records that span GS-1. Microscopic charcoal was 381 

reported as being present in Scotland (sites 3, 8, 9, 30, 41, 57, 58, 61, 62, 75, 77, 83, 84, 85), Ireland 382 

(sites 94, 97, 102, 164, 166), England (sites 109-110, 113-116, 123-125, 130, 137, 153, 156, 185, 195-383 

197, 204, 206, 207 and 225) and Wales (site 150), but absent from sites 16, 17, 36, 49, 52 in 384 

Scotland, sites 96 and 101 in Ireland and sites 120, 133, 165 and 193 in England. One band of 385 

charcoal has been reported in Leicestershire (site 106). Macroscopic charcoal was present in Ireland 386 

(site 102), England (site 110, 123, 124, 125), Wales (site 151) and Ireland (site 164 and 174) but 387 

absent from Scotland (site 17) and England (site 120, 133 and 153).  388 

No common temporal patterns can be discerned from the above, possibly due to the short-lived 389 

nature of this climatic interval and the non-contiguous sampling for most of the sites, which has 390 

meant that charcoal has often been quantified for very few stratigraphic levels during GS-1. 391 

However, for many sites charcoal content is high or constantly present for sites all across the study 392 

area (e.g. England: sites 113, 137, 166, 225, Ireland: sites 102 and 164). The same finding has been 393 

noted by Edwards et al. (2000) in their study in Scotland. The risk of reworking cannot be excluded, 394 

especially during cold conditions and enhanced sediment input (e.g. Busfield et al., 2015). The 395 

problem of reworking during GS-1 is demonstrated best by Walker and Lowe (1990) who showed 396 

remobilisation of Empetrum pollen grains from eroding Interstadial catchment soils in Scottish lake 397 

sediments. However, there is evidence for burning during GS-1 within the well-dated Sluggan Bog 398 

record (site 102) in Northern Ireland (Walker et al., 2012), which included direct radiocarbon dating 399 

of a charcoal fragment within GS-1 (SUERC-12332: 10195 ± 44 BP; Walker et al., 2012). 400 



3.4 Early Holocene (or Greenlandian Stage, c.11,650 – 8,276 cal. BP) 401 

3.4.1 Vegetation 402 

The Early Holocene warming led to the appearance of thermophilic species, including high Corylus 403 

values that are typically followed by Ulmus, Quercus and Alnus (Bennett, 1988; Tallantire, 1992), 404 

although the landscape is thought to have been predominantly open (Fyfe et al., 2013).   405 

3.4.2 Archaeological evidence 406 

It is arguable that Late Upper Palaeolithic and Terminal Upper Palaeolithic sites in the British Isles 407 

most likely represent sporadic or relatively fleeting visits by past human populations. The Terminal 408 

Upper Palaeolithic long blade industries described above appear to exist into Holocene times, 409 

disappearing between 11695-9790 yrs BP (95% probability; Conneller et al., 2016). The continuation 410 

of these industries suggests a degree of cultural continuity over the glacial-interglacial boundary 411 

(Barton et al., 1991). The beginning of the Mesolithic, by contrast, contains strong evidence for 412 

continuous year-round human presence and settlement (Conneller et al., 2012). Several stone tool 413 

assemblage types appear during the Early Mesolithic, some more long-lived than others. Here we 414 

simply outline the timing of first and last appearance, relying heavily on the recent geochronological 415 

modelling work of Conneller et al. (2016) and, more broadly, discuss the geography of the first 416 

Mesolithic across the British Isles (i.e. leads and lags in the spread of humans across the region).  417 

Star-Carr-type and Deepcar-type stone tool assemblages (from site 120) appear around 11.5 and 11 418 

ka yrs BP respectively, lagging the onset of the Holocene by c. 200-300 years, before disappearing by 419 

roughly c. 9.8 ka years BP (Conneller et al., 2016; Blockley et al., 2018).  In general, Star Carr-type 420 

and other Early Mesolithic sites (i.e. pre c. 10.5 ka yrs BP) occur first across North Yorkshire, East 421 

Anglia and southern England (Woodman, 2015), appearing very soon after (by at least c. 10 ka yrs 422 

BP) on the western shores of England and Wales (Bell, 2007; David, 2007) and in lowland Scotland 423 

(Lawson 2001; Saville, 2008). The Irish Early Mesolithic significantly lags the first evidence of 424 

Mesolithic populations in England, Scotland and Wales, with the earliest reliable evidence of 425 



occupation occurring at 9.75 ka yrs BP (Bayliss and Woodman, 2009) but good evidence for 426 

continuous occupation from that point in time onwards.  427 

3.4.3 Charcoal record 428 

Only two charcoal records included in this synthesis do not extend into the Early Holocene (sites 124 429 

and 150). Charcoal is present in almost all the available sites (with the exception of 11, 35, 49 and 54 430 

in Scotland and sites 128, 133, 146, 153 and 193 in England) and has also been reported as charcoal 431 

bands from 10 sites located across Britain.  432 

The records are overall spikey or with distinct peaks. Possibly due to the large number of sites, as 433 

well as the long-lasting nature of this climatic interval no patterns emerged. Some authors state 434 

clear increases in fire frequency / intensity in some records (e.g. site 208: “a marked spike in 435 

charcoal […], this dates to 8600 14C yr BP (c. 9600 cal. yrs BP)”; Bates et al. 2008; site 184: frequent 436 

fire nearby, or upstream, in the Early Holocene from 9500 BP up to 8500 BP”; Chambers et al. 1996), 437 

though in general many records suffer from low sampling resolutions (e.g. sampling at 4-8cm, 438 

roughly equating to ~300-600 years between samples). However, despite this, phases of increased 439 

charcoal were evident across multiple records where temporal resolution was ~100 years or less 440 

between charcoal data points. For those with available chronology, new age-depth models were 441 

constructed in order to obtain new modelled ages for the charcoal peaks (from the following sites: 442 

16, 17, 30, 36, 37, 45, 84, 108, 154, 157, 183, 184, 186, 192, 208, 215, 220, 225, and 230). 443 

Many records produced large, multi-millennial age uncertainties preventing useful comparison, 444 

while poor chronological control in many of the records has limited the ability to say with confidence 445 

where these peaks sit temporally. However, it is evident that concurrent peaks can be broadly 446 

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. 447 

BP (e.g. sites 36, 77, 88, 108, 208, 230, 220, 186) or both (e.g. site 16, 30, 45, 66, 154, 192, 184). 448 

Reasonable age estimates were possible for 10 sites across the British Isles, presented in Figures 5 449 

and 6. These ages (light grey) have also been placed into a phase model, demonstrating that they 450 



overlap (within chronological uncertainty) potentially occurring over an interval of between 0-740 451 

years, spanning a period from 9.73-9.12 ka cal. BP (at 1σ). We then compared these data against our 452 

KDE_Model for archaeological radiocarbon dates (data from Bevan et al., 2017), Mesolithic 453 

assemblage shifts (from Conneller et al., 2016) and the NGRIP oxygen isotope record (Rasmussen et 454 

al., 2014).  455 

The KDE_Model shows that during the timeframe in which the charcoal peaks occur the Deepcar-456 

type and Star Carr-type stone tool assemblages disappear while we see the biggest peak in 457 

archaeologically derived charcoal dates (black curve; see Fig. 6), and the second biggest peak when 458 

all dates are considered (orange curve), which could suggest large shifts in human intensity during 459 

this timeframe. Alternatively, these signals could simply reflect the result of archaeological research 460 

interest, combined with particularly well-studied sites, as noted for the Early Mesolithic by Weninger 461 

et al. (2009). 462 

Comparisons with the NGRIP oxygen isotope record show that within the same timeframe the 9.3 ka 463 

BP event is encompassed. The event was first recorded in the Greenland Ice Core record (Rasmussen 464 

et al., 2007; shown in Fig. 6), in the British Isles it has also been recorded by isotope (Marshall et al., 465 

2007; Whittington et al., 2015) and chironomid (C-IT) based reconstructions (Marshall et al., 2007, 466 

Lang et al., 2010, Whittington et al., 2015). These studies suggest that the 9.3 ka event had at least 467 

as significant a climatic impact as the more extensively studied 8.2 ka BP event, even though the 468 

former may have been much shorter in duration (~50 yrs; Marshall et al., 2007). The 9.3 ka BP event 469 

depressed mean annual temperatures across the British Isles by around 2˚C (Marshall et al., 2007), 470 

whilst there is also evidence to suggest that Corylus and other frost sensitive vegetation declined at 471 

around this time (Ghilardi and O’Connell, 2013). 472 

Taken together these data demonstrate that these charcoal depositional events occurred in multiple 473 

sites at statistically similar ages (within age uncertainty) focused upon c. 9.3 ka BP during which 474 

there might have been a shift in human intensity on the landscape. That these sites are widely 475 



distributed across the British Isles means that the coincident increases in charcoal abundance are 476 

unlikely to derive from site-specific taphonomic processes, and most likely represents higher 477 

volumes of charcoal production within the landscape. What is also notable is that at sites where the 478 

charcoal peak is evident, palynological records indicate different catchment vegetation (notably a 479 

difference between southern England and Scotland). Furthermore, for 6 sites (16, 36, 184, 208, 220, 480 

481 

482 

483 

484 

485 

486 

Figure 5:  Occurrence of charcoal peaks at c.9.3 ka BP from selected sites from across the British Isles 487 

showing the abrupt shift in microscopic charcoal values plotted against depth, note ~1000 years of 488 

deposition is shown above and below the indicated charcoal peak (apart from site 184). Changes in 489 

lithology are also indicated.  490 

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. 



Data from: (16) Fossit (1996), (36) Fossit (1996), (66) Tipping (1995), (88) Robinson and Dickson491 

(1988), (95) Milburn and Tipping (1999), (108) Innes et al. (2003), (184) Chambers et al. (1996), (208) 492 

Bates et al. (2008), (220) Grant et al. (2014), (225) Caseldine and Maguire (1986) 493 

494 

Figure 6: The chronology of lithic assemblage types has been taken from Conneller et al. (2016) with 495 

darker shading reflecting increased probability that an assemblage type was in use. Below this is a 496 

KDE_Model for archaeology dates & charcoal dates (for full dataset see Bevan et al. (2017); a map of 497 

all modelled dates is available in the supplementary information). The NGRIP oxygen isotope record 498 



with the 9.3 ka event is defined after the INTIMATE event stratigraphy (Rasmussen et al., 2014). 499 

Finally, the results of the OxCal age-depth modelling for age estimate of the indicated charcoal peaks 500 

presented in Figure 5 for individual sites (light grey) and as a Phase Model (dark grey). The Boundary 501 

Start and Boundary End indicate the estimated span of time charcoal deposition took place 502 

considering all sites, all age estimates are plotted at 95.4% probability. Note all data have been 503 

adjusted to a yrs BP (1950) timescale. 504 

4. Discussion505 

4.1 Biomass burning during the LGIT in the British Isles 506 

Based on the ubiquity of occurrence of charcoal within the data presented here it seems probable 507 

that wildfire did play a role during the LGIT of the British Isles. Notwithstanding that possibly not all 508 

the charcoal corresponds to contemporary fire events, or some of it could be derived from hearths, 509 

our findings indicate that wildfire was most likely a common component of the British Isles’ 510 

palaeolandscape.  511 

The increase of charcoal values during millennial scale warming has been very well documented 512 

worldwide (Power et al., 2008) and in the British Isles (see Figure 4 in Hawthorne and Mitchell, 513 

2018). However, of special interest to note here is the identification of robust fire events (see 514 

Higuera et al., 2009; Blarquez et al., 2013) during GS-2.1a in Ireland (Hawthorn and Mitchell, 2016) 515 

as well as the presence of charcoal, and in particular, with high values, during the cold intervals GS-516 

2.1a and GS-1.      517 

Our understanding of fire ecology during glacial times is incomplete. Not precluding the fact that 518 

some of the charcoal evidence presented during the cold intervals may be a result of reworking, it is 519 

important to note that studies do show the occurrence of wildfire, albeit limited, during glacial times 520 

globally (e.g. Power et al., 2008; Daniau et al., 2012) as well as more regionally (Carcaillet and 521 

Blarquez, 2017). Enhanced seasonality or aridity could have promoted wildfire during these cold 522 



intervals (Isarin et al., 1998; Denton 2006). Notwithstanding that vegetation 523 

both cold intervals in the British Isles, findings from another geographic region and from another 524 

time interval hint that it is likely that there has been at least some vegetation capable to promote 525 

wildfire in the British Isles, maybe even close to glaciers: e.g. Zale et al. (2018), demonstrate the 526 

existence of plants on supraglacial debris in Scandinavia, and Froyd (2005) shows the presence of 527 

Pinus through fossil stomata despite it not being evident in pollen records in the Early Holocene. 528 

4.2 Potential Wildfire Drivers and comparisons to the continental record 529 

Most of the studies included in this synthesis contain palynological data. Some studies have 530 

specifically examined the relationship between charcoal deposition and specific pollen types 531 

(Edwards et al., 1995; Froyd, 2006; Grant et al., 2014), though these are generally the exceptions. 532 

Albeit not an exhaustive list, we now refer to the most commonly associated taxa with fire in the 533 

British Isles. It has, for example, been postulated that the only tree species susceptible to burning in 534 

the British Isles is Pinus (Rackham, 1986) and that Pinus might be pyrophilous (Bradshaw, 1993). 535 

However, Pinus pollen is not correlated with charcoal abundance in the British Isles and in some 536 

cases thrives during periods with low charcoal values (e.g. Bradshaw and Browne, 1987; Froyd, 2006; 537 

Grant et al., 2014). Calluna vulgaris, which commonly forms the ground-layer in Pinus woodlands as 538 

well as being an important component of heathlands, has in some cases been correlated with 539 

charcoal (Froyd 2006; Grant et al., 2014). However, this relationship was inconsistent across all sites 540 

studied by Edwards et al. (1995) in the Outer Hebrides. Another taxon that has been closely 541 

examined in relation to fire is Corylus (e.g. Smith, 1970; Edwards, 1990), however, no consistent 542 

relationship has been established here either. For example, in some cases Corylus pollen and 543 

charcoal appear to co-exist (sites 4, 8, 9 and 12), while in other sites Corylus pollen is present in the 544 

absence of- or in records containing limited charcoal (sites 61 and 120). In other sites once Corylus 545 

establishes charcoal values become very low (sites 75 and 85), or there appears to be no association 546 

between their values (41, 48, 52, 62, 108, 180, 184, 220 and 230).  547 



Thus, although vegetation may have played a role on a local scale, these regional inconsistencies 548 

indicate that wildfire has not been primarily controlled by, or promoted, a certain vegetation type 549 

(at least distinguishable within the pollen record). Further evidence to attest to this is the clustering 550 

of radiocarbon dates from woody charcoal fragments for the Pitstone soil, during the later stages of 551 

GI-1 (Figure 4), which in conjunction with the very similar age distribution results reached by Keiser 552 

et al. (2009) imply contemporaneous burning on different woodland ecosystems across a broad 553 

geographical area (section 3.2.3). Moreover, during the 9.3 ka charcoal peak the vegetation in most 554 

sites is in a different stage of successional and migration development, yet all show an enhanced 555 

burning signal within a short temporal window (section 3.4.3). These facts in conjunction with the 556 

inconsistencies highlighted above imply that vegetation was probably not the primary driver of 557 

wildfire regimes on a regional scale throughout the LGIT.  558 

With regards to anthropogenic activity as a key driver of fire regimes, it is overwhelmingly likely that 559 

throughout the LGIT, Upper Palaeolithic and Mesolithic populations occupying the British Isles would 560 

have had a strong working knowledge of fire. Charcoal records are often described alongside lithics 561 

or as part of hearth or ‘hearth-like’ features. Hearths have been described alongside Creswellian and 562 

Federmesser archaeology in England (e.g. Jacobi and Roberts, 1992; Roberts, 1992; 1996) and also 563 

flint tools and bone noted as burnt, thus reflecting activities taking place in association with fire (e.g. 564 

Cooper, 2002; Barton and Roberts, 1996). A microscopic charcoal peak occurring in a lacustrine 565 

record from Star Carr, Yorkshire (site 120) and dating to GI-1 has been attributed to Upper 566 

Palaeolithic occupation of the site (Day, 1996). Some evidence also exists for hearths (Conneller, 567 

2007) or hearth-related activities (Cooper, 2006) during phases of GS-1. The onset of the Mesolithic 568 

sees much richer evidence for potential human-induced fire from across the British Isles. Evidence 569 

for the use of fire in the Early Holocene includes not only fireplace activities but also larger-scale 570 

intentional landscape burning from both upland and lowland areas. The first and/or last appearance 571 

of archaeology at a site is often intimately associated with evidence of fire; for example, two 572 

increases in microscopic charcoal, overlying a flint-flake at Newlands Cross in Ireland were likely 573 



attributable to Mesolithic peoples undertaking prescribed burning (Preece et al., 1986). In the 574 

Severn Estuary, a thin band of charcoal-rich clay separates estuarine sediments from an underlying 575 

inundated Mesolithic soil (Caseldine, 2000). Evidence for the burning of waterside reedswamp and 576 

shrubs has also been suggested for other lowland sites in England, Wales and Ireland (e.g. Bell, 1999; 577 

Barnett 2009; Mossop and Mossop, 2009; Fyfe et al., 2003). Upland areas may have also been 578 

exploited, for example Smith and Cloutman (1988) put forward circumstantial evidence for the 579 

maintenance of upland heathland in the Black Mountains in S Wales c. 8000 ka BP via episodic 580 

burning. The use of fire ecology from England, in the Pennines has also been proposed (Jacobi, 581 

1976).  582 

Anthropogenic burning during the Mesolithic could also have been used to maintain more open 583 

landscapes and promote the growth of flora such as nuts, fruits and shrubs to aid subsistence 584 

(Zvelebil, 1994), as well as aiding the hunting of large game (Mellars, 1976; Simmons, 1996; Walker 585 

et al., 2006). Some of the most compelling evidence of human induced fire-ecology from the Early 586 

Holocene comes from Star Carr (site 122), where exceptional preservation and decades of 587 

investigations have revealed much about human-fire manipulation of the environment (see Mellars 588 

and Day, 1998), permitting burning to be placed temporally against archaeological and 589 

environmental events during the Early Holocene (Blockley et al., 2018).   590 

Therefore, the available evidence supports that Palaeolithic and Mesolithic populations utilised fires 591 

through the LGIT. However, in the case of GS-2.1a and GS-1, although charcoal abundances are often 592 

found to be high, there is limited evidence for substantial human activity across the British Isles. It is 593 

therefore unlikely that charcoal preserved in sediments of this age derive primarily from 594 

anthropogenic ignition. For GI-1, charcoal is prominent in Ireland when humans were absent, while 595 

in Britain the geographical distribution of the available records does not correlate with the known 596 

geographical extent of human occupation (see Figures 11 and 12 in Jacobi and Higham, 2009), 597 

notably in regions of the Scottish mainland and Isles (e.g. the Orkneys, Hebrides, and Shetland) 598 



where associated archaeology is sparse (Ballin et al., 2018), while no direct link between human 599 

density and wildfire expression is evident  based on the findings from the Pitstone paleosol (Figure 600 

4). 601 

The available evidence thus suggests that wildfire, at the regional scale, would have been at least in 602 

part controlled by climate within the British Isles during the LGIT. Burning during GS-2.1a can be 603 

more confidently related to sub-orbital forcing given there is no evidence for humans in either 604 

Britain or Ireland at this time. The patterns identified during GI-1 could be related with the multiple 605 

climatic oscillations. Dating uncertainties surrounding the evident peaks in the records preclude a 606 

direct relationship to be inferred. However, cumulative probabilities for charcoal found in the 607 

Pitstone soil in SE England indicate enhanced burning during the latter part of the interstadial (13.5-608 

12.9 ka BP). This may be related to a period known as pre-Younger-Dryas warming, and thus may 609 

correspond to enhanced burning during centennial scale warming, which likely increased the net 610 

primary production and fuel availability. On the other hand, it is also likely that the various 611 

ecosystems responded differently to the multiple oscillations and ameliorations recorded within this 612 

interstadial, reaching tipping points at different timings, if at all. The phases of episodic burning 613 

suggested during GS-1 may be related to a more arid hydroclimatic regime (e.g. Bohncke et al., 1988; 614 

Bohncke, 1993). For example, it is possible that the abrupt onset of cold conditions with the onset of 615 

the GS-1 led to increased tree mortality which in turn increased woody fuel availability and might 616 

have, in conjunction with enhanced aridity (Isarin et al., 1998; Rach et al., 2014), promoted wildfires.  617 

With regards to the Early Holocene, the plethora of available records implied some common 618 

patterns that could be related to climate. However, humans being active in the landscape utilising 619 

fire do add complexity to disentangling primary drivers of wildfire at this time. Nevertheless, with 620 

regards especially to the 9.3 ka BP event, the pronounced shift in charcoal values identified from 621 

dated sites from across the British Isles suggest at least a partial climatic control. Interestingly, a 622 

significant increase in burning has been related to the 9.3 ka BP event from across the North Sea at 623 



localities in Belgium and the Netherlands (Crombé, 2016), and alongside concurrent climate, fluvial 624 

and vegetation shifts, has been suggested as a potential trigger of the sociocultural shift seen 625 

between Early and Middle Mesolithic stone tool technologies in this region (Robinson et al., 2013; 626 

Crombé, 2018). Therefore, our findings fit with the growing evidence for enhanced wildfire regimes 627 

from Northern Europe (Crombé, 2016) associated with this abrupt climatic oscillation. In these 628 

instances, desiccating Pinus forest is attributed to the change in fire regimes, providing high volumes 629 

of flammable material with which to catalyse burning. Similar mechanisms could also explain the rise 630 

in fire regimes in the British Isles with the decline in Corylus woodland increasing fuel availability. A 631 

climatic control for wildfire has also been proposed by Grant et al. (2014) for the Early Holocene at 632 

Cranes Moor, Hampshire (Site 220), via a strong correlation between reconstructions of Bog Surface 633 

Wetness (BSW) and reconstructed fire frequency. Studies looking into wildfire drivers in Sweden 634 

(Olsson et al., 2010) and Fennoscandinavia (Clear et al., 2014) for the same timeframe (i.e. broadly 635 

the Early Holocene) also suggest a climatic control. Finally, the same result was reached by a 636 

modelling study (Molinari, et al., 2013), which although identified humans as the dominant driver of 637 

wildfire regimes for the entirety of the Holocene, suggested that Early Holocene fire regimes were 638 

controlled by climate for the British Isles and mainland Europe. 639 

5. Key Findings640 

Our synthesis of charcoal data from 238 sites in the British Isles spanning the LGIT showed the 641 

widespread occurrence of charcoal. No wide charcoal-free areas have emerged within the coverage 642 

of the available records. Our synthesis is the first that considers the whole of the British Isles for the 643 

entirety of the LGIT, and clearly illustrates the possibility that wildfire was an important component 644 

in conditioning the palaeolandscape of the British Isles for the entirety of the LGIT and, critically, 645 

during periods (and in areas) where humans were absent. Specifically, there have been four principal 646 

findings: 647 



1) high charcoal values during GS-2.1a that cease with the onset of the initial Interstadial 648 

warming at c. 14.7 ka cal. BP;649 

2) spikey or distinct peaks in charcoal records spanning GI-1, as well as enhanced landscape650 

burning during the latter stages of the Interstadial (~13.5-12.85 cal ka BP);651 

3) high charcoal values during GS-1; and652 

4) multiple charcoal peaks in the Early Holocene with a coincident large peak identified in653 

multiple sites across Britain at ~9.3 ka cal. BP654 

High charcoal values have been previously noted for certain parts of the LGIT (e.g. Lateglacial: 655 

Edwards et al., 2000; postglacial: Chambers et al., 1996) and although in many individual cases 656 

reasons to explain this have been postulated, robust relationships have yet to be established. 657 

However, the common patterns identified in conjunction with the absence of humans for certain 658 

periods and regions suggest a climatic control. 659 

The findings of our synthesis highlight a gap in our knowledge by adding to a long-going debate on 660 

the importance of fire in temperate oceanic and periglacial climate-landscapes. Notions that the 661 

British landscape does not naturally burn are incorrect. 662 

6. Ten research priorities for understanding better palaeofire663 

drivers in the British Isles664 

In light of our synthesis, and the questions raised within, we finish here with ten research priorities 665 

which we believe will improve our understanding of palaeofire for the British Isles and similar 666 

regions. Some of the points below may be expensive, both analytically and financially, we therefore 667 

recommend that they are standard considerations in large projects, where feasible. 668 

1. Workers researching the LGIT should routinely quantify charcoal content, ideally contiguously to669 

allow reconstruction of fire return intervals and reduce the risk that short-lived intervals of past670 

burning are not overlooked (e.g. Grant et al., 2014; Hawthorne and Mitchell, 2016).671 



2. Charcoal records should, wherever possible, be tied with parallel biological (e.g. pollen, plant672 

macrofossils), lithological (e.g. Loss on ignition) and climatic (e.g. stable isotopes, C-ITs) proxies.673 

This allows both local and extra local factors that cause or constrain landscape fire over the674 

British Isles to be better understood. In particular, this is critical for understanding the675 

relationship of fire to short-lived climatic episodes, and also the role of fire during periods of676 

abrupt climatic change and resultant ecological shifts.677 

3. To better understand the relationship between fire and abrupt climatic events targeted dating of678 

events that could potentially allow disentanglement of potential coeval events is needed. Where679 

radiocarbon dating is undertaken multiple determinations should be sought on suitable short-680 

lived material to allow Bayesian approaches to constrain the age of dated events.681 

4. In order to better understand millennial and sub-millennial palaeofire patterns robust high-682 

resolution chronologies will be required, in particular for determining precisely any leads and683 

lags in fire across the British Isles, which could help reveal climate vs human driven fire regimes.684 

The application of tephrochronology used alongside traditional geochronological techniques685 

such as radiocarbon may assist in testing these hypotheses (Blockley et al., 2014).686 

5. Less attention has been focused on understanding palaeofire from more complex sedimentary687 

environments such as fluvial or alluvial deposits. Although understanding burning over several688 

millennial is often difficult (if not impossible) from these types of records, we wish to underline,689 

as have other workers (e.g. Scott et al., 2017) that these records often contain larger charcoal690 

fragments. This can allow rich information about palaeo-fire regimes to be gained utilising691 

techniques that require larger charcoal pieces, including identifying the fuel sources being burnt692 

(see point 6 below).693 

6. Charcoal is information rich and techniques developed within the discipline of coal geology are694 

currently being underutilised within Quaternary Science charcoal studies (Scott, 2010). Charcoal695 

reflectance can allow the minimum charring temperatures to be assessed (Scott, 1989; Jones696 



and Chaloner, 1991; Scott and Jones, 1994; McParland et al., 2009) and thus inferences on past 697 

fire regimes (Scott, 2010; Hudspith et al., 2015) and even archaeological formation (McParland 698 

et al., 2009) to be made. 699 

7. Macrocharcoal can help identify what the fuel source was, which can be particularly important700 

for when considering what flora might encourage increased flammability. This can be achieved701 

via microscopy and/or Scanning Electron Microscopy (SEM) that can allow botanical702 

identification. Utilization of charcoal morphotypes could also provide information on what was703 

burning (Mellars and Dark, 1998; Jensen et al., 2007; Aleman et al., 2013; Mustaphi and Pisaric,704 

2014; Crawford and Belcher, 2014).705 

8. Increased use of more novel proxies of fire in the British Isles, in particular polyaromatic706 

hydrocarbons (PAH) biomarkers (Chiverrell et al., 2008), may again reveal more about fire707 

regimes. Other methods currently in development, for example Fourier Transformed Infrared708 

Spectroscopy, also show great potential (Gosling et al., 2019).709 

9. More research is needed to understand if charcoal records from different sedimentological710 

contexts (i.e. peat, lakes, loess, soils) are comparable and can thus be used to infer past wildfire711 

activity on regional and extra-regional scales (e.g. Robin et al., 2013; Florescu et al., 2018;712 

Hawthorne et al., 2018).713 

10. Finally, modelling studies incorporating palaeoclimatic, vegetation, and human population data714 

in ecosystem modelling could significantly aid in quantitatively disentantingling the effects of715 

each driver (e.g. Molinari et al., 2013).716 
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Table 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 

1 Cohen et al., 2013; (updated); 2 Rasmussen et al., 2014 
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